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Abstract 
Objective: Development of the central nervous system (CNS) is dependent on interac-
tions between genetic and epigenetic factors, some of which could affect the susceptibility 
of the developing brain to damaging insults. Gestational stress has been shown as a po-
tential factor associated with higher risk of developing certain neurological and psychiatric 
disorders. This study tested the hypothesis that maternal stress influences the risk of 
epilepsy in offsprings.
Materials and Methods: Pregnant mice were exposed to restraint stress twice a day for 
three days at the start of the last week of gestation. Ten days after birth, the intact hip-
pocampi of the newborn mice were excised and prepared for investigation. The hippoc-
ampi were bathed in low magnesium artificial cerebrospinal fluid to induce field potential, 
and the subsequent spontaneous seizure-like events of the CA1 neurons were recorded. 
Plasma corticosterone was measured using a commercial radioimmunoassay (RIA) kit 
and the values were expressed as μg/100 ml. 
Results: Both the number of recurrent seizures and the duration of seizure activity were 
reduced in the stressed group compared to the controls (p<0.001). Stress induced a sig-
nificant rise in serum corticosterone levels in both pregnant mice and in their newborn 
pups (p<0.001).
Conclusion: These findings suggest that acute prenatal stress, which may mimic acute 
stress in human pregnancy, is a likely factor affecting seizure control in childhood tempo-
ral lobe epilepsy. The underlying inhibitory mechanism may be an increase in the level of 
neurosteroids both in the blood and the brain.
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Introduction
The major pathway implemented in coordinating 
the consequences of stress in most mammalian spe-
cies is the hypothalamic-pituitary-adrenal (HPA) 
axis (1, 2). Neurons that express corticotrophin-
releasing factor (CRF) within the paraventricular 
nucleus of the hypothalamus are a well known 
element in stress response. The typical biochemi-
cal cascade in response to stressors involves the 
release of CRF from the paraventricular nucleus 
into the hypophysial portal system, which in turn 
stimulates the release of adrenocorticotrophic hor-
mone (ACTH) into the systemic circulation (2, 3). 
Circulating ACTH can then interact with receptors 
expressed in the adrenal cortex to stimulate the 
synthesis of steroids (steroidogenesis) and produce 
a marked elevation in plasma glucocorticoids (2, 
4). Neural plasticity changes in any of the key nu-

clei within the HPA circuitry can occur after the 
primary exposure to a variety of stressors (5, 6). 
These neuroplastic changes can be both adaptive 
and beneficial in nature; however, prolonged ex-
posure to stressful stimuli could induce pathologi-
cal changes within this circuit and lead to longer 
lasting or elevated HPA activity. Alterations to the 
functions of the HPA axis occur in several clinical 
conditions, including epilepsy (7).
Emotions can precipitate seizures (8). It has been 
reported that stress-induced events such as fear, 
worry and frustration are commonly associated 
with elevated seizure occurrence (9) and several 
studies report that stress exacerbates epileptic sei-
zures (10). The definition of stressful events rang-
es from retiring from a 45 year-long employment 
at an organization to police arrest for a crime, or 
experience of a painful procedure. Methods to at-
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tenuate or cope with stress have been suggested as 
ways to control seizures in epilepsy patients (11, 
12). Prolonged periods of stress markedly reduce 
the efficacy of various anticonvulsant drugs (13). 
Severe emotional and intellectual stresses may 
provoke acute seizures in people with no previous 
history of seizures, but it is unknown to what extent 
severe stress increases the risk of recurrent, unpro-
voked epileptic seizures (14). Although stress can 
influence the number of seizures reported by pa-
tients (2), the precise mechanism underlying the 
relationship between stress and epilepsy remains 
unclear. 
The effect of stress on epilepsy is controversial. 
There are reports showing the opposite of previ-
ously described effects of stress on epilepsy. Al-
though its underlying mechanisms are poorly un-
derstood, it is well recognized that emotional stress 
can be a factor affecting seizure control in temporal 
lobe epilepsy and other seizure syndromes. Moreo-
ver, experimental stressors, including swim stress, 
have anticonvulsant effects in animals (15). Both 
proconvulsant (16, 17) and anticonvulsant (15) ef-
fects of stress have been reported according to ex-
acting experimental conditions.
In different experimentally-induced epilepsy mod-
els, various stressors were able to influence the re-
sponsiveness of an animal to several antiepileptic 
compounds (18). Consistent with these results, ex-
posure threshold to different kinds of acute stressors 
such as nociceptive stimulation is markedly lower 
than the threshold required to evoke seizures in 
lithium-pilocarpine-treated rats (1). Taken togeth-
er, profound neuroelectrical characteristic changes 
may result from exposure to various stressful con-
ditions, which in turn can increase the susceptibil-
ity of neuronal ensembles to evoke epileptiform 
discharges and alter the vulnerability of hippoc-
ampal neurons to a variety of neurological insults 
(2). The majority of experiments on the effects of 
gestational stress on offspring development and 
behavior have been carried out in rats. There are 
also a few studies on rhesus and squirrel monkeys 
largely supporting the findings already described 
in rats (19). Exact comparative studies using [3H] 
thymidine autoradiography have shown that devel-
oping brain structures of the rat closely resemble 
those of the human, especially in early embryonic 
stages (19). However, at the end of gestation (23 
days) the histological details in the rat brain are 
similar to those of a 16-17 week old human fetus 
(20). Thus, some neuronal systems present at birth 
in humans continue to develop in the rat for several 
days or weeks after parturition. Gestational stress 
has been associated with a higher risk of develop-

ing certain neurological and psychiatric disorders 
(19). Prolonged effects of stress have been linked 
to alterations in the activity of the HPA axis (21). 
Moreover, stress during pregnancy may alter brain 
development, and lead to altered synaptic connec-
tivity and persistent brain function deficits (22). 
Based on these studies, we propose the hypothesis 
that gestational maternal stress could be a risk fac-
tor for the development of perinatal brain lesions 
and susceptibility to epilepsy. To test this hypothe-
sis, pregnant mice were exposed to restraint stress 
twice daily for the first three days of their last ges-
tational week. We then used the intact neonatal 
mouse hippocampi to record the epileptiform neu-
ronal activity. The result of this study contradicted 
our proposal and revealed an anticonvulsant effect 
of prenatal restraint stress in the neonatal mice. 

Materials and Methods
Animals and the mating procedure 
In this study, we used 48 virgin female C57BL/6 
mice (Pasteur Institute, Tehran, Iran). At the time 
of arrival in the laboratory, all mice were ten weeks 
old and housed in groups of six per cage in our 
animal facility. They were kept in standard condi-
tions as follows: with 12-hour light/dark cycles, in 
a 22 ± 2°C temperature range, and had food and 
water ad libitum. All experimental protocols and 
procedures complied with codes of the 1975 Dec-
laration of Helsinki as reflected in the guidelines of 
the Medical Ethics Committee, Ministry of Health, 
I.R. Iran. All females were mated at 12 weeks of 
age with a sexually experienced male of the same 
genotype. Each female was paired with one male 
at 0900 hours, and was checked for plugging at 
1500 hours. Plugged females were then immedi-
ately transferred into individual cages for their en-
tire length of gestation. If a plug was not observed, 
the animal was returned to her home cage until the 
next morning for a new mating procedure. Preg-
nant mice were divided into two groups: controls 
and stressed (n=24). 

Restraint stress procedure
The stressed group was subjected to a stressful 
procedure. Pregnant mice were exposed to re-
straint stress at days 15, 16 and 17 of their gesta-
tion (E15, E16 and E17 respectively). The stress 
exposure consisted of a 2 hour session of immobi-
lization, twice a day at 0800 and 2000 hours. The 
animals were restrained in a Plexiglas tube. At the 
end of the stress procedure (E17), both stressed 
and control animals were further divided into four 
subgroups (n=6) according to the experimental 
days as follows: E18, P2, P6 and P10 (Table 1). 
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Table 1: grouping of animals in present study
Sub-groups all in same sample

size (n=6) *
groups

cmP10cmP6cmP2cmE18Control mother n=24

smP10smP6smP2smE18Stressed mother n=24

cpP10cpP6cpP2-------Control pups

spP10spP6spP2Stressed pups
* cm: control mother, sm: stressed mother, cp: control pup 
and sp: stressed pup

At day E18 both control and stressed mothers in 
the E18 subgroup were decapitated at 0830 hours 
and their trunk blood samples were collected in 
1.5 ml of EDTA-coated microcentrifuge tubes. 
These blood samples were kept on ice and later 
centrifuged for 20 minutes at 9000 rpm at 4°C. 
Plasma was transferred to a clean 1.5 ml micro-
centrifuge tube and was frozen at -20°C until its 
corticosterone level was determined (22). Plasma 
corticosterone was measured using a commercial 
radioimmunoassay (RIA) kit (ICN Biochemi-
cal, Costa Mesa, CA, USA) and the values were 
expressed as μg/100 ml. Trunk blood collection 
was repeated three further times in the P2, P6 and 
P10 in all of the respective subgroups. Pups from 
the P10 subgroup were decapitated and their hip-
pocampi were extracted. The hippocampi were 
resected intact and bathed in low magnesium 
artificial cerebrospinal fluid (low Mg2+ ACSF) 
to induce the recorded spontaneous seizure-like 
events (SLE) from CA1 neurons. Only one male 
pup from each mother was subjected to the exper-
iment in this study; the remaining were included 
in another behavioral experiment.

Dissection
C57/BL C57BL/6 mice from the P10 subgroup were 
anesthetized with halothane and decapitated. Their 
brains were extracted and placed in cold (2-5°C) 
oxygenated (95% O2, 5% CO2) ACSF containing 
(in mM) 123 NaCl, 2.5 KCl, 1.5 CaCl2, 2 MgSO4, 
25 NaHCO3, 1.2 NaH2PO4 and 15 glucose. Each 
hippocampus and septum was removed as a block 
dissection. The hippocampi were then transferred 
into an oxygenated ACSF at room temperature for 
a minimum of 1.5 hours before being placed in the 
recording chamber (23, 24).

Experimental environment
Epileptiform activity was achieved by perfusing 
the hippocampus and septal tissues with low Mg2+ 
ACSF containing (in mM): 123 NaCl, 5 KCl, 1.5 
CaCl2, 0.2 MgSO4, 25 NaHCO3, 1.2 NaH2PO4 and 
15 glucose. Humidified warm oxygen flowed over 
the low Mg2+ ACSF in a 32°C chamber where this 

oxygenated solution surrounded the tissues at a 
flow rate of 5 ml/min.

Electrophysiology
Recordings were performed from the hippoc-
ampus CA1 pyramidal neuron layer as the DG-
CA3 region was positioned on a nylon mesh 
with the CA1 region facing upwards. A Grass 
S44 stimulator (Grass Technologies, USA) 
with a bipolar electrode to stimulate the Schaf-
fer collaterals (1-15 V, 0.1 ms) was used along 
with extracellular glass electrodes (3-5 mΩ) 
containing 150 mM NaCl positioned at various 
locations in order to yield maximal evoked and 
spontaneous field potential amplitudes in the 
hippocampal CA1 stratum pyramidale neurons. 
Input/output relations were recorded for stimu-
lating pulses of ten different intensities evok-
ing subthreshold to suprathreshold population 
responses (23).
All single-site recordings of seizure-like events 
were obtained from the middle of the hippocam-
pus, filtered with a 1 kHz low-pass filter unless 
otherwise stated, amplified, and recorded at a 2 
kHz sampling rate using a HEKA EPC 10 am-
plifier (HEKA Electronics, Wiesen straze city, 
Germany). The signals were digitized using the 
ITC-1600 16-bit data acquisition system (Instru-
TECH, USA). Data visualization was achieved 
by using the Fitmaster 2.1 (HEKA Electronics, 
Wiesen straze city, Germany). The SLE was 
quantified by determining the mean numbers 
of recurrent seizures, seizure durations, seizure 
amplitudes, early seizure frequencies, late sei-
zure frequencies, and intraburst frequencies. 
Number of recurrent seizures is the number of 
occurred SLEs during a 10-minute recording 
time. Seizure duration is the time elapsed be-
tween the start of the early phase and the termi-
nation of the late phase, and does not include the 
transition. 

Statistical analysis
Data were analyzed using unpaired t tests. All re-
sults are shown as mean values ± standard error of 
the mean (SEM). Results were considered to be 
statistically significant at p < 0.05.

Results
Effects of restraint stress on corticosterone levels 
in C57BL/6 mice
The effects of restraint stress on corticosterone 
blood levels were determined in both pregnant and 
post-delivery mice, as well as in newborn pups. 
Stress significantly increased corticosterone levels 
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in the E18 subgroup and both in the mother and 
pups in the P2, P6 and P10 subgroups (Table 2). 

Fig 1: Electrophysiologic recordings showing spontaneous 
SLE in the intact hippocampus induced by low Mg2+ ACSF 
perfusion. Top: SLE recorded from a 10 days-old mouse in 
the control group and (bottom) from a 10 days-old stressed 
mouse. Note the decrease in seizure duration, percent of sei-
zure in total recording time as well as the SLE amplitude in 
the stressed animal.
 
Table 2: corticostrone levels in mothers and pups of control 

and stressed mice
Corticostrone levels (μg/100 ml)
In different subgroups

groups

P10P6P2E18

2.31 ± 0.67.24 ± 1.115.8 ± 1.238.93 ± 1.4Control 
mother

5.16 ± 1.114.56 ± 1.8532.1 ± 2.368.96 ± 2.12Stressed 
mother

p<0.001p<0.001p<0.001p<0.001

0.087 ± 0.010.13 ± 0.0132.3 ± 0.15Not
measured

Control 
pups

0.27 ± 0.040.41 ± 0.057.19 ± 0.38Stressed 
pups

p<0.001p<0.001p<0.001

Consistency and stability of SLE
Control experiments were performed on twelve 
hippocampi to determine the consistency and sta-
bility of the seizure activity induced by perfusing 
the intact hippocampus with low Mg2+ ACSF. In 
each of the 12 different hippocampi, the recur-
rent seizure patterns were consistent and did not 
change their electromorphological appearance. 
Recurrent seizures had a mean duration of 70.62 
± 3.4 seconds, and there were usually 3 ± 0.1 sei-
zures every 10 minutes. Recurrent seizure events 
started approximately 8 ± 0.92 minutes after the 
administration of low Mg2+ ACSF and lasted for 
approximately 142 ± 8.55 minutes in a consistent 
and stable manner. 
Single maximal postsynaptic population spikes 
were evoked by stimulating the Schaffer collaterals 
to monitor the viability of the hippocampi. Experi-
ments were terminated if there was a 75% decrease 
in the population spike amplitude relative to its ini-
tial value. A single seizure consisted of an early and 
a late phase. The early phase consisted of a series of 

single spikes with a mean frequency of 1.88 ± 0.06 
Hz. The late phase comprised of multiple bursts 
with a mean burst frequency of 4.38 ± 0.25 Hz. The 
intraburst frequency was defined as the number of 
spikes per second contained in a single burst occur-
ring during the late phase of a seizure. The mean 
intraburst frequency was 23.47 ± 1.21 Hz.

Fig 2: Effect of gestational restraint stress on Sseizure-like 
events recorded from the in vitro intact mouse hippocam-
pus. Left: amplitude of SLEs significantly decreased in 
spP10 (p<0.01). Right: number of recurrent seizures in 10 
minutes did not change significantly (spP10: stressed pup 
and cpP10: control pup in the P10 subgroup).

Effects of restraint stress on seizure characteris-
tics in C57BL/6 mice
Properties of SLEs were markedly affected by the 
restraint stress in this study. Seizure durations, sei-
zure percentages and frequencies in all phases of 
SLEs, as well as intraburst frequencies were sig-
nificantly decreased (Fig 1 and Table 3).

Table 3: Stress actions on SLEs recorded from mouse 
whole hippocampus in P10 subgroups of control and 

stressed male pups, In Vitro.
P valueStressed 

animal
Control 
animal

SLE index

0.000143.87 ± 2.4870.62 ± 3.4Seizure 
duration (S)

0.000128.86 ± 0.9641.94 ± 2.05Seizure 
percent (%)

0.0011.39 ± 0.111.88 ± 0.06Early phase 
frequency (Hz)

0.00012.35 ± 0.114.38 ± 0.25Late phase 
frequency (Hz)

0.000116.62 ± 0.8623.47 ± 1.21Inraburst 
frequency (Hz)

Prenatal restraint stress affected seizure-like events 
in the intact murine hippocampi. The amplitude of 
SLEs significantly decreased in the P10 subgroup 
(p<0.01), but the number of recurrent seizures did 
not change significantly (Fig 1, 2).

Discussion 
In the presented study we subjected normal preg-
nant mice to an acute restraint stress. Then, the 
pups were studied for SLEs in low Mg2+ ACSF, 
which induces seizure in the intact preparations 
of whole murine hippocampus. The most impor-
tant finding of this study is that prenatal acute 
stress has antiepileptic effects on hippocampal 
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seizure activity in newborn pups. Blood levels of 
corticosterone significantly increased in both the 
stressed mice and their pups (Table 2). Our obser-
vation that acute restraint stress increases the sei-
zure threshold in mice is consistent with several 
previous studies demonstrating that acute stress 
is associated with anticonvulsant effects against 
seizures induced by pentylenetetrazol (PTZ) and 
other GABAA receptor antagonists (15). In this 
study, a 3.1-fold elevation in plasma corticoster-
one levels was seen at the time of seizure protec-
tion in the P10 pups which previously experienced 
prenatal stress. Similar increases in plasma levels 
of corticosterone and related steroids such as 5 
α-dihydrodeoxycorticosterone (5α-DHDOC) and 
allotetrahydrodeoxycorticosterone (THDOC), a 
GABAA receptor-modulating neurosteroid with 
anticonvulsant properties, have been observed pre-
viously in response to other acute stressors includ-
ing foot shock (15, 25). It has been reported that 
both the elevation in seizure threshold and the rise 
in THDOC can be eliminated by pretreatment with 
finasteride (a 5α-reductase inhibitor); this is con-
sistent with the possibility that the anticonvulsant 
effect is mediated by 5α-reduced neurosteroids (15, 
26). In rodents, finasteride blocks both the type I 
5α-reductase isoenzyme, which is the predominant 
form in the brain, as well as the type II form in 
the prostate and gonads (15, 27). Consequently, 
the neurosteroids responsible for stress-induced 
seizure protection could be synthesized in periph-
eral tissues and then transported by the circulation 
to the brain, or they could be produced locally in 
the brain. In fact, because of local biosynthesis, 
brain THDOC levels after stressful events may be 
substantially higher than those of plasma (15). Be-
cause the synthesis of deoxycorticosterone (DOC), 
the precursor of THDOC, is increased by stress, 
and THDOC is well recognized for having anticon-
vulsant properties, THDOC is a prime candidate 
for being the neurosteroid responsible for the acute 
stress effects on seizures (15, 28).
Studies have reported that the endogenous opioid 
system is activated during exposure to stress. Some 
researchers have shown that endogenous opioids 
have a role in the anticonvulsant effects induced by 
certain kinds of stress (29). However, while endog-
enous opioids have inhibitory effects against sei-
zures induced by GABA receptor antagonists and 
acute stresses appear to induce protective effects 
against these kinds of seizures, the contribution of 
endogenous opioids to these protective effects has 
not yet been elucidated (29, 30).
It is worthy to mention that several studies have 
reported that many stressors can potentiate animal 

responsiveness to various convulsant compounds 
(18). In support of these findings is the observation 
that exposure to a variety of acute stressors (such 
as a 24-hour food deprivation or exposure to no-
ciceptive stimulation) can significantly lower the 
threshold required to evoke limbic motor seizures 
in lithium- pilocarpine-treated rats (1, 2). It has 
also been reported that alterations of convulsive 
parameters and the involvement of opioid mecha-
nisms in their mediation are critically dependent 
on the techniques used to induce stress (18). Our 
results differ from those of the aforementioned 
studies, possibly because of the differences be-
tween the stress models, the time of stress, as well 
as the seizure models. The time of stress, the stage 
of animal development at the time of experienc-
ing stress, and the type of stressor and type of epi-
lepsy model can be determinants in the presenta-
tion of stress effect on epilepsy. Unpublished data 
from our lab has revealed the opposite response 
of prenatal restraint stress on pilocarpine-induced 
epileptic behaviors in in vivo rats. Indeed, stressed 
rats presented with more severe tonic-clonic sei-
zures than control rats. 

Conclusion
Stressful events are associated with both excita-
tory and inhibitory effects on seizures depending 
on the exact experimental conditions used. It is 
well established that an imbalance between inhibi-
tory and excitatory neural systems gives rise to 
epilepsy (23, 30). Some stressors can alter the ex-
citability of neural pathways and thereby influence 
seizure susceptibility. Thus, the extent of seizure 
susceptibility during stress might therefore repre-
sent a balance between anticonvulsant (e.g. neu-
roactive steroids), and proconvulsant factors (e.g. 
glucocorticoids and CRH). Stress-induced seizures 
would therefore occur when the balance is shifted 
to favor the proconvulsant factors, surpassing the 
anticonvulsant action of endogenous neuroactive 
steroids (26). Despite the aforementioned state-
ments, there are conflicting data on stress effect 
on seizures with some showing inhibitory effects 
(15) and others demonstrating excitatory effects 
(17). To address the discrepancies in findings with 
regard to the excitatory and inhibitory effects on 
seizures, we propose that additional investigations 
should be performed to examine the impact of dif-
ferent types of stressors on various animal models 
of epilepsy in various stages of life including pre-
natal, neonatal and adulthood.
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