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Abstract

Despite our understanding of hormonal influences on central nervous system (CNS) function,

there is still much to learn about the pathogenesis of menstrual cycle-linked disorders. A growing

literature suggests that the influence of sex steroids on neurological and psychiatric disorders is in

part mediated by an aberrant CNS response to neuroactive steroids. Although sex steroids such as

estradiol, progesterone, and the progesterone derivative allopregnanolone (ALLO) influence

numerous neurotransmitter systems, it is their potent effect on the brain's primary inhibitory and

excitatory neurotransmitters γ aminobutyric acid (GABA) and glutamate that links the study of

premenstrual dysphoric disorder (PMDD) and catamenial epilepsy (CE). After providing an

overview of these menstrual cycle-linked disorders, this article focuses on the preclinical and

clinical research investigating the role of estradiol and progesterone (via ALLO) in the etiology of

PMDD and CE. Through exploration of the phenomenological and neurobiological overlap

between CE and PMDD, we aim to highlight areas for future research and development of

treatments for menstrual cycle-linked neuropsychiatric disorders.
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1. Introduction

Among patients with epilepsy, lifetime unipolar major depression is considerably more

common than in the general population, 32% versus 16%, respectively [1,2], and in patients

with chronic medical illnesses such as asthma and chronic obstructive pulmonary disease
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[3]. Although, in general, women are at greater risk for unipolar major depressive disorder

(MDD) [4], it is not yet known whether this sex bias for MDD holds true in epileptic

populations. Aberrant interaction between ovarian hormones and the central nervous system

(CNS) has been proffered as a potential contributor to the increased prevalence of

depression in women and may be a common mechanism linking menstrual cycle-related

disorders such as catemenial epilepsy (CE) and premenstrual dysphoric disorder (PMDD)

[5–7]. Supporting the relationship between ovarian hormone fluctuations, seizure disorders,

and depression is a recent study demonstrating that parturient women with epilepsy are more

likely to suffer from postpartum depression than their healthy postpartum counterparts [8].

There are no studies to date investigating the relationship between MDD and CE in

perimenopausal or menopausal women, although these disorders have been studied

independently in this population. Harden [9] showed that perimenopausal hormone therapy

and postmenopausal hormone therapy are both associated with seizure exacerbation, and it is

well known that women are at greater risk for MDD during the menopausal transition [10–

12].

Despite their common temporal features, the relationships between epilepsy, ovarian

hormone fluctuations, and mood disorders are still not well understood. Perhaps the most

promising line of investigation over recent years has been the focus on sex steroid

modulation of neuronal excitability as it relates to normal brain function as well as seizure

susceptibility and risk for behavioral disturbances [13,14]. Neuroactive steroids such as

progesterone and estradiol influence numerous neurotransmitter systems including

serotonin, norepinephrine, acetylcholine, and dopamine. However, it is their potent effects

on the brain's primary inhibitory and excitatory neurotransmitters γ-aminobutyric acid

(GABA) and glutamate, respectively, that link the study of CE with menstrual cycle

disorders such as premenstrual syndrome (PMS) and PMDD and are the focus of this

present article. Through exploration of the potential phenomenological and neurobiological

overlap between CE and PMS/PMDD, we aim to highlight areas for future research and

development of new treatments for menstrual cycle-related neuropsychiatric disorders.

2. Catamenial epilepsy

Catamenial epilepsy, which has been reported to affect 10–70% of women with focal and

generalized epilepsy, refers to a menstrual cycle-related modification of a seizure disorder.

The large variation in incidence is attributed to the lack of a uniform definition of CE prior

to 1997 [5,6], as well as methodological differences in how seizure frequency is determined

(patient self-report and retrospective reviews vs prospective assessments) [15]. In a well-

designed study by Herzog et al. [7], seizure frequency was prospectively charted and plasma

hormone levels were obtained in 184 women with intractable complex partial seizures. From

these data, the most commonly accepted definition of CE was developed. Based on a

twofold or greater increase in seizure frequency during a particular phase of the menstrual

cycle, three patterns of CE were described [7]. In women with normal ovulatory cycles,

there was a greater average daily seizure frequency in the perimenstrual phase (C1 pattern)

and periovulatory phase (C2 pattern) compared with the midfollicular and midluteal phases.

In those with anovulatory cycles, there was a greater average daily seizure frequency in the

ovulatory, luteal, and menstrual phases compared with the midfollicular phase (C3 pattern)
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(see Fig. 1). According to their data, 30–40% of women with epilepsy experience catamenial

exacerbation [7,16]. These data, however, are based on studies of women with refractory

localized epilepsy and those who have been recruited into investigational or therapeutic

trials of CE. Although these data were gathered prospectively and are not subject to biases

inherent to retrospective study design, the women included in these studies represent a select

population and may not reflect the prevalence of catamenial seizures in the general epileptic

population. Although the etiology of CE is likely multifactorial and may involve fluctuations

in blood levels of antiepileptic medications, changes in pH, water, and electrolyte imbalance

[17], oscillations in ovarian hormones are thought to be a critical component in the

pathogenesis of CE [15,18,19].

3. Premenstrual dysphoric disorder

Premenstrual dysphoric disorder is a menstrual cycle-related mood disorder with an

estimated prevalence of 1–7% [20]. This estimate is based on studies using prospective daily

ratings, employing DSM-IV research criteria, and is much lower than reported in

retrospective questionnaires. To fulfill the DSM-IV research criteria for PMDD, patients

need to present with at least 5 of the following 11 symptoms, with one of the symptoms

being in the first four: depression, irritability, anxiety/tension, affect lability, decreased

interest, difficulty in concentrating, fatigue, feeling out of control, insomnia, change in

appetite, breast tenderness and breast swelling. These symptoms must be severe enough to

interfere with usual activities and must regularly occur during the last week of the luteal

phase and remit within a few days of menses. Importantly, patients must be devoid of

symptoms during the follicular phase to ensure that the premenstrual complaint is not an

exacerbation of an underlying mood disorder. The diagnosis of PMDD must be confirmed

by prospective daily diary ratings for at least 2 months to establish the temporal relationship

between the onset of symptoms and the premenstrual period. Although the etiology of

PMDD is not completely clear, Schmidt and colleagues [21] established the importance of

sex steroids in symptom exacerbation in women with PMDD. In a double-blind cross-over

design study, healthy women and those with PMDD underwent administration of leuprolide,

a gonadotropin-releasing hormone agonist, to suppress ovulation for several months. This

period of hypogonadism, which led to a significant reduction in PMDD symptoms, was

followed by “add-back” estradiol or progesterone. Although hormone “add-back” had no

effect on the healthy women, it led to a recurrence of sadness, anxiety, irritability, and

impaired functioning in women with PMDD despite similar and physiological levels of

plasma hormones in each group. These data suggest that women with PMDD have an

aberrant CNS response to sex steroids, and this is now the prevailing theory for the etiology

of PMDD symptoms [21].

4. Neuroactive steroids in CE

In general, estrogens and progesterone are thought to have opposing effects on seizure

susceptibility, with estrogen being proconvulsant and progesterone being anticonvulsant

[13]. The primary source of estradiol is the ovary, whereas progesterone is synthesized by

the corpus luteum of the postovulatory ovary, the adrenals when under stress, and the

placenta during pregnancy [22,23]. Estradiol, progesterone, and allopregnanolone (ALLO)
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synthesized in the periphery can cross the blood–brain barrier and modulate neuronal

function, thus demonstrating “neuroactive” properties. However, the progesterone derivative

ALLO is also considered a “neurosteroid,” as it is synthesized de novo in the CNS from

cholesterol, primarily by glial mitochondria but also by some neurons. Impairment in

mitochondrial function has been implicated in the pathophysiology of epilepsy. It is not yet

known whether alteration in glial neurosteroidogenesis is a contributing factor. Although

plasma steroids can pass into the brain, some investigators [24–27], but not all [28], have

found discordant levels of neurosteroids in the CNS as measured in cerebrospinal fluid

compared with the periphery, with CNS neurosteroid levels being orders of magnitude

higher than plasma levels.

Neuroactive hormones are involved in a variety of biological functions throughout life,

including gene expression (direct genomic effects), regulation of neurotransmitter release,

and direct interactions with neurotransmitter receptors (nongenomic effects) [19]. The

nongenomic effects of estrogens, which have a rapid onset and short duration of action, are

likely implicated in the cyclic pattern of seizures associated with menstrual cycles [14].

Similar to estrogens, progesterone has genomic effects mediated by the parent steroid

progesterone and nongenomic effects mediated by its neurosteroid derivatives ALLO and

pregnanolone (PREG). Studies in animals have demonstrated that by disabling the genomic

progesterone receptors via pharmacological agents or knockout mice, progesterone

continues to have anticonvulsant effects in animal brains in the same way it does in animals

without chemical or genetic manipulations [15,29]. Thus, the nongenomic effects of

progesterone are likely to have greater implications in seizure frequency and severity in

relation to the menstrual cycle than are the genomic effects of progesterone.

There are three biologically active estrogens: 17β-estradiol, estriol, and estrone. Each

estrogen is considered the principal estrogen at different periods throughout life; that is, 17β-

estradiol is the most potent estrogen in menstruating women, estriol is most abundant during

pregnancy, and estrone is the major estrogen during menopause. Given that estradiol is the

most potent and abundant form of estrogen in menstruating women, this form of estrogen is

the most widely studied and thought to play a major role in the exacerbation of seizures in

women with epilepsy [30].

The proconvulsant effects of estradiol have been demonstrated in both clinical and

experimental observations in humans as well as animal models of epilepsy. A positive

correlation between increased seizure frequency and estradiol-to-progesterone ratio during

the perimenstrual and periovulatory phases compared with the midluteal phase has been

observed in women with epilepsy [6]. Logothethis and colleagues [5] recorded increased

EEG epileptiform activity, including increases in both spike frequency and seizures, when

intravenous conjugated equine estrogens were infused during the premenstrual period in

women with epilepsy. This observation was replicated by Jacono and colleagues [31] and

led to the hypothesis that the increase in seizure activity observed in the periovulatory period

is likely due to the estradiol surge that is relatively unopposed by progesterone during this

portion of the menstrual cycle. This correlates with Herzog's clinical observations of the C2

and C3 patterns of CE [7] (Fig. 1). Increased seizure frequency in the C2 pattern in

ovulating women and C3 pattern of anovulatory women is thought to be mediated by the
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proconvulsant effects of estradiol and lack of opposing progesterone in both of these

contexts.

The epileptogenic properties of estradiol have been extensively studied in experimental

animal models of epilepsy. Estradiol has been shown to have proconvulsant effects in

ovariectomized rodents and to increase kindling audiogenic seizures and potentiate seizures

induced by pentylenetetrazole, a GABAA receptor antagonist, and kainic acid, a non-NMDA

ionotropic receptor agonist (for animal studies, see review by Reddy [13]). The mechanism

by which estradiol increases neuronal excitability is not completely understood, but animal

models have highlighted mechanisms that could be relevant to its proconvulsant effects. For

example, there is evidence that estradiol increases NMDA receptor sensitivity to glutamate

[32–35] and that increased sensitivity positively correlates with increased dendritic spine

density in hippocampal CA1 pyramidal cells [35]. Another possible mechanism is that

estradiol causes a downregulation of glutamic acid decarboxylase (GAD), the enzyme that

mediates glutamate conversion to GABA, in ovariectomized rats [36]. Thus, exposure to

estradiol in animal models is possibly facilitating excitatory neurotransmission in regions

important in seizure vulnerability.

Progesterone is believed to have an important role in the pathogenesis of CE. As mentioned,

progesterone is an endogenous precursor to lipophilic neuroactive steroids, ALLO and

PREG, that can easily cross the blood–brain barrier in humans and modulate neuronal

excitability via membrane-bound ion channels. The anticonvulsant effects of progesterone

are likely mediated via its metabolite, ALLO. Progesterone is converted by 5α-reductase to

5α-dihydroprogesterone, which is then metabolized by 3α-hydroxysteroid dehydrogenase to

form ALLO. ALLO acts on GABAA receptors and has anticonvulsant, anxiolytic, and

anesthetic effects similar to the effects of benzodiazepines (BZDs), barbiturates, and alcohol

[20,37].

In early studies in animals, Selye [38] first reported the anticonvulsant properties of

progesterone in pentylenetetrazole-induced seizures. Over the past 60 years, this finding has

been replicated in other animal models including amygdala kindling and maximal

electroshock test as well as pentylenetetrazole-induced seizures [15]. The antiseizure effect

of progesterone's metabolite, ALLO, was later confirmed by the pretreatment of animals

with finasteride, a 5α-reductase inhibitor, prior to amygdala kindling and pentylenetetrazole

administration, which resulted in the reduction of the antiseizure effect of progesterone (or

ALLO) compared with non-pretreated animals [13]. This effect is also seen in genetically

manipulated mice deficient in 5α-reductase, an enzyme important in the conversion of

progesterone to ALLO [39].

Interestingly, women with epilepsy have a greater incidence of reproductive disorders that

result in anovulatory cycles with low luteal phase levels of progesterone and ALLO.

Polycystic ovarian syndrome and hypogonadotropic hypogonadism occur in 10–25 and 12%

of women with temporal lobe epilepsy compared with 4–6 and 1.5% of the general

population, respectively [40]. Although these reproductive disorders may partly be

associated with the adverse effects of antiepileptic medications, they may also be a result of

seizure-induced derangement of the hypothalamic circuitry that affects the release of
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gonadotropin-releasing hormone (for a review of these studies, see Fawley et al. [41]) and

ultimately results in anovulation, low progesterone, and increased seizure frequency in the

luteal phase. Restoration of the ovulatory cycle with clomiphene treatment is associated with

a decrease in seizure frequency [42].

Although there are no studies to date showing a direct correlation between plasma

progesterone levels and seizure exacerbation, given the anticonvulsant effects of

progesterone and ALLO, it can be theorized that seizure frequency may be altered by

progesterone levels during a normal menstrual cycle as suggested by the C1 catemenial

seizure pattern described by Herzog et al. [7]. In patients with C1 pattern epilepsy, increased

seizure frequency is thought to be mediated by the withdrawal of progesterone at the end of

the luteal phase and subsequent changes in the GABAA receptor. Women with CE and

ovulatory cycles have fewer seizures during the midluteal phase, when progesterone is

highest, and have increased seizure frequency in the premenstrual phase, when progesterone

levels abruptly decrease. The observed increase in seizure frequency as a result of declining

progesterone levels resulted in further investigation of the possible proconvulsant effects of

progesterone withdrawal. This effect has been confirmed in studies in both animals [37,43]

and humans [13] and clinically correlates with the increased seizure susceptibility observed

in alcohol and BZD withdrawal.

The mechanism underlying the effect of ALLO withdrawal is not completely understood but

it is hypothesized that the reduction in ALLO increases seizure susceptibility via alteration

of hippocampal GABAA receptor structure and function. Studies in animals have

demonstrated that both chronic exposure to (i.e., 48 hours) and rapid removal of (i.e.,

“withdrawal”) ALLO increases the expression of a4 subunits of the GABAA receptor in

several areas of the CNS, including CA1 pyramidal cells in the hippocampus [32]. Receptors

containing the a4 subunit are relatively insensitive to BDZ modulation [43] and have faster

deactivation kinetics [37], resulting in decreased neuronal inhibition and increased neuronal

excitability, which correlates with increased anxiety-like behaviors [44] and seizure

susceptibility [13]. Suggesting a common mechanism, animal models demonstrate similar

increases in a4 subunit expression as a result of withdrawal from other potent allosteric

GABAA modulators, such as ethanol and BDZ.

In addition to changes in 4α subunit expression of the GABAA receptor following hormone

withdrawal, GABAA δ-subunit expression is also altered by changing levels of progesterone

[45]. δ subunits of the GABAA receptors are expressed in extrasynaptic membranes and

facilitate constant background inhibitory tone [46]. Maguire and colleagues [45]

demonstrated a decrease in GABAA δ-subunit expression in the dentate gyrus during the

estrous cycle in mice, when serum progesterone levels are relatively low. Altered membrane

expression reduced tonic inhibition by 50%, which correlated with increased seizure

susceptibility and anxiety-like behaviors in mice. During late diestrus, when progesterone

levels are relatively high, the authors demonstrated increased expression of the δ-containing

GABAA receptors, which correlated with increased tonic inhibition and decreased seizure

susceptibility. Hormonal fluctuations influence δ-subunit GABAA receptor expression,

which alters subtle, steady-state dampening of neuronal excitability and likely facilitates

seizure susceptibility.
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One would expect to find similar changes in the GABAA receptors during pregnancy or after

delivery when major shifts in progesterone levels occur. In a series of animal experiments,

Bitran and Smith [47] found that termination of pseudopregnancy by ovariectomy and

subsequent withdrawal from ovarian steroids were associated with an increase in the number

of BZD receptors and decreased GABA-stimulated chloride influx in the hippocampus of

female rats. The behavioral correlate, measured with an elevated plus-maze, suggested that

termination of pseudopregnancy by ovariectomy also precipitated anxiogenic-like effects in

these female rats. Other studies in animals have also demonstrated pregnancy-related

changes in other aspects of the GABAergic system. Smolen and colleagues [48] showed a

significant reduction in GABA neurotransmitter turnover during parturition in mice, which

may suggest that the GABAergic system is altered to serve as a compensatory

anticonvulsant mechanism to offset the withdrawal of progesterone and ALLO after delivery

[48].

Recently, Zhou and Smith [49] suggested that neurosteroid shifts, rather than absolute

levels, play a critical role in triggering expression of the GABAA α4 subunit. Zhou and

Smith [49] investigated the optimal conditions for steroid-induced upregulation of α4

expression in an in vitro model and found that ALLO and 17β-estradiol increase expression

of the α4 subunit of the GABAA receptor, but that this effect is dependent on the

background steroid milieu as well as the stage of neuronal development. This again

highlights the potential importance of the extrasynaptic receptors in maintaining adequate

CNS inhibitory tone [45].

5. Neuroactive steroids in PMS and PMDD

Examination of the relationship between hormonal levels and symptom development of

PMS or PMDD across the menstrual cycle reveals a close link between hormonal changes

occurring after ovulation and an increase in symptom severity during the luteal phase of the

menstrual cycle [50]. However, some women experience peak symptoms of PMS or PMDD

just prior to the onset of menses, when hormone levels are declining [51] (see Fig. 1).

Furthermore, in a study of women with PMS, the late luteal phase was shortened by the

administration of an anti-progesterone, mifepristone, and PMS symptoms still persisted [52].

These studies suggest that the temporal relationship between symptom onset and hormone

fluctuation during the menstrual cycle cannot alone explain the pathogenesis of PMS and

PMDD. However, the formation of the corpus luteum has been consistently reported to be

required for symptom development. As expected, pharmacologically induced anovulation

with a gonadotropin-releasing hormone agonist has been shown to improve mood in those

with PMDD [53,54]. However, symptoms return in those with PMDD, but not in controls,

once estrogen–progesterone therapy is added back [21]. This was interpreted as an abnormal

hormonal response to normal hormonal fluctuations in women with PMDD.

Studies using hormone therapy in postmenopausal women have found estradiol and

progesterone to result in different symptoms when administered as sequential hormone

therapy compared with estrogen monotherapy [20]. Progesterone together with estrogen

produces symptoms consistent with PMS, and higher doses of estrogen with progesterone

have been shown to increase symptom severity. Estrogen alone, however, is an effective
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antidepressant in perimenopausal women with MDD [10–12] and may enhance overall well-

being in menopausal women in general [50]. These data in humans are interesting and

parallel nicely with the results of Murphy and Segal [36]. In their study, estradiol on its own

resulted in increased dendritic spine density in ovariectomized rat. However, progesterone

co-administration blocked the estradiol-induced increase in spine density.

The exact mechanism underlying the antidepressant effect of estradiol is unknown, but

clinical and preclinical studies have shown estrogen to have multiple serotonin-enhancing

effects [23,55–58]. Sequential estrogen and progesterone therapy resembles ovulatory

cycles, and estrogen-only treatment is similar to anovulatory cycles [20]. Women taking

sequential hormone therapy had a significant deterioration in mood and physical symptoms

when progesterone was given at the end of the treatment cycle compared with women

treated with estrogen only, who did not have any mood deterioration at the end of the

treatment cycle, suggesting that estrogen alone has a CNS effect different from that of

estrogen combined with progesterone or ALLO.

Studies examining the relationship between peripheral concentrations of neuroactive steroids

and PMDD have yielded contradictory results. Most studies [59–61], but not all [62–64],

have failed to show differences in plasma progesterone and estradiol (and ALLO) levels in

patients with PMDD compared with healthy controls. Currently, there is no clear evidence to

suggest a deficiency or excess of peripheral concentrations of neuroactive steroids in

patients with PMDD. It is more likely that women with PMS and PMDD have an abnormal

CNS response to neurosteroids and that this aberrant response occurs with normal cycle-to-

cycle fluctuations in ALLO.

Although peripheral ALLO concentrations may not distinguish women with PMDD from

their healthy counterparts, it has been suggested that peripheral concentrations of ALLO are

associated with the severity of symptoms in PMDD patients. This theory is substantiated by

data indicating that within the cycles of patients with PMDD, greater luteal phase

concentrations of ALLO are associated with improved symptom ratings [61] and lower

concentrations of ALLO during the luteal phase are associated with higher anxiety and

irritability scores [65]. In contrast, Freeman et al. [66] found that improvement in symptoms

in patients with PMDD treated with a selective serotonin reuptake inhibitor was associated

with lower rather than higher levels of ALLO posttreatment. It is possible that these

contradictory results can be explained by other factors, such as when and how neurosteroid

levels were obtained/assayed and whether abnormal neurosteroid responses to stress and/or

past psychiatric history were taken into consideration [65,67]. Studies have found that

patients with PMS and PMDD, compared with healthy controls, have different

psychological and neurosteroid responses to stress. Women with PMS/PMDD exhibit more

distress in response to the same event during the premenstrual phase than in the

postmenstrual phase, but they do not experience an increased frequency of stressful life

events compared with healthy controls [68]. Those with PMDD have lower than expected

stress-induced increased ALLO levels compared with healthy control subjects, 42% versus

83%, respectively [65], and a recent study of response to mental stress found that women

with a history of depression (a group of women with PMDD and healthy controls) had

blunted ALLO response to stress, whereas those in both groups without a history of
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depression did not [67]. Furthermore, this study found that in women with a history of

depression there was no correlation between ALLO and progesterone levels, and ALLO

response predicted severity of PMDD symptoms only in women with past depression. Thus,

past depression may be a better predictor of dysregulated ALLO response to stress than

PMDD, and further research is necessary regarding this relationship.

The most consistent overall finding in women with PMS and PMDD is an aberrant CNS

response to neuroactive hormones and neurosteroids. The administration of oral

contraceptives [69,70], estradiol–progesterone add-back therapy in women treated with

gonadotropin-releasing hormone [21] and hormone therapy in postmenopausal women [71],

has been shown to worsen mood symptoms in women with a history of PMS compared with

healthy, appropriately matched controls. Perhaps the most informative finding is an

association between mood deterioration during the luteal phase and reduced functional

GABAA receptor sensitivity to positive allosteric GABAA modulators such as BZDs,

alcohol, and neurosteroids in women with PMDD compared with healthy controls [72–75].

In addition, symptom severity correlated with a lesser sensitivity to neuroactive steroids and

other GABAergic substances [72,76]. Interestingly, decreased sensitivity of the GABAA

receptor during the luteal phase was not observed after women with PMDD were adequately

treated with a selective serotonin reuptake inhibitor (SSRI). Following treatment with an

SSRI, women with PMDD had improved symptoms and had a response to neurosteroids

similar to that of women without PMDD [76]. Although blockade of serotonin reuptake into

presynaptic nerve terminals may contribute to the efficacy of SSRIs in the treatment of

PMDD [77], the primary therapeutic action of these agents in PMDD is hypothesized to be

mediated through SSRI enhancement of 3α-hydroxysteroid dehydrogenase, the enzyme that

facilitates the conversion of 5α-dihydroprogesterone to ALLO.

Animal models also demonstrate a decreased sensitivity to neurosteroids and BDZs and

increased anxiety following ALLO withdrawal that coincide with increased expression of

the GABAA α4 subunit in mouse CA1 hippocampus [43,78,79]. As previously discussed, it

is likely that the upregulation of the hippocampal α4 subunit in the GABAA receptors results

in decreased neuronal inhibition and promotes neuronal excitability, resulting in negative

mood symptoms and seizures in those with PMDD and CE, respectively. Perhaps SSRI

treatment leads to enhanced neurosteroidogenesis and, therefore, overall inhibitory tone,

which “protects” the vulnerable individual from aberrant GABAergic responses to steroid

shifts.

Alterations in inhibitory and excitatory tone over the menstrual cycle have been

demonstrated in women with PMS/PMDD and healthy controls using transcranial magnetic

stimulation (TMS) and an acoustic startle response. During the follicular phase both women

with PMS and healthy controls showed similar evoked potentials measured by TMS, but

during the luteal phase, healthy women showed more inhibition and subjects with PMS

showed fasciculations [80]. These findings suggest that GABA inhibitory tone is enhanced

during the luteal phase in healthy women and decreased in women with PMDD. Another

possibility is that women with PMDD have enhanced excitatory tone during the luteal phase.

By employing an acoustic startle paradigm (a measure of physiological arousal to a mildly

adverse stimulus), Epperson et al. [81] demonstrated a heightened magnitude of acoustic
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startle response, but not increased response to affective stimuli, in women with PMDD

compared with healthy controls, during the luteal phase of the menstrual cycle compared

with the follicular phase. These data suggest that the neurosteroid milieu has a powerful

modulatory effect on physiological reactivity and arousal in women with PMDD, but not in

healthy controls. Alternatively, these findings could represent a failure in women with

PMDD to appropriately respond to the normal balancing effects of hormones on

physiological arousal. These data are further supported by studies in which, after induction

of panic attacks via lactate infusion and carbon dioxide, the incidence of panic attacks was

much higher in those with PMDD than in controls [82,83]. The normal physiological

response to affective stimuli in all women, described in Epperson and colleagues' 2007 study

[81], is interesting and may suggest that the abnormal neurosteroid milieu is mediating the

negative mood state and affecting the physiological response in women with PMDD as

opposed to the negative mood state altering physiology. These data, however, are

preliminary; replication and further study of acoustic startle response in women with PMDD

are needed to draw definitive conclusions.

Proton magnetic resonance spectroscopy (1H MRS) is another method recently used to

examine the relationship between GABA and neurosteroids in women with PMDD.

Epperson et al. [59] found that healthy women demonstrate a cyclic decline in cortical

GABA from a peak in the follicular phase to a trough in the late luteal phase as estradiol,

progesterone, and ALLO increase. Women with PMDD, however, do not show this decline

in GABA over the menstrual cycle or a relationship between GABA and plasma neuroactive

steroids, which suggests an aberrant relationship between this neurotransmitter system and

neuroactive steroids in women with PMDD.

6. Treatment for CE and PMDD: Is there a connection?

Foremost, sound diagnostic procedures are mandatory prior to the administration of

treatment. The DSM-IV provides research diagnostic criteria for PMDD, and Herzog [7] has

established an accepted definition of CE. Prospective daily mood and seizure charting

relative to the menstrual cycle is compulsory in the diagnosis of PMDD and CE,

respectively (see Table 1).

The C1 and C2 patterns of CE and PMDD occur in those with ovulatory cycles, but

ovulation is not necessary for symptom development in the C3 pattern of CE. Thus, the C1

and C2 patterns of CE may be more relevant to PMDD than the C3 pattern of CE. Although

it is likely that ovulation is not the only factor mediating symptoms of PMDD and CE,

therapeutic studies have focused on the manipulation of ovulation in the treatment of PMDD

and CE.

Induction of anovulation via high-dose synthetic gonadotropin-releasing hormone (GnRH)

has been shown to decrease premenstrual symptoms [20] and seizure frequency [84].

Treatment is, however, temporary, as GnRH agonists cannot be taken for more than 6–9

months due to the adverse effect of hypoestrogenism and its consequences for bone mineral

density, menopausal and postmenopausal symptoms, and possibly cognitive function.

Adding back estradiol and progesterone to GnRH therapy will alleviate the adverse effects
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of hypoestrogenism, but Schmidt and colleagues [21] demonstrated, in a double-blind cross-

over study design, that although adding back estradiol and progesterone had no effect in

healthy controls, it led to the recurrence of negative mood symptoms in women with PMDD.

Combined oral contraception pills (COCPs) also induce anovulation; thus, theoretically,

they are a reasonable choice for the treatment of PMDD and CE. However, the effectiveness

of COCPs for the treatment of these disorders has been controversial and currently there is

no consensus on the use of COCPs in the treatment of PMDD and CE.

Multiple studies have investigated the relationship between COCPs and mood with both

positive and negative results (see review article by Oinonen and Mazmanian [85]). This

variability may be a result of not distinguishing between healthy subjects and subjects with

PMS and not controlling for different types of COCPs (monophasic, biphasic, or triphasic)

or the type of progestin derivative contained in the COCPs (estranes or gonanes).

Triphasic and monophasic COCPs were compared in women with and without PMS, and

more negative mood changes were reported in women with PMS taking triphasic compared

with monophasic preparations [86–88]. This finding is consistent with the literature, which

suggests that women with PMDD have an abnormal CNS response to fluctuations in

neurosteroids; therefore, we would expect women with PMDD to experience more negative

mood symptoms in response to triphasic preparations in which the level of progestin is

fluctuating.

COCPs containing ethinyl estradiol and drospirenone (EE-DRSP; Yasmin and Yaz 24) have

recently been shown to be beneficial in the treatment of PMDD. In a double-blind placebo-

controlled study by Freeman et al. [89], 82 women who were diagnosed with PMDD

according to DSM-IV criteria were randomly assigned to receive either EE-DRSP or

placebo. Following three menstrual cycles, there was a 10% greater reduction in PMS

symptoms in the EE-DRSP group than in the placebo group. Despite an adequate study

design to assess the efficacy of EE-DRSP for the treatment of PMDD, there was a large

placebo response rate (43%). Subsequently, two randomized placebo-controlled multicenter

trials, using a placebo run in cycle to exclude placebo responders, showed a 50% reduction

in Daily Record of Severity of Problems scores from baseline in women meeting DSM-IV

criteria for PMDD [90].

The mechanism by which EE-DRSP is therapeutic in the treatment of PMDD is unknown,

but there is evidence to suggest that EE-DRSP decreases the neurosteroid

dihydroepiandrosterone sulfate (DHEAS) [91], a GABAA receptor antagonist [92], and

NMDA receptor agonist [93,94]. Although COCPs including EE-DRSP also lower

progesterone and potent GABAA receptor agonists such as ALLO [91,95], EE-DRSP

concomitantly decreases levels of DHEAS, which may lead to a more effective balance

between neuronal excitation and inhibition. It has also been hypothesized that DRSP differs

from synthetic progestins contained in most COCPs, and its pharmacological profile in

preclinical studies has shown it to be closer to natural progesterone. Thus, it is possible that

DRSP has a more anxiolytic effect similar to ALLO compared with synthetic progestin and,

thus, is helpful in alleviating PMDD symptoms. In the same vein, ethynodiol diacetate is a
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progestin that is converted to ALLO [96] and, therefore, would be a reasonable progestin

preparation to include in future studies of COCPs in the treatment of PMDD.

There are far fewer studies evaluating the benefit of COCPs in women with CE compared

with women with PMS/PMDD. In one small study, an oral contraceptive medication

containing norethisterone was found to be ineffective in women with CE [97]. Given the

numerous interactions between COCPs and hepatic microsomal-inducing antiepileptic drugs

(phenytoin, barbiturates, carbamazepine, topiramate (doses >200 mg/day), oxcarbazepine,

and lamotrigine) [98], as well as the seizure-provoking potential of estrogen, COCPs are

unlikely to be a beneficial treatment for CE.

Synthetic progestogens without estrogen have been used for the treatment of PMS/PMDD

and CE. Medroxyprogesterone acetate (MPA) is a contraceptive agent that has been used for

the treatment of uncontrolled catamenial seizures in small open-label studies. Mattson et al.

[99] added MPA to the antiepileptic drug regimen of 14 women who had uncontrolled

seizures. All women initially took a pill containing 10 mg MPA two to four times each day.

Six women who experienced amenorrhea later received 120-to 150-mg intramuscular MPA

injections every 6–12 weeks instead of oral MPA. Overall reductions in seizure frequency

averaged 30%. Of the 11 women who developed amenorrhea, 7 reported fewer seizures

during MPA therapy. In a subsequent small investigation, Mattson and colleagues

administered MPA to women in addition to their usual antiepileptic drug regimen and

followed seizure frequency prospectively for a year. Seizure frequency fell significantly

from a mean of 8.3 seizures/month before MPA administration to 5.1 seizures/month after

MPA administration, equaling 39% fewer seizures. Seven of the 11 women who

experienced obvious improvement had 52% fewer seizures, and MPA was most helpful in

women when menses was eliminated. Although these results show some modest effects on

seizure reduction, the study sample is small and includes biases inherent to open,

nonrandomized studies. These data also emphasize that progestogen-induced ablation of

ovulation (likely in those without menses) was associated with the greatest reductions in

seizure frequency. This observation, together with the inability of MPA to be converted to

ALLO, indicates that the potential effectiveness of MPA resides in its ability to eliminate

ovulation without the exposure to estrogens that is unavoidable when using COCPs to

eliminate ovulation. Unlike GnRH agonists, which also eliminate ovulation, the use of MPA

is not limited by hypoestrogenism [100], suggesting that such progestogens, or preferably

natural progesterone (Prometruim), may prove useful in the treatment of CE.

The rationale for the use of progestogens as well as progesterone in women with PMDD is

based on the unsubstantiated premise that progesterone deficiency is the cause of PMS/

PMDD [101]. Wyatt et al. [101] conducted a systematic review of published randomized,

placebo-controlled trials evaluating the efficacy of progestogens and progesterone in the

management of PMS. In the four trials of progestogen therapy (378 women) reported, a

statistically, but not clinically, significant improvement was noted in women taking

progestogens compared with those taking placebo, with an odds ratio of 1.07 (1.03 to 1.11).

The modest reduction in seizure frequency with progestogens in CE and clinically

insignificant response to progestogens in PMDD could possibly be explained by the fact that

synthetic progestogens are not converted to ALLO. Without ALLO's modulation of GABAA
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receptors, it is unlikely that progestogens could decrease seizure frequency or have

anxiolytic effects in those with CE and PMDD, respectively.

Given that progesterone is converted to ALLO, it would seem likely that natural

progesterone could be a promising treatment for CE and PMDD. Progesterone has been

shown to be beneficial in the treatment of women with catamenial seizures in mostly open

trials with very few subjects. Herzog et al. [102] administered progesterone lozenges, 200

mg three times daily, on Days 23 to 25 of each menstrual cycle to women with

perimenstrual seizure exacerbation, and on Days 15 to 25 of each menstrual cycle to women

with luteal phase seizure exacerbation. Progesterone was subsequently tapered and

discontinued by Days 25 to 28. Although the design was open-label, one of the study

strengths is that women prospectively documented seizure frequency and menstrual cycles.

Eighteen women (72%) experienced a decline in seizure frequency during a 3-month

treatment period compared with their seizure frequency 3 months prior to therapy. On

average, daily seizure frequency declined by at least 50% [102]. In a 3-year follow-up to this

study, 15 women who remained on progesterone therapy and their original antiepileptic

drugs continued to show improved seizure control in comparison to their own baseline

[103]. The interpretation of these data is limited by the open design and the likelihood that

the 15 women who remained on the original treatment regimen probably represent those

who had the most favorable response. Despite study limitations, these findings represented

preliminary evidence that natural progesterone may be helpful in the treatment of CE.

According to the National Institutes of Health website (http://crisp.cit.nih.gov), a

prospective, randomized, placebo-controlled, double-blind investigation is underway to

evaluate the efficacy of natural progesterone for the treatment of CE.

Controlled studies evaluated the efficacy of ganaxolone, a synthetic neurosteroid analog of

ALLO with positive allosteric effects on GABAA receptors, for the treatment of seizures. It

has been shown to be an effective anticonvulsant in animal models of epilepsy and to have

therapeutic activity in adult patients with partial-onset seizures and in epileptic children with

a history of infantile spasms. It is currently undergoing further development in infants with

newly diagnosed infantile spasms, in adults with refractory partial onset seizures, and in

women with CE [104].

Although it would appear that progesterone is a potential treatment for CE in open-label

studies, early findings from open-label studies suggesting that progesterone was an effective

treatment for PMS/PMDD were not substantiated in controlled clinical trials. Administration

of oral micronized progesterone results in variable plasma levels of progesterone, ALLO,

and PREG [105] and had inconsistent results in the treatment of PMS/PMDD in placebo-

controlled trials [106]. A systematic review of 10 published randomized, placebo-controlled

trials evaluating the efficacy of progesterone therapy (531 women) found little support for

the use of progesterone in the management of premenstrual syndrome [101].

Given the anxiolytic effects of ALLO, it is surprising that progesterone therapy is not an

effective treatment for PMDD. One possible explanation for these negative findings is that

peripheral levels of ALLO may not be an accurate gauge of CNS levels. Another possibility

is that women with PMDD have aberrant GABAA receptors or less than ideal subunit
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configurations and, thus, are more tolerant of ALLO and its anxiolytic effect during the

luteal phase. In support of this is Sundstrom and colleagues' [74] finding that women with

PMS/PMDD have a greater tolerance of the effects of ALLO during the luteal phase

compared with women without PMS/PMDD. Perhaps the most interesting finding by

Sundstrom et al. is that women with PMDD treated with SSRIs show a similar response to

ALLO as women without PMDD [74]. Studies in animals have demonstrated an increase in

brain content of ALLO, but not other neurosteroids, in response to fluoxetine and paroxetine

[107]. Subsequently, in a study of unipolar depressed patients, cerebrospinal fluid ALLO

content was found to be 60% lower than in appropriately matched controls, but following 8–

10 weeks of treatment with either fluoxetine or fluvoxamine, cerebrospinal fluid ALLO

content normalized and was similar to that of controls [108]. SSRIs, that is, fluoxetine,

sertraline, and paroxetine, are Food and Drug Administration-approved medications for the

treatment of PMDD. Although SSRIs are still thought to exert their therapeutic effect via the

serotonergic neurotransmitter system, studies in animals and clinical evidence suggest that

SSRIs may also be beneficial in the treatment of anxiety and mood disorders, in part, by

increasing the availability or potency of neuroactive GABA-ergic steroids [109]. The

mechanism by which this occurs is unknown; however, one hypothesis is that the

therapeutic action of SSRIs is mediated through their effect on 3a-hydroxysteroid

dehydrogenase enzyme, which facilitates the conversion of 5α-dihydroprogesterone to

ALLO. It is possible that women with PMDD are deficient in this enzyme and/or ALLO and

SSRIs are helping restore an adequate level of ALLO. Alternatively, ALLO-induced

changes in GABAA receptor subunit configuration may lead to paradoxical anxiogenic

effects of certain levels of ALLO [44].

BZDs are also potent allosteric modulators of GABAA receptors that increase inhibitory

neurotransmission and thus have antiseizure and anxiolytic effects that may play an

important role in the treatment of CE and PMDD. Although data to support the efficacy of

BZDs in the treatment of CE and PMDD are limited, clobazam and alprazolam have been

found to be superior to placebo in a published double-blind placebo-controlled study on the

treatment of CE and PMDD, respectively [106,110]. In addition, BZDs are frequently used

in clinical practice. Clinical practice and data from controlled studies seem to support the

hypothesis that modulation of the GABAA receptor plays a significant role in the etiology of

CE and PMDD. Their clinical utility in treating seizures has been limited by tolerance to

their antiseizure effect with chronic exposure and, possibly, cross-tolerance to neuroactive

steroids [111]. Clobazam, a 1, 5-BZD, is efficacious as an add-on therapy in those with

monotherapy-resistant seizures, catamenial seizures, and cluster seizures [110]. Data to

support the use of clobazam for the treatment of catamenial seizures are from a small,

double-blind, placebo-controlled, cross-over design study that found clobazam to be

superior to placebo. However, the criteria used to define those with CE were unclear [112].

Despite the relatively positive findings of this study, clobazam is not frequently used in

clinical practice possibly because of the potential for abuse or dependence associated with

this class of medications. Larger, well-defined study samples are needed to determine the

potential risks and confirm the potential benefits of this medication.

When anxiety symptoms are an outstanding feature of PMDD, anti-anxiety drugs such as

alprazolam, clonazepam, and lorazepam are prescribed. Alprazolam, a high-potency BZD
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with mood-enhancing and anxiolytic effects, has been shown to be somewhat effective in

patients with PMS. In a double-blind placebo-controlled trial, 185 women with PMS were

randomized to oral micronized progesterone, alprazolam, or placebo. Alprazolam was

significantly better than placebo or progesterone for total premenstrual symptoms, daily

symptom report (DSR), factors of mental function, pain, and mood. Thirty-seven percent of

the alprazolam group experienced a 50% reduction in total DSR scores [106]. The

advantages of BZDs are that they tend to work quickly and may be used either as needed or

regularly. Dependence and tolerance are occasional problems with these drugs, but Freeman

[106] found no clinically significant withdrawal symptoms when alprazolam administration

was restricted to the luteal phase.

7. Future investigations for the treatment of PMDD and CE

Although there is a relative consensus on how to define and diagnose PMDD and CE, there

are few effective treatment strategies. GnRH agonists are helpful but their clinical utility is

limited by adverse effects, particularly with prolonged use. Effective treatment strategies

thus far for both PMDD and CE involve modulation of the GABAA receptor. BZDs,

ganaxolone, and oral micronized progesterone are all positive allosteric modulators of the

GABAA receptor and, depending on how the medication/hormone is dosed, appear to

alleviate some PMDD and CE symptoms in some subjects. Future research is needed to

investigate the efficacy of progestogens and certain COCP preparations in the treatment of

CE and PMDD as the pharmacological profile of these agents with respect to CNS effects is

highly variable.

SSRIs are thought to act by increasing ALLO levels, in addition to blocking the serotonin

transporter, and are clearly beneficial for the treatment of PMDD in continuous or

intermittent (luteal phase) dosing [113]. Whether SSRIs could play a role in the treatment of

CE as well is unknown. However, some SSRIs, that is, fluoxetine, have anticonvulsant

effects in animal models [114], and noradrenergic and serotonergic deficiencies have been

found to contribute to seizure predisposition [115], suggesting that antidepressants may have

the potential to decrease seizure susceptibility in patients with epilepsy.

Recently, a different class of antidepressants, serotonin–norepinephrine reuptake inhibitors

(SNRIs), have been studied in the treatment of PMDD. In a double-blind placebo-controlled

trial, venlafaxine was significantly more efficacious than placebo for treatment of PMDD

[89]. Further studies are needed to evaluate the potential of intermittent venlafaxine dosing

for the treatment of PMDD. Another prospect for investigation is the use of YAZ 24 in the

treatment of CE. In addition to inducing anovulation, which has been shown to be effective

in the treatment of CE, YAZ 24 also decreases DHEAS. DHEAS has been demonstrated to

have excitatory and proconvulsant effects in studies in animals, which is likely due to its

antagonistic actions at the GABAA receptor [13,116]. In addition to its GABAA-antagonistic

properties, DHEAS also positively modulates NMDA receptors and potentiates an excitatory

CNS response [94,117]. By decreasing the excitatory CNS effect of DHEAS, YAZ 24 could

potentially be an effective treatment for CE and possibly a productive area for future

investigations.
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8. Summary

In conclusion, studies in both humans and animals provide evidence that the effects of

ovarian steroids on inhibition via the GABA system and excitation via the glutamate system

influence anxiety state and seizure susceptibility. The effect of neurosteroids on the GABAA

receptor and glutamate system results in behavioral outcomes relevant for PMDD and CE.

Despite our understanding of hormonal influences on CNS function, there is still much to

learn about the pathogenesis and treatment of menstrual cycle-linked disorders.

GnRH therapy has been shown to have antiseizure effects and to reduce symptoms of

PMDD, but long-term use is limited by adverse effects. COCPs have mostly been studied in

PMDD. COCP preparations containing EEDRSP are FDA-approved for the treatment of

PMDD, but their therapeutic effect has yet to be studied in those with CE. SSRIs and a

SNRI (venlafaxine) are also FDA-approved for the treatment of PMDD and might be an

interesting area for research for the treatment of CE. Synthetic progestin and natural

progesterone treatment have been studied in small open trials and have yielded optimistic

results for the treatment of CE. Whether these findings will be confirmed in an ongoing

randomized clinical trial is not yet known.

Noninvasive techniques such as MRS, TMS, and acoustic startle may assist us in

understanding the neuroendocrine-induced changes in the balance between neuronal

excitation and inhibition in women with PMDD and CE. These and other investigative tools

can contribute to the examination of potential disruptions in the GABAergic system thought

to be critical to the pathogenesis of menstrual cycle-related fluctuations in mood and seizure

frequency.
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Fig. 1.
Premenstrual dysphoric disorder and catamenial epilepsy: symptom and seizure patterns.

PMDD, Premenstrual Dysphoric Disorder; PMS, Premenstrual Syndrome; C1, Permenstrual

seizure pattern; C2, Periovulatory seizure pattern; C3, Anovulatory seizure pattern.
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Table 1
Daily record of severity of problems

Date (month/day/year):

Note if spotting or menses with S or M:

1. Felt depressed, sad, “down,” or “blue”; or felt hopeless; or felt worthless or guilty

2. Felt anxious, tense, “keyed up,” or on edge

3. Had mood swings (i.e., suddenly feeling sad or tearful) or was sensitive to rejection or feelings were easily hurt

4. Felt angry or irritable

5. Had less interest in usual activities (work, school, friends, hobbies)

6. Had difficulty concentrating

7. Felt lethargic, tired, or fatigued; or had a lack of energy

8. Had increased appetite or overate; or had cravings for specific foods

9. Slept more, took naps, found it hard to get up when intended; or had trouble getting to sleep or staying asleep

10. Felt overwhelmed or unable to cope or felt out of control

11. Had breast tenderness, breast swelling, bloated sensation, weight gain, headache, joint or muscle pain, or other physical symptoms

12. At work, school, home, or in daily routine, at least one of the problems noted above caused reduction of productivity or inefficiency

13. At least one of the problems noted above caused avoidance of or less participation in hobbies or social activities

14. At least one of the problems noted above interfered with relationships with others

Note the degree to which you experience each of the problems listed below. Complete this assessment in the evening only prior to bedtime. Enter
the number that corresponds to the severity as noted here: 1 = not at all, 4 = moderate, 2 = minimal, 5 = severe, 3 = mild, 6 = extreme.
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