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Maternal seizures can affect the brain developing of offspring
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Abstract To elucidate the impact of maternal seizures in the
developing rat brain, pregnant Wistar rats were subjected to
the pilocarpine-induced seizures and pups from different lit-
ters were studied at different ages. In the first 24 h of life,
blood glucose and blood gases were analyzed. 14C-leucine
[14C-Leu] incorporation was used to analyze protein synthesis
at PN1, and Western Blot method was used to analyze protein
levels of Bax, Bcl-2 and Poly(ADP-ribose) polymerase-1
(PARP-1) in the hippocampus (PN3-PN21). During the first
22 days of postnatal life, body weight gain, length, skull mea-
sures, tooth eruption, eye opening and righting reflex have
been assessed. Pups from naive mothers were used as con-
trols. Experimental pups showed a compensated metabolic
acidosis and hyperglycemia. At PN1, the [14C-Leu] incorpo-
ration into different studied areas of experimental pups was
lower than in the control pups. During development, the pro-
tein levels of Bax, Bcl-2 and PARP-1 in the hippocampus of
experimental pups were altered when compared with control
pups. A decreased level of pro- and anti-apoptotic proteins
was verified in the early postnatal age (PN3), and an increased
level of pro-apoptotic proteins concomitant with a reduced
level of anti-apoptotic protein was observed at the later stages
of the development (PN21). Experimental pups had a delay in

postnatal growth and development beyond disturb in protein
synthesis and some protein expression during development.
These changes can be result from hormonal alterations linked
to stress and/or hypoxic events caused by maternal epileptic
seizures during pregnancy.
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Introduction

Using antiepileptic drugs (AEDs) during pregnancy may
cause teratogenic effect on the offspring and lead to neuropsy-
chological disorders later in life (Meador et al. 2006). On the
other hand, seizures themselves present risk to the fetus.
Generalized tonic-clonic seizures (GTCSs) can cause mater-
nal and fetal hypoxia and acidosis (Yerby 2000). Fetal intra-
cranial hemorrhages (Minkoff et al. 1985), miscarriages, and
stillbirths are reported after a single GTCS.

Previous studies confirm that seizures during pregnancy
affect the development of the offspring’s brain. Changes were
observed in interneurons expressing calcium-binding proteins
in the hippocampus of developing rats, fact that indicates im-
balance in the excitation and inhibition mechanisms (Vale
et al. 2010). Moreover, the increased neuroglobin expression
in the cerebellum of pups reflected low O2 rates that possibly
result from the response to maternal seizures (Lima et al.
2011). The authors also showed the presence of ischemic in-
farct in the placenta of epileptic female rats and it suggests that
seizures caused hypoxic–ischemic (HI) insults in their pups
(Lima et al. 2011).

Cerebral ischemia triggers several changes linked to func-
tional disturbances, thus leading to the loss of brain structural
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integrity (Krause et al. 1988). Among the notably disturbed
functions, protein synthesis is of particular interest.

Protein synthesis suppression is a common reactive cell
response to severe forms of stress, including thermal, physical
and metabolic stress or viral infection (Clemens et al. 2000).
Many studies have shown that three minutes of ischemia are
enough to stop protein synthesis during reperfusion (Nowak et
al. 1985). Protein synthesis inhibition is considered to be an
early indicator of subsequent neuronal cell death (Hossmann
et al. 1992), which is an important feature observed after HI
injury. Ischemia-induced cell death may occur via apoptosis or
necrosis (Northington et al. 2001).

An important protein family involved in apoptosis is the B-
cell lymphoma-2 (Bcl-2), which regulates caspase activation
by regulating the mitochondrial outer membrane permeability
(MOMP) (Autret and Martin 2009). This family encodes spe-
cific proteins which regulate programmed cell death in differ-
ent physiological and pathological condition and can be divid-
ed into two categories according to their effects on apoptosis.
The products of one group of genes, which include Bcl-2, Bcl-
w and Bcl-xL, promote cell survival. On the other hand, Bax,
a member of the pro-apoptotic bcl-2 family, accelerates apo-
ptotic cell death, as well as Bak, Bim and Bad proteins (White
1996). The balance between pro- and anti-apoptotic bcl-2
family members is important for neural survival during devel-
opment (Korsmeyer 1999).

Additional studies argue that the bcl-2 familymay also play
a previously unsuspected role as mitochondrial morphogene-
sis regulators. This scenario is quite apart from this family’s
role in apoptosis (Autret and Martin 2009), and it includes a
crucial role in neurons (Autret and Martin 2010).

Another protein involved in the mitochondrial function is
the Poly (ADP-ribose) polymerase-1 (PARP-1), which plays
also a number of other possible roles, including gene expres-
sion regulation and amplification, cell differentiation, cell di-
vision, malignant transformation, DNA replication and cell
death (Herceg and Wang 2001). PARP-1 is potently activated
by DNA strand nicks and breaks and facilitates DNA repair
(Lautier et al. 1993; Smulson et al. 2000).

The present study evaluated the impact of maternal seizures
during the intrauterine life, without drug administration, on
the brain of rat pups, at different ages after birth, by investi-
gating metric parameters, fetal distress, protein synthesis rates
as well as the Bax, Bcl-2 and PARP-1 expressions in the
hippocampus.

Material and methods

The experiments were performed with ethical approval from
the Institutional Ethics Committee of the Universidade
Federal de São Paulo (UNIFESP) on the registration number
n°2018/07. All efforts were made to minimize animal

suffering according to the International Ethical Guidelines
for Biomedical Research (CIOMS/OMS 1985).

Prepartum period

Adult female and male Wistar rats weighing 200-250 g were
housed in groups of five under environmentally controlled
conditions (12/12 h light/dark cycle, and constant temperature
of 20°-22 °C) with free access to food and water. Status
Epilepticus (SE) was induced in female rats by administration
of 320–350 mg/kg (i.p.) of pilocarpine (PILO; Sigma, St.
Louis, MO), a muscarinic agonist (Cavalheiro et al. 1987).
Scopolamine methyl nitrate (Sigma, 1 mg/kg s.c.) was
injected 30 min before pilocarpine to prevent peripheral cho-
linergic effects. Treatment with pilocarpine was performed
during the estrus phase of the estrous cycle due to a higher
incidence of animals with spontaneous recurrent seizures and
a lower mortality compared to rats injected on other phases of
estrous cycle (Amado and Cavalheiro 1998; Valente et al.
2002). Following four hours from the SE onset, rats received
thiopental (30 mg/kg, i.p.) to block seizures. Rats subjected to
SE received special care including hydration and a fractionat-
ed diet. Animals that survived SE were continuously moni-
tored by video until the appearance of the first spontaneous
seizure, which defines the onset of the chronic phase. A
blinded investigator visually scored the frequency of behav-
ioral seizures characterized by clonic/tonic/tonic-clonic move-
ments of the forelimbs culminating with rearing and falling
(grade IV-V from Racine scale) (Racine 1972) from video-
tapes obtained during recording sessions.

Females were placed in cages with males during the period
of estrus. Vaginal contents were analyzed daily and the pres-
ence of sperm was used as a marker for pregnancy onset.
During pregnancy, epileptic and non epileptic females were
housed in separate cages (transparent acrylic cylinder) and the
epileptic rats were video-monitored 24 h/day to determine
seizure frequency and duration.

Postpartum period

In most cases, epileptic females do not take care of their pups
and usually present an aggressive behavior towards them
(Vale 2007). Thus, it was necessary to exchange the litters of
these epileptic animals by control animals (cross-fostering),
which, in turn, nested and fed their offspring. Thus, immedi-
ately after birth, the litters were subjected to cross-fostering
with untreated control rats from a standard colony delivered in
the same day (Vale et al. 2010; Lima et al. 2010). The control
group was subjected to the same mating procedure, and pups
born from non-epileptic rats (control) were compared to those
born from epileptic rats (experimental).

Immediately postpartum (P0), 20 animals from 7 litters of
control group and 7 animals from 4 litters of experimental
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group were randomly chosen and sacrificed. Mixed arteriove-
nous blood sample was obtained by decapitation and use of a
capillary sampling tube. Glucose and blood gases analyze was
made with Rapid Lab 1200 Blood Gas Analyzer (Siemens).

Some metric parameters were evaluated throughout the
offspring development (PN1-PN21): weight, length and cra-
nial measures divided in anteroposterior and laterolateral dis-
tances. A total of 46 animals from 8 litters of control group
and 46 animals from 7 litters of experimental group were
measured every 2 days. The onset of eye opening and the first
dental eruption were also observed in 5 control litters and in 6
experimental litters. The appearance of the righting reflex was
also evaluated daily.

The profile of protein level was analyzed in pups at PN1
(n = 5, 01 pup per litter). This period was chosen because it
allows studying events very close to the period of intrauterine
seizures.

The analysis of Bax, Bcl-2 and PARP-1 was performed
using Western blotting. Samples of hippocampus of control
and experimental pups at PN3, PN7, PN14 and PN21 with the
same sex (male) were used (n = 4 per group, 1 pup per litter).

14C-L-leucine [14C-Leu] incorporation to study protein
synthesis

At PN1, five pups from epileptic rats were weighed and
injected (s.c.) with 14C-Leu at a dose of 3 μCi/10 g (50–
60 mCi/mmol; Amersham Pharmacia Biotech) (Tuor et al.
1999). Five pups of control rats treated with saline instead of
pilocarpine were injected with equal dose of 14C-Leu, and
90 min after the injection of the tracer, the animals were killed
by decapitation. Brains were rapidly removed, frozen and cut
into 20 μm coronal sections in a cryostat (Leica), wherein for
each four slices collected for the autoradiograph, one was
collected for Nissl Staining, and five slices were discarted.
This cycle was repeated until the end of the brain. Sections
were autoradiographed on Amersham BiomaxMR film along
with calibrated 14C standards (GE against the sections). The
autoradiographs were then digitized and analyzed by densi-
tometry with an image-processing system (Biocom, Les Ulis,
France). TheDensirag Program was used to calibrate the gray
levels with eight 14C standards (30.0–862.0 nCi/g), and then
proceeded to read the regions of interest. Regions of interest
were chosen according to their implication with the circuitry
of limbic seizures in the pilocarpine model: entorhinal cortex,
posterior hypothalamus, hippocampal formation (CA1, CA3,
hilus and dentate gyrus), thalamus and piriform cortex. The
optical density from each region was the ratio of two measure-
ments in four sections, and the average used in statistical anal-
ysis. The localization of specific nuclei was assessed on adja-
cent sections stained with cresil violet (Nissl Staining) and
was made with the aid of the Neonatal Rat Brain Atlas

(PN1, Coronal Plates and Coronal Fig. 1 through 30)
(Ramachandra and Subramanian 2011).

Western blot analysis

Protein expression of Bax, Bcl-2 and PARP-1 were analyzed
in the hippocampus of pups at PN3, PN7, PN14 and PN21
(n = 4 per age group, 1 per litter) by using Western blot.
Tissues were dissected and stored at −80 °C until assay.
Samples were homogenized in lysis buffer with protease in-
hibitor cocktails (0.1 M NaCl, 0.01 M Tris-HCl pH 7.6,
0.001 M EDTA pH 8.0, 1 % NP-40, 10 % glycerol, 10 μM
PMSF, 1 mM sodium metavanadate, 0.05 M NaF, 2 nM
okadaic acid). Protein content was determined using the
Lowry method (Lowry et al. 1951). Samples (25–40 μg) were
mixed with Laemmli buffer containing 0.125 M Tris (pH 6.8),
20 % glycerol, 10 % beta-mercaptoethanol, 4 % SDS and
0.002 % bromophenol blue, and heated at 95 °C for five
min. Protein was loaded on a 15 % SDS–PAGE gel to Bax
and Bcl-2 or on a 10 % SDS-PAGE to PARP-1 separated by
electrophoresis using a Biored system with molecular weight
standards (Rainbow-GE). Protein transfer to PVDF
(Millipore) (Bax and Bcl-2) or nitrocellulose membranes
(GE) (PARP-1) was carried out in a transfer system (Biorad)
using 25 mM Tris, 192 mM glycine, 20 % (v/v) methanol,
pH 8.3. Membranes were washed with 0.1 M Tris–Tween
20, blocked with 0.1 M Tris containing 5 % skimmed milk
(PARP-1) or 5% fetal bovine serum (Bax and Bcl-2), and then
incubated with the primary antibodies Bax, Bcl-2 and PARP-1
at 4 °C overnight (1:1000 dilution, Calbiochem). After rins-
ing, the membranes were incubated with the corresponding
secondary antibody (goat anti-rabbit IgG, Calbiochem) at a
dilution of 1:8000 in 0.1 M Tris containing 2 % fetal bovine
serum for 60 min. After washing them twice with 0.1 M Tris,
membranes were ready for the blocking stage to re-probing
with the monoclonal anti-β-actin immunoglobulin (Sigma–
Aldrich, 1:2000) used as internal control of the reaction.

After rinsing, blots were incubated for 90 min in
streptavidin-horseradish peroxidase (Vector Laboratories,
Burlingame, CA), then with a primary antibody anti-β-actin
peroxidase (1:3000, Sigma) used as internal control of the
reaction, and revealed with 3,3-diaminobenzidine (DAB,
Sigma). The rate between optical density of Bax, Bcl-2, and
PARP-1 over β-actin bands is presented as means ± standard
deviation (SD).

Statistical analysis

The results were analyzed with the following tests, as appro-
priate: analysis of variance (ANOVA) followed by Tukey test,
Student’s t test and χ2 test.
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Results

Prepartum period

We observed that epileptic rats had a reduction of fertility in
35 % whereas only 13 of the 20 rats that were mated became
pregnant. These data are consistent with previous data already
published by our group. It was observed that epileptic rats
have a reduction of the fertility in 34.4 % of the animals, i.e.
in a group of 15 epileptic rats only 10 become pregnant during
period of 3 weeks of exposure to male in contra-position to

100 % of the non-epileptic animals that became pregnant at
the same period (Amado and Cavalheiro 1998). Our data are
also consistent with other studies (Vale et al. 2010) which
showed that pregnancy lasted 21.3 ± 0.25 days in the control
group and 21.3 ± 0.18 days in the experimental group (no
difference between groups). We did not observe any differ-
ence in relation to weight gain during the gestation period
between the groups, which is in agreement with previous data
(Vale 2007).

Seizure frequency was monitored over entire pregnancy as
well as before this period. Epileptic rats exhibited generalized

Fig. 1 Protein synthesis in brain of rat pups after maternal seizures. 14C-
Leu autoradiographs of brain sections of rats at first postnatal day (PN1).
Note the low grain density in the hippocampal formation (CA1, CA3,
HILUS and dentate gyrus (DG), piriform cortex (PirCx), amygdala
(AMG), posterior hypothalamus (PHYP) and thalamus (THAL) of
experimental pups compared to controls (arrows), indicating low
protein synthesis. On the bottom - Optical density (OD) values (means

± standard deviation, SD) of brain areas of experimental and control pups
studied at PN1. Data shows a significant decrease in OD of all studied
brain areas of experimental offspring compared to control (* p < 0.05,
Student’s t test). Coronal Plate (Cor. Plate) and Coronal Figure (Cor. Fig.)
at top panel were used to represent the anatomy of regions of interest
(Ramachandra and Subramanian 2011); EntCx- Entohinal Cortex
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seizures classified according to Racine’s scale as grade IVor
V. No tonic seizures were detected.

The frequency of spontaneous seizures was recorded in 13
female rats. Prior to pregnancy, mean seizure frequency was
15 ± 4.5 per week. During pregnancy, all rats presented at least
five seizures, wherein the distribution along the three weeks
declined significantly when compared to prepregnancy peri-
od. In the first week there were 3 ± 4 seizures/week (p < 0,05
vs the prepregnancy rate; ANOVA and Tukey’s test) followed
by 3 ± 2 (p < 0,05) and 4 ± 3 (p < 0,05) seizures/week at the
second and third weeks chronologically. Themean duration of
seizures was 39 ± 14 s, which lasted from 16 to 82 s. Results
are presented as means ± standard deviation, SD.

Postpartum period

Our results are similar with previous results (Lima et al. 2010)
where no significant difference was observed in the number of
live born pups per litter. In the control group (n = 12) there
were 11 ± 0.7 pups/litter, and in the experimental group
(n = 11) there were 9 ± 0.6 pups/litter (Student’s t test;
p > 0,05).

At PN1, it was observed a significant decrease at experi-
mental group (n = 20) when compared with control (n = 20) in
length (50,75 ± 0,5 mm; p < 0,01; ANOVA and Tukey post
hoc), weight (6,12 ± 0,2 g; p < 0,01), and anteroposterior
distances (17,06 ± 0,1 mm; p < 0,001) (Table 1). The exper-
imental pups (n = 48) also showed a decrease in weight com-
pared with control pups (n = 46) at PN3 and PN7 (Table 1).
The length was also decreased in experimental pups at PN3,
PN7 and PN14 (Table 1). Except at PN1, the cranial measures
were not significantly different at all periods analyzed.

All control and experimental pups presented the eye open-
ing at PN14. This procedure was analyzed in 5 offsprings per
group. The tooth eruption was considered positive when the
bone structure was observed. At PN11, all the control pups
presented superior tooth eruption while the experimental
group presented it at PN12 (no statistical difference, χ2 test).
The righting reflex was positive at PN4 for the control pups

and at PN5 for experimental pups (no statistical difference, χ2
test).

Blood gases and blood glucose

At experimental group, we observed a discrete hyperoxia with
a bicarbonate decrease (Student’s t test; p < 0,05), featuring a
metabolic acidosis. Glycemia was highly increased at experi-
mental group (Student’s t test; p < 0,001) (Table 2).

Autoradiographic analysis

The experimental pups studied at Autoradiographic analysis
were born from 05 epileptic dams that had 4,66 ± 4,5 seizures
at the first week, 2 ± 1,73 at the second and 3 ± 2,64 at the third
gestational week (mean ± SD). Optical densities (O.D.) anal-
ysis of 14C-Leu incorporation revealed lower grain density in
brain sections of experimental pups compared to control pups
(Student’s t test; p < 0,05) (Fig 1A). The reduction in 14C-Leu
incorporation induced by seizures during pregnancy ranged
from 37 to 46 % and was observed in distinct cortical, hippo-
campal, thalamic-hypothalamic and amygdaline regions from
experimental pups compared to pups from control group
(Fig 1).

Analysis of bax, bcl-2 and PARP-1 by Western blot

Semi-quantitative analyses of Bax (21 KDa), Bcl-2 (24 KDa)
and PARP-1 (85KDa) proteins were performed according to
previous descriptions (Merry and Korsmeyer 1997).

The levels of Bax, Bcl-2 and PARP-1 proteins assayed in
the hippocampus at different ages are shown in Fig. 2. A
significant decrease of Bax and Bcl-2 protein level was ob-
served at experimental pups at PN3 (Table 3); although at
PN14 they showed a significant increase in the levels of Bax
and Bcl-2 proteins when compared to control pups (Fig 2a and
b, Table 3). At PN21, the level of Bax protein remained in-
creased while Bcl-2 was significantly decreased (Fig 2a and b,
Table 3). The level of PARP-1 protein was significantly

Table 1 Developmental metric parameters: weight, length, and cranial measures

WEIGHT (g) LENGTH (mm) AP (mm) LL (mm)

CONT EXP CONT EXP CONT EXP CONT EXP

PN1 6,42 ± 0,08 6,12 ± 0,17* 53,35 ± 0,24 50,75 ± 0,46** 17,15 ± 0,13 17,06 ± 0,11** 9,75 ± 0,09 8,93 ± 0,14**

PN3 8,68 ± 0,12 7,73 ± 0,16** 63,19 ± 0,34 58,87 ± 0,45** 19,9 ± 0,16 19,8 ± 0,13 10,52 ± 0,07 10,33 ± 0,11

PN7 14,60 ± 0,24 13,12 ± 0,28* 75,97 ± 0,56 70,62 ± 0,57** 24,86 ± 0,19 24,23 ± 0,17 12,94 ± 0,09 12,64 ± 0,09

PN14 26,83 ± 0,42 26,27 ± 0,31 104,45 ± 0,83 99,46 ± 0,52** 32,56 ± 0,14 32,10 ± 0,15 15,71 ± 0,08 15,51 ± 0,09

PN21 38,01 ± 0,46 38,39 ± 0,53 122,17 ± 0,68 119,74 ± 0,67 36,80 ± 0,26 36,04 ± 0,28 17,91 ± 0,39 17,46 ± 0,19

APAnteroposterior distance; LL: Laterolateral distance; CONT: control rats; EXP: Experimental rats. Results are presented asmean ± standard deviation
(SD). Statistical significances are represented at *p < 0,01 and **p < 0,001 (ANOVA and Tukey)
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increased in almost all phases of the development studied, i.e.,
PN7, PN14 and PN21 in experimental compared to control
pups (Fig 2c, Table 3), indicating a possible occurrence of
DNA damage in experimental pups. The samples at a given
stage showed in Fig. 2 were cut out from the same gel. All
assays were performed with 4 animals per age group, 1 per
litter.

Discussion

Data in the literature show that women with epilepsy have
increased fetal risk in comparison to that of the general

population (Yerby 2000; Hvas et al. 2000). Even with the
reduction at seizure frequency observed during pregnancy,
likely due to changes in hormonal status (Amado and
Cavalheiro 1998), the present study shows that animals born
from epileptic rats presented reduced weight, length and
anteroposterior cranial measures at birth when they were com-
pared to control rats. At this time, metabolic changes and
disturbances were also observed in the protein synthesis rates
in the offspring hippocampus, probably due to the occurrence
of seizures during pregnancy, which, in turn, could modify the
expression of important proteins. The level of anti-apoptotic
proteins was reduced at PN3 and it was followed by pro-
apoptotic proteins level increase at later development stages
(PN14-PN21).

Protein synthesis is a high-energy expenditure process ac-
counting for the consumption of 18–26 % cellular energy
reserves (Hawkins 1991). Studies on a variety of HI experi-
mental models have shown that energy and/or energy sub-
strates reduction may cause protein synthesis inhibition in
the brain (Albrecht and Smiatek 1975; Nowak et al. 1985).
By considering that seizures are high energy expenditure pro-
cesses, the occurrence of seizures during pregnancy may
cause ischemia and it results in the ^freezing^ effect on the
protein synthesis in the fetus’ brain due to low ATP levels.
According to previous results, several changes may be related
to fetal ischemia caused by seizures: the presence of ischemic
infarct in the placenta of epileptic female rats, changes in the
development of hippocampal interneurons that express

Table 2 Physiological parameters in pups in the birth day (PN0). Blood
gas and glucose were measured in control (20 pups from 7 litters) and in
experimental pups (7 pups from 3 litters)

CONTROL EXPERIMENTAL

pH 7,4 ± 0,02 7,48 ± 0,06

pCO2 (mmHg) 37,5 ± 2,5 24,2 ± 6,3

pO2 (mmHg) 65,0 ± 8,3 113,5 ± 15,0*

SatO2 (%) 80,9 ± 3,7 90,5 ± 7,5

HCO3 (mmol/L) 22,4 ± 1,2 15,5 ± 2,2*

Glycemia (mg/dL) 80,6 ± 4,3 206,7 ± 1,4**

All values are mean ± standard deviation (SD). Statistical significances
were presented at * p < 0,05; **p < 0,001 (Student’s t test)

Fig. 2 Representative Western
blots of Bax (a); Bcl-2 (b); and
PARP-1 (c) proteins in the
hippocampus of rat offspring at
postnatal day 3, 7, 14 and 21.
Blots were normalized to β-actin
to control for equal protein
loading between lanes. Data are
representative of four rats/group/
age. Densitometric analysis of
Western blots is shown as
normalized proteins expression,
represented as mean ± standard
deviation (SD). Statistical
significance are presented at
*p ≤ 0.05 (Student’s t test)
compared to control
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calcium-binding proteins, which may reflect an imbalance in
the mechanisms of excitation and inhibition, and an increased
expression of neuroglobin observed in the cerebellum of pups,
reflecting low O2 rates (Vale et al. 2010; Lima et al. 2011).

It was observed that the offspring from epileptic rats exhib-
ited lower optical densities of 14C-Leu incorporation in nu-
merous brain areas at birth when they were compared to the
offspring from normal rats. Reduction in 14C-Leu incorpora-
tion ranging from 37 to 46 % was mainly observed in the
piriform and entorhinal cortex, amygdala, thalamus, as well
as in the hypothalamus and hippocampal formation. The data
in the present study indicate that seizures during pregnancy
may alter protein synthesis in the offspring brain, and its con-
sequences still need to be elucidated. The similarity in seizure
frequency among the three gestational weeks allows thinking
that the herein observed impairment may have resulted from
the entire pregnancy period. However, despite this similarity,
it is also possible that the different damages are related to the
gestational period in which the seizures occurred. This will be
the subject of further studies.

In addition to present a reduced protein synthesis, pups of
epileptic rats also presented a decreased weight, length and
anteroposterior cranial extent, which is associated with intra-
uterine growth delay. These events could be caused by chang-
es in uterine blood flow during the seizures, since there is an
increase in cerebral blood flow when these events take place
and a redistribution of this flow consequently. Furthermore,
the increase in hypothalamic-pituitary-adrenal (HPA) axis
hormones related to maternal seizure stress may decrease
utero-placental perfusion and, as a result, alter fetal growth
(Cosmi et al. 1990). Previous studies have shown the presence
of ischemic infarcts at the placenta of epileptic female rats and
it meets the placental low flow, thus suggesting that maternal
seizures may cause HI insults in the offspring (Lima et al.
2010).

The metabolic changes observed at the first 24 postnatal
hours may also result from insults during intrauterine life.
Blood gas analysis showed hyperoxia and low bicarbonate
in pups from epileptic rats (Table 2). These findings are related
to compensatory metabolic acidosis with respiratory alkalosis,
which may result from fetal distress. Hyperglycemia in the

first 24 h was another finding tomeet fetal distress in offspring
from epileptic rats. Prolonged-birth newborns that suffered
perinatal hypoxia showed initial hyperglycemia resulting from
the increased catecholamines and cortisol release (Lagercrantz
and Bistoletti 1977; Procianoy and Silveira 2001).

Therefore, literature findings (Challis et al. 2000; Austin
et al. 2005) allowed thinking that hormonal changes due to
stress throughout the gestational period, along with the
hypoxic environment - both arising from maternal sei-
zures - are responsible for the fetal development alter-
ations, such as fetal suffering and intrauterine growth
delay right after birth.

During their development (PN3-PN21), the experimental
pups showed weight curve below the control up to PN7 and
lower length curve up to PN14 (Table 1). These results show
postnatal growth delay followed by recovery during the nutri-
tional rehabilitation process, when the weight gain is faster
than the length gain.

In addition to the physical changes seen in the first days
after birth, pups from epileptic rats exhibited Bax and Bcl-2
protein level reduction at PN3 and it was followed by increase
in these markers and in PARP-1 at PN14 when they were
compared to the normal offspring. Bax and PARP-1 levels
remained higher at PN21, whereas Bcl-2 levels were lower
than those found in the control rats.

Low Bax and Bcl-2 protein levels in the early developmen-
tal stages may have resulted from the intrauterine seizures.
This imbalance between pro- and anti-apoptotic protein ex-
pressions may affect the neuronal survival. As the ratio of
Bcl-2 to Bax appears to determine the susceptibility to apo-
ptotic stimuli (Oltvai et al. 1993; Yin et al. 1994), the low Bax/
Bcl-2 ratio (lower than1) observed in the hippocampus of
pups at PN3 suggests that repair mechanismsmay be activated
in these regions to prevent cell death (Fig 3). On the other
hand, it was possible to observe increased Bax and Bcl-2
protein levels at PN14, and it was followed by Bcl-2 decrease
at PN21. These results could indicate the presence of caspase-
dependent apoptosis, since the activation of either Bax or Bak
is associated with changes in their conformation. These
changes take place to induce permeabilization in the outer
mitochondrial membrane (Autret and Martin 2009). This

Table 3 Bax, Bcl-2, and PARP-1
proteins in rat hippocampus aged
3, 7, 14 and 21 days. Values
represent densitometric analysis
of protein bands normalized with
β-actin in Western blots (four
rats/group/age)

BCL-2 BAX PARP

CONT EXP CONT EXP CONT EXP

PN3 0,55 ± 0,03 0,46 ± 0,08* 0,52 ± 0,07 0,35 ± 0,08* 0,55 ± 0,08 0,65 ± 0,14

PN7 0,58 ± 0,09 0,53 ± 0,07 0,67 ± 0,06 0,63 ± 0,30 0,73 ± 0,06 0,84 ± 0,04*

PN14 0,69 ± 0,12 0,92 ± 0,03* 0,96 ± 0,08 1,09 ± 0,04* 0,49 ± 0,15 0,74 ± 0,07*

PN21 0,76 ± 0,15 0,54 ± 0,05* 0,78 ± 0,04 0,87 ± 0,04* 0,57 ± 0,06 0,93 ± 0,09**

Data are represented as mean ± standard deviation (SD). Statistical significance are presented at *p ≤ 0.05,
**p < 0,001
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hypothesis is corroborated by the increased Bax/Bcl-2 ratio at
PN21 (Fig 3).

However, although Bcl-2 proteins have always been linked
to apoptotic signaling, some recent studies show that these
proteins may modulate biochemical pathways other than
mitochondria-regulated apoptosis, such as the mitochondrial
remodeling regulation through fusion and fission (Autret and
Martin 2009; Autret and Martin 2010). These mitochondrial
dynamics are crucial to allow accumulating these organelles in
subcellular regions that require high metabolic activity.
Therefore, they are tightly implicated in the disease pathogen-
esis. Thus, despite the occurrence of apoptotic cell death, the
disturbed balance of interactions within the Bcl-2 family could
generate important impact upon the mitochondrial network
connectivity.

Under cell-stress conditions, the mitochondria release
death factors, such as the cytochrome c and the apoptosis-
inducing factor (AIF) (Pospisilik et al. 2007). The
mitochondrial-associated AIF release and the translocation
to the nucleus is the commitment point for parthanatos, which
is a caspase-independent cell death. Besides the fact that
PARP-1 plays a pivotal role in multiple neurologic diseases
by mediating parthanatos (Wang et al. 2009), it is likely that
PARP-1 participates in cell death bymultiple mechanisms (Ha
and Snyder 2000).

PARP-1 is known as key regulator of cell survival and cell
death and it is activated in response to noxious stimuli such as
free radicals, hydrogen peroxide, hydroxyl radical, and
peroxynitrite, which trigger DNA strand nicks and breaks.
Thus, when there is mild DNA damage, the PARP-1 activity
increases, as it was observed in the experimental offspring at
PN7, PN14 and PN21, in comparison to the control levels.

Despite the changes observed at the Bcl-2, Bax and PARP-
1 expression levels, no other signs were observed to prove cell
death occurrence. Previous analysis showed no significant
neuronal loss in the hippocampus of the offspring from epi-
leptic rats at PN6 (Vale et al. 2010). However, these rats
showed change in specific neuronal subpopulations and it
suggests abnormal development or differentiation of these
neurons (Vale et al. 2010). Therefore, the altered PARP-1 ex-
pression observed in the current study could be a way to repair
the impairment caused by the insults of the epileptic mother,
since many studies indicate that this protein is an important
molecule in response to DNA damage (Herceg and Wang
2001). In addition, Bax may be also stimulated by the signal
of DNA fragmentation (Lee et al. 2008).

The harmful effects caused by the insults from intrauterine
life were verified by the alterations found right after birth.
These changes kept on inducing disturbances at the cellular
machinery after 21 days, which, in turn, could cause long-
lasting consequences. Previous studies performed by our
group indicate that the exposure to maternal seizures within
the uterus may cause behavioral effects on the offspring dur-
ing their adult life (Lima et al. 2010). These studies evaluated
3-month-old pups and showed that pups from epileptic
mothers presented significant deficits in some behavioral tests,
such as the open field test, which showed increased immobil-
ity duration; and the rotarod test, which found significant mo-
tor deficits (Lima et al. 2010).

Therefore, the present data provides new evidence that the
intrauterine exposure to maternal seizures may have conse-
quences for the fetal brain. These consequences may be linked
to the occurrence of ischemia and/or maternal stress and it
results in fetal suffering, intrauterine growth delay, altered

Fig. 3 Ratio between O.D. of
Bax and Bcl-2 proteins of
experimental and control groups
at postnatal day 3, 14 and 21. At
PN7, no significant difference of
Bax and Bcl-2 proteins levels
were observed at this age between
the groups and therefore it was
not included
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protein synthesis and changes in the expression of apoptotic
proteins, which, in turn, may cause long-term disturbances in
the brain function. These findings are particularly interesting
to pregnant womenwho are afraid to take anticonvulsant med-
ications, since they show the important harmful effects of the
seizures per se.
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