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Abstract

When all of the epilepsies are considered, sex differences are not always clear, despite the fact that 

many sex differences are known in the normal brain. Sex differences in epilepsy in laboratory 

animals are also unclear, although robust effects of sex on seizures have been reported, and 

numerous effects of gonadal steroids have been shown throughout the rodent brain. Here we 

discuss several reasons why sex differences in seizure susceptibility are unclear or are difficult to 

study. Examples of robust sex differences in laboratory rats, such as the relative resistance of adult 

female rats to the chemoconvulsant pilocarpine compared to males, are described. We also 

describe a novel method that has shed light on sex differences in neuropathology, which is a 

relatively new techniques that will potentially contribute to sex differences research in the future. 

The assay we highlight uses the neuronal nuclear antigen NeuN to probe sex differences in adult 

male and female rats and mice. In females, weak NeuN expression defines a sex difference that 

previous neuropathological studies have not described. We also show that in adult rats, social 

isolation stress can obscure the normal effects of 17β-estradiol to increase excitability in area CA3 

of hippocampus. These data underscore the importance of controlling behavioral stress in studies 

of seizure susceptibility in rodents and suggest that behavioral stress may be one factor that has 

led to inconsistencies in outcomes of sex differences research. These and other issues have made it 

difficult to translate our increasing knowledge about the effects of gonadal hormones on the brain 

to improved treatment for men and women with epilepsy.
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I. INTRODUCTION

The fact that there are sex differences in some epilepsy syndromes is well documented 

(Christensen et al., 2005). For example, idiopathic generalized epilepsy (IGE) is more 

common in women (McHugh and Delanty, 2008). A type of reflex epilepsy called 

photosensitive epilepsy is also more common in women (Taylor et al., 2007). Focal cortical 

dysplasia is more common in males (Ortiz-Gonzalez et al., 2013) and a different type of 

malformation, perinodular heterotopia, is more common in males (Sisodiya et al., 1999).

However, sex differences in epilepsy are not always clear. In epidemiological studies, this 

may be due to pooling subjects with different epilepsy syndromes or neuropathology. If only 

some epilepsy syndromes and some brain areas exhibit strong sex differences, overrall there 

may be little evidence of differences. Indeed, in a recent comprehensive review, incidence of 

the epilepsies was lower in women than men but only by a small margin (McHugh and 

Delanty, 2008). Pooling subjects with different types of epilepsy and different causes of 

epilepsy is also likely to contribute to inconsistencies from one study to the next. If one 

study includes a large proportion of subjects with IGE, sex differences might be large, but if 

another study does not, reported differences could be less obvious. This issue could explain 

why the incidence of epilepsy was greater in men (57% men and 43% women) according to 

Kim et al. (2014) but not McHugh and Delanty (2008). Regarding prevalence, similar 

inconsistencies exist: the prevalence of epilepsy showed no differences between men and 

women in one study (Burneo et al., 2005), whereas a different cohort showed a higher 

prevalence of epilepsy in men (6.05/1000 vs. 5.18/1000; Sridharan and Murthy, 1999), 

which was also found in another group of subjects (Benamer and Grosset, 2009), but 

prevalence was higher in women than men in yet another group (Winkler et al., 2009). 

Incidence also varies: in a study from Italy there were no sex differences in the incidence of 

epilepsy (Casetta et al., 2012) whereas in Ethiopia there was a higher rate in men 

(72/100,000 vs. 57/100,000) and in Turkey the rate was higher in women (42.2/100,000 vs. 

33.5/100,000; Celikkas et al., 2010). Although differences in the way these studies are 

conducted around the world help explain these different results, it seems likely that pooling 

patients with distinct types of epilepsy, and comparing studies with a different composition 

of subjects will contribute to diverse epidemiological findings.

Other characteristics of clinical epilepsy besides epidemiology make a better case that sex 

differences exist. Several aspects of temporal lobe epilepsy (TLE) appear to differ in men 

and women, such as auras, which are more common in females (Janszky et al., 2004), and 

differences between men and women exist in lateralization and generalization of seizures 

(Janszky et al., 2004). Voxel based morphometry shows abnormalities in men with TLE that 

are frontal whereas they are more often temporal in females with TLE (Santana et al., 2014). 

Extratemporal hypometabolism has been reported to be more common in men than women 

with TLE using neuroimaging (Savic and Engel, 1998; Nickel et al., 2003). Despite these 

findings, there still are many aspects of epilepsy where sex differences are understudied and 

as yet unclear.

Most investigators relate sex differences in epilepsy to actions of estrogens, progestins and 

androgens. A conceptual framework has guided the views about these hormones and their 
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actions into two fundamental principles. First, estrogens and androgens impart sex 

differences in the brain early in life by programming or “organizing” the nervous system to 

become sexually dimorphic. Second, these hormones are important after puberty to 

“activate” the programmed circuitry. Together the processes of organization and activation 

lead to sex differences in adult behavior (McCarthy et al., 2012; Kight and McCarthy, 

2014).

This framework for explaining sex differences in the brain and behavior provides potential 

explanations for sex differences in epilepsy. For example, regarding neurodevelopmental 

causes of epilepsy, sex differences in GABAergic signaling that occur in early life have been 

implicated (Galanopoulou 2008a, 2008b; Briggs and Galanopoulou, 2011; Akman et al., 

2014). Regarding the predominance of malformation-associated epilepsy in males described 

above, differences in the organizational phase of neurodevelopment seem likely to be 

responsible, i.e., making males more susceptible to a type of malformation than females. 

The cause of a male dominance in a specific type of malformation is not clear, but if the 

organizational time of life is important, it is likely to be related to the normal neonatal surge 

in androgens in the male that is metabolized to 17β-estradiol, because the rise in neonatal 

17β-estradiol causes masculinization of the brain and behavior (McCarthy et al., 2012). Sex 

differences in seizures and epilepsy support this idea. For example, studies in rodents have 

shown that freeze lesions early in life cause males to have more vulnerability to induction of 

epilepsy later in life, and this effect could be mimicked by androgenization of females 

during the perinatal period (Desgent et al., 2012). It was suggested that increased 

corticosterone mediates the effect of perinatal androgens to increase seizure susceptibility 

later in life in males (Desgent et al., 2012), which is consistent with the observation that 

prenatal stress associated with a rise in corticosterone often increases the likelihood of 

seizures postnatally (Edwards et al., 2002; Sadaghiani and Saboory, 2010). Another example 

of the regulation of seizure susceptibility by perinatal gonadal hormones is the emergence of 

sexual dimorphism in the substantia nigra during early postnatal life in the rodent, discussed 

elsewhere in this Special issue (Giorgi et al., 2014).

Sex differences that would be likely to influence clinical epilepsy are not only related to 

neurodevelopmental causes. For example, sexually-differentiated patterns of drug 

metabolism are well-documented (Pigeolet et al., 2007; Marino et al., 2012; Ibarra et al., 

2013), yet, surprisingly, clear sex differences have not emerged for most ASDs. Again, 

gonadal steroids are highly influential based on studies of estrogens, progestins and 

androgens. However, sex differences are less clear.

In laboratory animal models, ASDs are often not included in the study, allowing an 

opportunity to identify fundamental sex differences in seizures and epilepsy. Yet sex 

differences in animals are not well established, with a few notable exceptions such as the 

substantia nigra, as mentioned above.

Below, we address preclinical data in rodents, provide examples of sex differences, and 

discuss the difficulties in clarifying sex differences. We also suggest a method to gain better 

insight into sex differences in neuropathology, and how inconsistencies can be avoided. 

First, however, we explain our use of terms.
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II. TERMINOLOGY

A. General terminology

The terms that are used to discuss sex differences are often used differently from one 

investigator to another, so we first will define terms as they are used in the present 

manuscript. Gender refers to the sexual preference of humans which is typically consistent 

with biological sex (men with male gonads and other male reproductive organs vs. women 

with female gonads, etc.). Further discussion of the important distinctions between gender 

and sex is provided in an excellent recent review of these terms by experts in the field 

(Becker et al., 2005).

The relationship between the estrogens, progestins, and androgens is illustrated in Figure 

1A. The three principal naturally-occurring estrogens in mammals are 17β-estradiol (E2), 

estrone (E1) and estriol (E3): more information about this terminology is provided 

elsewhere (Blaustein, 2008). 17β-estradiol is used as an example to discuss the effects of 

estrogens below, because it mediates many of the neurobiological effects of estrogens and is 

the predominant physiologically active estrogen in most species. Progestins include 

progesterone and synthetic progestins such as those used in oral contraceptives (Figure 1A-

C). Progesterone and its 5α-reduced metabolite dihydroprogesterone (DHP) have biological 

effects but they are not as commonly studied in epilepsy research as the reduced metabolite 

of DHP, 3α-hydroxy-5α-pregnan-20-one (THP, or allopregnanolone). Allopregnanolone is a 

neurosteroid, which binds to GABAA receptors to enhance the effects of GABA, and at high 

concentrations, can directly activate the receptor (for review see Reddy, 2013).

Androgens refer to multiple ligands that act on androgen receptors (ARs), including 

testosterone and its metabolite, dihydrotestosterone (DHT). It is important to recognize that 

testosterone can be metabolized either to DHT or 17β-estradiol, thereby exerting both 

androgenic or estrogenic effects, depending on the enzymes present in the target tissues 

(Figure 1B-C). DHT is further metabolized to 5α-androstane-3α,17β-diol or 5α-

androstane-3β,17β-diol (Figure 1B-C). The 3α androstanediol isomer is a neurosteroid 

which, like allopregnanolone, enhances the effects of GABA at GABAA receptors. The 3β 

androstanediol isomer can act as an agonist at the ERβ estrogen receptor (Figure 1A-C; 

Handa et al., 2008).

Receptors for all three steroid classes – estrogens, progestins, and androgens - include 

multiple membrane-associated and cell nuclear receptors (Figure 1A,D). For estrogens, both 

of the nuclear receptor subtypes (ERα and ERβ) can also localize to the plasma membrane, 

where they can activate a number of signal transduction cascades (Figure 1D). In addition, 

estradiol can also activate a G-protein coupled membrane estrogen receptor (GPER-1) with 

actions on adenylate cyclase, as well as other signaling mechanisms (Filardo and Thomas, 

2012). For progestins, the principal target receptors are PR (two isoforms, PR A and PR B, 

differing only in the length of the N terminal amino acid chain) or the GABAA receptor 

(Figure 1A). For androgens, there are two ARs (AR A and AR B, differing, like the 

progestin receptors, in the length of the N-terminus; Figure 1A). All steroid hormones are 

lipid soluble, so they can act at the plasma membrane or cross the membrane to bind to 

nuclear receptors. Activated nuclear receptors act as transcription factors for target genes 
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(Figure 1D). Thus, membrane receptors subserve rapid actions (seconds – minutes) while 

nuclear receptors generally mediate effects that require more time.

B. The menstrual cycle of women and the estrous cycle of rodents

In many mammals, the term estrous cycle refers to the physiological changes that 

accompany the ovarian cycle. In women, these events are termed the menstrual cycle. In 

laboratory rodents, such as rats and mice, the estrous cycle lasts approximately 4 days rather 

than the 28 days of the menstrual cycle (Figure 2A-B). These four days include a day called 

proestrus, where estradiol levels in the serum increase rapidly, reaching their peak in the 

morning. If the start of the light:dark cycle is 7:00 a.m., the peak of the proestrous surge is 

mid-morning (data for the rat shown in Figure 2B; Freeman, 2006). Ovulation occurs later 

on the day of proestrus, and mating typically occurs that evening. Progesterone increases 

rapidly at ovulation, peaking at approximately midnight before declining dramatically 

during the early hours of the following day, estrus. Subsequently there are two days of 

diestrus when serum hormone levels are much lower, although smaller fluctuations occur. 

The first day of diestrus is called diestrus 1 (or metestrus), and the second day is called 

diestrus 2.

Although ovarian cycles in women are considerably longer, the different phases of 

menstrual and estrous cycles are comparable. The second part of diestrus 2 and the morning 

of proestrus are analogous, hormonally, to the late follicular phase in women. Early estrous 

morning is analogous to the perimenstrual period in women. Thus, there are similarities in 

the sequence of fluctuations in serum levels of estrogens prior to ovulation in rodents and 

women, and the species are also similar in that rapid fluctuations in serum levels of 

progesterone during and immediately after ovulation. The main exception to the species 

similarity is that the secondary surge in serum levels of estrogens that occurs during the mid-

luteal phase in women (i.e. approximately 21 days) does not have a counterpart in the rodent 

(Figure 2A-B).

One of the points of confusion in the rodent literature is the term ‘cycle stage,’ because it is 

often used synonymously with the cycle day (e.g., proestrus), and that can become confusing 

because the hormonal milieu changes rapidly between the morning and evening of proestrus. 

It also is important to be careful in comparing rodent and human ovarian cycles. For 

example, the human follicular and luteal phases comprise the first and second half of the 28-

day cycle, respectively whereas the analogous times in the rodent do not correspond to half 

the estrous cycle (Figure 2A-B). Instead, the time that is analogous to the follicular phase 

begins on estrous morning (after the decline in serum levels of progesterone), and ends with 

ovulation approximately 3 days later.

A final consideration is that in rodent endocrinology, the estrous cycle is commonly used to 

study effects of serum levels of 17β-estradiol by comparing times of the estrous cycle when 

these hormones are high or low, while the time of day is kept constant to minimize 

contributions from circadian rhythms. This is usually done by comparing mid-morning of 

each of the four days as shown in Figure 2C. The approach allows one to compare the time 

when serum levels of estradiol are at their peak (mid-morning of proestrus) vs. baseline 

(mid-morning of other 3 days of the estrous cycle). However, in practice, studies are not 
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always done this way: some, for example, use tissue from rats taken during the afternoon of 

proestrus, when the effects of circadian hormone release may be different from mid-

morning, a longer period has elapsed for expression of changes in estrogen-activated gene 

transcription, and progesterone levels in the serum have begun to rise (Figure 2B). Such 

approaches may not yield the same results as experiments performed earlier on the day of 

proestrus.

C. Seizures, epileptogenesis, and epilepsy

Regarding terms relevant to preclinical epilepsy, a seizure is a symptom of the disease 

epilepsy where seizures are recurrent and spontaneous. Epileptogenesis is the transformation 

of the normal condition, without seizures, into a condition where epilepsy exists. The 

exception to these definitions is reflex epilepsy, where seizures are provoked by a stimulus 

such as a flashing light (Scharfman, 2014).

In rodents, experimental seizures are often induced by drugs or electrical stimulation. Some 

drugs, such as pentylenetetrazol (PTZ) produce seizures with convulsive behaviors that are 

unlike seizures produced by drugs such as pilocarpine which can induce status epilepticus 

(SE), a state of continuous seizures that lasts for hours before self-terminating. SE in the 

rodent often initiates a pattern of brain damage and other changes in the brain that initiate 

epileptogenesis, leading within days or weeks to epilepsy (Scharfman, 2014b). PTZ does not 

induce SE. Kainic acid induces SE but is significantly different from pilocarpine because it 

initially produces numerous wet dog shakes (Scharfman et al., unpublished) and more severe 

neuronal loss where kainic acid receptors are concentrated, such as area CA3. All of these 

experimental models of seizures can yield data that can distinguish males and females, such 

as latency to the first seizure or SE, latency to the first convulsive seizure, and the duration 

of induced seizures. However, because of their differences, sex differences in response to 

one drug are hard to compare to sex differences in response to another drug.

III. SEIZURES, EPILEPTOGENESIS AND EPILEPSY IN RODENTS

A. Seizures

1) The importance of experimental conditions—Numerous publications suggest that 

sex differences in seizures exist in laboratory animals. However, the results differ greatly 

depending on the method used to induce seizures, the measurement of seizures (latency to 

onset, severity, duration), species, age, and the time of the estrous cycle that is chosen to 

study females; the result is that sometimes females are more severely affected, but in other 

studies males are more affected. (Scharfman and MacLusky, 2006b).

Some of the reasons for these diverse findings are that the variables matter more than one 

might think. An example is provided by our own studies of the chemoconvulsants 

pilocarpine and kainic acid in adult rats. In 2005 we reported that pilocarpine had a similar 

effect when administered mid-morning of diestrus 1, diestrus 2, or proestrus (Scharfman et 

al., 2005). We found that mid-morning of estrus was the only time when differences in the 

effects of pilocarpine could be discriminated. This was surprising given the substantial 

differences in the levels of hormones such as estradiol in the different mornings of the 

estrous cycle. A potential explanation is that severe seizures such as pilocarpine-induced 
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status epilepticus are such severe electrical events that fluctuations in serum levels of 

estradiol in the normal intact rat do not have a modulatory effect - but more subtle seizure-

like events might be modulated, if we had studied them. Indeed most studies of estradiol are 

made in the ovariectomized rat and physiological replacement is usually not tested. When 

intact rats are studied all cycle stages are not typically included. This leads to difficulty 

discriminating differences between intact rats and gonadectomized rats injected either with 

vehicle or hormone.

At mid-morning of estrus, in contrast to other cycle stages, we did find that there was a 

striking effect of cycle stage in the intact rat: a resistance of female rats to pilocarpine-

induced SE in that few of the estrous females that were tested entered into SE compared to 

other females (Scharfman et al., 2005). Notably males were not tested. Thus, even when 

many groups of intact females are studied, an additional group of intact male rats may not be 

added. If a group of males is added, however, body weight and age become hard to match to 

females. Thus, if one uses female and male rodents at the same age to study sex differences, 

body weight will differ. Moreover, the location of body weight is mostly abdominal fat, 

although there may also be significant differences in subcutaneous fat distribution. Drugs 

vary a great deal in terms of their lipophilicity, potentially affecting their pharmacokinetics, 

so differences in seizures could develop that reflect body composition and injection site 

rather than sex differences per se. Directly examining body weight as a variable may help to 

sort such issues out (Scharfman et al., 2005), but particularly when comparing males and 

females, body weight per se may not adequately control for differences in body 

composition.

Several other aspects of our 2005 (Scharfman et al., 2005) study are important to note 

because they illustrate the importance of experimental conditions. One aspect that is notable 

is the choice of the time of day to study intact female rats on the day of estrus. We chose 

mid-morning, but if we had chosen an earlier time of that day, the results could have been 

very different because progesterone levels in the serum fall during the early morning of 

estrus after a sharp decline from a peak during the evening of the previous day). This rapid 

decline leads to a phenomenon called progesterone withdrawal that we could have missed 

because experiments were not conducted early enough on estrous morning (Figure 2D). 

Progesterone withdrawal is potentially important based on studies that modeled 

progesterone withdrawal by administering progesterone after ovariectomy and then inducing 

withdrawal pharmacologically (Reddy et al., 2001; Smith, 2002; Reddy and Rogawski, 

2012; Reddy, 2013). It has been proposed that the increase in excitability caused by 

progesterone withdrawal explains the rise in seizures that often occurs during the 

perimenstrual period in women with epilepsy (Reddy et al., 2001; Rogawski, 2003; Reddy, 

2009; Reddy and Rogawski, 2009). The majority of studies using the models of 

progesterone withdrawal emphasize one mechanism for progesterone withdrawal-induced 

seizure susceptibility: a change in the action of allopregnanolone and GABAA receptor 

subunit composition (Maguire et al., 2005; Smith et al., 2007; Reddy, 2013). Studies from 

our own laboratory have also shown that BDNF levels are increased at the time of the 

estrous cycle that could be considered analogous to the perimenstrual period, and this would 

be another mechanism for increased excitability that could also depend on precise timing of 
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experiments (Scharfman et al., 2003; Scharfman and MacLusky, 2008; McNamara and 

Scharfman, 2012). The two mechanisms may, in fact, be related because BDNF signaling is 

implicated in the regulation of GABAA receptors and GABAergic inhibition (Seil, 2003; 

Gottmann et al., 2009; Grabenstatter et al., 2012). In summary, bringing the predictions of 

models to the intact animal is a difficult proposition because timing of the analysis is likely 

to be critical. Circadian rhythms in other hormones (particularly the glucocorticoids which 

are metabolized via pathways analogous to those responsible for metabolizing progesterone, 

also resulting in neurosteroids with effects at GABAA receptors) further complicate the 

situation.

It is also important to be careful when comparing in vitro vs. in vivo methods to study sex 

differences because there could be an important distinction: the brain may have higher levels 

of allopregnanolone in vivo than in vitro conditions (where neurosteroids could be washed 

out), and this could lead to relative seizure resistance in vivo but not in vitro. Indeed, our in 

vivo study may have been conducted at an appropriate time of estrous morning since slices 

prepared at that time showed hyperexcitability (Scharfman et al., 2003). As discussed 

elsewhere (Scharfman et al., 2005), high levels of allopregnanolone may have washed out in 

vitro, revealing the underlying hyperexcitability. On the other hand, the high levels of 

allopregnanolone may have been maintained in the brain in vivo, leading to seizure 

resistance.

An additional consideration is the choice of drug to induce seizures or the animal model of 

epilepsy. Agents such as pentylenetetrazol may test seizure networks that are more or less 

influenced by sex than a drug such as pilocarpine. A final consideration in the context of 

animals with epilepsy is that the GABAA receptor subunit where allopregnanolone normally 

binds may be reduced in chronic epilepsy, leading to an insensitivity to allopregnanolone, 

and other neurosteroids (Joshi et al., 2013). Therefore, our studies in normal animals may 

not predict the effects observed in epileptic animals.

Thus, at least four variables are important: 1) time of day when experiments are conducted 

in the intact female rat, 2) whether experiments are conducted in vivo or in vitro, 3) the 

seizure or epilepsy model, and 4) use of control vs. epileptic animals.

2) A case study: pilocarpine vs. kainic acid—As mentioned above, sex differences in 

animal models of seizures are not always clear because seizures and epilepsy are induced in 

animals in different ways, interacting with sex differences in the CNS in diverse ways. A 

good example is the sex difference in eliciting SE, which our studies in rats suggest will 

depend on the way SE is induced. Moreover, even if one chooses the method that employs a 

similar method (a systemic injection of a convulsant), the sex difference appears to depend 

on the choice of the chemoconvulsant.

The most common way to induce SE is by systemic chemoconvulsant injection, either 

pilocarpine, a muscarinic cholinergic agonist, or kainic acid, the prototypical agonist at the 

kainic acid subtype of glutamate receptor. Both of these chemoconvulsants are used to elicit 

SE, and also to induce epilepsy in the weeks after SE. As shown in Figure 3, there is a 
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striking resistance of adult female rats to pilocarpine-induced SE compared to males but this 

is not true for kainic acid-induced SE.

In these experiments, adult female Sprague-Dawley rats were tested at an age when puberty 

is over (typically 45-50 days is the age when regular estrous cycles are exhibited) and 10-11 

a.m. of each morning of the estrous cycle was examined to keep time of day consistent. 

Thus, four groups of intact rats were compared to intact males. The four times of the estrous 

cycle were chosen because they allow a comparison of females with low and high serum 

levels of estradiol. On each of the mornings of the estrous cycle, serum levels of 

progesterone are relatively low (compared to their peak on the evening of proestrus), which 

allows potential insight into the effects of high vs. low serum levels of estradiol while 

progesterone is low in the serum (Figure 1). Males were tested at several ages (1.5-3 

months) and results did not appear to differ among these ages. As shown in Figure 3, 

females rarely entered SE compared to males. Females did exhibit convulsive behaviors, and 

these ranged between stages 1 and 5 on the Racine scale (Racine, 1972). However, the 

convulsive behaviors never became continuous (lasting 3 min or more, which was used to 

define SE; for further details see Scharfman et al., 2005). Even when a higher dose of 

pilocarpine was administered (400 mg/kg), females had few convulsive seizures, and rarely 

had SE.

The sex difference in response to pilocarpine is consistent with the resistance of females to 

lithium-pilocarpine (Persinger et al., 1988) which is also used to elicit SE. In this procedure, 

lithium pretreatment is followed by a lower dose of pilocarpine than is typically used when 

pilocarpine is administered alone. Our results are also consistent with a study where the 

muscarinic antagonist atropine was infused into the septum to induce spiking and had a 

reduced effect in females compared to males (Herink, 1998). Resistance of females to 

cholinergic drugs was also shown in DBA/2J female mice compared to males, when 

audiogenic seizures were tested. In that study, thiamine tetrahydrofurfuryl disulfide, a drug 

that has a cholinergic mechanism of action, influenced male seizures but not female seizures 

(Lonsdale, 1982). Other data also support a relative resistance of females to the effects of 

pilocarpine on behavior, such as the ability of pilocarpine to stimulate drinking (Fregly, 

1980). The mechanism of resistance to muscarinic cholinergic agonists in females may be 

related to 17β-estradiol, because 17β-estradiol treatment of ovariectomized rats reduces 

muscarinic receptors in hippocampus (Cardoso et al., 2010). Ovariectomy followed by 17β-

estradiol replacement also reduces hippocampal concentrations of [3]inositol phosphate, 

which is normally increased by muscarinic receptor activation (Pereira et al., 2008). 17β-

estradiol also impairs the effects of the muscarinic antagonist scopolamine to impair 

memory in adult rats (Rodgers et al., 2010). In rat cortex, the effects of estradiol appears to 

be similar to the effects on hippocampus, because the number and affinity of muscarinic 

receptors decrease in response to estrogens in ovariectomized rats (van Huizen et al., 1994). 

Muscarinic receptors are lower on estrus relative to diestrus (van Huizen et al., 1994), 

consistent with the observation that pilocarpine-induced SE is rare on estrous morning 

compared to diestrous morning (Scharfman et al., 2005). In contrast, kainic acid-induced SE 

is robust on estrous morning, indistinguishable from males and there is no statistical 

difference in cycle stages (Figure 3). The severity of seizures has not been studied using 

EEG however, so further studies may reveal cycle stage or sex differences in kainic acid -SE 

Scharfman and MacLusky Page 9

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

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



using EEG. Thus, suppression of muscarinic receptors is likely to be responsible for the low 

incidence of pilocarpine-induced SE in females.

There also were sex differences in morbidity after SE using pilocarpine. Thus, those females 

that had pilocarpine-SE had limited grooming, movement and feeding or drinking the next 

day. When pre-treated with the serum estrogen response modulator (SERM) raloxifene, 30 

min prior to pilocarpine injection, the outcome the next day was improved in that animals 

were exhibiting normal exploratory behavior and food/water intake. Notably, the seizures 

that were induced seemed as robust with raloxifene pretreatment as without although this 

assessment was based on behavior not EEG and EEG provides greater resolution of seizures 

that quantification of convulsive behaviors (Scharfman et al., 2009).

There are several reasons that can potentially explain the beneficial effects of raloxifene 

such as protection of hypothalamic neurons that are usually vulnerable to excitotoxicity 

during SE (further discussed in Scharfman et al., 2009). In contrast to females, males that 

had pilocarpine-SE had some morbidity and mortality the day after SE, but less than 

females. Surprisingly, when pre-treated with raloxifene, SE occurred more often in males 

(no raloxifene, 5/9 males had SE or xx %; raloxifene, 5/5 or 100%) and mortality occurred 

in the next 24 hrs (no raloxifene, 0/5 males with SE died; raloxifene, 3/5 males with SE 

died).Thus, raloxifene pre-treatment appeared to benefit the female but exacerbate seizures 

and cause mortality in the male. In the future, EEG will be important to follow up on these 

initial findings because without EEG it is hard to be sure electrical activity was more severe; 

one only infers that is the case from a greater incidence of SE.

These data are relevant to the general issue of sex differences in epilepsy, because they show 

that the benefits of a drug for one sex are not necessarily beneficial for the other sex. The 

implication is that preclinical studies of drugs to treat epilepsy should be tested in both 

sexes.

B. Epileptogenesis and epilepsy

1) Genetic forms of epilepsy—Women are more affected in some genetic epilepsies 

such as IGE (McHugh and Delanty, 2008). One cause is an X-linked gene. For example, 

Rett syndrome predominantly affects females, which is primarily caused by mutations in the 

X-linked gene mecp2. In other epilepsy syndromes that are genetic, sex differences exist for 

other reasons such as related a mutation that affects a characteristic that is already sexual 

dimorphic or influenced by gonadal hormones. One example that is relevant to IGE and 

photosensitive epilepsy (Graham and Jeavons, 1999; Panayiotopoulos, 2005) is modulation 

of a common EEG pattern - 3 Hz spike and wave rhythm. In some animal models of absence 

epilepsy, such as cholesterol synthesis inhibitor (CSI) AY9944 treatment of Long-Evans rats 

(Persad et al., 2002; Li et al., 2007) there also is a common spike and wave rhythm 

(typically 6-10 Hz rather than 3 Hz) and predominance in females. In our studies of normal 

Sprague-Dawley rats, females exhibited spike wave discharges spontaneously at 

approximately 3 months of age, much earlier than males (Pearce et al., 2014). Those data 

also suggest an influence of sex, with females more affected. However, the predisposition 

for spike-wave in females is not completely clear, because females are not the predominate 

sex in the Wag/Rij animal model of absence epilepsy (Coenen and Van Luijtelaar, 1987).
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Nevertheless, it is interesting to consider spike-wave discharges and the possibility of a 

weak predisposition in females that may occur normally. Reasons for this predisposition 

would be likely to be related to mechanisms that underlie thalamocortical oscillations 

because of the established relationship between these oscillations and spike-wave 

discharges. For example, the hyperpolarization-activated current Ih in thalamic relay cells is 

critical to thalamocortical rhythms (McCormick and Pape, 1990; Yue and Huguenard, 2001; 

Poolos, 2006). Ih has also been implicated in the Wag/Rij animal model of absence seizures 

(Budde et al., 2005; Shridde et al., 2006). Since estradiol increases Ih (in hypothalamus; Piet 

et al., 2013) and ovariectomy reduces Ih (in visceral ganglia; Qiao et al., 2013), it seems 

likely that 17β-estradiol would increase thalamocortical oscillations by increasing Ih. 

Estradiol also modulates T-type calcium currents (Kelly et al., 2013), which is relevant 

because one of the mutations contributing to spike-wave discharges in rats has been 

identified as a T-type calcium channel (Powell et al., 2008, 2009). This is just one of many 

examples of mechanistic directions in preclinical sex difference research that are 

understudied, which is unfortunate because they could ultimately lead to improved 

therapeutic strategies.

2) Acquired epileptogenesis and epilepsy—Acquired epilepsy is defined here as a 

type of epilepsy that is initiated by a brain insult or injury. In acquired TLE, years or 

decades may occur before seizures begin whereas in animal models of acquired TLE the 

timeframe is days, weeks or months. Epileptogenesis is thought to occur during this time 

span, initiated by the insult or injury and caused by changes in the brain in response to the 

injury, which may vary due to genetic predisposition (Figure 4). In the next section we 

consider sex differences in the response to insult, called the precipitating or initial event, and 

consider epileptogenesis afterwards.

a. Sex differences in brain injury: It is often stated that males have a greater predisposition 

to behaviors that involve physical risk, and therefore are more likely to sustain insults or 

injuries that lead to acquired epilepsy. It is also commonly assumed that women are 

protected from injury by estrogens and progesterone. However, it is not clear from the 

published literature if women have a lower risk of acquired epilepsy. The reason may be that 

males do not actually have more of the type of brain injury that leads to epilepsy (which is 

currently not defined). Or women may actually not be protected from epileptogenesis due to 

brain injury, even if there are some protective effects of estrogens on other aspects of health 

(Brinton, 2008; Scharfman and MacLusky, 2008; Bath et al., 2013).

Recently we examined a phenomenon that may shed light on a reason women may develop 

acquired epilepsy in robust numbers. At the same time, we found a method that is a sensitive 

assay of neurons that are damaged but are not yet dead. This is notable because currently 

only a few stains, such as fluorojade, are typically used to assay damaged neurons in 

research using animal models of epilepsy. Additional methods would potentially be helpful 

in characterizing neuropathology.

We found that the neuronal antigen NeuN, a marker of a nuclear protein found in almost all 

neurons, was sexually dimorphic in the normal adult brain. In females, but not males, there 

was a loss of antigenicity in several limbic regions of females after puberty (Figure 5A). The 
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limbic areas of the female that showed weak NeuN expression included the entorhinal, 

frontal, perirhinal, retrosplenial and olfactory cortices. Loss of expression occurred in 

patches rather than respecting laminar borders or cytoarchitectonic boundaries of 

subregions. The neurons that had weak expression of NeuN also showed pkynosis using 

cresyl violet as a stain, which historically is considered to be a sign of cellular damage. 

These findings were made in rats or mice and were exacerbated by age and loss of 

neurotrophic support (Duffy et al., 2011). Prior studies have documented that diverse insults 

and injury, ranging from age to soman toxicity, can lead to phosphorylation of NeuN and as 

a result, reduction of immunodetection using an antibody raised against NeuN (for detailed 

discussion, see (Duffy et al., 2011). Presumably there is a loss of NeuN immunoreactivity 

because the antibody to NeuN does not recognize the conformational change in the protein 

that has been phosphorylated.

These data are intriguing because they suggest an inherent difference in neurons of many 

areas of the cortex in females compared to males. They are reminiscent of suggestions that 

areas such as the entorhinal and retrosplenial cortex in females are vulnerable to the NMDA 

antagonist MK-801 (de Olmos et al., 2008; Bender et al., 2010). They also suggest a sex 

difference that might be relevant to disease. Psychiatric disease is discussed with respect to 

the data from studies of MK-801 administration by Feinstein and Kritzer (2013).

Based on the assumption that weak NeuN immunoreactivity indicated a vulnerability of 

neurons, we asked if a second ‘hit’ (the first hit being the initial stress causing weak NeuN 

expression) would cause the areas with weak NeuN expression to undergo neuronal loss. 

Furthermore, we compared females to males, which normally do not show the weak 

expression of NeuN as mentioned above. If weak NeuN expression were a contributing 

factor to the consequences of the second ‘hit’ then sex differences would be expected. 

Therefore we injected a relatively low dose of pilocarpine, 300 mg/kg, to intact adult female 

and male rats. We then examined these regions using NeuN immunohistochemistry and 

cresyl violet staining 3 days later, a time that typically is ideal to study neuronal loss after 

pilocarpine-induced SE.

We found that there was neuronal loss in the regions that showed weak NeuN expression in 

females (Figure 5C). Males did not sustain detectable neuronal loss in these regions, or 

elsewhere, probably because of the low dose of pilocarpine we used. The data suggest that 

females may have an inherent vulnerability that predisposes them to brain damage in select 

brain regions that are distinct from males. This vulnerability is quite remarkable because it 

was induced using pilocarpine, where females normally exhibit an insensitivity (described 

above). The data could explain why females have effects after brain injury that differ from 

males, and in TLE, more auras, because they involve limbic / frontal regions where the 

effect occurred (described above). Thus, assays such as expression of NeuN could be useful 

in the future.

b. Sex differences in the response to brain injury: Regrettably, there are several questions 

that have not yet been answered about sex differences in epileptogenesis following a brain 

injury. One of the reasons there is little that is known is that females are rarely studied and 

compared to males. Moreover, studies of females and males often do not include females at 
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all stages of the estrous cycle. It is difficult to conduct these studies because of the cost to 

use many experimental groups instead of 1 group of males.

Moreover, when female rodents have convulsive seizures there usually is a cessation of 

estrous cycles. This becomes an additional experimental variable that is hard to control. In 

kindling, for example, females often develop persistent estrus (Edwards et al., 1999) where a 

high level of estrogen develops chronically. Irregular estrous cycles typically occur in 

models of TLE that use SE as the initial insult (Amado and Cavalheiro, 1998; Scharfman et 

al., 2008). Polycystic ovaries and increased androgen levels can develop, adding additional 

experimental factors (Scharfman et al., 2008). Although interesting because women with 

epilepsy can develop polycystic ovaries and increased androgen levels, it is difficult to use 

laboratory animals to explore sex differences in epileptogenesis because inducing 

convulsive seizures causes a loss or dramatic alteration in normal gonadal hormones.

IV. WHY ARE EXPERIMENTAL CONDITIONS SO IMPORTANT TO 

RESEARCH STUDIES ABOUT SEX DIFFERENCES?

A. Pharmacology vs. physiology

One reason that sex differences that have been reported previously seem inconsistent (for 

review, see Scharfman and MacLusky 2006) is related to the fact that the experiments in 

laboratory animals often study pharmacological effects after castration, and the conditions of 

these experiments are not the same. The timing and dose/preparation of steroids make a very 

large difference to effects. In addition, the ovaries are not the only source. The brain makes 

estrogens, progestins and androgens; regarding estrogens, there are striking effects of the 

estrogen synthesis within the brain (Prange-Kiel and Rune, 2006; Fester et al., 2011). In 

addition, the dose-response curve for hormonal effects is nonlinear. Effects that occur within 

minutes of estrogen exposure may not persist even if the ligand concentration is maintained, 

because ERs internalize in response to prolonged exposure to agonist (Bondar et al., 2009; 

Dominguez and Micevych, 2010). The response to estrogen also is sensitive to prior 

conditions. As discussed elsewhere (Scharfman et al., 2007), the slow rise in serum levels of 

17β-estradiol that occurs during diestrus 2 of the rat ovarian cycle may "prime" the brain for 

the rapid surge in 17β-estradiol the next morning, proestrous morning. The "priming" may 

be critical for a maximal effect of the proestrous morning surge in 17β-estradiol. Yet 

'priming' is not usually conducted in studies of estrogen action.

Another issue is that ovariectomy is followed by rapid changes in estrogen responsiveness in 

the rodent, so if experiments differ in the delay between ovariectomy and estrogen 

replacement, they are hard to compare. In our experiments that examined the effects of 

estrogen on afferent input to area CA3 of the hippocampus, we found that ovariectomized 

rats treated with estradiol had a large effect when treated 4-7 days after ovariectomy, a lesser 

effect if the delay was 10-20 days, and hardly any effect if the delay was >20 days following 

ovariectomy (Scharfman et al., unpublished). In additional experiments that also examined 

area CA3 electrophysiologically, a dose-regimen that precisely simulated the preovulatory 

surge led to a very large increase in the afferent response of CA3 neurons, but a slight 
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change in the dose-regimen changed the effect dramatically, leading to rhythmic field 

potential reminiscent of epileptiform activity (Scharfman et al., 2007).

B. Stress

When low concentrations of hormones that simulate in vivo concentrations were used in 

prior experiments, it was possible to simulate changes occurring in the intact rat, but there 

were several factors that could reduce the ability to detect effects. The implication is that 

hormonal modulation of seizures that recapitulates effects of hormones in the intact rodent 

can be observed experimentally, but detection is very sensitive to experimental conditions. 

Others have also noted that variables that are often not considered to be major contributing 

factors, such as diet, can have dramatic affects on the ability to detect the influence of 

estradiol on behavior. One reason appears to be the levels of phytoestrogens such as soy in 

the diet (Luine et al., 2006). The light:dark cycle is also a variable that is not considered to 

be extremely important but if it is not regular, the estrous cycle is disrupted in rodents 

(Singh, 2005).

The recent history of social housing is another variable that appears to be surprisingly 

important. Based on our own studies of rats, we found that there were robust distinctions 

between animals that are socially housed and animals that have had their cage mates 

removed up to 24 hrs earlier. The isolated animal appears to maintain its estrous cycle based 

on vaginal cytology, but lose its hippocampal response to changes during the cycle. A 

similar finding was made when ovariectomized rats were examined after low doses of 

estradiol vs. vehicle; animals that were housed with another rat exhibited an effect of 

estradiol but not if they had been isolated from their cage mates within 24 hrs prior to use. In 

these experiments, slices were prepared and recordings were made in area CA3 to compared 

the responses to mossy fiber stimulation (Figure 6). For these experiments, animals were 

either housed with 1-2 other rats until euthanasia, or animals were separated, placed alone in 

a cage, and brought to the laboratory for euthanasia. Even if animals were treated with 

estradiol, there was a markedly diminished response to mossy fiber stimulation, making 

estradiol-reatment similar to vehicle-treatment (Figure 6). The results are consistent with 

findings of others showing that behavioral stress decreases spine synapses on hippocampal 

neurons in area CA3 (McEwen, 1999). The implication of the results is that acute stress 

decreases the responses of area CA3 neurons to afferent input, and in so doing, blocks the 

ability to detect differences that are due to gonadal hormones such as estradiol. An 

impairment by stress of the acute effects of progesterone administration has been described 

in Wag/Rij rats (Tolmacheva and van Luijtelaar, 2007). If one were to generalize from these 

observations to humans, one would predict that an individual who is behaviorally stressed 

may not show the same cycle-dependent effects as an individual who is not stressed. 

Behavioral stress is relevant because individuals who are brought to a clinical laboratory for 

evaluation of seizures and may be stressed by that examination and therefore exhibit 

diminished hormone-dependent effects. If they could be examined in the comfort of their 

own home, one would predict that hormone-dependent effects on seizures would be detected 

more readily. In the future, digital devices that can be maintained in the home could be used 

to circumvent this potential problem.
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C. The complexity of hormone action and epilepsy research

Another important issue is that hormonal effects in the brain are extremely complex - as are 

seizures and epilepsy. Most hormones have more than one biological effect, and the net 

effect can be less obvious than each effect observed in isolation in vitro. Epilepsy research is 

also complex in that a study of seizures may show an effect of a hormone but the results 

may not predict effects in chronic epilepsy.

Even if one just considers 17β-estradiol and only the hippocampus, the complexity of 

hormone action is readily appreciated. There are a diversity of effects as discussed in 

excellent reviews elsewhere (Mendez et al., 2005; de Lacalle, 2006; Prange-Kiel and Rune, 

2006; Foy et al., 2008; Spencer et al., 2008; Smith et al., 2009; Barha and Galea, 2010) 

which document that estradiol has effects on structure, glutamatergic transmission, 

GABAergic neurons and astrocytes. Actions differ in development, adulthood, and aging. 

Rapid, direct actions are followed by secondary effects at diverse target genes, which in turn 

can have their own complex actions. Regarding seizures and epilepsy, 17β-estradiol on the 

one hand exhibits protective effects, but on the other hand can increase excitability. The first 

effect would tend to reduce epileptogenicity but the second would increase it. The 

mechanisms are complex because there are a number of biological effectors, so one cannot 

easily remove one and then perform experiments in a more controlled fashion. For example, 

there is evidence that 17β-estradiol increases the levels of brain-derived neurotrophic factor 

(BDNF) in hippocampus of the rat (Scharfman and MacLusky, 2006a), which has been 

shown to have both protective actions and increase hippocampal excitability (Scharfman and 

Maclusky, 2005). BDNF also influences neuropeptide Y (Wirth et al., 2005; Scharfman and 

MacLusky, 2006a), as does 17β-estradiol (Veliskova and Velisek, 2007; Ledoux et al., 

2009) and neuropeptide Y has many effects that could influence seizures and epilepsy 

(Scharfman and Gray, 2006; Sperk et al., 2007). Together, actions of BDNF and 

neuropeptide Y make effects of 17β-estradiol hard to predict.

Androgens similarly have diverse effects, and the net effect is unlikely to be only pro- or 

anticonvulsant (Harden and MacLusky, 2005; Frye, 2010). As shown in Figure 1, the 

prototypical androgen, testosterone, is metabolized either to 17β-estradiol or 

dihydrotestosterone (DHT). Therefore, testosterone can have the effects of 17β-estradiol in 

the brain, or the effects of DHT at androgen receptors. Furthermore, DHT has two 

metabolites, one that enhances the actions of GABA at GABAA receptors, and another 

which can act like estradiol at estrogen receptor β (ERβ). As a result of these diverse actions, 

testosterone can have multiple effects that can be both pro- and anticonvulsant.

Effects of one gonadal steroid can also antagonize another. For example, progesterone 

synergizes with 17β-estradiol to produce the surge in luteinizing hormone on proestrus 

(Mann and Barraclough, 1973). However, the actions of the neurosteroid metabolite of 

progesterone, allopregnanolone, are generally inhibitory and therefore can oppose the pro-

excitatory effects of 17β-estradiol. Furthermore, actions of a hormone in one brain nucleus 

may oppose the action in another part of the brain.
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D. Females vary in the timing of their hormone-dependent changes

One problem that arises in evaluating sex differences is that there is variability in the 

females even at the same time of the estrous cycle. Unless sample size is extremely large, 

the variability can make sex differences hard to establish statistically. The reason for the 

variability is not only experimental conditions (described above) but biological.

The underlying biological variability of the female estrous cycle is shown schematically in 

Figure 7. Analogous variability is likely to occur for the female menstrual cycle. There is 

variation that has been measured in the levels of serum hormones and it is particularly large 

during the preovulatory surge compared to other times of the estrous cycle. The implication 

is that one female may experience a rise in serum estradiol considerably later, and/or during 

the diestrus 2-proestrus transition than another female. One cycle of a given female may be 

different than the next. The effects of estradiol may vary as a result. In some cycles, effects 

could already be robust early during the preovulatory surge, but not in the next (Figure 7A). 

This leads to variation across cycles and across females that is likely to make it hard to 

detect consistent effects - even when experimental conditions are constant.

There also is like to be variation in the timing of 'downstream' effects resulting from the 

preovulatory surge such as the effects that require a sequential pattern of gene activation. 

For example, when serum levels of estradiol rise, growth responses result from actions of 

estradiol at target genes. Some of the genes may have additional targets that require time to 

produce an effect, such as the actions of which initiate spine plasticity, axonal sprouting and 

synaptogenesis (Figure 7B). If each time a signaling cascade is activated the duration to the 

peak effect is somewhat variable, the sum of the variances will lead to a very large net 

variance (Figure 7B). In the case of a complex growth response, the peak effect might vary 

extensively from cycle to cycle, or subject to subject (Figure 7C).

The implication is that a woman might have a different duration between the time of a peak 

serum level (or estrogen or progesterone) to the time of the pro- or anticonvulsant effect of 

estradiol or progesterone. This variance may lead to a need to survey many times of the 

ovarian cycle repetitively to find a robust effect of the cycle on seizures. This is not usually 

possible in a preclinical study or clinical research.

VII. CONCLUSIONS

In summary, there are important sex-dependent differences that influence seizures and 

epilepsy, and they can easily be missed by pooling males and females. Studies are likely to 

obtain different results unless experimental conditions are carefully controlled, with 

attention to age, body weight, time of day, housing, diet, and the type of seizure that is 

studied. Even if conditions are constant, biological variability will require large sample sizes 

to detect significant differences.

However, without such studies, treatment of patients with epilepsy will be adversely 

affected. For example, a drug that acts on GABAA receptors may always have effects in 

males, but not be as consistent in women because at the end of the luteal phase of her 

menstrual cycle there are changes in GABAA receptor subunits (Maguire et al., 2005; Smith 
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et al., 2007; Ferando and Mody, 2012). Substantial sex differences may exist in drugs that 

act on muscarinic receptors. There also are dangers in withholding treatments such as 

estrogen or androgen therapy. For example, if women with epilepsy are postmenopausal, 

estrogens may be helpful to support bone and mood. However, they may not be 

administered because of a suspicion that estrogens will increase the likelihood of seizures. 

What can be done to advance our ability to treat women (and men) optimally? A simple but 

difficult answer, especially in the present economic climate: more support for research in 

sex differences with careful and comprehensive approaches - both clinical and basic 

research.
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Figure 1. Estrogens, progestins, and androgens
A. The major estrogens, progestins and androgens that are synthesized in the body 

(Biological) or not (Other) are listed, as well as receptors. Common abbreviations are in 

parentheses.

B. Major metabolic pathways of testosterone are shown (black) and receptors for the 

metabolites (red).

C. Major pathways of biosynthesis of estrogens, progesterone, and androgens are shown.

D. A schematic of a cell shows the receptors for estrogens and the general route of nuclear 

receptor activation of target genes. GPER, G-protein coupled estrogen receptor. ERE, 

estrogen response element.
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Figure 2. 
A. Measurements of 17β-estradiol, progesterone, luteinizing hormone (LH) and follicle 

stimulating hormone (FSH) during the menstrual cycle.

B. The estrous cycle of the Sprague-Dawley rat. A and B are adapted from (Scharfman and 

MacLusky, 2006b).

C. The times of the estrous cycle that are commonly used to compare the effects of 17β-

estradiol when serum levels peak (proestrous morning) and when they are at low levels 

(diestrous 2 morning, estrous morning, metestrous morning).

D. The time of the estrous cycle when serum levels of progesterone rapidly decline from 

their peak values is designated in green. A suggested time to assay effects of progesterone 

withdrawal is indicated by a blue arrow.
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Figure 3. Sex differences in the response to pilocarpine and kainic acid
A. Pilocarpine injection (380 mg/kg, s.c.) to adult female and male rats produced animals 

with status epilepticus (SE, black), seizures but not SE (grey), and SE that led to death from 

a severe seizure (white). Males had SE more often than females whether the animals that 

died were included or not (Fisher’s exact tests, p<0.05). 1. Numbers of rats. 2. Percent of 

rats. 3. The percent of animals that had SE is plotted in relation to the cycle stage at the time 

of pilocarpine administration. Sample sizes are at the base of the bar. Note that for estrous 

and acyclic animals (Acyc), SE did not occur.

B. Kainic acid (12 mg/kg, s.c.) to adult female and male rats led to SE more often than 

pilocarpine and sex differences were not evident. 1. Numbers of rats. 2. Percentage of rats. 

3. The percent of animals that had SE are plotted in relation to their cycle stage at the time 

of kainic acid injection. There were not significant differences (one-way ANOVA, p>0.05).
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Figure 4. Acquired epileptogenesis
A schematic illustrates the phases of acquired epileptogenesis in temporal lobe epilepsy. An 

early life insult or injury leads to many years where changes occur in the brain that involve 

plasticity. Ultimately these changes lead to spontaneous recurrent seizures, i.e., epilepsy. 

Superimposed on this process are the influences of genes and any concurrent developmental 

disorder that may exist, such as an area of cortex where there is a malformation.
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Figure 5. Sex differences in the entorhinal cortex
A. A horizontal section of the entorhinal cortex of a male (1) and female (2) rat shows 

normal immunostaining with an antibody that marks a neuronal nuclear antigen (NeuN) in 

the male but in the female, there is light staining in layer III (arrow). LD= lamina dissecans. 

DG= dentate gyrus. PRE= presubiculum. SUB = subiculum. PARA = parasubiculum. 

Calibration, 250 μm.

B. In a female, a horizontal section shows an area of weak NeuN (1) and cresyl violet 

staining in an adjacent section (2). Arrows point to the area of weak NeuN in 1 and insets 

from areas with normal cresyl where NeuN staining was robust (left) or pkynotic neurons 

where NeuN staining was weak (right). Calibration, 250 μm (top) and 30 μm (insets).

C. Pilocarpine injection (380 mg/kg) was used to elicit brief seizures, which were truncated 

by pentobarbital (20 mg/kg) after 5-10 min. In these animals, perfusion 3 days later was 

followed by NeuN and cresyl violet staining of horizontal sections. 1. In the females (n=3), 

an area of cell loss was evident in the entorhinal cortex (arrows). At high power (right), both 

the superficial and deep layers appeared to have cell loss (arrows). 2. In the males (n=5), 

there was no detectable area of cell loss. Thus, female entorhinal cortex was more 

vulnerable to cell death after a brief series of seizures than males. Calibration, 250 μm (left), 

100 μm (center and right).
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Figure 6. Social isolation blocks the positive influence of 17β-estradiol on responses to mossy 
fiber stimulation in area CA3
A. Schematic of the location of stimulating (stim) and recording (record) electrodes in the 

hippocampal slice used for the recordings in B. One recording electrode was placed in 

stratum lucidum (SL) to record the response to stimulation in the subgranular zone to 

activate granule cell axons, the mossy fibers (MFs). It was then moved to the pyramidal cell 

layer to record the response of pyramidal cells to the same stimulus, adjacent to the axon 

hillock where action potentials are generated. The sum of the action potentials in the area 

around the recording electrode is a negative deflection called a population spike.

B. Responses to 2 stimuli (40 msec apart) are shown for the SL and PCL recording sites for 

a slice from a female rat that had been isolated in a cage for 24 hrs. This animal was 

ovariectomized and treated with 17β-estradiol as described elsewhere (Scharfman et al., 

2007). It was euthanized and slices were prepared at the time of the peak serum level of 17β-

estradiol. Stimuli are marked by the dots. All stimuli are half-maximal.

C. Responses to 2 half-maximal stimuli are shown for a slice from a female animal that was 

housed with 2 other female rats (socially housed) until euthanasia. It was ovariectomized 

and treated with 17β-estradiol with the same delay between surgery and treatment as the 

isolated rat, and same dose-regimen of 17β-estradiol. These examples show similar response 

morphology but smaller amplitudes in the isolated animal.

D. Comparison of MF responses in isolated and socially-housed rats that were euthanized 

mid-morning of proestrus or socially-housed rats that were euthanized mid-morning of 

metestrus. The normally large evoked responses on proestrous morning in socially-housed 

rats were not observed in isolated rats Isolated rats were similar in their responses to 

socially-housed rats that were euthanized on metestrous morning, when responses are 

normally small compared to proestrous morning (Scharfman et al., 2003). * = one-way 

ANOVA followed by Student’s t-tests, p<0.05.
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Figure 7. Variability in the effects of the preovulatory surge of serum estradiol in the rat
A. Values for serum estradiol show that variance increases during the preovulatory surge, 

which can lead to relatively high (blue) or low (red) values from one cycle to the next, or 

one rat to another.

B. Arrows illustrate where the start and peak of the preovulatory estrogen surge would be in 

the example in blue and red. The variability in the start of the surge and its peak could 

change the time and degree that a given effect is influenced by 17β-estradiol.

C. A schematic illustrates the different phases of the process where 17β-estradiol causes an 

effect during the estrous cycle. During each phase is a variance in duration that the phase 

may have. At the bottom, two examples are shown where the durations are relatively long or 

short. When relatively long, the peak effect may not occur until the start of the night on 

estrus. When relatively short, the peak effect may occur much earlier, at the start of estrous 

day. For these reasons and others, effects of the estrous cycle may be too variable to be 

detected, leading to the assumption that sex differences are not present.
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