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ABSTRACT

Epilepsy affects 50 million people worldwide. Women may be afflicted with catamenial
epilepsy, a form of epilepsy related to the menstrual cycle. In catamenial epilepsy, seizures
are clustered around the monthly cycle. Despite the availability of several standard and
newer antiepileptic drugs, there is no specific and effective therapy for catamenial epilepsy.
Moreover, the exact pathophysiology of catamenial seizures remains unclear. It is well known
that progesterone possess anticonvulsive properties. The level of this hormone drops near
the end of the cycle, leaving women more vulnerable to catamenial epilepsy. Recent studies
have shown how progesterone protects women against seizures. Progesterone plays two
roles in the brain. First, it binds to progesterone receptors in the brain, which help regulate
the reproductive functions. Second, progesterone gets metabolized to allopregnanol-one in
the brain called a neurosteroid. We found that allopregnanolone plays a crucial role in
seizure protection. The withdrawal from this neurosteroid, which occurs during the menstrual
cycle, could provoke seizures. Consequently, we suggest that neurosteroid replacement
could be a novel therapeutic approach for catamenial epilepsy.

Introduction

Epilepsy is a neurological condition characterized by re-
peated seizures, which are clinical manifestations of abnor-
mal electrical discharges in the brain. Epilepsy is the second
most common neurological disorder in India.!'% Epilepsy af-
fects an estimated 7 million people in India, and 50 million
worldwide. Approximately 40% of them are women. The preva-
lence of epilepsy is 0.7% in India, which is comparable to the
United States and other developed nations. The estimated in-
cidence rate ranges from 40 to 60 per 100,000 population per
year. The WHO estimated that approximately 80% people with
epilepsy live in developing countries and most of them do not
get adequate medical treatment. Among the two distinct epi-
leptic seizures (partial and generalized), the bulk of cases in
India belong to generalized seizures. Antiepileptic drugs (AEDs)
are the mainstay for the treatment of epilepsy, and generally
suppress seizure occurrence. [Table 1] None of these agents,
however, meet the characteristics of an ideal AED, that is,
protecting against seizures without inducing adverse effects
that impair the patient’s quality of life. Despite many advances
in epilepsy research, the pharmacotherapy of epilepsy remains
largely empirical owing to the lack of understanding of the
underlying pathology. Moreover, approximately 30% of people
with epilepsy have “intractable seizures” that do not respond
to even the best available treatment.

Epilepsy is characterized by the unpredictable occurrence
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of seizures. However, there is a form of epilepsy, called cata-
menial epilepsy, which does not adhere to this lack of pattern.
Catamenial epilepsy, from the Greek katomenios meaning
“monthly”, is a disorder that affects up to 70% of women with
epilepsy. It is characterized by seizures that cluster around
specific points in the menstrual cycle. [Figure1] There are three
patterns: perimenstrual, periovulatory, and inadequate luteal-
phase seizures. However, t he bulk of attention is focused on
the most common type, perimenstrual. In the primary clinical
type, perimenstrual catamenial epilepsy, the seizures are clus-
tered in an approximately 7-day period surrounding the men-
struation.”® Many women with this condition experience an
increase in seizure activity before, during, or after the onset
of menstruation. Catamenial seizures are common among
women with focal or generalized epilepsy. Despite emerging
information, very few physicians seem to know about men-
strual cycle-related seizures. The diagnosis of catamenial epi-
lepsy is mainly based on the assessment of menstruation and
seizure records. A detailed diary of seizures and menstrual
cycle would be important for accurate diagnosis of catame-
nial epilepsy. In general, a twofold or greater increase in sei-
zure frequency during a particular phase of the menstrual cy-
cle could be considered as catamenial epilepsy. A detailed
understanding of the pathophysiology is essential for the de-
velopment of rational approaches for the prevention and treat-
ment of catamenial epilepsy.



Pathophysiology

Catamenial epilepsy has been identified and studied for
many years with early reports from as long ago as 1881. De-
spite that, the molecular mechanisms beneath the develop-
ment of this condition are not well understood. There is pres-
ently no specific treatment, and often, conventional therapies
have a disappointing lack of effect. Recently, studies have sug-
gested that various hormonal changes that are experienced
during the menstrual cycle play a large role in the increased
seizure susceptibility. The specifics of these fluctuations and
their effect on and in the brain in relation to epilepsy must be
determined in order to develop specific, targeted therapies.
Many different possibilities for the development of catamenial
epilepsy have been proposed, from fluctuations in antiepileptic
drug levels to changes in the fluid and electrolytes balance.!*
AEDs provide satisfactory control of seizures in most patients,
but some AEDs such as phenytoin, carbamazepine, and phe-
nobarbital are potent inducers of liver cytochrome P450 en-
zymes. % This AED-induced enzyme induction leads to enhanced
metabolism of steroid hormones,” which may play a role in
breakthrough seizures in women. Moreover, the use of the
enzyme-inducing AEDs phenobarbital, phenytoin, and
carbamazepine increases serum sex hormone-binding globu-
lin (SHBG) concentration in women with epilepsy, which may
result in diminished concentrations of “free” or “biologically
active” forms of steroid hormones. Overall, cyclical changes
in the circulating levels of estrogens and progesterone are now
widely accepted to be important in the development of this
disease. [Figure 1] Research has shown that female sex hor-
mones can act on certain cells in the brain, particularly those
in the area of the temporal lobe. Generally, estrogens are found
to be proconvulsant, whereas progesterone has the opposite
effect and reduce seizures.”' Alternations in seizure activity
may also be seen during changes in reproductive status (i.e.,
while entering puberty, during pregnancy, or after menopause).

Estrogen

There are three biologically active forms of estrogen: 1753-
estradiol, dominant in pre-menopausal women; estriol, the
major form of estrogen during pregnancy; and estrone, which
is prevalent after menopause. Estradiol has been shown in
many studies to have significant proconvulsant effect.® It
facilitates various forms of induced seizures and has been
shown to worsen seizures in women with epilepsy. On a cellu-
lar level, estradiol, aside from its normal reproductive effects,
enhances neural excitation and suppresses inhibition. It also
creates changes in the physical properties of some neurons
(increase in excitatory dendritic spine density in the
hippocampus), resulting in increased potential for seizures. It
has been observed that there is a relationship between the
ratio of estrogen to progesterone and the level of seizure
occurrence.®!'” An increase in this ratio during certain periods
in the menstrual cycle could create the increase in seizure
susceptibility observed in catamenial epilepsy.

Progesterone

Progesterone has long been known to have anticonvulsant
properties.'''2' Both animal models and human clinical stud-
ies have shown the efficacy of progesterone in reducing both
the frequency and severity of seizures. The clustering of sei-
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Figure 1. Relationship between ovarian hormones and seizure
susceptibility during the menstrual cycle
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Days of the Cycle

In general, the female reproductive cycle is estimated to last 29 days.
Day 1 is the onset of menstruation, and ovulation occurs 14 days
before the onset of menstruation. The cycle is divided into three
phases: the follicular, ovulatory and the luteal phases. The follicular
phase begins on day 1 with the first day of menstruation and typically
lasts 10 to 14 days. This phase is associated with low levels of
estrogens and progesterone. The synthesis and secretion of
estrogens and progesterone from the ovaries is controlled primarily
by the hypothalamic GnRH and pituitary gonadotropins, FSH and
LH. As ovulation approaches, the level of estrogen rises and triggers
the release of a large surge of LH leading to ovulation. Following
ovulation, the ruptured follicle luteinizes and forms a corpus luteum
that secretes progesterone and estrogen. Estradiol is secreted in the
second half of the follicular phase and increases to a peak at midcycle,
while progesterone is elevated during the luteal phase and declines
before menstruation begins. The neurosteroid allopregnanolone is
increased in parallel to its precursor, progesterone. The upper panel
illustrates the probable relationship between progesterone levels and
seizure frequency. The gray area (left and right) represents the period
of perimenstrual catamenial seizures. (Reproduced (2005) with
permission from Meth Find Exp Clin Pharmacol 2004;26:547-61.
Copyright ©2004, Prous Publishers. All rights reserved).

zures around the beginning of menstruation corresponds with
a significant drop in the levels of progesterone circulating in
the body and an increase in the estrogen: progesterone ratio.
There is strong evidence that, rather than the increase in
estrogens, it is the decrease or “withdrawal” of progesterone
that partly stimulates catamenial seizure exacerbation. These
withdrawal effects could be highly relevant in “perimenstrual”
catamenial epilepsy."® The luteal catamenial seizures can be
attributed to the diminished progesterone level that occurs
during inadequate luteal phase cycles.

Neurosteroids

Evidence shows that the antiseizure effects of progesterone
are due to allopregnanolone, a metabolite of progesterone.!'! 13!
Allopregnanolone is a member of a class of compounds known
as “neurosteroids.” Neurosteroids are steroids that are
synthesized locally in the brain and have a strong and rapid
effect on neural excitability."" Allopregnanolone is a potent,
broad-spectrum anticonvulsant neurosteroid. It has been
shown to protect against various forms of induced seizures.
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Figure 2. Neurosteroid potentiation of GABA, receptor function
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There are two mechanisms by which progesterone affects
reproduction and seizure susceptibility: binding to progesterone
receptors and metabolism to the neurosteroid allopregnanolone.
Neurosteroid allopregnanolone is synthesized from progesterone by
two sequential A-ring reductions. It is an endogenous modulator which
has high affinity binding sites on the GABA, receptor. Structurally,
GABA, receptors are believed to be pentameric with five protein
subunits that form the chloride ion channel pore. The neurosteroid
binding site is thought to be distinct from sites for GABA,
benzodiazepines, and barbiturates. Allopregnanolone binding to
“neurosteroid” sites on the GABA, receptor causes massive influx of
chloride ions into the neurons leading hyperpolarization thereby
potentiation of inhibitory neurotransmission. This mechanism almost
certainly underlies allopregnanolone’s protective action against
seizures. (Reproduced (2005) with permission from Drugs Future
2004;29:227-42. Copyright ©2004, Prous Publishers. All rights
reserved).

Recently it has been discovered that allopregnanolone is a
potent positive modulator of GABA, receptors."* GABA is
the primary inhibitory neurotransmitter in the brain.!
Allopregnanolone has specific, distinct binding sites on GABA
receptors that are separate from those for GABA,
benzodiazepines, and barbiturates. [Figure 2] At normal
physiological levels, it is sufficient to activate these receptors.
This suggests that an abrupt “withdrawal” of allopregnanolone
at the onset of menstruation could decrease the inhibitory effect
and possibly exacerbate seizures.!'67!

Animal models

There is no specific animal model of catamenial epilepsy.
Conventional models based on acute seizure induction are not
suitable for testing therapies targeted at catamenial epilepsy.
Animal models of catamenial epilepsy should be designed to
simulate the menstrual cycle with its accompanying changes
in seizure susceptibility. There are two categories of new mod-
els that partially represent catamenial epilepsy.P! The first cat-
egory simulates the rise and fall of estrogen and progesterone
at the point in the cycle associated with increased seizure sus-
ceptibility,”® that is, immediately before, and for the first few
days of menstruation. Some examples of this model are pseu-
dopregnancy, chronic progesterone treatment, and a proges-
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terone withdrawal model. The second category is based on
the naturally occurring estrous cycle or administration of ex-
ogenous hormones that simulate the specific stages of the
estrous cycle in rats whose ovaries have been removed. There
are also in vitro models that utilize cultured neurons that are
exposed to steroid hormones to study the molecular mecha-
nisms.

The pseudopregnancy model is based on the hypothesis
that abrupt withdrawal of progesterone, and hence
allopregnanolone, will cause increased seizure susceptibility.
Our team has proposed a pseudopregnancy model where high
levels of progesterone were induced over time, and then rapidly
withdrawn by treating the animals with finasteride.!"®
Finasteride is a bo-reductase inhibitor that blocks the reduction
of progesterone to allopregnanolone. Acute withdrawal pro-
duced an increase in seizure susceptibility, whereas a long-
term reduction in allopregnanolone levels did not. This is
consistent with the pattern of catamenial epilepsy. A model
must be validated by satisfying certain criteria. It must show
close similarity to an epileptic-type state and should mirror
the formation and effects of the disease in humans. The
neurosteroid withdrawal model partially meets these criteria
and is superior to conventional models for several reasons. It
is based on the actual hormonal fluctuations of the menstrual
cycle, it closely mimics the origin of catamenial epilepsy in
humans, and it allows the study of how naturally occurring
neurosteroids affect seizure susceptibility. The actual endocrine
conditions may be different in models as compared to people,
and because it is only an acute model, there is no provision for
study of drug tolerance or other variables over a course of
cycles.

Pharmacotherapy

The antiepileptic drugs commonly used in the treatment of
seizure disorders are listed in Table 1. The conventional
antiepileptic drugs are the mainstay for the management of
catamenial seizures in women. Approximately one-third of
women with epilepsy use more than one antiepileptic drug
appropriate to their seizure type.

Traditional approach

Although there are many different drugs that are used in
the treatment of epilepsy [Table 1], there is no specific
treatment for catamenial epilepsy. This is partly because
catamenial seizures are often refractory to conventional
antiepileptic drugs such as valproate, phenytoin, and
diazepam.* Many of these drugs are prescribed for treatment
of catamenial epilepsy without direct studies of effectiveness,
with their use based primarily on empirical evidence. Table 2
lists an overview of various drugs investigated for the
treatment of catamenial epilepsy. Many patients received these
agents as supplements or adjunct drugs in a continuous or
intermittent approach for inhibition of catamenial seizures.?*2!
Most of these drugs are limited severely in their use due to the
development of tolerance (e.g., benzodiazepines) and/or are
often associated with undesirable side effects such as sedation,
depression, and reproductive toxicity. Hormonally based
treatments, such as medroxyprogesterone acetate or natural
progesterone, are frequently very effective [Table 2], but could
cause undesirable hormonal and reproductive adverse effects.



Table 1

Summary of clinically used antiepileptic drugs

Pharmacotherapy of catamenial epilepsy

AED Mechanism of action

Clinical efficacy

Standard drugs
Carbamazepine
Clonazepam
Divalproex sodium
Ethosuximide

Na* channel blockade

GABA synthesis

Ethotoin Inhibition of voltage-gated Na* channels
Methsuximide T-type Ca?* channel blockade

Nitrazepam Allosteric modulation of GABA, receptor
Phenobarbital Allosteric modulation of GABA, receptor
Phenytoin Inhibition of voltage-gated Na* channels
Primidone Allosteric modulation of GABA, receptor
Valproic acid GABA synthesis and Na+ channel blockade

Newer drugs
Acetazolamide

Felbamate Na*, Ca?* and NMDA blockade
Fosphenytoin Prodrug of phenytoin

Gabapentin GABA turnover and Ca?* channel inhibition
Lamotrigine Na* channel blockade

Levetiracetam
Oxcarbazepine

Tiagabine Blockade of GABA uptake

Topiramate Increases GABA and inhibits Na* channels
Vigabatrin Inhibition of GABA transaminase
Zonisamide Na* and Ca?" channel blockade

Allosteric modulation of GABA, receptor

T-type Ca?* channel blockade

Inhibits brain carbonic anhydrase activity

Inhibits Ca?* and conserves GABA, channels
Na* and Ca?* channel blockade

Broad spectrum
Broad spectrum, SE
Broad spectrum
Absence seizures
Partial/generalized
Absence seizures
Absence, IS
Partial/generalized
Partial/generalized
Partial/generalized
Broad spectrum

Partial/generalized
Broad spectrum/LGS
Status epilepticus
Partial (add-on)
Broad spectrum
Partial/generalized
Partial/generalized
Partial (add-on)
Broad spectrum
Partial (add-on), IS
Partial/generalized

SE-= status epilepticus; IS = infantile spasms; LGS = Lennox-Gastaut syndrome

Table 2

Overview of pharmacotherapy of catamenial epilepsy

Drug Mechanism Efficacy Limitations
Acetazolamide Carbonic anhydrase inhibitor Moderate Tolerance
Clobazam GABA, receptor modulator Moderate Sedation/depression
Medroxyprogesterone acetate Progesterone derivative Moderate Reproductive dysfunction
Progesterone Neurosteroid synthesis High Sedation
Ganaxolone GABA, receptor modulator High Pilot study

Acetazolamide spectrum antiseizure agents. Clonazepam is highly useful in

Acetazolamide is the prototype of a class of agents that
are potent inhibitors of carbonic anhydrase, a key enzyme in-
volved in NaHCO, reabsorption and water balance in the kid-
ney. Carbonic anhydrase is also present in the brain. Aceta-
zolamide has been used empirically for years for the treat-
ment of refractory epilepsy and catamenial seizures."”>%¥ Re-
cently, the efficacy of acetazolamide was tested in 20 women
with catamenial epilepsy.”*" Approximately 30% to 40% of sub-
jects showed significant reduction in overall seizure frequency
and severity. However, loss of efficacy (tolerance) is a prob-
lem reported by many women treated with acetazolamide.

Benzodiazepines

Benzodiazepines such as clonazepam and clobazam are
positive allosteric modulators of GABA, receptor and broad-

the therapy of absence and myclonic seizures, but was
associated with tolerance to its antiseizure effects.”” Clobazam
has been found to be an effective agent for the treatment of
catamenial epilepsy.”?® " Clobazam (20 to 30 mg/day) was
administered intermittently from 2 to 4 days before menses
probably to avoid the tolerance usually associated with
continual therapy. The most common adverse effects of
clobazam are sedation and depression. However, cross-
tolerance to benzodiazepines have been described in animal
model due to long-term exposure to neuroactive steroids.!
which could affect the clinical utility of benzodiazepines in
catamenial epilepsy.

Medroxyprogesterone acetate (MPA)

Medroxyprogesterone acetate is a widely investigated
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progestin-only contraceptive agent. MPA treatment in women
with catamenial seizures found that it produces a 39% reduc-
tion in seizure frequency at a mean follow-up of 1 year.*!: *!
Suppression of seizures was evident when the patients were
treated with parenteral MPA at dosages that were designed to
halt regular menstrual cycle. Therefore, it is conceivable that
long-term MPA therapy is associated with undesirable repro-
ductive disturbances.

Natural progesterone

Cyclic natural progesterone use has been demonstrated
as an effective treatment for catamenial and non-catamenial
seizures in women.”*- %31 Progesterone is efficiently absorbed
after oral administration as lozenges, and rectal administration
as suppositories. Progesterone was given at 100 to 200 mg,
t.i.d. on days 15 to 28 of menstrual cycle. In a 3 month
investigation of cyclic natural progesterone therapy, 23 of 25
(92%) women with intractable seizures completed the trial.
Average monthly seizure frequency was reportedly reduced
by 54% to 68% during the 3 month treatment period.®!" A 3
year follow-up report finds that 15 of the women continued on
the same antiepileptic drug and progesterone protocol. These
women continued to have a very substantial (62% to 74%)
reduction in seizure frequency.” An NIH sponsored study is
currently determining whether progesterone supplements can
help reduce seizure frequency in women with epilepsy.!*"
Although natural progesterone therapy benefits some women
with catamenial epilepsy, it is associated with undesired
hormonal side effects such as breakthrough bleeding, breast
tenderness, and amenorrhea.

Experimental evidence from studies in animal models and
clinical data is consistent with the possibility that the
antiseizure effects of progesterone are due to its metabolic
conversion to neurosteroids, principally allopregnanolone. !5
81 Therefore, synthetic GABA, receptor modulating
neurosteroids, which are devoid of such hormonal actions,
could provide a rational alternative approach to therapy.

Novel treatments

The neurosteroid withdrawal hypothesis presents the
possibility for novel, and highly effective treatments. Using the
catamenial epilepsy model, we evaluated the hypothesis that
neurosteroid “replacement” is an effective and a rational
therapy for catamenial epilepsy.""*- %! During this seizure-prone
state, the activity of conventional antiepileptic drugs, including
diazepam and sodium valproate, is reduced, possibly
accounting for the clinical impression that catamenial seizures
are unusually drug resistant. Unexpectedly, neurosteroids that
positively modulate GABA, receptors actually have enhanced
anticonvulsant potency in the model, providing support for a
neurosteroid “replacement” approach to the treatment of
catamenial epilepsy.!'® %! Overall, these observations suggest
that neurosteroids represent a specific treatment approach
for perimenstrual catamenial seizure exacerbations. It does
suggest that cyclic replacement therapy would be highly
effective. Here, the efficacy of neurosteroids in periovulatory
and inadequate luteal phase seizures remain unclear. Unfor-
tunately, natural neurosteroids are ineffective for perimenstrual
treatment. They are orally inactive, have a very short (min-
utes) half-life, and have the potential to get converted to com-
pounds that create undesirable hormonal effects. The synthetic
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version of allopregnanolone called ganaxolone is available.®®
Ganaxolone was designed to overcome the limitations of natu-
rally occurring neurosteroids with significant improvements
in pharmacokinetic and therapeutic properties.

Ganaxolone is a synthetic 38-methyl analogue of
allopregnanolone.®® The 38-methyl substituent minimizes
metabolism at the 3a-hydroxyl group and so ganaxolone is
orally active, is not converted to the hormonally active 3-keto
form, and hence lacks hormonal side effects. Similar to
allopregnanolone, ganaxolone is a potent positive allosteric
modulator of GABA, receptors and a broad-spectrum
anticonvulsant agent. The anticonvulsant potency of ganaxolone
is enhanced in the period following neurosteroid withdrawal
in a rat model of catamenial epilepsy, while the potencies of
two reference anticonvulsants, diazepam and valproate are
reduced.""” Recently, a total of more than 500 people have
received ganaxolone in several phase II clinical trials.*” Safety
and tolerability in the human experience have been impressive,
except a dose-dependent sedation. In a preliminary study,
ganaxolone was evaluated in women with catamenial
epilepsy.® Patients received oral ganaxolone (300 mg/day, bid)
starting on day 21 of the menstrual cycle and continuing
through the third full day following the beginning of
menstruation. During the 4 months of this ganaxolone “pulse”
therapy, patients had a marked decrease in their catamenial
seizures. Ganaxolone is still at development stage, but
researchers hope that this agent may provide a specific
treatment option for catamenial epilepsy.

Given the neurosteroid’s critical role in catamenial seizures
and ganaxolone’s enhanced potency, the later may offer a
rational approach for the treatment of perimenstrual
catamenial epilepsy without producing hormonal side effects.
Because of its unique modulatory profile, ganaxolone could be
effective in cases where other GABA, receptor modulators fail
to offer seizure protection because ganaxolone modulates most
GABA, receptors with distinct subunits.?

Conclusion

There are approximately 50 million people with epilepsy
worldwide, and approximately 40% of them are women. Women
with catamenial epilepsy have seizures clustered around their
monthly cycle. However, currently there is no specific treatment
for this neuroendocrine condition. The cause of catamenial
epilepsy is unknown, but it must be uncovered in order to
develop prevention and treatment techniques. The altered
balance of estrogens, progesterone, and neurosteroids seem
to play a clear role in increased seizure susceptibility. Several
antiepileptic drugs are used in catamenial epilepsy therapy.
However, catamenial seizures are not successfully treated
currently with these conventional antiepileptic drugs. The drugs
used to control epilepsy may also affect a woman’'s hormones.
There is little information to whether catamenial seizures in
humans really represent an epileptogenic process or are merely
an exacerbation of existing seizure disorder. It is suggested
that because of repeated triggers due to withdrawal cycles,
some women might develop epileptogenicity resulting in
catamenial epilepsy, while catamenial seizure exacerbation
could be ascribed to neurosteroid withdrawal in preexisting
epileptic condition. However, there is no validated model to



prove this hypothesis on the development of catamenial sei-
zures. Much has been learned about this disease, but there is
much more that is yet to be learned.
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