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Abstract

Neurosteroids are involved in sex-specific epilepsies. Allopregnanolone and related endogenous
neurosteroids in the brain control excessive neuronal excitability and seizure susceptibility.
Neurosteroids activate GABA-A receptors, especially extrasynaptic af-GABA-A receptor
subtypes that mediate tonic inhibition and thus dampen network excitability. Our studies over the
past decade have shown that neurosteroids are broad-spectrum anticonvulsants and confer seizure
protection in various animal models. Neurosteroids also exert antiepileptogenic effects. There is
emerging evidence on a critical role for neurosteroids in the pathophysiology of the sex-specific
forms of epilepsies such as catamenial epilepsy, a menstrual cycle-related seizure disorder in
women. Catamenial epilepsy is a neuroendocrine condition in which seizures are clustered around
specific points in the menstrual cycle, most often around the perimenstrual or periovulatory
period. Apart from ovarian hormones, fluctuations in neurosteroid levels could play a critical role
in this gender-specific epilepsy. Neurosteroids also regulate the plasticity of synaptic and
extrasynaptic GABA-A receptors in the hippocampus and other regions involved in epilepsy
pathology. Based on these studies, we proposed a neurosteroid replacement therapy for catamenial
epilepsy. Thus, neurosteroids are novel drug targets for pharmacotherapy of epilepsy.
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Introduction

Neurosteroids are steroids synthesized within the brain with unconventional, rapid effects on
neuronal excitability. Neurosteroids and their precursor steroid hormones play an important
role in the neuronal excitability, seizure susceptibility, and pathophysiology of epilepsy. The
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term neurosteroid refers to steroids that are synthesized de novo in the nervous system from
cholesterol, independent of the peripheral steroidogenic endocrine glands (Baulieu, 1981). It
has been known since the 1940s, from the pioneering work of Hans Selye, that naturally
occurring steroids such as the ovarian steroid progesterone and the adrenal steroid
deoxycorticosterone can exert anesthetic and anticonvulsant actions (Selye, 1941; 1942;
Clarke et al., 1973). In the early 1980s, the synthetic steroid alphaxolone was found to
enhance synaptic inhibition via an action on GABA-A receptors in the brain (Harrison and
Simmonds, 1984). A major advance occurred when 5a-reduced metabolites of progesterone
and deoxycorticosterone were also found to enhance GABA-A receptor function (Majewska
et al., 1986). Consequently, it became evident that the anticonvulsant properties of
progesterone and deoxycorticosterone are predominantly due to their conversion in the brain
to neurosteroids allopregnanolone (3a-hydroxy-5a-pregnane-20-one, AP) and
allotetrahydro-deoxycorticosterone (3a,21-dihydroxy-5a-pregnan-20-one; THDOC),
respectively (Reddy 2003; 2004; 2011; Carver and Reddy, 2013) (Fig. 1). This article
describes the neurobiological aspects of neurosteroids with a special emphasis on catamenial
epilepsy, a menstrual cycle-related seizure disorder in women. It focuses on the role of
GABA-A receptor-modulating neurosteroids in regulating seizure susceptibility and
pathophysiology of sex-specific epilepsies.

Neurosteroid Biosynthesis in the Brain

A variety of neurosteroids are synthesized in the brain (Baulieu, 1981; Kulkarni and Reddy,
1995). The most widely studied are allopregnanolone, THDOC, and androstanediol (Fig.
1).There is now compelling evidence that all of the enzymes required for the biosynthesis of
the neurosteroids from cholesterol are present in the brain (Stoffel-Wagner et al., 2000;
2003). Allopregnanolone and related neurosteroids are produced via sequential A-ring
reduction of the steroid hormones by 5a-reductase and 3a-hydroxysteroid-oxidoreductase
isoenzymes (Reddy, 2009a). The androgenic neurosteroid androstanediol (5a-androstan-3a,
17p-diol) is synthesized from testosterone (Reddy, 2004ab). In the periphery, the steroid
precursors are mainly synthesized in the gonads, adrenal gland, and feto-placental unit, but
synthesis of these neurosteroids likely occurs in the brain from cholesterol or from
peripherally derived intermediates. Since neurosteroids are highly lipophilic and can readily
cross the blood-brain barrier, neurosteroids synthesized in peripheral tissues can reach
targets in the brain.

Precursor steroids may enter the brain from the blood circulation and can be converted to
neurosteroids (Agis-Balboa et al., 2006). Recent evidence indicates that neurosteroids are
present mainly in principal neurons in many brain regions that are relevant to focal
epilepsies, including the hippocampus and neocortex (Agis-Balboa et al., 2006; Saalmann et
al., 2007; Do Rego et al., 2009). This observation is consistent with the notion that
neurosteroids function in an autocrine fashion in which they reach their targets by lateral
membrane diffusion (Chisari et al., 2010). Neurosteroids are present in the neocortex. It is
not clear if there are specific neocortical areas related to focal epilepsy such as the motor
cortex that show increased presence of neurosteroids compared to cortical areas not
normally associated with a high seizure potential. However, the rates of production and their
specific control in different regions remain unclear. The biosynthesis of neurosteroids is
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controlled by the translocator protein (TSPO), formerly called peripheral or mitochondrial
benzodiazepine receptor (Rupprecht et al., 2009). Activation of TSPO by endogenous
signals and ligands facilitates the intramitochondrial flux of cholesterol and thereby
promotes neurosteroid synthesis. It is suggested that TSPO ligands might be an alternative
approach for neurosteroid therapeutics (Nothdurfter et al., 2011). Overall, all of the
necessary enzymes required for neurosteroid synthesis are region-specific, cell-specific, and
available within the brain, both in neurons and glia (Compagnone and Mellon, 2000).

Neurosteroid Activation of GABA-A Receptors

Neurosteroids rapidly alter neuronal excitability through direct interaction with GABA-A
receptors (Harrison et al., 1984; 1987; Majewska et al., 1986; Gee et al., 1988; Hosie et al.,
2007; 2009; Carver and Reddy, 2013). Activation of the GABA-A receptor by various
ligands leads to an influx of chloride ions and to a hyperpolarization of the membrane that
dampens the excitability. Allopregnanolone, THDOC and other structurally-related
neurosteroids act as positive allosteric modulators and direct activators of GABA-A
receptors (Fig. 2). At low concentrations, neurosteroids potentiate GABA-A receptor
currents, whereas at higher concentrations, they directly activate the receptor (Harrison et
al., 1987; Reddy and Rogawski, 2002). Like barbiturates, neurosteroid enhancement of
GABA-A receptors occurs through increases in both the channel open frequency and
channel open duration (Twyman and Macdonald, 1992; Lambert et al., 2009; Ramakrishnan
and Hess, 2010).

The GABA-A receptor is a pentamer consisting of five subunits that form a chloride
channel. Sixteen subunits (al1-6, p1-3, y1-3, 6,&,0, and 7 subunits) have been identified so
far. The GABA site is located at the interface between a and 8 subunits. Benzodiazepines
bind at the interface between a and y subunits and interact with subunit combinations
al,2,3,562y2. Neurosteroid‘s effect on GABA-A receptors occurs by binding to discrete
sites on the receptor-channel complex that are located within the transmembrane domains of
the a-and B-subunits (Hosie et al., 2006; 2007), which they access by lateral membrane
diffusion (Chisari et al., 2009; 2010). The binding sites for neurosteroids are distinct from
the recognition sites for GABA, benzodiazepines, and barbiturates (Hosie et al., 2009).
Androgenic neurosteroids such as androstanediol may interact with these sites, and a recent
study indicates that this agent is a positive allosteric modulator of GABA-A receptors
(Reddy and Jian, 2010).

The molecular nature of neurosteroid binding sites is under intense scrutiny. The effects of
neurosteroids on GABA-A receptors occur by binding to discrete sites on the receptor-
channel complex that are located within the transmembrane domains of the a and 3 subunits
(Hosie et al., 2007) (Fig.2). The specific binding sites of neurosteroids on the GABA-A
receptor are quite different from sites for drug such as benzodiazepines and barbiturates.
Having the ability to potentiate GABAergic current at 10 — 500 nM concentrations and to
autonomously, directly induce receptor channel opening at larger concentrations (> 500 nM)
(Belelli et al., 2002), neurosteroids appear to operate on a wider array of receptor isoforms
and are thus less specific in binding as compared with benzodiazepines, which have very
high affinity (Kd in sub-nanomolar range). In fact, the neurosteroid enhancement of binding

Neurobiol Dis. Author manuscript; available in PMC 2015 December 01.



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

1duosnuely Joyny vd-HIN

Reddy

Page 4

is thought to be due to allosteric interaction with an altogether different site on the receptor.
It has been proposed that neurosteroids may bind receptors from intracellular access or at a
site within the neuronal plasma membrane (Akk et al., 2009). Studies of recombinant
GABA-A receptor isoforms indicate that neurosteroids act on most subunit configurations
(Puia et al., 1993; Carver and Reddy, 2013). This distinguishes neurosteroids from
benzodiazepines, which only act on GABA-A receptors that contain v, subunits and do not
contain a4 or ag subunits. In general, the specific a subunit type may influence neurosteroid
efficacy, whereas the y subunit type may affect both the efficacy and potency of
neurosteroid modulation (Lambert et al., 2009). The 8-containing receptors possess a
significantly higher affinity for GABA than other receptor subtypes. Neurosteroids therefore
can markedly enhance the current generated by 8-subunit-containing GABA-A receptors
even in the presence of saturating GABA concentrations (Carver and Reddy, 2013).

The GABA-A receptor mediates two types of GABAergic inhibition, now stratified into
synaptic (phasic) or extrasynaptic (tonic) inhibition (Fig. 2). Phasic inhibition is attributed to
the inhibitory postsynaptic current (IPSC) resulting from membrane GABA-A receptors
opening in response to rapid release of GABA across the synapse (Farrant and Nusser,
2005). Vesicular release of GABA into the synapse generates a local peak concentration of
GABA that may reach millimolar levels. Tonic inhibition is persistent inhibitory current
mediated by perisynaptic or extrasynaptic receptors in response to ambient or extracellular
GABA at low micromolar levels (Glykys and Mody, 2007). Tonic current enables shunting
inhibition to control gain of neuronal excitability (Mitchell and Silver, 2003). Although
GABA activates synaptic (y2-containing) GABA-A receptors with high efficacy, GABA
activation of the extrasynaptic (8-containing) GABA-A receptors are limited to low-efficacy
activity characterized by minimal desensitization and brief openings. Physiological tonic
currents of GABA receptors are dependent on the pentamer subunit composition and fairly
independent of physiological levels of ambient exogenous GABA.

Neurosteroids act on all GABA-A-receptor isoforms. However, they have large effects on
extrasynaptic 8-subunit containing GABA-A receptors that mediate tonic currents
(Wohlfarth et al., 2002; Belelli et al., 2002). The potentiation of 3-subunit-containing
receptors by THDOC and other neurosteroids is selective for channels with low-efficacy
gating characteristics marked by brief bursts and channel openings in conditions of both low
and high GABA concentrations, and thereby neurosteroids can preferentially increase the
efficacy of these receptors based on pharmacokinetics which are not yet fully understood
(Bianchi and Macdonald, 2003). Neurosteroids therefore markedly enhance the current
generated by 8-subunit-containing receptors even in the presence of saturating GABA
concentrations. Consequently, GABA-A receptors that contain the 8-subunit are highly
sensitive to neurosteroid potentiation and mice lacking 8-subunits show drastically reduced
sensitivity to neurosteroids (Mihalek et al., 1999; Spigelman et al., 2002). Tonic current
causes a steady inhibition of neurons and reduces their excitability. Neurosteroids therefore
could play a role in setting the level of excitability by potentiation of tonic inhibition during
seizures that elevate ambient GABA levels.
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Anticonvulsant and Antiepileptogenic Activity of Neurosteroids

Allopregnanolone and related neurosteroids are powerful anticonvulsants. Neurosteroids
exhibit broadspectrum anticonvulsant effects in diverse rodent seizure models (Reddy, 2010;
2011). Neurosteroids protect against seizures induced by GABA-A receptor antagonists,
including pentylenetetrazol and bicuculline, and are effective against pilocarpine-induced
limbic seizures and seizures in kindled animals (Kokate et al., 1994; Belelli et al., 1989;
Frye, 1995; Wieland et al., 1995; Reddy et al., 2004). The potencies of neurosteroids in
models where they confer seizure protection vary largely in accordance with their activities
as positive allosteric modulators of GABA-A receptors (Reddy, 2004a; 2004b; Kaminiski et
al., 2005). Neurosteroids are highly active in the 6-Hz model, an electrical paradigm in
which limbic-like seizures are induced by electrical stimulation of lower frequency and
longer duration than in the maximal electroshock test (Kaminiski et al., 2004). However,
neurosteroids are inactive or only weakly active against seizures elicited by maximal
electroshock (Reddy, 2010). Neurosteroid*s ability to suppress seizures is stereoselective.
Androstanediol, but not its 3p-epimer, produces a dose-dependent suppression of behavioral
and electrographic seizures in the mouse hippocampus kindling (Reddy and Jian, 2010).

Neurosteroids are highly effective in suppressing seizures due to withdrawal of GABA-A
receptor modulators including neurosteroids and benzodiazepines, as well as other types of
agents such as ethanol and cocaine (Reddy and Rogawski, 2001; Tsuda et al., 1997; Devaud
et al., 1996). In contrast to benzodiazepines, where utility in the chronic treatment of
epilepsy is limited by tolerance, anticonvulsant tolerance is not evident with neurosteroids
(Kokate et al., 1998; Reddy and Rogawski, 2000a). Thus, neurosteroids have the potential to
be used in the chronic treatment of epilepsy. Unlike benzodiazepines, neurosteroids are able
to modulate all isoforms of GABA-A receptors, including those that contain
benzodiazepine-insensitive a4 and a6 subunits or lack the obligatory y2 subunit required for
benzodiazepine-sensitivity.

Recent studies suggest that neurosteroids play a role in epileptogenesis (Edwards et al.,
2001; Biagini et al., 2006; 2009a; 2010; Reddy et al., 2010; Reddy, 2013a). Using the
kindling model, we demonstrated that the development and persistence of limbic
epileptogenesis are impaired in mice lacking progesterone receptors (Reddy and Mohan,
2011). To explore mechanisms underlying the observed seizure resistance, we investigated
the role of neurosteroids using finasteride, a 5a-reductase inhibitor that blocks the synthesis
of progesterone-derived neurosteroids. Progesterone produced a significant delay in the rate
of kindling and pretreatment with finasteride blocked progesterone‘s inhibition of kindling
epileptogenesis (Reddy and Ramanathan, 2012). These findings are consistent with a
contributory role of neurosteroids in limbic epileptogenesis. Thus, it is possible that
inhibition of neurosteroid synthesis could incite mechanisms that may promote
epileptogenesis.

The P450scc is a critical enzyme for the biosynthesis of neurosteroids in the brain.
Following pilocarpine-induced status epilepticus in the rat, the P450scc is upregulated for
several weeks, suggesting that it may be associated with promotion of neurosteroidogenesis
(Biagini et al., 2009). Ordinarily, rats develop spontaneous recurrent seizures following a

Neurobiol Dis. Author manuscript; available in PMC 2015 December 01.



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

1duosnuely Joyny vd-HIN

Reddy

Page 6

latent period of similar duration to the period during which P450scc is elevated. The role of
neurosteroids in delaying seizure onset in the pilocarpine model is confirmed using
finasteride, which can exacerbate seizures by inhibition of neurosteroid synthesis. Inhibiting
neurosteroid synthesis with finasteride accelerated the onset of spontaneous recurrent
seizures (Biagini et al., 2006), suggesting that endogenous neurosteroids play a role in
restraining epileptogenesis, or at least act to inhibit the expression of seizures.

The development of epilepsy is linked to complex alterations in neuroplastic mechanisms.
Dysregulation of neurosteroid synthesis may also play a role. This premise is being tested in
various epileptogenic models (Reddy, 2013). We investigated the role of the prototype
endogenous neurosteroid allopregnanolone in controlling limbic epileptogenesis. Treatment
with finasteride, a neurosteroid synthesis inhibitor, resulted in a significant increase in
epileptogenesis in the hippocampus kindling model (Ramanathan and Reddy, 2011).
Exogenous administration of allopregnanolone, at doses that produce levels similar to
gonadotropins, markedly inhibited epileptogenesis. In female epilepsy rats, finasteride
treatment exacerbates seizure frequency (Lawrence et al., 2010). The exact mechanisms are
unclear. Neurosteroid-mediated increase in tonic inhibition in the hippocampus could inhibit
the spread of the seizure discharge from the hippocampal focus and thereby suppress the rate
of development of behavioral kindled seizure activity without affecting the focal
electrographic discharges. Increased tonic inhibition by allopregnanolone is shown to impair
the N-methyl-D-aspartate (NMDA\) receptor-mediated excitability in the hippocampus (Shen
et al., 2010). It is likely that such a mechanism may underlie the neurosteroid*s disease-
modifying effects in epileptogenic models.

Role of Neurosteroids in Sex-Specific Forms of Epilepsy

Sex difference in seizure susceptibility is one of the long-standing issues of epilepsy.
Clinical evidence shows gender-and age-related expression in many seizure syndromes. The
incidence of epilepsy is generally higher in males than in females (Hauser, 1997,
Christensen et al., 2005). More women than men are diagnosed with idiopathic generalized
epilepsy, but localization-related symptomatic epilepsies are more frequent in men, and
cryptogenic localization-related epilepsies are more frequent in women (Hauser, 1997,
Christensen et al., 2005). Overall, there is considerable evidence indicating that men exhibit
greater seizure susceptibility than females, while many females exhibit greater fluctuations
in susceptibility to seizures, including menstrual cycle-related changes in seizure activity
(Hauser, 1997; Christensen et al., 2005). Sexbased differences in seizure sensitivity may
arise from variations between men and women in factors such as body weight, steroid
hormones, cytochrome P450 activity and biologic differences in neuronal networks in the
brain. Changes in seizure sensitivity are also evident at puberty, which is associated with
rigorous changes in reproductive hormones and behavioural patterns (Reddy, 2009). The
relationship between menstrual cycle and seizure sensitivity in females is well known and is
greatly influenced by hormonal fluctuations associated with menstrual cycle phases.

Neurosteroids may be involved in the physiological regulation of seizure susceptibility in
individuals with epilepsy. Endogenous neurosteroids may affect seizure situations in
catamenial epilepsy, stress, temporal lobe epilepsy, and alcohol withdrawal (Reddy, 2009a;
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Kim et al., 2010). However, it is noteworthy that there is no evidence that alterations in
neurosteroid levels in the absence of preexisting epilepsy can induce epileptogenesis. There
is emerging evidence that neurosteroids may play a role in limbic epileptogenesis (Reddy et
al, 2013). Neurosteroids that enhance the GABAergic inhibition within the brain are potent
anticonvulsants and they regulate neural excitability networks by enhancing the phasic and
tonic inhibition in the hippocampus, a critical region involved in the limbic epilepsy.
Therefore, neurosteroids may represent a rational treatment strategy for modification of
acquired epileptogenesis and retarding secondary epileptogenesis in chronic epilepsy. It is
possible that alterations in neurosteroidogenesis may play a role as inciting factors in the
development and persistence of limbic epilepsy (Reddy and Mohan, 2011). Our recent work
provides important new evidence that the availability of neurosteroids does indeed critically
influence the propensity for seizures (Reddy and Zeng, 2007). We used epileptic female rats
that had experienced status epilepticus, and monitored spontaneous seizure activity for up to
5 months. The epileptic animals exhibited about 2 seizures per day, each lasting
approximately a minute. Gonadotropin-induced increase in neurosteroids was associated
with reduced seizure intensity. However, when neurosteroids were withdrawn by using the
neurosteroid synthesis inhibitor finasteride, a significant (two-fold) increase in seizure
frequency was observed (Reddy, 2009a). These findings are confirmed in a recent study that
utilized ovariectomized epileptic animals (Lawrence et al., 2010).

Neurosteroids may play a key role in chronic epilepsy. Neurosteroid modulation of tonic
activation of extrasynaptic GABA-A receptors can regulate excitability during
epileptogencity. Given the complex plasticity of GABA-A receptors in epilepsy, it is
difficult to predict the functional outcome of altered subunit compositions. A consistent
finding from studies that have used various models of chronic epilepsy is that tonic
conductances are largely preserved in epileptic brain around the time when synaptic
inhibition is reduced (Sun et al., 2007; Zhang et al., 2007). Studies in a status epilepticus
model of temporal lobe epilepsy (TLE) have shown a striking reduction in 8-subunit
containing GABA-A receptors in the dentate gyrus (Peng et al., 2004; Zhang et al., 2007),
suggesting that neurosteroid effects on nonsynaptic GABA-A receptors may be reduced.
There was a compensatory increase in y2-subunit, so that tonic inhibition is preserved,
though the efficacy of THDOC in modulating tonic current is decreased. In addition,
neurosteroid modulation of synaptic currents is diminished in dentate gyrus granule cells
and a4 subunit-containing receptors are expressed at synaptic sites (Sun et al., 2007). All of
these changes may exacerbate seizures in epileptic animals but do not affect the efficacy of
neurosteroids because they act on all GABA-A receptor isoforms.

Progesterone has antiseizure properties and plays an important role in epilepsy. Women with
epilepsy are prone to seizures in response to decreased levels of progesterone during
perimenstrual periods (Herzog et al., 1997; Reddy, 2009). However, progesterone‘s
molecular mechanism of action in seizure activity is not fully understood. Progesterone‘s
cellular actions are mediated by the progesterone receptor (PR), a member of the nuclear
receptor superfamily of transcription factors (Li and O*Malley, 2003). PRs are expressed in
the brain with high levels in the hypothalamus and moderate levels in the limbic areas
(Parsons et al.,1982; Auger and De Vries,2002). PRs are widely distributed in the
hippocampus (Kato et al., 1994; Alves et al., 2000; Brinton et al., 2008), but their
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physiological significance remains unclear. Progesterone‘s seizure protection is
undiminished in PR knockout (PRKQO) mice and occurs mainly by its conversion to
allopregnanolone, a neurosteroid modulator of GABA-A receptors (Reddy et al., 2004).
Recently, we investigated the role of PRs in limbic epileptogenesis using multiple
approaches for the intervention of the PR pathway (Reddy and Mohan, 2011). The PRKO
mouse exhibited an increased resistance to epileptogenesis in kindling models. Lack of PRs
markedly impaired the persistence of seizure expression at four weeks after kindling
development. Selective inhibition of PRs in the brain by antisense oligos also resulted in a
significant decrease in epileptogenesis in wild-type mice (Reddy and Mohan, 2011).
Overall, these results indicate that the PR pathway plays an important role in promoting
epileptogenesis, long-term stability of this epileptic-like state, and modulating
progesterone‘s ability to suppress seizures. However, the mechanisms underlying PR-
mediated epileptogenesis remain unclear. PRs, as transcription factors, are most likely to
regulate GABA-A receptor subunit plasticity in the hippocampus. PRs may promote
epileptogenesis by influencing synaptic plasticity and tonic inhibition in the hippocampus.

Catamenial Epilepsy

Epilepsy is characterized by the unpredictable occurrence of seizures. However, seizures do
not occur randomly in many women with epilepsy. Seizure clusters occur with a temporal
periodicity following circadian or lunar cycles. In women with epilepsy, seizure periodicity
may conform to the menstrual cycle according to a “menstrual clock” provided by a
common phase marker of the onset of menses (Gowers, 1881). Catamenial epilepsy, derived
from the Greek word kataminios, meaning “monthly”, is characterized by seizures that
cluster around specific points in the menstrual cycle (Fig.3). Catamenial epilepsy is a
neuroendocrine condition in which seizures are most often clustered around perimenstrual or
periovulatory period. Epilepsy affects an estimated 1.3 million women in the United States
(Kaplan et al., 2007; Pennell, 2008). Catamenial epilepsy affects from 10 — 70% of women
with epilepsy (Herzog et al., 2004; Bazan et al., 2005; Gilad et al., 2008; Reddy, 2009;
2013b). The large variation in prevalence of catamenial epilepsy is partly because of
methodological differences such as the criteria used for defining seizure exacerbation in
relation to menstrual cycle, patients* self-reporting, diaries, and other records of seizures
relating to menses. Overall, these studies support the prevailing notion that at least 1 in
every 3 women with epilepsy show catamenial seizure exacerbation. Catamenial epilepsy is
a form of intractable epilepsy because catamenial seizures are often quite resistant to
available drug treatments.

Three types of catamenial seizures, perimenstrual (C1), periovulatory (C2), and inadequate
lutealphase (C3), have been identified (Herzog et al., 1997) (Fig. 3). The perimenstrual is the
most common clinical type. The specific pattern of catamenial epilepsy can be identified
simply by charting menses and seizures and obtaining a mid-luteal phase serum
progesterone level to distinguish between normal and inadequate luteal phase cycles
(Herzog et al., 2008; Quigg et al., 2009). The diagnosis of catamenial epilepsy is mainly
based on the assessment of menstruation and seizure records. The simple approach of
evaluation of catamenial epilepsy, that is, whether the patient's seizures tend to worsen at
certain points of the menstrual cycle, is to record seizure diary in relation to menstrual cycle.
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Using the first day of menstrual bleeding as the first day of the cycle, the menstrual cycle is

divided into four phases: (a) menstrual phase, days —3 to +3; (b) follicular phase, days +4 to
+9; (c) ovulatory phase, days +10 to +16; and (d) luteal phase, days +17 to —4. The number

of seizures in each phase is counted for at least 2 cycles and a two-fold or greater increase in
frequency during a particular phase of the menstrual cycle can be used as diagnostic criteria
of catamenial epilepsy.

In perimenstrual catamenial epilepsy (C1), women with epilepsy experience an increase in
seizure activity before, during, or after the onset of menstruation (Reddy, 2009). Catamenial
epilepsy is observed in women with both ovulatory and anovulatory cycles. Women with
ovulatory cycles can experience either the perimenstrual or periovulatory catamenial types
or even both within a single cycle (Bauer et al., 1998; Bauer, 2001). The diagnosis of
ovulatory or anovulatory cycles is often made by estimating the midluteal phase
progesterone levels. Progesterone levels lower than 5 ng/ml during days 20 through 22 of
the cycle would certainly indicate inadequate luteal phase. Patients can be examined by
pelvicabdominal ultrasound to measure size of mature graffian follicle as a sign of
ovulation. In one study (Herzog et al., 2004), about 16.5% of subjects were found to have
anovulatory cycles. These women showed a third type of catamenial epilepsy, referred to as
inadequate luteal phase or anovulatory luteal seizures.

Changes in seizure activity in women can occur during changes in reproductive status (i.e.
entering puberty, during pregnancy or after menopause). Although there is no overall
consensus, puberty can affect the course of epilepsy. A significant increase in the incidence
of generalized tonic-clonic seizures is observed in adolescents with epilepsy during puberty
as compared with before puberty (Nijima and Wallace, 1989; Rosciszewka, 1987).
Catamenial seizures can originate in women at puberty or in adolescent females with regular
menstrual cycles. During puberty, the level of steroid hormones increases and menstrual
period begins. Because steroid hormones influence seizure susceptibility, seizure types may
change as females with epilepsy go through puberty. There is little information on the
relationship between epilepsy and menopause. Natural reductions in steroid hormones
around perimenopause and menopause are associated with alterations in frequency or
severity of seizures in women with epilepsy (Abbasi et al., 1999; Harden et al., 1999; 2006).

Neuroendocrine Mechanisms of Catamenial Epilepsy

Catamenial epilepsy is a multifaceted condition attributed to numerous causes. Epilepsy
typically develops due to certain genetic defect or often after a presumed precipitating
injury. Catamenial epilepsy, in many cases, is assumed to be an acquired disorder and
currently there is no clear evidence of genetic components. There is some evidence,
however, to suggest that certain intrinsic properties of the brain such as the laterality and
focality of the epileptic focus may play a role in the susceptibility of women with epilepsy to
catamenial epilepsy (Herzog, 2007; Quigg et al., 2009). A variety of mechanisms such as
fluctuations in antiepileptic drug (AED) levels, changes in water and electrolyte balance,
and physiological variation in ovarian hormone secretion have been proposed as causes for
catamenial epilepsy (see Reddy, 2009; 2013). Overall, cyclical changes in the circulating
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levels of estrogens and progesterone are now widely accepted to play a central role in the
development of this condition (Fig.3).

Estrogens as proconvulsant hormones

Estradiol has been known to play a role in the exacerbation of seizures in women with
epilepsy (Logothetis et al., 1959; Backstrom, 1976; Jacono and Robinson, 1987). Plasma
estradiol levels are found to increase during both the follicular and luteal phase of the
normal menstrual cycle (Fig.3). Backstrom (1976) was the first investigator to characterize
the relationship between seizures and steroid hormones. In women with epilepsy, a positive
correlation between seizure susceptibility and the estrogen-to-progesterone ratio was
observed, peaking in the premenstrual and preovulatory periods and declining during the
midluteal phase. Logothetis and colleagues (1959) have demonstrated that intravenous
infusions of estrogen were associated with rapid interictal epileptiform activity in women
with epilepsy and seizures were exacerbated when estrogen was given premenstrually.
Therefore, it is thought that estrogens may facilitate some forms of catamenial seizures
observed during these phases. The periovulatory catamenial exacerbation has been attributed
to the midcycle surge of estrogen that is relatively unopposed by progesterone until early
luteal phase (Logothesis et al., 1959). An increase in the ratio of estrogen-to-progesterone
levels during perimenstrual period (described below) might at least partly contribute to the
development of perimenstrual seizure exacerbation (Bonuccelli et al., 1989; Herzog et al.,
1997). Nevertheless, the exact relationship between circulating estrogens and the
perimenstrual or anovulatory catamenial seizures remains unclear.

The neuronal excitability mechanisms of estrogens are complex. Physiological receptors for
estrogens include multiple membrane-associated and cell nuclear receptors (ERa and ERp).
Moreover, the nuclear receptors can also localize to the plasma membrane, where they can
activate numerous signaling pathways. Estradiol can also activate a G-protein coupled
membrane estrogen receptor with actions on many downstream signal transduction cascades
(Scharfaman and MacLusky, 2006). Apart from classical estrogen receptor-mediated effects,
estradiol affects neuronal excitability due to its organizational effects on synaptic structure
and function. This mechanism may be apparent in estradiol‘s ability to enhance glutamate
receptor-mediated excitatory neurotransmission (Smith et al., 1988; Wong and Moss, 1994)
and decrease GABAergic inhibition (Murphy et al., 1998). Estradiol acts on neurons within
the limbic system, cerebral cortex and other regions important for seizure susceptibility.
Both direct effects on glutamate receptor subtypes and indirect effects through an increase in
dendritic spine density of hippocampal NMDA receptor have been shown to be involved in
estradiol modulation of the NMDA receptor function (Woolley and McEwen, 1994;
Woolley et al., 1997; Rudick and Woolley, 2001). Chronic exposure of rats to estradiol
increases the number and density of dendritic spines and excitatory synapses on
hippocampal neurons that could increase the synchronization of synaptically driven neuronal
firing in the hippocampus. This mechanism could be relevant to estradiol‘s proconvulsant
effects in animal models. Estrogens appear to increase excitability by other mechanisms,
including modulation of neuropeptides. There is evidence that estradiol increase the levels of
brain-derived neurotrophic factor (BDNF) in hippocampus, which has been shown to have
both protective actions and increase hippocampal excitability (Scharfman and Maclusky,
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2006). Estradiol and BDNF, both influences neuropeptide Y, which has many effects that
could influence seizures and epilepsy (Veliskova and Velisek, 2007). Therefore, the net
effect of estradiol is difficult to predict due to multiple underlying mechanisms.

Progesterone as an anticonvulsant hormone

Progesterone plays a key role in catamenial epilepsy. Progesterone has consistent
anticonvulsant and antiepileptic properties in animals and humans. Progesterone has long
been known to have antiseizure activity in a variety of animal models of epilepsy (Craig,
1966; Landgren et al., 1978). In recent years, numerous studies have confirmed the powerful
anticonvulsant activity of progesterone in diverse animal seizure models (see Reddy, 2009).
Recent studies in our lab confirm the antiepileptogenic effects of progesterone in the
kindling model of epileptogenesis (Reddy et al., 2010; Reddy and Mohan, 2011). There are
two mechanisms by which progesterone affects reproduction and seizure susceptibility:
binding to progesterone receptors (PRs) and being metabolized to the neurosteroid
allopregnanolone. In progesterone-responsive target cells, progesterone binds to cytoplasmic
PRs and the hormone-nuclear receptor complexes translocate to the cell nucleus where they
activate or silence the transcription of downstream gene networks, thus affecting the
physiological response of the target cell. There is strong evidence that the antiseizure effects
of progesterone are not related to interactions with classical PRs, because antiseizure activity
of progesterone was undiminished in PR knockout mice (Reddy et al., 2004). Further studies
established that 5a-reduced neurosteroids are responsible for the seizure protection
conferred by progesterone (Reddy et al., 2004).

In women with epilepsy, natural cyclic variations in progesterone during the menstrual cycle
could influence catamenial seizure susceptibility (Fig.3). Seizures decrease in the mid-luteal
phase when serum progesterone levels are high and increase premenstrually when
progesterone levels fall and there is a decrease in the serum progesterone-to-estrogen ratio
(Backstrom, 1976; Bonucelli et al., 1989; Herzog et al., 2001). Changes in progesterone
levels have been directly correlated with catamenial seizures (Tuveri et al., 2008; EI-Khayat
et al., 2008). Despite some limitations, these findings provide evidence that disruption in
ovarian cycle-related fluctuations in progesterone can be correlated to catamenial seizure
exacerbation. The emerging evidence clearly indicates that perimenstrual catamenial
seizures are associated with a rapid decline in progesterone around menstruation.

In clinical studies progesterone has been found to reduce seizures (Backstrom et al., 1984;
Herzog, 2009). Previous open-label studies suggest that the cyclic administration of
adjunctive natural progesterone supplement may lessen seizure frequency by over 50% in
the majority of women with catamenially-exacerbated, intractable seizures (Herzog, 2009).
Oral synthetic progestins, in contrast, have not shown significant efficacy. In a recently
completed, NIH-sponsored Phase 3 trial, progesterone‘s efficacy was evaluated in women
with epilepsy (Herzog et al., 2013). In this randomized, placebo-controlled, double-blind,
multicenter clinical trial, Herzog and colleagues assessed the short term efficacy and safety
of adjunctive cyclic progesterone therapy in the treatment of intractable seizures in 462
women with partial epilepsy. There was no significant difference in the proportions of
responders for all seizures combined between progesterone and placebo in women with
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catamenial and noncatamenial epilepsy. However, the prespecified exploratory findings
suggest that the level of perimenstrual seizure exacerbation is a significant predictor of the
responder rate with progesterone therapy. Therefore, progesterone therapy may provide a
clinically significant benefit for many women with perimenstrual catamenial epilepsy.

Neurosteroids as endogenous anticonvulsants

Neurosteroids play a critical role in catamenial seizure susceptibility in women with
epilepsy. When neurosteroid levels fluctuate, loss of seizure control can occur.
Neurosteroids allopregnanolone and THDOC have been implicated in perimenstrual seizure
exacerbations in women with normal menstrual cycle. It is hypothesized that withdrawal of
progesterone -derived neurosteroids leads to enhanced excitability predisposing to seizures
(Reddy et al., 2001; 2012; Reddy, 2013b). In addition, plasticity in GABA-A receptor
subunits could play a role in the enhanced seizure susceptibility in perimenstrual catamenial
epilepsy. Animal studies have shown that prolonged exposure to allopregnanolone followed
by withdrawal such as that occurs during menstruation causes a marked increase in
expression of a4-subunit, a key subunit linked to enhanced neuronal excitability, seizure
susceptibility and benzodiazepine resistance (Smith et al., 2007; Gangisetty and Reddy,
2010). These neuroendocrine changes can result in reduced inhibition resulting in enhanced
excitability, which, among other effects, predisposes to seizures.

Neurosteroid withdrawal—However, the signaling mechanisms underlying the
neurosteroid-withdrawal upregulation of a4-subunit expression remain unclear. The role of
PRs and the transcription factor early growth response factor-3 (Egr3) in regulation of the
GABA-A receptor a4-subunit expression in the hippocampus was investigated in a mouse
neurosteroid withdrawal paradigm (Gangisetty and Reddy, 2010). Neurosteroid withdrawal
induced a threefold increase in a4-subunit expression in wild-type (WT) mice, but this
upregulation was undiminished in PR knockout mice. The expression of the transcription
factor Egr3, which controls a4-subunit transcription, was increased significantly following
neurosteroid withdrawal in WT and PR knockout mice. Neurosteroid withdrawal-induced
ad-subunit upregulation was completely suppressed by antisense Egr3 inhibition. These
results support that neurosteroid withdrawal-induced upregulation of GABA-A receptor a4-
subunit expression is mediated by the Egr3 via a PR-independent signaling pathway.

It is thought that catamenial seizures may occur due to multiple mechanisms. Perimenstrual
type (C1) occurs in women with ovulatory cycle possibly due to a sharp decline
(“withdrawal”) in the serum level of progesterone and, consequently, of the level of
progesterone-derived anticonvulsant neurosteroids in the brain around the perimenstrual
period. The estradiol/neurosteroid ratio is highest during menstruation. Because
neurosteroids potentiate GABA-A receptor-mediated inhibition, the rapid loss of
neurosteroid-mediated inhibition, such as that which occurs before, during or after the onset
of menses, could exacerbate seizures in many women with catamenial epilepsy.
Periovulatory type (C2) occurs in women with ovulatory cycles, possibly due to estradiol
surge just before ovulation, and low neurosteroid levels do not offset the estradiol-induced
excitation because the rise of anticonvulsant neurosteroid levels would not occur until after
ovulation. The relatively low neurosteroid inhibition and marked estradiol excitation could
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lead to periovulatory seizures. Inadequate luteal-type (C3) occurs in women with
anovulatory cycles possibly due to a loss of neurosteroid-mediated inhibition during luteal
phase for a prolonged time and also due to elevated estrogen levels. Progesterone secretion
that occurs normally during the luteal phase is markedly decreased during anovulatory
cycles, resulting in abnormally low levels of neurosteroid in the brain.

Preclinical models—Based on neuroendocrinology of neurosteroids, a variety of models
have been described in animals that partially resemble catamenial seizure patterns. In the
first category of models, attempts are made to mimic the luteal phase by inducing extended
high levels of progesterone and estrogens followed by rapid decline to simulate the
menstruation in normal rodents. These include pseudopregnancy, chronic progesterone, and
progesterone (neurosteroid) withdrawal models (Smith et al., 1998; Moran and Smith, 1998;
Reddy et al., 2001). The second category of models is based on the naturally occurring
estrous cycle or administration of exogenous hormones that simulate the specific stages of
estrous cycle in ovariectomized rats (Frye et al., 1998; Frye and Bayon, 1998). These
physiological models better mimic the normal ovarian cycle. In the third category of models,
epilepsy animals are exposed to steroid hormones and neurosteroid withdrawal conditions,
and the frequency and severity of spontaneous or evoked seizures are utilized as indices of
catamenial-like seizure exacerbation (Reddy and Zeng, 2007; Gangisetty and Reddy, 2010;
Reddy et al., 2012).

Neurosteroid replacement therapy—Based on neurosteroid physiology, we developed
a rat model of perimenstrual catamenial epilepsy (Reddy et al., 2001; Reddy and Rogawski,
2001). Rodents have a 4 to 5 day estrous cycle and studies of fluctuations in seizure
susceptibility in cycling female rodents have not led to results that are relevant to the human
menstrual cycle. In order to provide a model that more closely mimics the human situation, a
condition of elevated progesterone was created in rats by gonadotropin treatment. This
resulted in prolonged high circulating levels of estrogen and progesterone similar to those
that occur in the luteal phase of the menstrual cycle. Then, to simulate the withdrawal of
allopregnanolone that occurs at the time of menstruation, the animals were treated with
finasteride (a 5a-reductase and neurosteroid synthesis inhibitor) 11 days after the initiation
of gonadotropin treatment. Withdrawal of neurosteroids has led to decreased seizure
threshold and increased seizure activity (Reddy et al., 2001), suggesting that endogenous
neurosteroids do modulate seizure susceptibility. We made further advances in this model by
utilizing epilepsy rats (Reddy and Zeng, 2007) and mouse kindling model (Reddy et al.,
2012). In epilepsy rats, we demonstrated that prolonged exposure followed by withdrawal of
the neurosteroid allopregnanolone is associated with a significant (two-fold) increase in
seizure frequency. These findings were confirmed in an independent study (Lawrence et al.,
2010).

The neurosteroid withdrawal model of catamenial epilepsy was used to investigate therapies
for perimenstrual catamenial epilepsy (Reddy and Rogawski, 2000b; 2001; Reddy et al.,
2012). A key result is that conventional AEDs, including benzodiazepines and valproate, are
less potent in protecting against seizures during the period of enhanced seizure susceptibility
following neurosteroid withdrawal. This pharmacoresistance appears to mimic the situation
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in women with catamenial epilepsy, where breakthrough seizures occur despite treatment
with antiepileptic drugs. In contrast to the results with conventional antiepileptic drugs,
neurosteroids, including allopregnanolone, THDOC and their 5a-isomers, were found to
have enhanced activity in the catamenial epilepsy model (Reddy and Rogawski, 2001;
Reddy et al., 2012). Therefore, we proposed a “neurosteroid replacement” approach to treat
catamenial seizure exacerbations (Reddy and Rogawski, 2009). A neurosteroid could be
administered in a “pulse” prior to menstruation and then withdrawn, or continuously
administered throughout the month. The neurosteroid would be administered at low doses to
avoid sedative side effects. Such low doses are expected to contribute little anticonvulsant
activity during most of the menstrual cycle, but may prevent the occurrence of perimenstrual
catamenial seizures.

GABA-A receptor subunit plasticity—Neurosteroids exhibit enhanced anticonvulsant
activity in perimenstrual catamenial epilepsy, a neuroendocrine condition associated with
neurosteroid withdrawal (NSW) (Reddy et al., 2012). However, the molecular mechanisms
underlying such enhanced neurosteroid sensitivity remain unclear. Recently, we report a
novel plasticity of extrasynaptic 6-containing GABA receptors in the dentate gyrus in a
mouse perimenstrual model of NSW (Carver et al., 2014). A significant increase occurred in
8-subunit, but not aq, ay, P2 and v, subunits, in the dentate gyrus of mice subjected to NSW
paradigm. Electrophysiological studies confirmed enhanced sensitivity to allopregnanolone
in NSW animals. Allopregnanolone produced a greater potentiation of tonic currents in
granule cells of NSW animals. Moreover, such enhanced allopregnanolone sensitivity was
not evident in 8-subunit knockout mice subjected to similar withdrawal paradigm. Overall,
perimenstrual NSW is associated with striking upregulation of extrasynaptic 3-containing
GABA-A receptors that mediate tonic inhibition and neurosteroid sensitivity in the dentate
gyrus. These findings may represent a molecular rationale for neurosteroid therapy of
catamenial epilepsy.

The ovarian cycle profoundly affects susceptibility to seizures and epileptogenesis. The
molecular mechanisms underlying these changes are poorly understood. The estrous cycle
models have been used to demonstrate that the structure of extrasynaptic GABA-A receptor
undergoes drastic alterations due to changing levels of progesterone during the ovarian cycle
(Maguire et al., 2005; Wu et al., 2013). During the late diestrous phase (associated with high
progesterone levels), expression of the 6-containing GABA-A receptors was elevated, which
was associated with an increase in tonic inhibition and diminished seizure susceptibility in
mice. During the estrous phase (associated with low progesterone levels), tonic inhibition
was reduced by 50% with corresponding increases in both seizure susceptibility and
epileptogenesis in female mice (Wu et al., 2013). These cyclic alterations in the 3-subunit
are also observed following exogenous progesterone treatment in ovariectomized female
mice (Maguire and Mody, 2007). Unlike the phasic inhibition mediated by the y-containing
GABA-A receptors, the 8-containing GABA-A receptors are highly sensitive to
neurosteroids (Mihalek et al., 1999; Stell et al., 2003).

Recently, we reported a novel role of extrasynaptic, 6-containing GABA receptors as
crucial mediators of the estrous cycle-related changes in neuronal excitability in mice, with
hippocampus subfield specificity (Wu et al., 2013). The 8-subunit expression was
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undiminished by age, ovariectomy, and in mice lacking progesterone receptors, but was
significantly reduced by finasteride, a neurosteroid synthesis inhibitor. In diestrus, there is
greater potentiation of GABA currents by allopregnanolone in granule cells than in CAl
pyramidal cells. The baseline conductance and allopregnanolone potentiation of tonic
currents in dentate granule cells are higher than in CA1 pyramidal cells. Susceptibility to
epileptogenesis is lower at diestrous that estrous stage (Wu et al., 2013). These findings are
consistent with the possibility that the abundance of extrasynaptic 8-containing GABA-A
receptors is increased during diestrous, likely due to elevated neurosteroids, and thereby
contributes to allopregnanolonesensitive GABAergic currents in the hippocampus, a key
region for the pathophysiology of epilepsy (Wu et al., 2013). It is suggested that deficiencies
in regulatory mechanisms controlling normal cycling of the 8-subunit-containing GABA-A
receptors in the hippocampus could be a potential molecular mechanism for catamenial
seizures.

Menopause and catamenial seizures—There is little information on the relationship
between neurosteroids and menopause. Natural reductions in steroid hormones around
perimenopause and menopause are associated with alterations in frequency or severity of
seizures in women with epilepsy (Abassi et al., 1999; Harden et al., 1999, 2006). There is
emerging clinical evidence suggesting that menopause is associated with the increase in
seizures in about 30% of women with epilepsy, but there is no consensus on these findings.
Some women going through menopause have fewer seizures and many experience no
change at all. Hormone replacement therapy is significantly associated with an increase in
seizure frequency during menopause, and this is more likely in women with a history of
catamenial epilepsy (Harden et al., 2006; Harden, 2008). It has been suggested that seizures
may improve after menopause, especially in the women with catamenial epilepsy (Roste et
al., 2008). Nevertheless, neurosteroid mechanisms may have implications in menopause
associated with cessation of menstrual cycle. Perimenstrual catamenial epilepsy occurs in
women with normal menstrual cycle possibly due to a sharp decline (“withdrawal”) in the
serum level of progesterone and, consequently, of the level of progesterone-derived
anticonvulsant neurosteroids in the brain around perimenstrual period. Such seizure
exacerbation may be absent or reduced in menopause. Other catamenial types such as
periovulatory type related to estrogen excess may also be reduced in menopause. However,
the levels of neurosteroids in perimenopause and menopause are not characterized
completely. It is likely that menopause may be associated with low levels of anticonvulsant
neurosteroids in the brain that may enhance susceptibility to seizures.

Conclusions and Perspectives

Neurosteroids that enhance the GABAergic neurotransmission are potent anticonvulsants
and may regulate various neuronal excitability networks. Neurosteroids are believed to play
a role in the regulation of seizure susceptibility in the setting of preexisting epilepsy.
Menstrual and stress related fluctuations in seizures may be related to alterations in brain
neurosteroid levels. Catamenial epilepsy is a gender-specific form of epilepsy that impacts a
substantial proportion (~70%) of women with epilepsy. Although ovarian hormones play a
central role, the exact cause of catamenial epilepsy is unknown. Currently experimental
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studies have indicated a clear role of estrogen, progesterone, and endogenous neurosteroids
in the pathophysiology of catamenial epilepsy. Although there are several forms of
catamenial epilepsy, neurosteroids have been implicated only in the seizure exacerbation
that occurs around the perimenstrual period. It is hypothesized that withdrawal of
progesterone-derived neurosteroids leads to enhanced brain excitability, and predisposition
to seizures. In addition to neurosteroid fluctuations, there is emerging evidence that
plasticity in GABA-A receptor subunits could play a role in the enhanced seizure
susceptibility in catamenial epilepsy. Animal studies have shown that prolonged exposure to
allopregnanolone, followed by withdrawal such as that occurs during menstruation, causes a
marked increase in expression of the extrasynaptic a4 and 8-subunits, which are linked to
enhanced neuronal excitability, seizure susceptibility and benzodiazepine resistance.
Overall, these neuroendocrine changes can result in reduced inhibition, resulting in
enhanced excitability, which, among other effects, predisposes to catamenial seizures.

Neurosteroids are novel drug targets for epilepsy. Neurosteroids may represent a rational
treatment strategy for perimenstrual catamenial epilepsy. There are two modes for
therapeutic application of neurosteroid mechanisms: (i) manipulation of the endogenous
system; and (ii) an exogenous systemic administration. Cyclical or regular exogenous
administration appears more amenable for titration. However, natural neurosteroids such as
allopregnanolone have severe limitations because they have a short half-life, are orally-
inactive, and may produce hormonal effects due to their metabolism to hormonally-active
compounds. Synthetic analogs of neurosteroids may overcome these obstacles and the side
effects associated with natural neurosteroid therapy. Although neurosteroids seems to be the
most direct approach to the treatment of catamenial epilepsy, there is only limited anecdotal
data available to support their use. Ganaxolone, the synthetic 33-methyl derivative of
allopregnanolone, is the only neurosteroid that has been evaluated for the treatment of
epilepsy in humans (Monaghan et al., 1999; Reddy and Woodward, 2004). Ganaxolone has
similar pharmacological properties to the natural neurosteroids such as allopregnanolone. An
alternative strategy is to administer specific agents (e.g. TSPO agonists) that stimulate
endogenous production of neurosteroids in the brain. They may also be useful for treatment
of epilepsy. Both strategies can be helpful in the fight against epilepsy. Nonetheless, in the
future synthetic neurosteroids and neurosteroid synthesis modulators may find utility in the
treatment of some forms of epilepsy.
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Figure 1. Biosynthesis of neurosteroids in the brain
Enzymatic pathways for the production of three prototype neurosteroids allopregnanolone,

allotetrahydro-deoxycorticosterone (THDOC) and androstanediol is illustrated from steroid
precursors. Testosterone, progesterone, and deoxycorticosterone undergo two sequential A-
ring reduction steps catalyzed by 5a-reductase and 3a-hydroxysteroid oxidoreductase (3a-
HSOR) to form the 5a, 3a-reduced neurosteroids. The conversion of progesterone or
deoxycorticosterone into neurosteroids occurs in several regions within the brain. The 5a-
reductase, 3a-HSOR and other enzymes are present in the brain.
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Figure 2. Neurosteroid modulation of synaptic and extrasynaptic GABA-A receptors
Allopregnanolone and related neurosteroids binds and potentiate the GABA-A receptor

function leading to enhanced inhibitory transmission. GABA-A receptors are pentamers
with five protein subunits that form the chloride ion channel pore. Neurosteroids are thought
to bind at the “neurosteroid binding site”, which is distinct from sites for GABA,
benzodiazepines and barbiturates. Synaptic GABA-A receptors (2a2p1y pentamers) mediate
the phasic portion of GABAergic inhibition, while extrasynaptic GABA-A receptors (2a236
pentamers) primarily contribute to tonic inhibition in the hippocampus. Neurosteroids

Neurobiol Dis. Author manuscript; available in PMC 2015 December 01.



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

1duosnuely Joyny vd-HIN

Reddy

activate both synaptic and extrasynaptic receptors and enhance the phasic and tonic
inhibition and thereby promote maximal net inhibition. AP, allopregnanolone; BIC,
bicuculline
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Figure 3. Schematic outline of neuroendocrine aspects of catamenial epilepsy
The upper panel illustrates the relationship between seizure frequency and estradiol/

progesterone (neurosteroid) levels. The lower panel illustrates the three types of catamenial
epilepsy. The vertical bars (left and right) represent the likely period for the perimenstrual
(C1) type, while the vertical bar (middle) represents the likely period for the periovulatory
(C2) type. The horizontal dark gray bar (bottom) represents the inadequate luteal (C3) type
that likely occur starting early ovulatory to menstrual phases. 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 menstrual cycle is divided
into four phases: (i) menstrual phase, days —3 to +3; (ii) follicular phase, days +4 to +9; (iii)
ovulatory phase, days +10 to +16; and (iv) luteal phase, days +17 to —4. The early follicular
phase is associated with low levels of estrogens and progesterone. 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.
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