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Abstract

While epidemiological data suggest a female prevalence in human childhood- and adolescence-
onset typical absence epilepsy syndromes, the sex difference is less clear in adult-onset
syndromes. In addition, although there are more females than males diagnosed with typical
absence epilepsy syndromes, there is a paucity of studies on sex differences in seizure frequency
and semiology in patients diagnosed with any absence epilepsy syndrome. Moreover, it is
unknown if there are sex differences in the prevalence or expression of atypical absence epilepsy
syndromes. Surprisingly, most studies of animal models of absence epilepsy either did not
investigate sex differences, or failed to find sex-dependent effects. However, various rodent
models for atypical syndromes such as the AY9944 model (prepubertal females show a higher
incidence than prepubertal males), BN model also with a higher prevalence in males and the
Gabral deletion mouse in the C57BL/6J strain offer unique possibilities for the investigation of
the mechanisms involved in sex differences. Although the mechanistic bases for the sex
differences in humans or these three models are not yet known, studies of the effects of sex
hormones on seizures have offered some possibilities. The sex hormones progesterone, estradiol
and testosterone exert diametrically opposite effects in genetic absence epilepsy and
pharmacologically-evoked convulsive types of epilepsy models. In addition, acute
pharmacological effects of progesterone on absence seizures during proestrus are opposite to those
seen during pregnancy. 17p-Estradiol has anti-absence seizure effects, but it is only active in
atypical absence models. It is speculated that the pro-absence action of progesterone, and perhaps
also the delayed pro-absence action of testosterone, are mediated through the neurosteroid
allopregnanolone and its structural and functional homolog, androstanediol. These two steroids
increase extrasynaptic thalamic tonic GABAergic inhibition by selectively targeting neurosteroid-
selective subunits of GABA receptors (GABAARS). Neurosteroids also modulate the expression
of GABAAR containing the y2, a4, and § subunits. It is hypothesized that differences in subunit
expression during pregnancy and ovarian cycle contribute to the opposite effects of progesterone
in these two hormonal states.
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Human syndromes with absence seizures: sex differences?

Absence seizures are characterized by a sudden loss of awareness without aura or postictal
state and are accompanied by synchronous, bihemispheric spike-wave discharges (SWDs)
on EEG. Absence seizures are classified as typical or atypical (Nolan et al., 2005; Snead,
1995; Stefan et al., 2008; Onat et al., 2013; Duron et al., 2005). Compared with typical
absence seizures, atypical absence seizures are usually longer in duration, more gradual in
clinical onset and offset, often associated with changes in postural tone, and less likely to be
associated with automatisms. In addition, while typical absence seizures are accompanied by
very rhythmic and synchronous SWDs on EEG at a frequency =3 Hz, the SWDs in atypical
absence seizures often are less rhythmic, exhibit some bihemispheric asymmetry, and occur
at frequencies <3 Hz (Panayiotopoulos, 2008).

Many of the genetic generalized epilepsy syndromes (GGE, previously called idiopathic
generalized epilepsy syndromes) such as childhood absence epilepsy (CAE), juvenile
absence epilepsy (JAE), and juvenile myoclonic epilepsy (JME) are associated with typical
absence seizures. In contrast, atypical absence seizures are seen in epileptic encephalopathy
syndromes such as Lennox—Gastaut syndrome and myoclonic atonic epilepsy and the
neurogenetic syndromes, Angelman syndrome and Dravet syndrome. Epilepsy syndromes
with typical absence seizures are medically controlled in the majority of cases and are
usually associated with minimal or no long term cognitive impairment (Callenbach et al.,
2009; Brouwer, 2009). In contrast, epilepsy syndromes with atypical absence seizures are
less common and less likely to be controlled by the classical antiabsence drugs, and
generally associated with a severe impairment in cognition and neurodevelopment (Nolan et
al., 2005; Gulhan et al., 2011). It is thus even more imperative to identify novel therapies,
for patients with syndromes conferring atypical absence seizures.

CAE typically begins at 4 to 9 years of age with multiple daily absence seizures and is
usually associated with normal cognition and seizure remission during adolescence (Janz,
1997; Chaix et al., 2003; Trinka et al., 2004; Callenbach et al., 2005, 2009). JAE is a GGE
with a later seizure onset (around 10 to 12 years of age), longer duration and a greater
potential for developing other seizure types compared to CAE (Jallon and Latour, 2005;
Gulhan et al., 2011). JME typically begins during adolescence. The preponderance of JIME
patients has myoclonic and generalized tonic clonic seizures and up to one third have
absence seizures as well (Genton et al., 2013).

Although there are some exceptions, CAE and JAE have been reported to show prominent
sex differences and are much more prevalent in females than in males (Nicolson et al., 2004;
Trinka et al., 2004; Asadi-Pooya et al., 2012a; Asadi-Pooya et al., 2012b). In a retrospective
analysis of a hospital-based cohort consisting of 163 patients who were classified as CAE,
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JAE, or an overlap group, 64% patients were female and 36% male (Trinka et al., 2004).
Additional studies support this evidence for a preponderance of female patients, particularly
beyond the age of 4 (Asadi-Pooya et al., 2012a,b). However, the female predominance in
adult-onset GGE is less well defined: in a study of adult onset GGE, 55% patients were
female and 45% were male, suggesting that the preponderance of females may diminish
with age (Cutting et al., 2001). Moreover, a second study found a higher proportion of male
patients in the adult onset group (=20 years) (Nicolson et al., 2004).

There is no conclusive study concerning the effects of sex in myoclonic epilepsies. In early
childhood myaoclonic epilepsy, there was a slight male preponderance among probands (9
females, 12 males), but affected non-proband family members were often female with a ratio
of 3:1. In studies of two JME subtypes, CAE evolving to JME, and classic JME, a greater
fraction of probands were female (Duron et al., 2005). In addition, a study of 257 IME
patients being characterized for genetic analysis found that 42% were male and 58% were
female (Martinez-Juéarez et al., 2006).

CAE, JAE, and JME are GGE syndromes and thus thought to have a genetic etiology.
Because the vast majority of these cases are inherited with complex, polygenic inheritance,
the epidemiology studies described above examined a heterogeneous group of patients of
unknown genotypes and thus did not identify specific sex—gene interactions. The study of
monogenic epilepsy syndromes offers the opportunity to uncover the effects of sex on the
phenotypes produced by the alteration of specific genes. In other words, does a mutant
epilepsy gene have a greater penetrance in males or females? Thus far, mutations in many of
the epilepsy genes that confer GGE syndromes, such as the genes that encode the al, p3,
and y2 GABA receptor (GABAR) subunits, have not been identified in enough patients to
be able to determine if there are statistically-significant sex—gene interactions (Cossette et
al., 2002; Lachance-Touchette et al., 2011; Maljevic et al., 2006; Tanaka et al., 2008;
Wallace et al., 2001). However, mutations in another epilepsy gene (EF-hand domain
containing protein 1) have been found in multiple GGE kindreds and, importantly, the
penetrance of EFHC1 mutations is less than 100%. We quantified the number of affected
and unaffected male and female GGE patients who possessed disruptive EFHC1 mutations
that were identified in four different familial studies (Annesi et al., 2007; Jara-Prado et al.,
2012; Suzuki et al., 2004, Medina et al., 2008). We found that of the patients that possessed
EFHC1 mutations, 24/42 females (57%) and 15/36 males (42%) expressed a GGE syndrome
whereas the remainder lacked a discernable phenotype, or simply exhibited childhood
febrile seizures, or an asymptomatic abnormal EEG. Although this 57% female/42% male
penetrance is similar to the 58% female/42% male difference found in a large IME
population (Martinez-Juérez et al., 2006), this interaction of female sex on the penetrance of
mutant EFHC1 was not statistically significant (x2 = 1.857; P = 0.173). However, statistical
power calculations reveal that in order to detect a 58%/42% sex-based difference in
penetrance with 80% power, one would have to study a population with 164 individuals in
each group. Therefore, the identification of additional GGE families with EFHC1 mutations
will help determine whether or not there are significant interactions between sex and the
EFHCL1 gene in the penetrance of the JME phenotype.
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In contrast to CAE and JAE, there is no evidence thus far for a female predominance in
Lennox—Gastaut syndrome or Angelman syndrome. A cross-sectional epidemiology study
found that Lennox—Gastaut syndrome was actually more prevalent in boys (0.37/1000) than
in girls (0.14/1000), although this difference was not statistically signifi-cant (Trevathan et
al., 1997). Studies of Angelman syndrome are typically reported without mention of sex
effects (Buntinx et al., 1995). However, the lack of information concerning sex effects in
Angelman syndrome may arise because the syndrome is very rare and therefore less
amenable to large epidemiological studies.

Taken together, these epidemiology studies suggested that epilepsy syndromes with typical
absence seizures with onset in childhood and adolescence are more likely to occur in
females. The existence of sex differences is less clear in adult typical absence epilepsy
syndromes. Moreover, the question of whether there are sex differences in epilepsy
syndromes with atypical absence seizures merits further investigation. Another neglected
area in the human studies is whether there are sex differences in seizure characteristics such
as seizure frequency and semi-ology in these different syndromes. Finally, we do not
understand the mechanisms that predispose females to typical absence epilepsy syndromes;
analyses of nonhuman models of sex dependent absence epilepsies are critical for revealing
the physiological processes involved in increasing seizure susceptibility in females and if
these processes can be modulated to reduce seizures. In the next paragraphs of Chapter 2,
the persistent sex-dimorphic characteristics of seizure and seizure models are outlined. In the
remainder of this review (see Networks involved in absence epilepsy to The paradoxical
effects of progesterone on absence seizures: an opposite role of the § subunit of the GABAA
receptor sections) the absence epileptic network and the fluctuating reversible and dynamic
effects of sex-hormone cycling affecting this network throughout life will be discussed. The
conclusions will be presented in the Concluding remarks and future directions section.

Rodent models of absence epilepsy: is there arole for sex differences?

The majority of studies in animal models of typical and atypical absence seizures did not
report sex-dependent effects on the epileptic phenotype. However, most of these
investigations did not specifically test for sex-dependent effects. Only a few studies were
aimed to test whether sex related differences, as were obvious from the epidemiological
data, do exist in nonhuman absence models. The preference for using male rodents in most
experiments is, to some extent, related to cyclic variations in the phenotypic expression of
absence seizures and its correlation with fluctuations in the ovarian hormone progesterone
during the estrus cycle, as was established in WAG/RIj rats (van Luijtelaar et al., 2001). The
rodent models that did demonstrate sex-dependent effects on phenotype are presented in
Table 1.

Rat models of typical absence epilepsy: sex differences?

In the 1980s, researchers from Strasbourg and Nijmegen described several of the most well-
known rat models of absence epilepsy. In 1982, the Genetic Absence Epilepsy Rats from
Strashbourg (GAERS) were discovered (Vergnes et al., 1982), and four years later, the Wistar
Albino Glaxo rats originating from the city of Rijswijk (WAG/Rij) were reported (van
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Luijtelaar and Coenen, 1986). The GAERS originated from a Wistar colony, in which about
38% of the rats (4 out of 5 females, and 20 out of 59 males) showed SWDs (Vergnes et al.,
1982). Next rats with SWDs were selected and a selection line was created. Next, GAERS
were further inbred with a 100% prevalence of SWDs. The WAG/RIj strain was already
fully inbred when it was discovered that all subjects at an age of 6 months had several
hundred SWDs per 24 h. For a comparison of SWD characteristics between WAG/Rij and
GAERS see Akman et al. (2010). Many studies have since characterized the behavioral,
electrophysiological, pathophysiological and pharmacological features of these models,
which closely resemble human typical absence epilepsy. Both strains are now considered
well-validated rat models for GGE with absence seizures (Avanzini, 1995; Danober et al.,
1998; Crunelli and Leresche, 2002, Coenen and van Luijtelaar, 2003; van Luijtelaar and
Sitnikova, 2006; Depaulis and van Luijtelaar, 2006; Onat et al., 2013).

In WAG/RIj rats, there were no sex dependent phenotype differences in the incidence of rats
showing SWDs or the number, mean and cumulative duration of the spontaneous occurring
SWDs at postnatal day 75 (young adolescent), 125, and 175 (both adult) (Coenen and van
Luijtelaar, 1987). The presence of strain-dependent sex difference is not uncommon, and
therefore it is very reasonable to investigate putative sex differences in GAERS. In a recent
unpublished study, it was examined by Onat and co-workers whether sex differences exist
on SWDs in GAERS. Age-matched, 4 month old, adult male (n = 11) and female (n = 11)
GAERS were compared and no differences in number, mean and cumulative duration of
SWDs were observed between male and female GAERS in an EEG morning session from
09.00 to 12.00 (Fig. 1). The total duration of SWDs in the 3-hour recording was 2810 + 377
s in female GAERS and 3043 * 355 s in male GAERS. These findings demonstrate that
male and female GAERS have a comparable incidence of SWDs and that also female
GAERS can be used for studies of the effects of drugs or the pathogenesis of absence
epilepsy. However, there are no studies that investigated whether, or how the incidence or
other seizure characteristics may fluctuate at different times in the estrus cycle. Considering
that SWDs in GAERS are initiated around sexual maturity, it might be interesting to
compare the development of SWDs in prepubertal and postpubertal male and female rats in
relation to the concentrations of sex hormones in plasma and neurosteroids in the brain.

Studies of human absence epilepsy patients compared the prevalence of the disease in males
and females. However, the prevalence of SWDs in WAG/Rij and GAERS rats is 100% in
both males and females and this jeopardizes the direct comparison between any clinical
population and inbred of selected rodent models. The difference is prevalence in the genetic
rodent models and the clinical population can be due to inbreeding or selecting animals so
that a putative sex difference present in the original population might have disappeared. This
might occur in case there are at least two allele pairs involved, one for epilepsy that could
code either high or low for seizures and a second allele pair not involved in epilepsy, but
that interacts sex dependently with the first gene. With such a scenario a sex difference
present in the original outbred population might disappear across generations. It should be
kept in mind that the GAERS were not developed to study sex differences but were
developed with the purpose to isolate the epileptic phenotype and to contrast them with the
non-epileptic control (NEC). WAG/RIj's were already fully inbred when the epileptic
phenotype was discovered and, indeed, all animals of this strain show the age-dependent
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SWD. In contrast, in humans there is no known genetic mutation that confers a 100%
penetrance for absence seizures; perhaps this variable penetrance allows sex-associated
factors to influence the phenotype. Interestingly, a higher female prevalence can be inferred
from the first paper of the Strasbourg Wistars (Vergnes et al., 1982), later named GAERS,
when the rats were not fully inbred and not genetically homozygous for all autosomal genes.

The presence of SWDs is not unique for GAERS and WAG/RIj rats; other outbred and
inbred strains are endowed with SWDs, including some Wistar, Long-Evans, Sprague—
Dawley, Fisher 344, G/Cpb and Brown Norway (BN) rats, although the incidence is
generally lower than in the two established models (Kleinlogel, 1995; Robinson and
Gilmore, 1980; Willoughby and Mackenzie, 1992; Inoue et al., 1990; Jand¢ et al., 1995).
Few or no sex effects were studied in any of these rat lines, with only a few exceptions.
Fischer-344 and BN and their F1 and F2 descendants were used in a Mendelian cross
breeding study and a sex dependent phenotype was found: SWDs occurred significantly
more frequently and lasted longer in males of the parental BN strain and in males of the F1
and F2 offsprings than in their female counterparts. Also the incidence was much higher in
male BN rats compared to female BN rats. There was also a sex difference in prevalence in
the offspring: 100 and 77% of the males of the F1 and F2 respectively showed absences, and
56 and 69% of the females. Sex differences were not present in the other parental strain,
F344 rats. The average age of EEG recordings of all groups was 7.5 months. The SWDs in
the BN strain and in their F1 were characterized by a higher intratrain frequency of the
SWDs, more tremors than the usual vibrissae and eyelid movements, and more often a
bodily reaction at the end of a SWD, which was accompanied by an arousal reaction
(desynchronization) in the EEG. Next there was a sex difference in SWD onset frequency,
and males exhibited more frequent and longer duration SWD than females (Jandé et al.,
1995). The authors indicated that although a sex-linked gene could account for the sex
difference, one would have expected that the number of SWDs in F1 generation would have
more resembled that of the mother's strain, suggesting that more complex factors than a
simple X-chromosome linked effect are involved in the genetics of absence seizures.
Another remark is that the more intense clinical characteristics of the seizures (both
electrophysiological and clinical) in the BN model, including the sex difference, represent
an atypical form of absence epilepsy.

This sex difference in the BN strain warrants further investigation, including whether, and
how, testosterone and the estradiol are involved in these sex dependent phenotypes and
whether they occur pre- or post-sexual maturity.

Maternal effects were proposed to explain the results of a cross breeding study between
WAG/RIj and ACI rats. F1 rats from ACI mothers had fewer and shorter SWDs than F1 rats
from WAG/RIj mothers (Peeters et al., 1990). Indeed, quality of maternal care was less in
WAG/RIj rats compared to Wistar rats: pups were only slowly retrieved in a challenging
environment (Dobryakova et al., 2008), WAG/Rij dams treated with haloperidol improved
pup retrieval behavior and these pups had shorter SWDs at adulthood compared to saline
control WAG/RIj's (Dobryakova et al., 2011). This demonstrates that environmental factors
can influence seizure phenotypes, leaving room for extra-chromosomal effects on seizure
characteristics, including a role for early hormonal effects as in the AY9944 model.
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Rat models of atypical absence epilepsy: sex differences

Atypical models are highly important from a clinical perspective, although they were less
commonly studied. For a recent comparison between typical and atypical rodent models see
Onat et al. (2013). In a well-described animal model of atypical absence seizures, early post-
natal treatment of Long Evans hooded rats with the cholesterol synthesis inhibitor, AY9944,
confers a lifelong atypical recurrent spontaneous 5-6 Hz SWDs that are associated with
behavioral, pharmacological, and cognitive features of human atypical absence seizures.
These atypical absence seizures lasted longer in females than in males and this sex
difference emerged before the onset of puberty (Cortez et al., 2002; Persad et al., 2002). The
fact that these sex differences were prepubertal, suggested that the sex-related structural and
functional changes developed earlier, perhaps during the critical period. The critical period
occurs in rats postnatal; it is the sensitive period during which sex hormones shape and
organize the brain and body involved in reproductive behavior. The changes induced by
early treatment of AY may change the brain in such a way that seizures were aggravated in
females. Changes in the neurosteroid pool during postnatal development, as induced by the
administration of AY9944 at postnatal day 5, might play a role in the sex specific
development of chronic epilepsy later in life.

There were no reports of sex differences in a Wistar derived tremor rat (tm/tm). This model
develops tremor of the whole body at 2 weeks of age. The electroencephalogram (EEG)
showed 5-7 Hz SW complexes that appeared synchronously in the cerebral cortex and
hippocampus accompanied by absence-like seizures. The tremor gradually disappeared
between 6 and 8 weeks of age (Serikawa et al., 1987). The disappearance at puberty is
interesting, considering that absences also tend to disappear, or evolve in children with
absence seizures. However, the mechanisms responsible for the remission of this phenotype
remain unknown.

Pharmacological rat absence models: sex differences

Sex differences have been observed in pharmacological models of absence epilepsy in rats.
One such model is produced from a systemic injection of a low dose of bicuculline, a
GABAAR competitive antagonist. Because electrographic seizures were found in the
hippocampus as well as in the cortex, it is thought that this model represents atypical
absence seizures (Matejovska et al., 1998). Female rats with natural or exogenous estrogens
exhibited these atypical absence seizures with a higher incidence than male rats. The
possibility that progesterone is the cause for the enhancement of SWDs was however not
considered. A proepileptic effect of estrogens is classically assumed (Veliskova, 2007),
although estrogens have also antiepileptic effects as was established on clonic seizures in a
KA induced SE model (Veliskova et al., 2000). In contrast to all this, B-estradiol had either
no effects in a typical absence model or anti-absence effects (in the atypical absence model,
see Ovarian cycle and acute pharmacological studies in typical and atypical absence models
section).
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Sex differences in mouse models of typical and atypical absence seizures

As with rats, the majority of mouse models of absence epilepsy do not exhibit sex-dependent
phenotypes. Experiments in commonly used spontaneous inbred genetic mouse models of
absence seizures (tottering, lethargic, stargazer) were performed in both males and females
without any reported sex-dependent differences in the frequency of absence seizures
(Aizawa et al., 1997; Noebels and Sidman, 1979; Lacey et al., 2012). Moreover, studies of
atypical absence epilepsy phenotypes generated in mice transgenically overexpressing
GABAg receptor R1a or Ralb subunits did not report sex-dependent effects (Aizawa et al.,
1997; Lacey et al., 2012; Noebels and Sidman, 1979; Stewart et al., 2009; Wu et al., 2007).
Pharmacologically-evoked absence seizures in mice have been produced through the
systemic administration of GABAAR antagonists and GABARR agonists. None of the
experiments that used these drugs suggested a sex-dependent phenotype; the studies were
either reported without specifying mouse sex or were performed using only males or females
without a stated rationale (Aizawa et al., 1997; llshige et al., 1996; Weiergraber et al., 2008;
Zaman et al., 2011; Choi et al., 2010).

Mice have also been produced to contain human epilepsy gene deletions or mutations.
Angelman syndrome usually results from a de novo maternal deletion or mutation involving
chromosome 15g11.2—-q13, a region that contains the ubiquitin ligase 3A (UBE3A) gene as
well as the genes that encode the B3, a5, and y3 GABAAR subunits (Bird, 2014). Mice with
a maternally-inherited heterozygous UBE3A deletion (hybrid C57BL/6/129SvEV) or a 1.6-
Mb chromosomal deletion from Ube3a to Gabrb3 experience atypical absence-like seizures
and other behavioral abnormalities, but do not demonstrate sex-dependent phenotypes (Jiang
et al., 1998, 2010). Three other genetic models, the succi-nate semialdehyde dehydrogenase
deletion mouse, the Efhcl deletion mouse, and the GABAAR y2(R43Q) subunit knock-in
mouse also exhibit seizures without reported sex-selective effects (Matejovska et al., 1998;
Suzuki et al., 2009; Errington et al., 2011; Reid et al., 2013; Tan et al., 2007).

Mutations in two other epilepsy genes, Gabrb3 and Gabral, do produce sex-selective
changes in behavior and seizures. The GABAAR B3 subunit is associated with CAE and
Angelman syndrome. The human GABRB3 CAE missense mutations did not exhibit a
female predominance in patients (Tanaka et al., 2008) and have not yet been reported in
mice. However, the phenotype of a B3 subunit deletion mouse has been described and shown
to experience both sex-dependent and parent of origin-dependent effects. Male mice with
maternally-transmitted Gabrb3 deletion exhibited an increased abnormal synchronous theta
activity (a possible correlate of an atypical absence seizure) and impaired contextual
memory compared with female mice with maternally-inherited Gabrb3 deletions (Liljelund
et al., 2005). In addition, male mice with a paternal deletion had more fast activity (12-16
Hz) than male mice with a maternal deletion or female mice with the 33 deletion inherited
from either parent (although only the difference between the male mice with a paternal
deletion and the female mice with a paternal deletion was statistically significant) (Liljelund
et al., 2005).

Several loss-of-function mutations in the GABAAR al subunit have also been associated
with genetic generalized epilepsy syndromes in human patients (Cossette et al., 2002;
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Lachance-Touchette et al., 2011; Maljevic et al., 2006). Recently, Arain et al. reported that
heterozygous al subunit deletion caused electrographic and behavioral absence-like seizures
in both the DBA/2J and C57BL/6J strains of mice (Arain et al., 2012). In the DBA/2J strain,
heterozygous al subunit deletion did not reduce viability in either sex and produced the
same frequency of SWDs and absence seizures in male and female mice. However, in the
C57BL/6J strain, female, but not male, heterozygous a1 subunit deletion mice exhibited
reduced gains in body mass compared with wild type mice. Moreover female heterozygous
knockout mice had a significantly greater incidence of SWDs than male heterozygous
knockout mice. These experiments were performed in mice of age postnatal days 33— 37
(P33-37). Although female mice of this age have not experienced their first estrus, they do
typically exhibit several signs of sexual maturity. Even though changes in GABAAR
composition, physiology, and cell surface endocytosis have been observed in female
heterozygous al subunit deletion mice (Zhou et al., 2013) the corresponding changes have
not yet been explored in male mice and thus the mechanisms that underlie these sex
differences remain unknown.

Conclusions

These mouse and rat absence epilepsy studies revealed that although the various models
reproduced many of the electrographic, behavioral, and pharmacological features of human
absence epilepsy, to date, only the rat AY9944 atypical absence model, the systemic
injection of GABAAR antagonist rat model, and the Gabral deletion mouse in the C57BL/6J
strain exhibited the female predominance as found in CAE, and only the AY9944 model the
prepubertal preponderance. An opposite sex-related difference was found in BN rats and
Gabrb3 deletion mice, perhaps mimicking the higher male prevalence in older absence
patients. However, it is also clear that many studies did not specifically test for sex-
dependent effects. Understandably, many experiments that evaluated drug effects in rodents
were performed using only males. Therefore, it is possible that a reexamination of some of
these models will uncover sex-dependent effects in seizure frequency.

Networks involved in absence epilepsy

Here we briefly discuss the networks involved in both typical and atypical absence epilepsy
models (Fig. 2). Electrophysiology studies in rodent models and fMRI and EEG—fMRI
studies in human subjects revealed that SWDs engage cortico-thalamo-cortical network with
additional involvement of the hippocampi in atypical absence seizures (for review Onat et
al., 2013; Huguenard and McCormick, 2007; van Luijtelaar et al., 2011; Pinault and
O'Brien, 2005; Gotman et al., 2005; Moeller et al., 2013). Intracranial field recordings and in
vivo whole cell recording in WAG/RIj and GAERS demonstrated that absence seizures
begin within the somatosensory cortex before propagating to the thalamic nuclei (Sitnikova
and van Luijtelaar, 2006; Luttjohann and van Luijtelaar, 2012; Luttjohann et al., 2013;
David et al., 2008; Zheng et al., 2012; Luttjohann et al., 2014). In addition, it is generally
accepted that the relay nuclei in the ventrobasal part of the thalamus as well as the reticular
thalamic nucleus (RTN), the main source of GABA-ergic inhibition in the rat's thalamus,
play major roles in the generation of SWDs. A focal origin in the deep layers of the
somatosensory cortex has been demonstrated in WAG/Rij, GAERS, Long Evans and PTZ
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seizure models (Meeren et al., 2002; Polack et al., 2007; Chen et al., 2011), and lesions and
network studies propose opposite roles for the rostral and caudal part of the RTN (Aker et
al., 2006; Littjohann et al., 2014), and a prominent role of the ventrolateral thalamus and
posterior nucleus of the thalamus (Crunelli and Leresche, 2002; Pinault and O'Brien, 2005;
Meeren et al., 2009; Littjohann and van Luijtelaar, 2012). Studies in GAERS have revealed
a strong modulatory role of the basal ganglia on the occurrence of SWDs which in turn
could affect cortical neuron excitability and, consequently, the generation of cortical
epileptic discharges (Paz et al., 2007). Although the hippocampus is not part of the circuit in
which SWDs are expressed, the hippocampus has modulatory effects on SWD occurrence,
as has been demonstrated in one of the typical absence models (Tolmacheva and van
Luijtelaar, 2007b; Onat et al., 2013). We are not aware of neurophysiologic studies towards
the initiation site and or place of origin of SWDs in the atypical models or in the mice
models, except in mice in which cortical stimulation has led to the occurrence of SWDs (Paz
etal., 2011).

The neurotransmitter systems involved in this cortico-thalamo-cortical network include
GABA and glutamate, as is evident from combined electrophysiological and
pharmacological studies performed both in vitro and in vivo (Huguenard and McCormick,
2007). Monoamines and acetylcholine have a modulatory effect on the occurrence of SWDs,
as do some neuropeptides and neurosteroid hormones. Increased phasic and or tonic
GABA-ergic or GABAg-ergic inhibition in the cortex, thalamus and RTN are most likely
crucial for seizure generation, spreading and maintenance, although there are differences
between the various parts of the network in the different types of inhibition and between the
various absence models (Blumenfeld, 2003; Citraro et al., 2006; Cope et al., 2009; Crunelli
etal., 2011; Danober et al., 1998; Merlo et al., 2007; Snead, 1995; van Luijtelaar and
Sitnikova, 2006).

The role of GABAAR neurotransmission and absence epilepsy

As discussed above, GABAR plays a crucial role in the generation of absence seizures.
Therefore, it is possible that sex-selective changes in GABAAR physiology or expression
could contribute to the higher incidence of absence epilepsy in females. Here, we will
discuss sex-related differences in GABAAR function and expression while a subsequent
section will explore the effects of sex neurosteroids on GABAAR. It is important to state that
while there are proven effects of sex on GABAAR neurotransmission in models of epilepsy,
these mechanisms have not been positively linked to the effects of sex on seizures.

Sex effects on the chloride gradient

The effects of GABAAR activation depend on factors pertaining to the GABAR itself (e.g.
GABAAR expression levels, receptor subunit composition, and subunit posttranslational
modification) as well as factors pertaining to the physiology of the neuron. One of the best-
studied aspects of neuronal physiology that impacts GABAAR function is the developmental
change of the chloride gradient (Ben-Ari, 2002). Because of a delayed expression of the
chloride transporter, KCC2, immature cerebral neurons typically possess a relatively large
intracellular chlo-ride concentration and thus a relatively negative reversal potential for
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chloride anions. Therefore, GABAAR activation in these neurons leads to chloride efflux
and membrane depolarization. Galanopoulou et al. (2003) found sex-based differences in
KCC2 expression in postnatal day 14-17 rat substantia nigra reticulata (SNR) neurons, a
brain region that modulates the production of generalized seizures (Sperber et al., 1989).
Female rats expressed increased KCC2 mRNA in the SNR compared with males and thus
had a corresponding hyperpolarizing response to GABA agonist whereas males had a
depolarizing response. These findings demonstrated that sex-based modulation of GABAAR
transmission may involve other gene products besides those that directly interact with the
GABAAR.

Atypical absence model

A single paper was devoted to investigate the role of the GABAAR subunit y2 in the
somatosensory cortex and somatosensory thalamus in the atypical AY9944 model (Li et al.,
2007). Newborn Long-Evans Hooded rats were given injections of AY9944 subcutaneously
at postnatal days 1, 5, and 9. Expression of GABAa al and y2 receptor subunit mRNA
increased during postnatal development from postnatal day 7 to 60, and significantly
differed between the somatosensory thalamus and somatosensory cortex as well as between
males and females at ages postnatal days 35 and 60. Perinatal AY 9944 treatment induced
decreases in GABA, y2 receptor subunits in the rat somatosensory thalamus and increases
in the somatosensory cortex. Importantly, these changes were sex and age-specific. More
precisely, the sexspecific changes in GABAAR al and y2 subunits occurred during PND 35
and 60. In addition, the expression of al and y2 subunits in the somatosensory cortex and
thalamus was consistently lower in females compared to males. The findings suggest a
mechanism for the higher prevalence of absence epilepsy which arises in prepubertal female
rats. Whether it is also a mechanism for patients needs to be established considering it is not
known whether atypical forms of absence epilepsy occur more often in females.

Gabrb3 deletion

As discussed above, male and female heterozygous GABAAR B3 subunit deletion mice in
which the deletion was maternally- or paternally-inherited exhibit differences in
epileptiform-like EEG discharges and behavioral abnormalities. Biochemical studies of
whole brain extracts demonstrated both sex-dependent and parent-of-origin effects on 3
subunit protein expression. Male mice exhibited a severe reduction in 33 subunit protein
expression with maternal, but not paternal transmission of the p3 subunit deletion. In
contrast, female mice showed a severe reduction of 3 subunit when the deletion was
transmitted through either parent (Liljelund et al., 2005). There is a possible correspondence
between the extent of B3 subunit deletion and the EEG phenotype. Male mice with a
paternally-inherited 33 subunit deletion had the smallest reduction in p3 subunit expression
and the greatest abundance of fast activity on EEG. However, the difference in EEG fast
activity was only statistically significant for the comparison between male and female mice
with a paternal B3 subunit deletion and it was not clear from the paper if the authors
compared the fast activity in male mice of paternal origin to male or female mice with a
maternally-inherited deletion. Therefore, no definitive conclusions could be made
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concerning the dependence of the sex-selective electrographic phenotypes on the sex-
selective molecular phenotypes.

The role of stressors, sex steroids and phosphorylation in GABAAR subunit
expression

Exposure to stressors can alter the expression of GABAAR subunits differently in male and
female Gabrb3 deletion mice in different brain regions. In the prefrontal cortex, female mice
expressed less a5 subunit mMRNA after re-exposure to physical (restraint) or social (intruder
mouse) stressor that they first experienced as juveniles. In contrast, male mice expressed less
a2 subunit mRNA upon re-exposure to social stress. In the amygdala, female mice
expressed increased a2, a3, and y2 subunit mMRNA upon re-exposure to physical stress and
male mice expressed decreased a2, a3, and a5 subunit MRNA upon re-exposure to physical
and social stresses (Jacobson-Pick et al., 2012). Sex-dependent differences in GABAAR
subunit expression in different brain regions in response to early-life stressors could play a
role in exacerbating CAE in girls. The mechanisms that produce the different levels of
GABAAR subunit mRNA and protein expression in males and females is unknown, but may
be related to the presence of sex steroids. Maguire et al. demonstrated in mice that compared
with estrus, the high progesterone diestrus state was associated with higher hippocampal 6
subunit expression and lower y2 subunit expression as well as associated increased tonic
current amplitudes (Maguire et al., 2005). Although the hippocampus is not thought to play
a direct role in the expression of typical absence seizures, it is involved in atypical absence
seizures and it modulates typical absence seizures (Stewart et al., 2009; Wu et al., 2007;
Tolmacheva and van Luijtelaar, 2007a,b). In addition, it is possible that the increased &
subunit expression seen in the hippocampus during diestrus would also be seen in the relay
nuclei of the thalamus and thereby cause an enhanced tonic current which would exacerbate
absence seizures.

Cyclic alterations in the extent of GABAAR posttranscriptional modi-fication throughout the
estrous cycle may contribute to these changes in GABAAR expression. Phosphorylation of
GABAAR 72 subunit residues, Y365 and Y367, inhibits GABAAR cell surface endocytosis
(Kittler et al., 2008). Mice which heterozygously expressed y2 subunit in which Y365 and
Y367 were mutated to phenylalanines and thus were insensitive to phosphorylation,
demonstrated sex-dependent responses (Nani et al., 2013). When y2 subunit phosphorylation
was inhibited, female, but not male mice, increased a4 and & subunit expression as well as
the amplitudes of phasic and tonic GABAAR currents in the lateral geniculate nucleus of the
thalamus. Because increased tonic GABAAR currents in the ventrobasal nucleus are
associated with absence seizures in several rodent models (Crunelli et al., 2011; Cope et al.,
2009), a reduction of GABAAR receptor y2 subunit tyrosine phosphorylation would be
expected to increase absence seizures in females, but not in males.

Role of sex hormones on absence epilepsy and seizures

Ovarian cycle and acute pharmacological studies in typical and atypical absence models

The consequences of changes in plasma levels of sex hormones (they are steroid hormones
which are known to cross the blood-brain barrier and affect behavioral, neurologic and
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neuroendocrine functioning) during the ovarian cycle was investigated in a rat model for
typical (WAG/RIij) absences and the AY9944 model of atypical absence seizures. The time
course of SWDs in adult female WAG/RIj rats with a confirmed 4-day cycle during a 96 h
EEG recording period was measured and it showed that the number of SWDs increased at
specific hours of the proestrus day when the serum levels of progesterone reach their
maximal value (van Luijtelaar et al., 2001). Interestingly, a single case was described in
which the frequency of absence seizures was highest during the phase of the menstrual cycle
when progesterone levels are highest (Griinewald et al., 1992). There was no increase in
SWDs during dies-trus in the rat study, a time at which a second peak in progesterone is
present. This dichotomy in the two progesterone peaks is puzzling and both hormonal and
non-hormonal effects might be involved in the occurrence of SWDs. A hormonal factor that
affects the increase of progesterone at diestrus can be the progesterone metabolite 20alpha-
OH-progesterone. It peaks at the same hours as progesterone itself. Whether this metabolite
modulates brain excitability opposite to progesterone is not known. Other hormones such as
LH, FSH estradiol and prolactin do not peak at that moment and do not show changes at
diestrus and therefore their role can be neglected. A second hormonal issue that can be
proposed is that the composition of the GABA-subunits is different in different phases of the
cycle and/or that the speed of change in progesterone levels is crucial for the type of changes
in GABA subunits. Non-hormonal factors determining absence seizures are arousal,
locomotor activity, and sleep (van Luijtelaar et al., 1991; Coenen et al., 1995; Drinkenburg
et al., 1991; Osterhagen et al., 2010; Smyk et al., 2011). Early evidence suggested a
significant modulation of locomotor activity and sleep—wake cycles by ovarian steroids in
female rats (Colvin et al., 1968). Whether the changes in arousal, bodily activity and sleep
parameters can sufficiently explain the lack of increase in SWD as predicted considering the
increase in progesterone at diestrus, needs to be established.

In addition, other hormones which peak at the same time as progesterone (e.g. LH, FSH and
prolactin) might also play a role in the effects of the ovarian cycle on SWDs. Interestingly,
although B-estradiol is also known to modulate seizures in various convulsive models
(Veliskova, 2006; Hosseini et al., 2013), there were no changes in SWDs during the hours at
which estradiol reached its maximal value. The data suggest a temporal association between
a physiological increase in the concentration of serum progesterone and an increase in
SWDs during proestrus. Although similar changes (increase in SWDs) were found during
proestrus in the AY9944 model (Persad et al., 2004), the increase occurred during the hours
at which estradiol levels were increased and progesterone just start to increase. However,
because the plasma concentration of progesterone was 1000-fold higher than estradiol, the
authors proposed that progesterone overrode estrogen's anti-absence effects (Persad et al.,
2004). Therefore, it is not completely clear whether the data from studies in WAG/RIj rats
and in the AY 9944 model are 100% in concordance with respect to the relationship between
the ovarian hormones during the ovarian cycle and SWDs (in neither study plasma or brain
hormone concentrations were measured). However, different pharmacological studies
showed that systemic administered progesterone and its metabolite, allopregnanolone (3-
alpha-hydroxy-5alpha-pregnan-20-one (3a,5a-THP) a positive modulator of & subunit-
containing extrasynaptic GABAAR (Belelli and Lambert, 2005) rapidly enhanced the
number of SWDs in a dose- and time-dependent manner in both the typical and atypical
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absence models (Budziszewska et al., 1999; van Luijtelaar et al., 2001; Persad et al., 2004;
Tolmacheva et al., 2007a). In contrast, systemic injections of 17B-estradiol and an antagonist
of its intracellular receptor (tamoxifen) did not have any effects in the WAG/Rij model, and
reduced seizures in the atypical absence model (Budziszewska et al., 1999; Persad et al.,
2004). These data demonstrated that estradiol interacts differently in typical and atypical
absence seizure models and that neither the effects of progesterone nor the effects of 17p-
estradiol were mediated by intracellular receptors. For an overview of the role of
progesterone, estradiol and testosterone on absence seizures in WAG/Rij model for typical
absence epilepsy AY9944, atypical absence epilepsy and convulsive seizures see Table 2.

The dual acute effects of testosterone

It is well known that testosterone may have proepileptic effects on convulsive seizures,
although the effects of testosterone depend on dose, the animal's age, and seizure type
(Edwards et al., 1999a; Reddy, 2004; Frye et al., 2001). Acutely administered testosterone
caused an immediate proepileptic effect (clonic spasms in high dose PTZ test) in mice and
rats, and this effect was blocked by letrozole, an aromatase inhibitor which blocks the
conversion of testosterone to B-estradiol (Reddy, 2004). These data demonstrated that the
proepileptic action of testosterone in clonic seizures was mediated via the conversion of
testosterone to 17f-estradiol, in agreement with the most often reported proconvulsive
effects of 17f-estradiol, although it is acknowledged that estradiol's pro-epileptic effect is
highly dependent on the seizure model, dose, and region of the brain (Scharfman et al.,
2005). Few experiments examined the role of testosterone in absence seizures. Data from a
pharmacological EEG study in the WAG/Rij model showed that systemic administration of
testosterone suppressed SWDs for 1 h and then increased SWDs for 2 h (van Luijtelaar et
al., 2009a,b). Since 17p-estradiol is not effective in the typical absence model, it is possible
that the immediate effects were due to testosterone itself. In contrast, a second testosterone-
derived neurosteroid, androstanediol, was however protective in the same convulsive models
(Reddy et al., 2004). Tentatively, we can conclude that testosterone itself exhibits acute anti-
absence effects, but that an active metabolite, most likely androstanediol, exhibits pro-
absence effects.

Long term effects of sex hormones

Removal of peripheral sources of steroid hormones gives an opportunity to study the long
term effects of steroid hormones on brain excitability in males and females, while studying
physiological changes during the ovarian cycle and during pregnancy allows us to model the
effects of dynamically changing physiological concentrations of progesterone and estradiol
on excitability.

Young adolescent male and female WAG/RIj rats were castrated/ ovariectomized and
studied three months later. Castrated males showed more SWD activity than intact males
and ovariectomized and intact females, suggesting that testosterone protects males against
absence seizures (van Luijtelaar et al., 1996). Others compared intact and ovariectomized
female WAG/RIj rats and showed either an increase in SWD one week after the removal of
the ovaries (Kayim Yildiz et al., 2013), or no change in SWD frequency 4 to 35 days post-
surgery but an aggravation of SWD in ovariectomized rats after repeated exposure to
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stressors (Tolmacheva and van Luijtelaar, 2007a). The reason for the lack of consistent
outcomes in females (either no effects, or an increase) is not immediately clear. The studies
are difficult to compare because different post-ovariectomy periods have been used. In
addition, some of the studies used only a short EEG recording period (1 h which may yield
less representative data, or the behavior of the animals during the recording period was not
taken into account). Moreover, in none of these studies, plasma or brain concentrations of
the relevant hormones were measured in parallel with the EEG studies.

Correlative studies of hormones and SWDs were undertaken in pregnant WAG/RIj rats.
During pregnancy, plasma levels of progesterone dramatically increase from the first to the
19th day, decrease before partus (day 20), and increase again post-partum. SWDs showed an
inverse relationship over days with the concentration of progesterone, while no relation
between SWDs and daily estradiol levels was found. Although it is classically thought that
the ratio of estradiol/progesterone is the crucial factor for determining the occurrence of
seizures (Backstrom, 1977), no such relationship between this ratio and SWD could be
found in these pregnant rats. These data suggest an inverse relationship between
progesterone and SWDs during pregnancy (Tolmacheva et al., 2004).

These experiments led to the conclusion that progesterone has a pro-absence action when
acutely administered and during the ovarian cycle, 17p-estradiol is anti-absence but it is only
active in atypical absence models, and both hormones act oppositely in absence models
compared with most of the convulsive models. Another conclusion is that physiological
increases in progesterone concentrations, as seen during pregnancy, have a diametrical
opposite effect on SWDs as increases in progesterone during the proestrus phase and in
acute pharmacological studies. It is unclear why the second progesterone peak that occurred
during diestrus is not accompanied by an increase in SWDs.

Age-related changes in SWDs and thalamic GABA subunits

Cortical and thalamic concentrations of the most potent endogenous positive modulators of
GABAAR (allopregnanolone and 3a,5a-TH-DOC) were compared between presymptomatic
(2 months) and symptomatic (6 months) WAG/RIj and age-matched Wistar rats. Significant
age-dependent decreases in both neurosteroids were found in the thalamus but not in the
cortex in WAG/RIj rats, but not the nonepileptic Wistar rats. This effect in neurosteroid
concentration was accompanied by an increase in ag GABAAR subunit expression in some
dorsal thalamic nuclei in WAG/RIj rats and an age-dependent increase in 6 subunits in both
the WAG/RIj and Wistar rats. Both a4 and § subunits are found in extrasynaptic GABAAR,
where they facilitate tonic inhibition. Therefore, the authors hypothesized that the age
dependent increase in a4 and & subunits increases tonic inhibition in thalamic relay neurons
which then contributes to the age dependent increase in SWDs (Pisu et al., 2008).

The paradoxical effects of progesterone on absence seizures: an opposite role of the
subunit of the GABA, receptor?

Local injections of progesterone and allopregnanolone in the ventral basal complex of the
thalamus caused dose-dependent increases in SWDs, a finding that suggested that the acute
effects of systemic administration of progesterone are caused by its modulatory effect of its
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active metabolite, allopregnanolone, on the thalamic GABAAR (Wohlfarth et al., 2002;
Citraro et al., 2006). However, steroid hormones also affect other aspects of GABAergic
transmission including GABAAR subunit expression and posttranslational modification,
both of which can modulate SWDs during development (age dependent increase of SWDs,
see Age related changes in SWDs and thalamic GABA subunits section), the estrus cycle
and pregnancy and account for the sex differences found in some of the absence models.

It should be taken into account that the increase in concentration of progesterone and
allopregnanolone from conception to the 18th day of pregnancy (Concas et al., 1998) is
much more robust than the increase from the estrus to the late diestrus phase of the ovarian
cycle. As mentioned, steroid hormones also affect GABAAR subunit expression. Of the
many GABAAR isoforms, only a few are sensitive to physiological concentrations of
neurosteroids, and only a few show functional changes on brain excitability during the
ovarian cycle, as was established in mice and in rats (Maguire et al., 2005; Lovick et al.,
2005), although it is not certain that similar changes occur in both species.

As mentioned in the Gabrb3 deletion section, relative to the lowprogesterone estrus phase,
mouse hippocampus increases GABAAR & subunit expression and reduces y2 subunit
expression during late dies-trus when progesterone levels peak (Maguire and Mody, 2008).
The relationship between progesterone levels and v2/6 subunit expression observed during
the ovarian cycle differs during pregnancy. At day 19 of pregnancy, the peak progesterone
levels are accompanied by reduced expression of both & and y2 subunits (Maguire and
Mody, 2008). Increased density of 6 subunit immunoreactivity during late diestrus was also
found in the periaquaductal gray in Wistar rats (Lovick et al., 2005), suggesting that the
changes in subunit receptor proteins can occur quickly (within hours) and are not unique for
the hippocampus in mice. Indeed, the decrease in 8 subunit expression during pregnancy as
found in the hippocampal dentate gyrus and CA1 region was also found in thalamus and
striatum, but not in the cerebral cortex (Maguire et al., 2009). Although it is rather premature
to extrapolate from expression data in mice to rats, we carefully propose that this reduction
of this GABAAR 6 subunit expression in the lateral basal complex of the thalamus might
reduce tonic inhibition and reduce SWDs during pregnancy.

Assuming that these ovarian- and pregnancy-associated changes in hippocampal GABAAR
subunit expression discussed above also occur in the rat thalamus (at least the age-related
changes in subunit expression functionality occurred in thalamic neurons in WAG/RIj rats),
hormone modulation of GABAAR subunit expression may explain observations of rat
physiology. During the progesterone peak in the late rat diestrus phase, tonic hippocampal
inhibition and SWD frequency were increased in both typical and atypical absence models
(see Ovarian cycle and acute pharmacological studies in typical and atypical absence models
section), but tonic and phasic hippocampal inhibitions were reduced during the progesterone
peak during pregnancy as was the number of SWD (Tolmacheva and van Luijtelaar, 2004).
The difference between progesterone's effect on § subunit expression and tonic inhibition
during the estrus cycle and pregnancy may explain the opposite effects of progesterone on
rat SWDs during the ovarian cycle and pregnancy. Clearly, this hypothesis needs
experimental verification.
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Do the GABAARs mediate the effects of testosterone?

As discussed in the The dual acute effects of testosterone section, testosterone has at least
two effects on seizures. First, it has a proepileptic effect by enhancing clonic spasms in high
dose PTZ test, an action that is likely related to its 17f3-estradiol metabolite. Second acute
administration of testosterone initially suppressed SWDs for 1 h before increasing them for
2 h (van Luijtelaar et al., 2009a,b). The early and late effects of testosterone may be
mediated by two distinct pathways. First, aromatization of the A-ring converts testosterone
into 17p-estradiol. Although 17p-estradiol is often found to have a proepileptic action, our
acute pharmacological study, the 96 hr recording study, and the pregnancy study (see
Ovarian cycle and acute pharmacological studies in typical and atypical absence models
section) suggest that 17p-estradiol is not involved in the modulation of typical SWDs. In the
second pathway, testosterone is reduced to 5a-dihydrotestosterone which is then converted
to the neurosteroid androstanediol by glial cells and principal neurons in the hippocampus
(Reddy and Jian, 2010). Androstanediol is a powerful and positive GABAAR modulator
causing a neuronal inhibition and protecting against convulsive seizures (e.g. in the
hippocampal kindling mice model). An action via the classical intracellular androgen
receptor was excluded in experiments with flutamide (Reddy and Jian, 2010).
Androstanediol and allopregnanolone are structural and functional homologs. Because
allopregnanolone exacerbates absence seizures, it is thought that the delayed pro-absence
action of the acute administration of testosterone is due to the GABA-mimetic action of
androstanediol. In contrast, the immediate anti-absence effects are mediated via testosterone
itself, or via its first metabolite, 5a-dihydrotestosterone, which can act as NMDA
antagonists (most NMDA antagonists reduce absence seizures, van Luijtelaar and Zobeiri,
2014). It is known that plasma levels of testosterone correlate with seizure modulating
effects (Reddy and Jian, 2010). In addition, castration protects dogs against focal and tonic—
clonic seizures, but increases spontaneous absence seizures in the WAG/Rij model. It can be
concluded that the acute and delayed effects of testosterone on SWDs are opposite in a
genetic absence epilepsy model and that the delayed proabsence effects are opposite to what
is generally found in convulsive seizure models (Belelli et al., 1989; Reddy, 2004).
However, whether and how the GABAAR structure and function is influenced, whether
changes in GABAAR subunit expression play a role in the pro-absence action of castration,
and whether these proabsence effects can be explained by an increase in thalamic tonic and
or phasic inhibition, need to be clarified.

Concluding remarks and future directions

Although sex differences in human CAE and JAE are well known, clinical studies have not
sufficiently differentiated the subtypes of GGE patients or accounted for variations in
seizure characteristics. In particular, although the epidemiology studies found a higher
incidence of CAE and JAE in females, they did not determine whether sex influences the
severity of the disease (e.g. daily seizure frequency or long-term outcome). Studies that
determine the age of onset of absences and whether the female preponderance disappears in
adult patients are badly needed. Similarly, epidemiology studies have not identified a sex
difference in incidence of diseases that confer atypical absence seizures or determined
whether the frequency of atypical absence seizures differs in males and females who have
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the same syndrome. Finally, none of the human studies measured the relationship of seizure
frequency to serum levels of sex hormones. Although the onset of CAE occurs prior to
puberty, even prepubertal girls possess significantly higher levels of 17 estradiol and other
sex hormones than boys (Courant et al., 2010). Does the frequency of seizures and SWDs
correlate with the levels of sex hormones, and, importantly, can they be reduced by safely
manipulating sex steroid concentrations?

The mechanisms that contribute to these findings as well as the extent of sex—age and sex—
gene interactions remain to be elucidated. The identification of sex effects in nonhuman
absence epilepsy models will allow us to better elucidate their mechanistic bases.
Unfortunately, sex differences were neither found in the most common rat genetic models
with their 100% prevalence of seizures, perhaps the sex difference might have disappeared
in the course of the inbreeding or selection process, nor in the classical genetic mice models.
It should be considered that sex differences in prevalence in randomly bred rat strains might
have been present (e.g. see Vergnes et al., 1982). Another difference between incidence and
most of the rodent studies is that sex difference in humans shows up as incidence of patients
diagnosed with epilepsy; in rodent models it is often the frequency of the seizures.

Sex differences were observed in the atypical absence models (and indeed AY9944 is not a
genetic model), in which age and sex specific changes in GABAAR subunits, modulated by
the neurosteroids, play a crucial role. In particular, the atypical absence AY9944 model is an
interesting model with functional consequences of early changes in neurosteroid pool and
seizures that occur prepubertal and remain throughout life. The sex differences are
accompanied by changes in expression of certain GABAAR subunits. The AY9944 model
allows the study of how neurosteroids given early in development affect the brain
throughout life and cause sex dependent differences in seizures. The finding of sex-based
differences in the frequency of atypical absence seizures in the AY9944 model is of
particular clinical importance. Human syndromes that confer atypical absence seizures are
frequently refractory to medical treatment and thus in urgent need of new therapies,
including hormonal modulation, that work by novel mechanisms.

In addition to the AY9944 model, sex-dependent effects were found in the BN rat model and
in the Gabrb3 and Gabral knockout mice. In the BN strain and Gabrb3 knockout mouse,
however, males were more severely affected than females, possibly reflecting the increased
incidence of adult-onset genetic generalized epilepsy. In addition, as described above, no
studies have been performed that quantify the frequency of absence seizures in patients with
these syndromes and thus it is possible that an additional male-predominant phenotype may
be found in humans.

When expressed in the C57BL/6J strain, the Gabral knockout mouse exhibited a more
severe phenotype in females and thus recapitulated the female predominance found in
human CAE and JAE. Because loss-of-function GABRAL mutations are associated with
absence epilepsy in human patients, this mouse model may help de-fine some sex—gene
interactions in a human epilepsy syndrome. The sex-effect was absent when the Gabral
deletion was expressed in the DBA/2J strain, a finding which suggests that modifier genes
are critical for the expression of sex effects and highlights the importance of examining for
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sex-effects in multiple background strains when evaluating human monogenic epilepsies.
Absence seizures in the Gabral deletion mice were identified at P33-37, an age before
sexual maturity, but after the completion of several sexual developmental milestones. Future
experiments will need to determine when, in development, these sex differences appear,
their dependence on levels of sex hormones, and the corresponding differences in the
expression of GABAAR and other proteins.

Sex hormones and their metabolites (e.g. neurosteroids) affect brain excitability and absence
seizures acutely but also throughout lifetime, such as during pregnancy. Interestingly, the
effects established in absence models are most often diametrically opposite to what has been
found in the convulsive models: progesterone has a pro-absence action, p-estradiol is anti-
absence, but it is only active in atypical absence models, and testosterone has dual effects:
first anti-absence in the first hour and later pro-absence in subsequent hours. The opposite
effects of progesterone on convulsive and absence seizures are in agreement with the role of
most GABAergic drugs in convulsive vs non-convulsive types of epilepsies. This
observation may be related to the finding that sex hormones are metabolized in the brain to
neurosteroids which have direct effects on GABAAR with a 8 subunit and also modulate the
expression of GABAARS containing y2, a4, and & subunits. It is proposed that these
differences in subunit expression can also explain the diametrically opposite effects found in
absence seizures during the progesterone peak during the ovarian cycle and during
pregnancy.

Conditions other than pregnancy and phasic changes during the ovarian cycle also modulate
seizures. For example, puberty in mice is associated with an increase in the expression of a4
and & subunits at the apical dendrites of CA1 hippocampal pyramidal cells which is
accompanied by an increase in tonic inhibitory current at puberty and neuronal excitability
(Smith et al., 2009). Puberty is also associated with stress and the release of corticosteroids.
It is well known that corticosteroids or their metabolites (e.g.
tetrahydrodeoxycorticosterone) also affect hippocampal excitability and involve both
excitatory and inhibitory processes (Romeo et al., 2006) and affect SWDs (Schridde and van
Luijtelaar, 2004; Tolmacheva et al., 2012). Again, whether these changes in hippocampal
excitation and inhibition can explain changes in cortico-thalamo-cortical network
excitability or whether changes in thalamic subunit expression have direct effects on
thalamic subunits when the absences disappear in CAE around puberty, or become worse as
is the case in JAE, needs to be established, although the feasibility of this hypothesis can be
inferred from kindling studies, which showed that the excitability of the cortico-thalamo-
cortical network was changed after hippocampal kindling or amygdaloid KA injections in
either GAERS or WAG/RIj rats (Onat et al., 2007; Gurbanova et al., 2008; Akman et al.,
2008) and by the thalamic changes in a4 and & subunit expression and function during
development (Pisu et al., 2008).

Except for the Gabral knockout mouse, the other typical absence models do not show
obvious sex differences. A sex difference could suggest that one of the genes (absence is a
polygenetic disease in the vast majority of cases) for absence epilepsy is linked to the X
chromosome. Most likely the genes involved in absence epilepsy in GAERS and WAG/RIj
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rats are not linked to the sex chromosome. Until now, the genes involved in the pathogenesis
of absence epilepsy are neither found sufficiently in humans, nor in the genetic rat models.

Another question is whether the lack of gender differences in the typical absence epilepsy or
seizure models might imply that these models incompletely model childhood-onset absence
epilepsy and or juvenile absence epilepsy. It can be supposed that this might be due to the
fact that different combinations of genes govern typical absence seizures in patients and in
the models or that there are species differences in the organizational effects of neurosteroids.
Another possibility is that certain mutations (i.e. GABAAR) that affect the action of
neurosteroids that predispose to gender differences in combination with a genetic
predisposition for absence epilepsy have not been detected in any rodent model.

Also more attention should be placed on sex differences in absence epilepsy models. Most
studies that discussed mouse or rat absence epilepsy models did not even include a statement
whether or not there were any statistically significant sex-based differences in the pheno-
types. The search for the mechanisms that lead to the sex-based differences in the models
may include the question when, in development, do these sex-based differences first appear?
For the Gabra-KO model, mice were tested between P33 and 37 (i.e. before sexual
maturity). Do the absence seizures occur before this time point? If so, do sex-based
differences correlate with sex hormone concentrations throughout development?

The effect of sex hormones is a second obvious target. What is the effect of manipulating
sex hormone levels early vs later in life on the development of epilepsy in male and female
mice? One can also use spontaneous fluctuations in hormone concentrations and measure
expression of GABA subunits during the different phases of the ovarian cycle and
peripregnancy in combination with monitoring plasma and or brain levels, receptor
expression studies and in vivo electrophysiology, in which the EEG is still excellent for
determining excitability in vivo over a prolonged period of time in the absence models. It is
also obvious that research on sex differences and excitability changes throughout life and
hormonal effects should focus on the thalamus and cortex and should not consider either the
entire cortex or the entire thalamus as unified. The presence of hundreds of spontaneous
occurring SWDs per day in the genetic models shown to be sensitive to physiological
fluctuations in brain concentrations of progesterone during the ovarian cycle and during
pregnancy yields an excellent opportunity for studies towards mechanisms determining the
role of sex hormones and neurosteroids on excitability in the cortex and thalamus.
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Fig. 1.

The mean of cumulative duration and number of SWDs per 20 min in male and female
GAERS as recorded during 3 h (09.00 to 12.00). Data are expressed as mean + SEM.
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A) Schematic representation of the neuronal circuitry of typical absence seizures which
includes the well-established involvement of reciprocal connections between layers 5 and 6
of the perioral region of somatosensory cortex (3) where the seizures are initiated (Meeren et
al., 2002; Polack et al., 2007), the ventrobasal thalamus (VBT) (1), and the rostral and
caudal reticular nucleus of the thalamus (RTN) with opposite functions (2). To this classical
circuit the limbic thalamus was added, consisting of the anterior thalamic (AT),
centromedian (CM), medial dorsal (MD) and reuniens (Re) nuclei, all of which project to
the limbic regions, hippocampus and amygdala, and to the RTN (4). The latter also has its
own connections to hippo-campus and amygdala. B) Hypothesized circuitry of atypical
absence seizures. The initiating epileptiform event for an atypical absence seizure is
postulated to occur in layer 5/6 of the medial prefrontal cortex (mPFC) and then project to
the Re of the thalamus (7) which projects back to the mPFC and monosynaptically to the
CAL1 (6) which in turn projects to the mPFC (5). This reverberating circuit is modulated and
driven by reciprocal intrathalamic connections between the Re and rostral RTN (8). In
typical absence epilepsy, pharmacological, lesion, and signal analytical studies indicate
opposite roles for the rostral and caudal part of the RTN (Aker et al., 2002, 2006; Meeren et
al., 2009; Luttjohann and van Luijtelaar, 2012). To illustrate, administration of bicuculline
into the caudal RTN produced increases in the duration of SWDs (9), whereas injections into
the rostral RTN produced significant decreases (10). (=) indicates inhibition; (+) indicates
excitation.

The figure has been adapted and modified from Onat et al. (2013) with permission from
Elsevier.

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



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

1duasnuely Joyny vd-HIN

van Luijtelaar et al.

Table 1

Rodent absence seizure models exhibiting sex-dependent phenotypes.
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Species  Model

Sex-dependent phenotype

Reference

Rat Brown Norway
Rat AY9944-treated Long Evans rats
Rat Bicuculline-treated Wistar rats

Mouse  Heterozygous Gabrb3 deletion

Mouse  Heterozygous Gabral deletion

Males have higher prevalence, more frequent, longer duration and
more intense spontaneous SWD than females

Atypical absence seizures last longer in females than males; sex-
difference emerged before puberty

5-6 Hz SWD occurring in 70% males and 100% intact, OVX, OVX +
E, females. Intact and OVX + E had lower SWD latency than males

With maternally-transmitted Gabrb3 deletions, males had increased
spontaneous seizure-like discharges and impaired memory compared
with females

In the C57BL/6J strain, females had reduced gains in body mass and
increased SWD than males. Mice tested at P33-37

Jando et al. (1995)
Cortez et al., 2001,
Persad et al. (2002)

Matejovska et al.
(1998)

Liljelund et al. (2005)

Arain et al. (2012)

OVX = ovariectomized; OVX + E = ovariectomized + estrogen replacement; SWD = spike wave discharges.
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