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Abstract
OBJECTIVE—Chronic seizures in women can have adverse effects on reproductive function,
such as polycystic ovarian syndrome (PCOS), but it has been difficult to dissociate the effects of
epilepsy per se from the role of antiepileptic drugs (AEDs). To distinguish the effects of chronic
seizures from AEDs, we used the laboratory rat, where an epileptic condition can be induced
without concomitant AED treatment.

METHODS—Adult female rats were administered the chemoconvulsant pilocarpine to initiate
status epilepticus (SE), which was decreased in severity by the anticonvulsant diazepam. These
rats developed spontaneous seizures in the ensuing weeks, and are therefore termed “epileptic.”
Controls were saline-treated rats, or animals that were injected with pilocarpine but did not
develop SE. Ovarian cyclicity and weight gain were evaluated for 2-3 months. Serum hormone
levels were assayed from trunk blood, collected at the time of death. Paraformaldehyde-fixed
ovaries were evaluated quantitatively.

RESULTS—Rats that had pilocarpine-induced seizures had an increased incidence of acyclicity
by the end of the study, even if SE did not occur. Ovarian cysts and weight gain were significantly
greater in epileptic rats than controls, whether rats maintained cyclicity or not. Serum testosterone
was elevated in epileptic rats, but estradiol, progesterone and prolactin were not.

INTERPRETATIONS—The results suggest that an epileptic condition in the rat leads to
increased body weight, cystic ovaries and elevated testosterone levels. Although caution is
required when comparing female rats to women, the data suggest that epilepsy per se may be
sufficient to induce abnormalities in the control of the ovary.
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INTRODUCTION
There have been many reports of impaired endocrine function in women with epilepsy,
including loss of the ovarian cycle (amenorrhea) or irregular cycle duration
(oligomenorrhea) and anovulatory cycles1,2. In addition, cases of reduced fertility have
been documented 3,4, as well as premature menopause2,5,6, and polycystic ovaries (PCO)
or polycystic ovarian syndrome (PCOS7,8), although the frequency is controversial9,10.
PCO involves benign cysts that develop in the ovaries, and is more common in women with
epilepsy than in the general population7. PCOS is a syndrome that has historically been
associated with cystic ovaries, weight gain, hirsutism, and insulin resistance10-12. In 1990,
a National Institutes of Health consensus definition was established that includes irregular
menstrual cycles and hyperandrogenism, and suggests that weight gain and insulin
resistance (“metabolic syndrome”) only be considered as symptoms that are ssociated with
PCOS13. In 2003, the European Society of Human Reproduction and Embryology and the
American Society for Reproductive Medicine consortium (the Rotterdam ESHRE/ASRM
consortium) suggested that cystic ovaries be included in the definition14,15.

Based on the clinical data, it is unclear whether chronic seizures or anticonvulsant use is
responsible for endocrinological changes in patients with epilepsy. For PCOS, this has been
a subject of considerable debate16-20. Valproic acid appears to consistently increase the risk
of ovarian cysts in women with epilepsy, and some other anticonvulsants also do
so16,18-20. One way to address the contributions of chronic seizures vs. pharmacotherapy is
to use an animal model of epilepsy, because the effects of seizures can be examined
independent of anticonvulsant treatment. In addition, the effects of age and environment can
be controlled, while genetic variation is reduced. Although it is difficult to generalize
information from the rodent to humans, several parallels in data from past comparisons
suggest it is useful, if approached with caution. Importantly, it seems reasonable to evaluate
reproductive disorders like cystic ovaries, because valproic acid appears to induce cystic
ovaries in normal female rats21, suggesting that some common ovarian syndromes may
develop across mammals.

The goal of this study was to test the hypothesis that chronic seizures would lead to
reproductive dysfunction without any history of antiepileptic (AED) treatment, using an
animal model of epilepsy. We focused on an animal model of limbic seizures because it has
been suggested that seizure activity in limbic structures might be particularly likely to
influence the reproductive system, due to the interconnectivity of limbic nuclei with the
hypothalamus2,7,22.

Testing this hypothesis is not simple, however, because most studies of female rodents with
limbic seizures suggest that the experimental procedures to induce an epileptic state are
accompanied by a loss of reproductive function. This problem precludes the goal, i.e., to
study a reproductively normal animal with epilepsy for a long period of time, and determine
if reproductive function ultimately becomes abnormal or not. For example, kindling the
amygdala in the female rat causes cessation of the ovarian cycle (the “estrous cycle” in
rodents) before the the epileptic state is reached23. Loss of the estrous cycle may be due to
amygdala damage, because experimental lesions to the amygdala can lead to cessation of the
estrous cycle in the rodent24,25.

Other methods to induce epilepsy, besides kindling, also are associated with reproductive
abnormalities. For example, after intrahippocampal kainic acid injection in the anesthetized
female rat, it was reported that the animals developed spontaneous seizures, but it was also
mentioned that they had irregular estrous cycles26. Systemic pilocarpine administration has
been used in female Wistar rats to induce SE, followed by an epileptic state after a delay of a
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few weeks27,28. These animals also demonstrated irregular estrous cycles27,28, although
not universally. Indeed, some animals appeared to sustain many important components of
reproductive function, because some could become pregnant27. Hormonal changes were
reported27,28, but all animals were pooled, both those with apparently normal estrous cycles
(cyclic) and irregular cycles (acyclic). Therefore, it is currently unclear how a state of
epilepsy in the reproductively normal female rodent might ultimately lead to changes in
endocrinological measures such as cyclicity, serum hormone levels, or pathology such as
PCOS.

Here we used the pilocarpine model of temporal lobe epilepsy (TLE) to achieve these goals.
Intervention with diazepam shortly after the onset of epilepsy was able to modify the
procedure enough so that animals with regular estrous cycles were possible to study after
SE. We also studied animals that were treated with pilocarpine, but did not develop SE.
Some of these animals had a few limbic seizures immediately after pilocarpine
administration, instead of SE. These animals are usually not studied at all, but were of
interest because they allowed us to compare the effects of a single cluster of seizures in a
normal rat, relative to an epileptic state.

METHODS
Subjects

Adult Sprague-Dawley female rats were obtained from Taconic farms (Germantown, NY).
Rats were housed 2-3/cage at 64-75°F and 40-75% relative humidity, in standard opaque
cages with corn cob bedding and a 12 hr light:dark cycle (lights on, 7:00 a.m.). Food (Purina
5001 chow; WF Fisher & Son, Somerville, NJ) and water were provided ad libitum. Cages
with 1-2 adult male rats were placed between cages of female rats, to facilitate regular
estrous cycles29.

All procedures met the guidelines of the New York State Department of Health and National
Institutes of Health guidelines. Chemicals were purchased from Sigma-Aldrich (St. Louis,
MO), unless otherwise specified.

Vaginal cytology and terminology associated with estrous cyclicity
Starting at 50 days of age, female rats were examined daily between approximately 9:00
a.m. and 12:00 p.m. to assess the relative frequency of cell types of the vaginal epithelium in
a 30 μl sample of vaginal fluid23. For the purposes of the present study, nomenclature for
the days of the estrous cycle are as follows: proestrus, estrus, diestrus 1 and diestrus 2. On
proestrus, estradiol surges during the mid-morning, followed by a rise in progesterone that
begins at approximately mid-day and ovulation in the evening (if the light cycle begins at
7:00 a.m.). By estrous morning, both estradiol and progesterone values have returned to
baseline levels. During diestrus (diestrus 1 and diestrus 2), values of estradiol and
progesterone are low relative to their peak values on proestrus day and the ensuing night25.
We have previously shown that vaginal cytologic examination is predictive of cycle stage,
confirmed by evaluating serum hormone levels of estradiol and progesterone30, which
matched the values of the normal Sprague-Dawley rat31. Animals that failed to show three
consecutive four-day patterns before treatment were excluded.

When estrous cycles became irregular in the course of this study, two patterns were evident.
Both patterns reflect acyclicity, but suggest differences in the associated endocrine
state32,33. One pattern, termed “irregular” was defined by vaginal cytology that lacked any
pattern. From one day to the next, samples demonstrated leukocytes primarily, or the major
cell type was an epithelial cell or cornified epithelial cell. There was no predominance of
any one cell type for any 2 day period, which occurs during the normal estrous cycle, i.e.,
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when leukocytes dominate for 2 days of diestrus, followed by a 2 day period when samples
primarily include epithelial and cornified epithelial cells, signalling proestrus and estrus. In
the acyclic rats that were irregular, ovulation occurred intermittently, indicated by a vaginal
sample dominated by cornified epithelial cells, but there was no consistent diestrous period
before or afterwards.

The second pattern of acyclicity was associated with persistent vaginal cornification, which
reflects the endocrine state that is common in the aged rat, “persistent estrus.” Persistent
estrus is accompanied by elevated serum estradiol levels and the predominance of cornified
epithelial cells in the daily vaginal sample (i.e., an absence of leukocytes)24,33. Persistent
estrus is also associated with cystic follicles24. Because of the differences in a rat that is an
intermittent ovulator (irregular) and a rat in persistent estrus (no ovulation, chronic elevation
in estradiol without diestrus), animals with persistent estrus are referred to differently than
animals with intermittent ovulation.

Assays of steroid hormones
Trunk blood was collected at the time of death, and centrifuged to separate serum. Serum
samples were frozen at -20°C until use. Radioimmunoassay (RIA) was conducted for
estradiol as previously described,30,34 and enzyme-linked immunoabsorbent assay (ELISA)
for progesterone and testosterone (ELISA kits 582701and 582901 from Cayman Chemicals,
Ann Arbor, MI). Assays were conducted in triplicate, and averaged values used for
statistical comparisons. The investigator who conducted the assays was blinded to the
history of the animal, i.e., saline vs. pilocarpine treatment, epileptic or not.

Histology
Following deep anesthesia by urethane (2.5 g/kg, i.p.), animals were perfusion-fixed through
the aorta with 0.9% NaCl for 3 minutes by gravity feed, followed by 4% paraformaldehyde
(in 0.1 M phosphate buffer, pH 7.4) for 5 min. One ovary/animal was transferred to 30%
sucrose solution after at least 3 days. Sections (35 μm) were cut using a cryostat (IEC
Minotome; Global Medical Instrumentation, Inc.; Ramsey, MN) and consecutive sections
were mounted on subbed slides. After drying overnight, sections were stained using cresyl
violet. Slides were transferred through a graded series of alchohol (70%, 90%, 95%, 100%,
100%, 3 min each), cleared in xylene (5 min), rehydrated, rinsed in distilled water, and then
incubated in 1% cresyl violet acetate for approximately 1 min. Sections were then rinsed in
distilled water, dehydrated, cleared in xylene, and coverslipped in Permount (Fisher
Scientific; Pittsburgh, PA).

To evaluate ovarian morphology more closely, the second ovary was embedded in paraffin.
8 μm sections from the ovary were cut with a microtome (Ultracut; Leica Microsystems,
Inc.; Bannockburn, IL), deparaffinized, and alternate sections were mounted on subbed
slides and stained with hematoxylin and eosin (Hematoxylin counterstain kit; Vector
Laboratories; Burlingame, CA). Slides were incubated in hematoxylin solution for 1 min,
rinsed in distilled water, immersed in acid rinse solution, rinsed in distilled water, incubated
in bluing solution for 1 min, rinsed again, and mounted using Permount.

A blinded investigator examined sections at 2-100x using an Olympus BX51 microscope
(Olympus of America, Center Valley, PA) and Insight Spot camera (Spectra Services Inc.,
Ontario, NY) to quantify the number of cysts per ovary and obtain photomicrographs. Cysts
were defined as large fluid-filled cavities that differed from normal follicles in having only a
thin granulosa cell layer23 (Figures 2,4). Consecutive sections were evaluated because cysts
were large enough that they were present in more than one section. To be sure that each cyst
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was only counted once, serial sections were examined. There was no evidence of asymmetry
in ovarian pathology, so the results report the number of cysts for only one of the ovaries.

The pilocarpine model
Atropine methylbromide (1 mg/kg, s.c.) was injected, followed 30 min later by pilocarpine
hydrochloride (350 mg/kg, s.c.). After 1 hr of SE had passed, diazepam (5 mg/kg, i.p.;
Henry Schein, Inc.; Melville, NY) was injected. Saline controls received all drugs except
pilocarpine, which was replaced by an equivalent volume of 0.9% saline. Diazepam was
administered to saline controls and to pilocarpine-treated rats that did not enter SE.
Diazepam was administered in these rats after approximately the same delay following
atropine injection as the animals that had SE, i.e., approximately 1.5 hrs after injection of
atropine.

Approximately 4 hrs after diazepam injection, dextrose-lactate Ringer’s solution (Henry
Schein) was injected s.c. (2.5 ml), at the time when diazepam-induced sedation was
maximal. For the subsequent 7 days, an apple that was cut open was left at the base of the
cage. Food pellets were also placed at the base of the cage. Procedures for controls were the
same as those animals that had SE.

Seizure monitoring
Monitoring was conducted to confirm that animals which had experienced SE developed a
state of epilepsy. An epileptic state was defined as recurrent stage 3-5 seizures that were
unprovoked and were observed sporadically over the months of the study. Intermittent
observations captured multiple spontaneous seizures in all animals that had SE, so the use of
intermittent observation did not appear to limit the ability to define an epileptic state. Daily
behavioral observations were made for 10-30 min periods, chosen at random between 8:30
a.m. and 6:30 p.m., starting immediately after treatment with pilocarpine. Observations were
made of rats that had SE, and pilocarpine-treated rats that did not have SE. Behaviors
associated with seizures s (stages 1-5) were only observed in the animals that had SE. For
the epileptic rats in this study, the first observed convulsion (stage 3 -5) occurred 5-10 days
after pilocarpine treatment.

Data analysis
Statistical comparisons were made using Origin (v.7.0; OriginLabs, Northampton, MA),
Simple Interactive Statistical Analysis (SISA; www.quantitativeskills.com) or Microsoft
Excel (Microsoft Corp., Redmond, WA). Means ± standard errors are reported in the
Results. Student’s t-tests assumed unequal variance and were two-tailed. The criterion for
statistical significance (p) was 0.05. Micrographs were assembled using Adobe Photoshop
CS (Adobe Systems Inc., San Jose, CA).

RESULTS
I. Experimental groups

Adult female rats were administered saline (n=14) or pilocarpine (n=74) on the morning
(10:00-11:00 a.m.) of proestrus, estrus, diestrus 1, or diestrus 2, at approximately 2-3 months
of age. In the text that follows, rats that were injected with saline instead of pilocarpine are
“saline controls,” and pilocarpine-treated rats that did not have SE are referred to as
“pilocarpine controls.” Pilocarpine-treated rats that had SE are referred to as “epileptic,”
because they developed an epileptic state after SE, as defined above (see Methods). There
was no significant difference in the mean age at the time of treatment (saline controls, 2.65 ±
0.17 months, n=14; pilocarpine controls, 3.11 ± 0.24 months, n=40; epileptic rats, 2.62 ±
0.36 months, n=9; one-way ANOVA: F= 0.922549; p = 0.4029).
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An additional group of age-matched, untreated animals (n=14) was pooled with saline
controls for some comparisons. In these instances, the pooled group is referred to as
“controls” in these instances, rather than “saline controls.” The groups were pooled because
their serum hormone values were not significantly different, nor was their incidence of cysts
and acyclicity, or increase in body weight (see below).

Animals were euthanized at approximately 5 months of age during the mid-morning
(10:00-11:30 a.m.). The age at the time of euthanasia for all animals was not different
(controls: 5.92 ± 0.35 months, n=28; pilocarpine controls: 6.22 ± 0.30 months, n=40;
epileptic rats: 5.69 ± 0.25 months, n=9; one-way ANOVA: F=0.444369; p=0.6429).

For those animals that had pilocarpine-induced SE (n=34), there was mortality in the 48 hrs
after SE, despite the use of diazepam to reduce the severity of SE (Figure 1). This was
surprising because male rats that were treated with pilocarpine to induce SE, and were
similar in age to the females (i.e., the age range for males was 2.2-3.5 months old) exhibited
significantly lower mortality, even with a higher dose of pilocarpine is required to initiate
SE (380 mg/kg instead of 350 mg/kg; 4/21 or 19 % mortality within 48 hrs for males
compared to 22/34 or 65% for females; χ2-test, p<0.05). Mortality in females did not appear
to vary with cycle stage (Figure 1). Note that the lack of variation with cycle stage suggested
that animals which received pilocarpine on different days of the estrous cycle could be
pooled for further analysis, and this was done for the results described below. It is notable
that few animals were injected with pilocarpine on the morning of estrus (3/34), because a
previous study showed that SE rarely occurs when pilocarpine is injected at this cycle stage,
using the pilocarpine dose employed here35.

II. Estrous cyclicity
A. Effects of SE on estrous cyclicity—In epileptic rats, acyclicity was common. Of
the 9 rats that survived SE, 3 rats stopped cycling immediately, and the remaining 6 that
demonstrated regular estrous cycles initially after SE did not necessarily continue. Three of
the 6 eventually developed irregular estrous cycles.

B. Estrous cyclicity in control rats—Even in some control animals, estrous cycles
became irregular during the course of the study, which is typical of laboratory rats32,33. In
our control group, 1/14 saline controls and 1/14 untreated controls (2/28; 7.1%) developed
irregular cycles. In the pilocarpine control group (pilocarpine treatment but no SE), 15/29
rats (51.7%) became irregular in their estrous cycles before euthanasia. This difference in
the incidence of acyclicity was significantly different (Fisher’s Exact test, p =0.000203). The
pilocarpine controls that developed irregular estrous cycles were not statistically different in
age from the controls that ultimately exhibited acyclicity, so age was unlikely to be a
contributing factor (controls were followed until 5.93 ± 0.35 months of age, n=28;
pilocarpine controls were monitored until they were 5.44 ± 0.20 months old, n=29; Student’s
t-test, t statistic=1.1892; p=0.2409).

The acute effects of pilocarpine seemed unlikely to be a factor, since animals only
developed acyclicity several weeks after pilocarpine was administered (> 20 days after
pilocarpine administration). Therefore, even an acute period of stage 3-5 seizures that
developed immediately after pilocarpine treatment, without SE, appears to ultimately
influence estrous cycles adversely.

C. Incidence of persistent estrus—The acyclic rats discussed above demonstrated a
pattern of vaginal cytology described as irregular. A minority of animals exhibited another
pattern, which was reflected by the consistent cornified epithelial cell cytology associated
with “persistent estrus,” a common condition in the aged rat (see Methods36,37).

Scharfman et al. Page 6

Ann Neurol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Interestingly, no animal that experienced SE developed persistent estrus. The incidence was
0/9 (0%) for animals that experienced SE compared to 4/28 (14.3%) for controls and 11/40
(27.5%) for pilocarpine controls. The three groups were significantly different (Fisher’s
Exact test 2*3, p=0.01342). Therefore, although brief stage 3-5 seizures may increase the
risk of persistent estrus, SE appears to decrease it.

The greater incidence of persistent estrus in the pilocarpine-treated group that failed to have
SE was surprising, and prompted us examine this group more closely. Pilocarpine controls
that developed persistent estrus typically were the ones that exhibited stage 3-5 seizures
immediately after pilocarpine treatment. Thus, 10/11 (90.9%) pilocarpine controls that
developed persistent estrus had stage 3-5 seizures. Only 1/12 pilocarpine controls without
stage 3-5 seizures developed persistent estrus (10/11 or 90.9% vs. 1/12 or 8.3%; Fisher’s
Exact test, p=0.000098). Therefore, although pilocarpine itself may not induce persistent
estrus, if robust seizures follow pilocarpine administration, there appears to be an increase in
the incidence of persistent estrus.

II. Ovarian pathology
Rats that maintained estrous cyclicity throught the study were euthanized on the morning of
the first day of diestrus. At this cycle stage, approximately 36 hrs after ovulation, the normal
ovary is dominated by corpora lutea. Both saline control and pilocarpine control rats
demonstrated ovarian morphology consistent with the normal ovary: a predominance of
corpora lutea with very few mature follicles, and almost no evidence of cystic follicles
(Figures 2,3). If cysts were present, they were small (less than 300 μm at their widest extent;
Figure 2). In contrast, epileptic rats had many cystic follicles, and cysts were often large (>
500 μm; Figure 2). The thin cyst wall was often severed during the sectioning procedure
(Figure 2), precluding quantitative comparisons of cyst size across groups.

The gross morphology of cystic follicles was similar in each group. Thus, the wall was
composed of a dense granulosa cell layer (Figures 2, 4), which tended to be thin and fragile
in the epileptic animals, as mentioned above. There was no evidence of thecal cell
hyperplasia around the cystic follicles in pilocarpine-treated as compared to control rats
(Figure 4), in contrast to previous reports in kindled rats23. However, there was a different
characteristic of the ovary of epileptic rats that appeared distinct from saline control rats.
The ovary of the cyclic epileptic rats was not dominated by corpora lutea, despite the fact
that animals were euthanized during diestrus (Figure 2). Instead, numerous follicles at
various stages of maturity were present, in addition to some corpora lutea. This mixture of
cystic, maturing and degenerating follicles, as well as corpora lutea, contrasted with the
ovaries of cyclic control animals, which were dominated by corpora lutea, as would be
expected for this stage of the estrous cycle (Figure 2).

Only cyclic animals are discussed above. However, even when acyclic rats were evaluated,
epileptic rats developed statistically greater numbers of cysts per ovary than pilocarpine
controls (Figure 3). Therefore, independent of the regularity of the estrous cycle, epileptic
rats demonstrated significantly more cystic follicles per ovary.

III. Weight gain
As shown in Figure 5, epileptic rats that maintained estrous cycles gained more weight than
controls. For cyclic rats, epileptic rats gained 2.77 ± 0.36 g/day (n=3) whereas controls and
pilocarpine controls gained 0.64 ± 0.11 (n=5) and 0.57 ± 0.056 (n=12), respectively (note
that weight was not followed in every animal, so the sample size is lower than in other parts
of the Results section). These differences were significant (one-way ANOVA: F=72.44715;
p<0.0000001). Tukey-Kramer post-hoc analysis demonstrated no differences between
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controls and pilocarpine controls (p>0.05), but they were each statistically different from
epileptic rats (p<0.05).

For all rats (pooled, i.e., both cyclic and acyclic), epileptic animals gained more weight
(1.75 ± 0.36, n=8) than controls (0.55 ± 0.098, n=7) and pilocarpine controls (0.71 ± 0.094,
n=26; one-way ANOVA; F=10.72397; p=0.000203). Therefore, weight gain was greater in
epileptic rats whether animals maintained estrous cycles or not.

IV. Serum hormone levels
A. Cyclic animals—Comparisons were made between cycling animals that were controls
(n=21), pilocarpine controls (n=14), or epileptic (n=3). Values for estradiol, progesterone
and testosterone in saline (n=9) vs. untreated controls (n=12) were not statistically different
(Student’s t-tests, estradiol: t statistic=1.1882, p=0.2545; progesterone: t statistic=1.2480,
p=0.2340; testosterone: t statistic =1.293, p=0.2435).

Prolactin is known to increase after seizures in patients and in laboratory animals38-40, but
prolactin levels in cyclic epileptic rats were not different from non-epileptic controls (saline
controls, 25.5 ± 7.5 ng/ml, n=6; pilocarpine controls, 39.5 ± 16.5 ng/ml, n=4; epileptic, 30.0
± 7.0 ng/ml, n=3; one-way ANOVA: F=0.04721; p=0.9540). Therefore, based on serum
values for prolactin that were measured in a subset of the cohort, it is unlikely that a recent
seizure occurred immediately before euthanasia, which could potentially be confounding.

Serum values for estradiol were not statistically different among the three groups (controls:
7.17 ± 0.94 pg/ml, n=17; pilocarpine controls: 6.00 ± 1.12, n=14; epileptic: 12.33 ± 5.21,
n=3; Figure 6; one-way ANOVA: F=2.4232; p=0.1052), nor were the values for serum
progesterone (controls: 10.12 ± 0.78 ng/ml, n=18; pilocarpine controls, 8.05 ± 1.09, n=13;
epileptic, 13.30 ± 3.51, n=3; Figure 6; one-way ANOVA: F=2.6988, p=0.08308). However,
testosterone values were elevated in the epileptic rats (controls: 49.92 ± 7.36 pg/ml, n=13;
pilocarpine controls 40.17 ± 6.14, n=12; epileptic 101.00 ± 19.22, n=3; Figure 6; one-way
ANOVA: F=7.1242; p=0.00356). Post hoc tests revealed that there was no significant
difference between controls and pilocarpine controls (Tukey post-hoc test, p<0.05), but they
were significantly different from the epileptic group (Tukey post-hoc tests, p<0.05).

B. Acyclic animals—For animals that developed an irregular pattern in their daily vaginal
cytology, euthanasia occurred on a day when the vaginal sample was dominated by
leukocytes. This choice was made so that the time would approximate diestrus, which would
provide a similar endocrine state at the time of death across animals, and maximize the
ability to compare data to the cyclic group (euthanized on the first day of diestrus). Controls
were not included because only 2 controls developed irregular estrous cycles, precluding
statistical comparisons. Serum estradiol levels were not statistically different between
pilocarpine controls with irregular cycles (estradiol: 11.96 ± 3.84 pg/ml, n=12), or epileptic
rats with irregular cycles (15.83 ± 6.28, n=6; Student’s t-test, t statistic=-0.5263, p=0.6113),
and progesterone values were also not different (pilocarpine controls, 12.20 ± 2.26 ng/ml,
n=11; epileptic, 13.23 ± 9.41, n=5; Student’s t-test, t statistic=-0.1056; p=0.9201), but
testosterone was higher in the epileptic rats (pilocarpine controls, 53.11 ± 23.81 pg/ml, n=9;
epileptic, 77.6 ± 6.96, n=5; Student’s t-test, t statistic=-0.9874; p=0.3493; Figure 6).
Therefore, whether rats were cyclic or irregular, testosterone was elevated but not estradiol
or progesterone.

DISCUSSION
In previous studies of women with epilepsy, it has been difficult to clarify the effects of
epilepsy from medications, as well as other factors that are difficult to control in a clinical
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setting. In laboratory animals, such as rats, the possible confounding contributions of
medication, age, environment and genetic variation can be minimized. However, few studies
have been conducted because the female rats that have been evaluated, after convulsant
procedures that are used to initiate epileptogenesis, rarely exhibit normal estrous
cycles23,26-28. For these reasons, there is no information available on the ways that
reproductive function in a normal cycling female epileptic rat could be influenced by an
extended duration of epilepsy. For example, would a few months of chronic seizures in an
epileptic female rat (a relatively long time in the context of the rat lifespan) alter estrous
cycles? Would serum hormone levels change? Importantly, there are studies of serum
hormone levels in epileptic female rats27,28, but animals were not clearly distinguished
between those that were cyclic or not, and as a result, animals with distinct endocrine states
were likely to have been pooled. For cyclic animals, it is important to control for estrous
cycle stage, given the rapid fluctuations in hormone levels that occur even in 8 hrs in the
laboratory rat31,41.

Altered cyclicity in pilocarpine-treated female rats and women with epilepsy
The epileptic rats that maintained estrous cycles after SE usually became acyclic at some
point thereafter. It is difficult to ignore the similarity to women with epilepsy, because
women with epilepsy often develop menstrual cycle disturbances (amenorrhea,
oligomenorrhea, anovulatory cycles8,22). Based on the data provided here, we suggest that a
contribution to menstrual cycle changes in women with epilepsy could be the seizures.

There is an aspect of this study that is noteworthy in the context of a discussion concerning
women with epilepsy: age. Women who are younger appear more vulnerable to menstrual
cycle disturbances than older women4,8. Therefore, it is relevant that the cohort of female
rats used in the current study were relatively young; in the female rat, puberty is reached at
approximately 1.5 months42, and our animals were treated with pilocarpine at
approximately 2-3 months of age. A greater incidence of acyclicity may have developed in
the current study than would have been found if older female rats had been used.

The present study may be limited in how much it can tell us about women with epilepsy for
several reasons. One that is obvious is that rodents were used. Another issue is that the
seizures were limbic. The type of epilepsy may be important to reproductive dysfunction,
although this is unclear at the present time. In analyses of patients with distinct types of
epilepsy, no evidence was provided that the type of epilepsy was a factor in fertility9 or
menstrual disorders 43. However,it has been suggested that limbic seizures are most likely
to influence the reproductive system, and laterality plays a role, as well as the seizure
focus2,22. In one study that compared patients with TLE and primary generalized epilepsy,
it was reported that anovulation was more frequent in the patients with TLE 44. It makes
intuitive sense that limbic seizures would be likely to influence reproductive function, given
the robust interconnections between limbic nuclei and the hypothalamus, as discussed
elsewhere2,3,7,17,22,24. In the pilocarpine model, seizures are considered limbic because
the convulsions are consistent with the limbic seizures described by Racine45. The
pilocarpine model in the rat is usually considered analogous to TLE,46,47 although this
association might be best viewed with caution given that brain damage is typically greater in
the pilocarpine model than in patients with TLE48,49, and electrographic seizures in
pilocarpine-treated rats may show evidence of seizures or extralimbic origin. For example,
seizures in pilocarpine-treated epileptic rats include spike and wave discharges (presumably
thalamic in origin)50, which could be due to thalamic pathology in animals with SE51.

Use of the pilocarpine model in the current study is therefore appropriate, but not without
caveats. One problem is that there was substantial mortality after SE and this could have led
to a sampling bias. Another caveat is that an animal with limbic seizures may have an
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increased likelihood of reproductive endocrine dysfunction, for reasons discussed above.
Comparisons to other animal models would be useful. However, information is limited.
Studies of the kindling model have already shown that evoked stage 5 seizures readily
produce reproductive dysfunction, as mentioned above (see Introduction). Therefore, use of
kindling as an animal model has its limitations if one is to test the hypothesis that an
epileptic state can lead to reproductive dysfunction. In the kindling model, it seems, simply
the process of epileptogenesis causes reproductive endocrine abnormalities. Other models
that have employed kainic acid or pilocarpine in Wistar rats, a strain that is distinct from the
one used in the current study, did not investigate ovarian pathology, but did provide
interesting data about pregnancy, and hormone levels. These studies also show that
acyclicity develops, but the results are hard to compare with the present study because the
animals were not segregated in the same ways26-28. To our knowledge, reproductive
function in female rodents using other animal models have not yet been examined, but could
help distinguish results specific to models involving kindling or SE from other types of
epilepsy.

Acute seizures influence the estrous cycle adversely
Remarkably, rats which did not have SE, and were not epileptic, but exhibited robust (stage
3-5) seizures immediately after pilocarpine administration, still tended to exhibit
reproductive abnormalities eventually. This is surprising because most laboratories consider
rats treated with pilocarpine to require SE before significant changes develop that have long-
term consequences. The data suggest that a brief period of seizures, particularly if they
involve limbic structures, will impact the endocrine system. This could be due to changes
within the hypothalamus after a brief cluster of seizures, immediately after convulsant
administration (in this case, pilocarpine), possibly a consequence glutamate release from
neurons projecting to hypothalamus that are involved in seizure activity. Pilocarpine itself is
unlikely to have played a role, because only rats with pilocarpine-induced convulsions
demonstrated long-term effects.

Polycystic ovaries in female epileptic rats
In this study, female rats with chronic seizures developed more ovarian cysts, greater weight
gain, and had elevated serum testosterone levels relative to controls. The most parsimonious
explanation is that a condition similar to polycystic ovarian disease developed in the female
rat. Inasmuch as a comparison can be made between the rat model and the clinical condition
of PCOS, the results suggest that seizures per se can lead to a PCOS like condition and other
associated symptoms that are common in women with epilepsy. One cannot conclude that
AEDs do not also play a role, in women with PCOS, but the data suggest that seizures
themselves may contribute. This is significant because it supports the idea that chronic
disturbances in reproductive function develop after a history of seizures, independent of
AED use.

Although there are many hypothetical mechanisms to explain cyst formation, one that may
be particularly relevant to women with epilepsy is irregular LH secretion, because it has
been documented in women with epilepsy 52,53. The hypothesis that abnormal LH
contributes to cyst formation was originally suggested from studies of women without
epilepsy that had irregular LH secretion54. The cysts in these women can be explained by
lack of ovulation due to disrupted neuroendocrine signaling. After ovulation fails, ovarian
follicles eventually become cysts. Because LH normally stimulates the ovarian thecal
interstitial cells to secrete androgen, hyperandrogenism would result as well. With
consequent disruption of gonadal feedback to the hypothalamus, the basis for a chronic
condition associated with cystic ovaries could be explained. This hypothesis remains
attractive, although there are many alternative explanations for PCO and PCOS 55.
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Increased body weight is an important issue in itself, because epilepsy is often associated
with weight gain in both men and women. Interestingly, this may be more common in
females56. In a review of the clinical literature, it was concluded that AED use can explain
weight gain57, and potentially explain insulin resistance that in turn leads to weight gain18.
However, data from untreated patients with epilepsy are unavailable. In light of the lack of
data from an unmedicated population, it is unclear whether an epileptic condition is
associated with changes in satiety, energy metabolism, and other factors that could lead to
increased body weight. Interestingly, there is data to support an influence of seizures on
body weight in rodents. In female rats, seizure-induction using lithium and pilocarpine was
followed by extreme weight gain58. However, this may have developed because
reproductive dysfunction occurred, leading to reduced estrogen levels, and a loss of the
normal anorectic effect of estrogen59. Consistent with this hypothesis, males that were
treated in the same way did not gain weight59. Other studies of epileptic male rats have
reported loss of weight 60,61. Importantly, the current study would support the idea that
female rats gain weight after pilocarpine simply due to their seizures, because estrogen
levels were examined, and not significantly altered. More experiments will be required to
prove that recurrent seizures increase the risk of weight gain and metabolic syndrome, and
whether females are at higher risk than males, regardless of AED use.

Vulnerability of the female rat to SE
It is clear from the data that address mortality immediately after SE that there is an adverse
effect of SE in female rats. The independence of mortality on cycle stage was surprising
given the general concept that estrogen and progesterone (or its metabolites) are
protective62,63. The lack of a relationship between estrogen or progesterone levels and
mortality after SE may be due to the fact that SE is an extreme insult, and the protective
effects of reproductive steroids are unable to mitigate such a severe challenge. An important
consideration is that the chemoconvulsant used was a muscarinic agonist, and it is possible
that another method to induce SE, one that would act by a different mechanism, might be
more sensitive to the relative concentrations of serum gonadal hormones at the time of
convulsant administration.

It is also interesting that there was a sex difference in vulnerability to pilocarpine-induced
SE. In males, mortality was relatively low compared to females. This result could be due to
the difference in body weight in the males and females that were tested. Male rats are
heavier than female rats after approximately 35 days of age, and therefore at the ages that
were used here. However, it is not clear, to our knowledge, that heavier animals have
increased mortality after SE. Therefore, it is possible that there is an inherent sex difference
in the risk of death after SE. To our knowledge, this is a novel concept, although studies of
seizure severity provide some support. Convulsants appear to elicit more severe responses in
female rodents 64-67, although this is not always the case68. Whether there is increased risk
of mortality after SE in women is not supported by available data 69, although few studies
appear to have been conducted. Therefore, additional research will be required to evaluate
the possibility of sex differences related to mortality after severe seizures, such as SE.

Significance
The major implication of this study is that the female rodent can be used to examine issues
that are relevant to endocrine dysfunction in women with epilepsy. Although epileptic
female rats have been studied before, it has not been clear that the cycling female epileptic
rat develops similar endocrine changes as women with epilepsy. We observed consequences
of seizures that, at least superficially, resemble the symptoms reported in women with
epilepsy. While caution clearly has to be exercized in extrapolating from any
pharmacologically-manipulated animal model to humans, the data are encouraging because
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they suggest that it may be possible to use the rat model to dissect the underlying
mechanisms that lead to reproductive problems in women with this disease. As a corollary
of this hypothesis, one might be able to use the rat model as a basis for developing
treatments that will enable woman with epilepsy to better maintain normal reproductive
function.
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Figure 1. Mortality after pilocarpine-induced SE in female rats
Mortality associated with pilocarpine-induced SE is listed as a function of the day of the
estrous cycle when pilocarpine was administered. Each animal was injected with pilocarpine
in the morning (see Methods). The mortality in each group was defined either as death
during SE (white portion of each bar) or within 48 hrs of SE (black portion of each bar). The
total mortality is indicated by the top of each bar (sum of mortality during and after SE).
There were no statistically significant differences in total mortality in the 4 groups
(proestrus, estrus, diestrus 1 or diestrus 2; Fisher’s Exact test 2*4, p = 0.9502), suggesting
that mortality was not influenced by the cycle stage when pilocarpine was administered.
Only 3 animals were treated with pilocarpine on estrous morning, because previous studies
showed that SE rarely occurs in animals treated on estrous morning using the dose in this
study (350 mg/kg;27).
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Figure 2. Epileptic rats exhibited greater ovarian pathology than control rats
A. A micrograph demonstrates normal ovarian morphology in a saline control rat that was
euthanized on first morning of diestrus, 3 months after treatment with saline. The ovary is
dominated by corpora lutea (arrows) and there is no evidence of cystic follicles. Calibration
= 500 μm.
B. A micrograph of an ovary from a different rat that was treated with pilocarpine but did
not experience more than 1 stage 5 seizure. This rat demonstrated regular estrous cycles and
was euthanized 2.5 months after pilocarpine treatment, on the morning of diestrus 1. There
are normal corpora lutea (arrows) and a cyst (arrowhead).
C. A micrograph of an ovary from a rat that had pilocarpine-induced SE and maintained
regular estrous cycles for 2.5 months thereafter, the length of the study. There are many
cystic follicles (arrowheads), and some have a broken wall (arrowheads at lower right). The
ovary exhibits only a few normal corpora lutea (arrows), despite the fact that the animal was
euthanized on the first morning of diestrus, when corpora lutea should be abundant.
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Figure 3. Ovarian cysts in control and epileptic rats
Ovarian morphology was examined in animals that were administered saline or pilocarpine
and were euthanized approximately 2-3 months after treatment. There were significantly
more ovarian cysts in animals that had SE, whether they maintained estrous cyclicity
throughout the study or not. Animals were similar in age at the time of treatment, and age at
the time of death (see text), so age was unlikely to be a factor. In this figure and others,
sample sizes are listed over the bar and significance is indicated by the asterisk. Means and
statistical comparisons are listed in the text.
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Figure 4. Lack of thecal cell hyperplasia in ovarian cysts of pilocarpine-treated rats
Cystic follicles from a saline control (A), pilocarpine control (B), and epileptic rat (C).
Hyperplasia of the thecal cell layer (Th) surrounding the granulosa cell layer (GL) was not
detectable. Arrows demarcate the borders of the thecal cell layer. Calibration = 50 μm.
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Figure 5. Weight gain in control and epileptic rats
In animals that were treated with saline or pilocarpine, the body weight change in g/day was
calculated from the time of treatment to the time of death. Animals that experienced SE
gained more weight/day than controls, whether they maintained estrous cycles throughout
the study or not. Animals that developed persistent estrus were excluded because this
condition is accompanied by chronic elevation of estradiol, which has an anorectic effect in
the rodent. Mean values and statistics are provided in the text.
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Figure 6. Elevated serum testosterone in epileptic rats
Comparison of serum from control rats and rats that were treated with pilocarpine
demonstrates elevated testosterone in rats that had pilocarpine-induced SE, whether they
maintained estrous cyclicity throughout the study or did not. Animals were euthanized at the
same time of day and time of the estrous cycle (diestrus 1 for cyclic rats, 10:00-11:30 a.m.;
diestrus for acyclic rats, 10:00-11:30 a.m.). Mean values and statistics are provided in the
text.
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