
Pentylenetetrazole-induced seizures in
developing rats prenatally exposed
to valproic acid

Angel A. Puig-Lagunes1, Jorge Manzo2, Luis Beltrán-Parrazal2,
Consuelo Morgado-Valle2, Rebeca Toledo-Cárdenas2 and
Maria-Leonor López-Meraz2
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ABSTRACT
Background: Epidemiological evidence indicates epilepsy is more common in

patients with autism spectrum disorders (ASD) (20–25%) than in the general

population. The aim of this project was to analyze seizure susceptibility in

developing rats prenatally exposed to valproic acid (VPA) as autism model.

Methods: Pregnant females were injected with VPA during the twelfth embryonic

day. Seizures were induced in fourteen-days-old rat pups using two models of

convulsions: pentylenetetrazole (PTZ) and lithium-pilocarpine (Li-Pilo).

Results: Two subgroups with different PTZ-induced seizure susceptibility in rats

exposed to VPAwere found: a high susceptibility (VPA+) (28/42, seizure severity 5)

and a low susceptibility (VPA-) (14/42, seizure severity 2). The VPA+ subgroup

exhibited an increased duration of the generalized tonic-clonic seizure (GTCS;

45 ± 2.7 min), a higher number of rats showed several GTCS (14/28) and developed

status epilepticus (SE) after PTZ injection (19/27) compared with control animals

(36.6 ± 1.9 min; 10/39; 15/39, respectively). No differences in seizure severity,

latency or duration of SE induced by Li-Pilo were detected between VPA and

control animals.

Discussion: Prenatal VPA modifies the susceptibility to PTZ-induced seizures

in developing rats, which may be linked to an alteration in the GABAergic

transmission. These findings contribute to a better understanding of the

comorbidity between autism and epilepsy.
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INTRODUCTION
Two neurological conditions that importantly affect the pediatric population are epilepsy

and autism spectrum disorder (ASD) or autism. Epilepsy is defined as a disorder of

the brain characterized by an enduring predisposition to generate epileptic seizures

(Fisher et al., 2014). ASD is a pervasive developmental disorder characterized by three

main behavioral symptoms including social deficits, impaired communication, and

stereotyped, repetitive behaviors (Rapin & Tuchman, 2008). Epidemiological studies

refer the existence of comorbidity between autism and epilepsy. In fact, different
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reports show that up to a third of patients with autism have epilepsy (Bolton et al., 2011;

Danielsson et al., 2005; Gabis, Pomeroy & Andriola, 2005; Hara, 2007; Hughes & Melyn,

2005). Some reports suggest that epilepsy is the most common central nervous system

disorder associated with autism; autistic patients with severe mental retardation,

cognitive impairment and tuberous sclerosis have a higher risk of developing epilepsy

(Bolton et al., 2011; Danielsson et al., 2005; Gabis, Pomeroy & Andriola, 2005). The

incidence of epilepsy among the autistic population seems to follow a bimodal

distribution with a first peak at age between 1–5 years old, then a second peak between

prepuberty and adolescence (children more than 10 years old) (Bolton et al., 2011;

Danielsson et al., 2005; Gabis, Pomeroy & Andriola, 2005; Hara, 2007). Generalized tonic-

clonic seizure (GTCS) is one of the most common type of seizures observed in the

ASD population (Hara, 2007; Hughes & Melyn, 2005; Rapin & Tuchman, 2008).

Valproic acid (VPA) is a drug used to treat epilepsy, migraine and bipolar disorder.

Clinical studies in the last 40 years have shown that exposure to VPA during specific

pregnancy periods is associated with an increment of approximately three times the rate

of major anomalies in the neonates, including skeletal malformation and behavioral

impairment (Christianson, Chesler & Kromberg, 1994; Fried et al., 2004; Meador et al.,

2008). Also, it has been demonstrated that VPA monotherapy during the first trimester

of pregnancy resulted in greater incidence of ASD or key symptoms of ASD (Bromley

et al., 2008; Bromley et al., 2013; Christianson, Chesler & Kromberg, 1994; Moore et al.,

2000; Williams & Hesh, 1997). VPA affects the closing of neural tube during the

neurodevelopmental process by inhibiting the histone deacetylase (Arndt, Stodgell &

Rodier, 2005; Phiel et al., 2001).

Rodier et al. (1996) developed an animal model of autism induced by prenatal

exposure of rats to VPA. This model has been validated in terms of the similarities to

human autistic symptoms, such as altered sensitivity to stimuli, lower exploratory activity

and decreased social behaviors (Kim et al., 2011; Kim et al., 2013; Rodier et al., 1996;

Schneider & Przewlocki, 2005). The goal of this study was to analyze the susceptibility of

fourteen-days-old rat pups exposed prenatally to VPA (experimental model of autism) to

two experimental models of acute seizures: pentylenetetrazole (PTZ) convulsions or

lithium-pilocarpine (Li-Pilo) status epilepticus (SE) (Turski et al., 1989; Velisek et al., 1992).

These models were chosen since GTCS and SE have been observed in patients with autism

or during childhood in the general population (Bolton et al., 2011; DeLorenzo et al., 1996;

Govoni et al., 2008; Hara, 2007; Hughes & Melyn, 2005). We used fourteen-days-old rat

pups since the brain maturity at this age (12–18 days-old rats) has been suggested to be the

equivalent to the infant/toddler human brain (Haut, Velı́sková & Moshé, 2004). We

hypothesized that prenatal VPA will increase seizure susceptibility in infant rats.

MATERIALS AND METHODS
Animals
Adult male and female Wistar rats from our local breeding colony (Centro de

Investigaciones Cerebrales, Universidad Veracruzana), were maintained in a vivarium on

a 12:12 h circadian cycle (lights on at 08:00), at 23–25 �C temperature and 60–70%
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relative humidity, with free access to water and food (Rismart). All experiments were

conducted during the light period. Conducting daily vaginal smears corroborated the

fertility of females; when females were in proestrus, they were placed overnight with a

sexually experienced male. The following morning, vaginal smears were collected and

analyzed; if spermatozoa were found in the morning, this was reported as the first day of

pregnancy. Pregnant females were housed individually during the study. Experiments

were approved by a Committee of Graduate Program in Brain Research, Centro de

Investigaciones Cerebrales, Universidad Veracruzana. Animal treatment and maintenance

were conducted in accordance with the official Mexican specifications for the production,

care, and use of laboratory animals (NOM-062-ZOO-1999) as well as the National

Institutes of Health guidelines on the care and use of laboratory animals (National

Research Council of the National Academies, 2011).

Administration of valproic acid to pregnant rats
Valproic acid was purchased as the sodium salt (sodium valproate, Sigma, St. Louis, MO,

USA) and dissolved in 0.9% saline for a concentration of 250 mg/mL. Females received a

single intraperitoneal injection of 600 mg/kg on embryological day 12.5 (Schneider &

Przewlocki, 2005); control rats were treated with physiological saline during the same

embryonic day (SS group). Females were housed individually and were allowed to raise

their own litters.

Generalized tonic-clonic seizures induced by pentylenetetrazole
To determinate the susceptibility to seizures induced by PTZ, convulsions were induced

in 81 rats on the fourteenth postnatal day (P14). The control group was composed of

22 male and 17 female rat pups for a total of 39 rats; the VPA group was composed of

29 male and 13 female rat pups for a total of 42 rats. PTZ (Sigma, St. Louis, MO, USA) was

dissolved in 0.9% saline and administered intraperitoneally at a dose of 80 mg/kg. After

PTZ injection, rats were placed in a plexiglass acrylic cage and seizure behavior was

recorded until convulsions stopped and rats had totally recovered. The severity of seizures

(intensity of seizures) was measured according to scale proposed by Pohl & Mares (1987):

0- no changes in behavior; 1- isolated myoclonic jerks; 2- atypical minimal seizures

(unilateral, incomplete); 3- full clonic seizure; 4- pattern of tonic-clonic seizures with a

suppression of tonic phase; 5- full GTCS.

Status epilepticus induced by lithium-pilocarpine
Status epilepticus was defined as near continuous seizure activity lasting over 30 min

(Wasterlain & Chen, 2006). SE was induced with Li-Pilo in P14 rat pups from both

genders. Seizures were produced in 29 control rats (11 males and 18 females) and in

22 rats exposed to VPA (17 males and five females). Rats were injected intraperitoneally

with lithium chloride (3 mEq/kg; Sigma, St. Louis, MO, USA) 20 h before convulsions

were induced by the subcutaneous injection of 100 mg/kg of pilocarpine hydrochloride

(Sigma, St. Louis, MO, USA). Then, rats were placed in a plexiglass acrylic cage for

recording seizure behavior. Seizure severity (intensity of seizures) was measured according

Puig-Lagunes et al. (2016), PeerJ, DOI 10.7717/peerj.2709 3/16

http://dx.doi.org/10.7717/peerj.2709
https://peerj.com/


a slight modification of Haas, Sperber & Moshe (1990) scale as proposed by other

authors (Suchomelova et al., 2006; Suchomelova et al., 2015): 0- Behavioral arrest; 1-

Mouth clonus; 2- Head bobbing; 3- Unilateral forelimb clonus; 4-Bilateral forelimb

clonus; 5- Bilateral forelimb clonus and falling over with or without rearing; 6- Wild

running and jumping with vocalizations.

Behavioral parameters analyzed
For both experimental models of seizures, seizure susceptibility was analyzed considering

the following parameters: seizure occurrence, seizure severity (according to the behavioral

scale), latency and duration of behavioral seizures, number of animals displaying SE

and death due to seizures. All experiments were video-recorded in order to identify more

precisely the parameters indicated above.

Statistical analysis
Normality and homoscedasticity of data were evaluated by using respectively the

D’Agostino & Pearson omnibus normality and the Bartlett’s test, respectively. Data

displaying equal variances were analyzed by a Student’s t-test and reported as the mean ±

standard error of the mean (S.E.M.); data that do not meet the criteria of normality

were analyzed by a Mann Whitney U-test and expressed as the median ± interquartile

range. To determine the difference between two proportions, it was used a proportion

test. Two-sided statistical testing was performed in all analyses. Statistical significance

for all comparisons was considered when p < 0.05. Statistical analyses were performed

using the Statistica (version 7) or Graphpad Prism (version 6.0d) software.

RESULTS
Effect of VPA exposure on birth rate and body weight
Prenatal exposure to VPA decreased up to 30% the rate of birth (p < 0.005) and the

number of pups per litter (6.3 ± 0.9) when compared with control rats (9 ± 0.7) (five

VPA litters, six Saline litters). The proportion of female and male pups per litter was

different in both experimental groups; in the VPA group the proportion of females was

lower (18/64) than those of males (46/64, p < 0.001). Litters from the control group did

not show differences in the proportion of rats per gender (51% females 35/68 vs 49%

males 33/68, p = 0.86).

When the body weight of VPA rats from both genders was measured on 14 postnatal

day, the VPA group showed lower body weight (n = 42, 24.5 ± 8.8 g) than the control

group (n = 39, 29.6 ± 4.9 g) (Mann–Whitney U = 248, p < 0.0001). This effect was

observed both in males (23 ± 8.1 g; Mann–Whitney U = 184, p < 0.0001) and females

(22.7 ± 0.8 g; t = 5.15, p < 0.0001) rats exposed to VPA in comparison with those from the

control group (respectively 28.7 ± 4.7 and 27.3 ± 0.47 g).

Prenatal exposure to VPA produced congenital abnormalities in the pups, which were

evident in 61% of the rats. The most common abnormality was a crocked tail with

different grades of severity. Similar abnormalities were not detected in rats from the

control group.
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Seizures induced by PTZ
After a careful analysis of the convulsive behavior of rats prenatally treated with VPA,

we found two subgroups with different PTZ-induced seizure severity (p < 0.001) (Fig. 1).

The first subgroup was termed VPA+ (28/42, corresponding to 67% of VPA rats)

and had seizures scored as 4.9 ± 0.04 and corresponding to GTCS (Ninety six percent of

VPA+ rats (27/28) had seizure severity scored as 5). Seizure severity in the VPA+ subgroup

was similar to that from the control group 5 ± 0.0 (t = 1.18, p = 0.24). The VPA+ subgroup

was mainly made of male rats (20 males and eight females). The second subgroup was

termed VPA- (14/42, corresponding to 33% of VPA rats) and had an average seizure

severity of 2.1 ± 0.1, corresponding to myoclonus and minimal seizures. Seizure severity

was smaller in the VPA- subgroup than in the control and the VPA+ groups (p < 0.001)

(Fig. 1; Table 1). It is important to mention that the body weight at postnatal day 14

was similar in the VPA+ (23.8 ± 0.8 g) and VPA- (21.2 ± 1.2 g) rats (t = 1.790, df = 40;

p = 0.0809). The latency to myoclonus was similar in the VPA+ (54.05 ± 5.2 s) and

control groups (50 ± 3.2 s) (t = 0.3488, p = 0.7286). However, the latency to myoclonus

was higher in the VPA- subgroup (108 ± 71.5) than in the control group (53 ± 22)

(p < 0.0001; Mann–Whitney U = 54). Latency to myoclonus was higher in the VPA-
subgroup (108 ± 71.5) than in the VPA+ subgroup (50 ± 36.9) (p = 0.0003; Mann–

Whitney U = 42).

In the VPA+ subgroup a larger number of rats had several GTCS (14/28; p < 0.05)

and developed SE (19/28; p < 0.05) in comparison with the control group (10/39 and

15/39, respectively). VPA+ rats had increased latency to the first GTCS (1.6 ± 0.9 min,

Mann–Whitney U = 267.5, p < 0.001) in comparison with the control group (1 ± 0.5

min). The number of rats that survived to the GTCS or SE (did not die due to seizures)

was higher in the VPA+ subgroup (10/27; p < 0.001) than in the control group (6/39),

i.e., only 63% (17/27) of VPA+ rats died after seizures whereas 85% (33/39) of control

rats died after seizures.

Results showed that the duration of GTCS was increased in the VPA+ group (45 ± 2.7 s;

(t = 2.54, p < 0.05) when compared with the control group (36.6 ± 1.9 s). When the

clonic and tonic phases of the GTCS seizure were separated, data showed that the duration

of the tonic phase was increased in VPA+ rats (24.8 ± 1.7 s; t = 3.01, p = 0.003) compared

with control rats (18.5 ± 1.2 s). However, the duration of the clonic phase was similar in

VPA+ and control rats (19.8 ± 2.5 and 18.3 ± 1.8 s, respectively; t = 0.469, p = 0.640)

(Fig. 2). Duration of SE was similar in VPA+ and control groups (67.2 ± 5.1 and 66 ±

4.2 min, respectively; t = 0.181, p = 0.856).

When GTCS duration was evaluated considering the gender, results showed that seizure

duration was higher in VPA+males (47.6 ± 3.3 s; t = 3.01, p = 0.004) than in control males

(34.5 ± 2.7 s). The tonic phase of this seizure lasted more in VPA+ males (26.6 ± 2.6 s;

t = 3.18, p = 0.002) than in control males (18.3 ± 1.6 s), whereas the duration of the

clonic seizure was similar in both groups (20.5 ± 2.9 s for VPA+ males and 16.2 ± 2.4 s

for control males; t = 1.12, p = 0.267). Duration of SE was similar in VPA+ males

(62 ± 6.1 min; t = 0.43, p = 0.670) when compared with control males (66 ± 7.3 min).
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Figure 1 Severity of convulsions induced by pentylenetetrazole (PTZ) in rats prenatally exposed to

valproic acid (VPA). Two subgroups with different PTZ-induced seizure severity were observed: the

high seizure susceptibility subgroup (VPA+) and the low seizure susceptibility subgroup (VPA-). Data
are represented as the mean ± S.E.M. and were analyzed with a Student’s t-test. �p < 0.001 vs SS group

and VPA+ subgroup.

Figure 2 Duration of the generalized tonic-clonic seizure (GTCS) induced by pentylenetetrazole, as

well as of its clonic and tonic phases in the subpopulation of rats treated with valproic acid with high

seizure susceptibility (VPA+). Data are represented as the mean ± S.E.M. and were analyzed with a

Student’s t-test. SS, saline group. �p < 0.01 vs SS group.

Table 1 Number of rats displaying seizures after injection with pentylenetetrazole.

Seizures SS group

(n = 39)

VPA group (n = 42)

VPA+ subgroup

(n = 28)

VPA- subgroup

(n = 14)

Seizure stage 2 0 0 12*

Seizure stage 3 0 0 2

Seizure stage 4 0 1 0

Seizure stage 5 39 27* 0

SE (after seizures stage 5) 15 19* 0

Notes:
VPA, valproic acid; VPA+, subpopulation of rats treated with VPAwith high seizure susceptibility; VPA-, subpopulation
of rats treated with VPA with low seizure susceptibility. Seizure severity was evaluated considering the Pohl & Mares
(1987). Data were analyzed with a proportion test.
* p < 0.05 vs control group and VPA+ or VPA-.
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Regarding the females rats, results showed no differences between VPA+ and control rats

in the duration of the GTCS (38.8 ± 3.8 and 39.1 ± 2.5 s, respectively; t = 0.118, p = 0.907)

or clonic (18.1 ± 5.2 and 21.1 ± 2.7 s, respectively; t = 0.561, p = 0.580) and tonic

(20.7 ± 3.4 and 18.8 ± 1.8 s, respectively; t = 0.561, p = 0.580) phases of the GTCS.

Status epilepticus induced by lithium-pilocarpine
All rats from both experimental groups developed SE. Seizure severity in the VPA group

(6 ± 0; t = 1.49, p = 0.141) was similar to the control group (5.8 ± 0.10). Latency to

SE (13 ± 1 min, t = 0.445, p = 0.660) and duration of SE was similar in the VPA (242.8 ±

16 min; t = 1.087, p = 0.282) and control groups (12.1 ± 1.2 and 268 ± 17 min,

respectively). VPA as well as control rats tolerated well the pilocarpine-induced SE

without mortality. No additional differences in SE behavior were observed between

experimental groups related to gender.

DISCUSSION
In the present study, we showed that prenatal exposure to VPA produces two P14 rat

subpopulations with different PTZ-induced seizure susceptibility. The VPA+ subgroup

showed increased duration of GTCS, particularly of the tonic phase, a higher number of

GTCS and progression of acute seizures to SE; whereas the VPA- subgroup only displayed

myoclonic seizures. Lithium-pilocarpine-induced SE in VPA rats was similar to the

control group.

In this study, we observed that the main congenital abnormality following prenatal

exposure to VPA is the presence of a crocked tail in the pups. This observation is similar

to previous reports from others (Favre et al., 2013; Foley et al., 2012; Kim et al., 2011;

Kim et al., 2013) and our laboratory (Saft et al., 2014; Puig-Lagunes et al., 2015), which

confirms that our model is reproducible.

Our results demonstrate changes in the susceptibility to seizures induced by PTZ

in rat pups exposed prenatally to VPA, an experimental model of autism. A previous

study reported that 4-week-old rat exposed to VPA at E12 displayed lower electroshock

seizure thresholds than control rats (Kim et al., 2011). These authors suggest that

exposure to VPA at this embryonic stage produces a reduced inhibitory function

of the brain similar to autistic patients (Kim et al., 2011). A recent study also

demonstrated that Xenopus laevis tadpoles exposed to VPA have increased PTZ-

induced seizure susceptibility, which was associated with hyperconnected neural

networks in the optic tectum, an increased excitatory and inhibitory synaptic drive

and elevated levels of spontaneous synaptic activity (James et al., 2015). Our results

also showed that the seizure severity is reduced in the VPA- subgroup. This effect

could be interpreted as an apparent protection of a subgroup of VPA exposed rats

against PTZ. Sobrian & Nandedkar (1986) analyzed whether sub-chronic prenatal

exposure to VPA could protect or sensitize against PTZ-induced convulsions in

34–38 days old rats. These authors did not use the VPA as an experimental model of

autism. Actually, they used a non-teratogenic dose of VPA (20 mg/kg) and the drug

was injected from 15th to 20th embryonic day. Their results are similar to our findings
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in P14 rat pups, since VPA exposed rats exhibited a sexually dimorphic response to

PTZ-induced convulsions (50 mg/kg): VPA prenatal exposure protected females from

generalized clonic-tonic convulsions, whereas duration of this seizure was longer in

VPA male offspring than in controls (Sobrian & Nandedkar, 1986). These authors

speculate that the protective effect conferred by prenatal valproate may be due to an

increase in fetal levels of GABA, changes in drug metabolism promoting an increased

degradation of PTZ, or an altered PTZ binding capacity (Sobrian & Nandedkar, 1986).

All these changes may also explain the protective effect observed in our study.

However, there is not yet a clear explanation for the decreased PTZ-seizure

susceptibility observed after prenatal exposure to VPA.

As previously mentioned, the VPA+ subgroup had the same seizure incidence and

severity than the control group, but displayed higher duration of the GTCS and

the tonic phase of that seizure, and an increased number of rats had SE; the VPA-
subgroup did not displayed GTCS. A possible explanation for this dual effect of

VPA treatment is the intrauterine fetal position. Fetuses from rats treated with

cocaine had different brain drug levels depending on their localization; fetuses near to

cervix had higher levels when compared with fetuses distal from it (Del Campo &

Ginther, 1972). This effect could be associated with the uterine blood flow, since blood

flows predominantly from the cervix to the ovaries in pregnant rats (Lipton et al.,

1998). In the same context, a recent paper showed that prenatal exposure to letrozole

produces two subpopulations of rats with different sex preference (Olvera-Hernández,

Chvira & Fernández-Guasti, 2015). To explain this observation, the authors suggested

that the fetuses were exposed in utero to a different amount of drug. This could

also explain the various VPA teratogenic effects observed in the same litter in this

present study. Interestingly, heterogeneity has also been demonstrated in humans with

ASD (Oberman et al., 2010). In this study, intracortical inhibition was measured in

people with ASD and a subgroup with reduced inhibition was reported, which could be

related with the broad spectrum of behaviors observed in this condition (Oberman

et al., 2010).

The VPA+ subgroup was mainly made of male rats and increased seizures

susceptibility was observed in male but not in female rat pups. Sex differences can play a

key factor in the development of psychological disorders such as autism (Werling &

Geschwind, 2013). In this context, autism is more common in men than women

(Fombonne, 2009; Mandy et al., 2012). It has been proposed that a dysregulation of

estrogen receptor signaling may contribute to sex differences in autism (Crider et al.,

2014). Interestingly, our work group recently showed that prenatal VPA induces gender-

dependent changes in androgen receptor expression in the developing rat cerebellum

(Perez-Pouchoulen et al., 2016), which may contribute to explain the differences in

seizure susceptibility observed in this study. In the experiments reported by Kim et al.

(2013), a lower seizure threshold was found after VPA exposure; only male rats were

used. Thus, our results suggest that in the VPA-exposed rat model of ASD, males could

be more sensitive to a possible reduction in the brain inhibitory function and,
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consequently, VPA males could be more susceptible to develop seizures. It is known that

glutamic acid decarboxylase (GAD67) expression in VPA-exposed female hippocampus

is higher compared with male offspring (Kim et al., 2013). However, it has recently

been shown that adult VPA rats had increased mRNA expression for GABA transporter

1 in the amygdala and decreased levels of GAD67 and GAD65 in the cerebellum

compared to control animals, in both genders (Olexová, Štefánik & Kršková, 2016).

These data suggest that the mechanisms responsible for gender specificity in ASD

and epilepsy can involve different brain areas. Additionally, while using the same

experimental model of autism, others found a gender difference in postnatal behavior,

endocrine activity, and immune system function in VPA rats; further, some of these

parameters were similar in VPA and control female rats (Schneider et al., 2008). Several

studies have reported that the prevalence of autism is higher in boys than in girls;

however autistic girls have a greater incidence of epilepsy (Bolton et al., 2011; Danielsson

et al., 2005; Hughes & Melyn, 2005; Kanner, 1943).

Klioueva et al. (2001) found differences in PTZ-induced seizure severity in rats at

different ages, pointing that the immaturity of the brain could be a determining factor.

In that study, 10-days-old rat pups reached seizures with a shorter latency than older

rats, their pattern of seizures was relatively immature, and fully generalized seizures in

this age group failed to occur (Klioueva et al., 2001). In immature brains, the GABAergic

system is not completely developed and its inefficiency could result in increased

susceptibility to seizures. In fact, the absence of inhibitory control on excitatory

processes at an early age increases the vulnerability of the developing neocortex to

seizure activity during postnatal ontogenesis (Ben-Ari et al., 1989; Klioueva et al., 2001).

Thus, VPA+ rats may be more susceptible to PTZ effects, due to an under-development

of the GABAergic system. Our data support that prenatal exposure of VPA favors seizure

activity, perhaps due to an imbalance between the inhibitory and excitatory systems,

probably involving GABA. Additionally, a recent study demonstrated that prenatal VPA

exposure in rats induces changes in astrocytic parameters in 15-days-old male rats,

including an increase of glutamine synthetase (GS) activity and a decrease in the

expression of the glutamate transporters GLT1 (Bristot Silvestrin et al., 2013). An

increase in GS activity could result in metabolic changes affecting the production of

glutamate, whereas the reduction of GLT1 could result in increased extracellular

concentration of glutamate, which in turn could augment neuronal excitability.

These effects could be associated with the higher seizure susceptibility observed in the

VPA+ subgroup and also in autism patients (Bolton et al., 2011; Danielsson et al., 2005;

Gabis, Pomeroy & Andriola, 2005; Hara, 2007; Hughes & Melyn, 2005; Tebartz van Elst

et al., 2014). Our results replicate data reported in several epidemiological studies

showing comorbidity between autism and epilepsy (Bolton et al., 2011; Danielsson et al.,

2005; Gabis, Pomeroy & Andriola, 2005; Hara, 2007; Hughes & Melyn, 2005) and

specifically, the manifestation of generalized tonic clonic seizures (Bolton et al., 2011;

Hara, 2007; Hughes & Melyn, 2005). However, our data do not infer that prenatal

exposure to VPA and seizure susceptibility in the offspring is triggered by an alteration
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in the GABAergic system, since we have not data about neurotransmission and long

term EEG-video monitoring was not performed. However, these effects could be caused

by a dysfunction of the GABAergic system.

On the other hand, in utero VPA exposure may affect normal rat brain maturation,

affecting importantly the GABAergic system and modifying seizure susceptibility as seen

in this study. The excitatory or inhibitory effect of GABA during neurodevelopment

depends on the electrochemical gradient of Cl- across the neuronal plasma membrane,

which is regulated by cation-chloride cotransporters: KCC2 drive net Cl- extrusion

whereas NKCC1 uptakes Cl- by using the K+ and Na+ gradients which, in turn, are

generated by the Na-K ATPase (reviewed in Löscher, Puskarjov & Kaila, 2013).

Intracellular Cl- concentration is high in immature neurons, which is attributable

to NKCC1 and responsible for depolarizing effects of GABA. Later, there is a

developmental up-regulation of KCC2, which renders the equilibrium potential of

Cl- hyperpolarizing and promotes the inhibitory effect of GABA (reviewed in Löscher,

Puskarjov & Kaila, 2013). It has been proposed that an abnormal functional expression

of KCC2 and NKCC1 might promote GABAergic excitation, which is relevant for

epilepsy (Huberfeld et al., 2007; Löscher, Puskarjov & Kaila, 2013) as well as autism

(Hadjikhani et al., 2015; Lemonnier et al., 2012). Prenatal VPA may modify the

normal expression and functioning of NKCC1 and KCC2, which may alter the

inhibitory effect of GABA at P14, when rats were tested for PTZ convulsions and

produce the different degree of susceptibility to PTZ- induced convulsions observed

in this study.

We found that more rats in the VPA+ subgroup developed multiple GTCS compared

to the control group, and the duration of GTCS and the tonic phase were longer in VPA+

rats compared to controls. It is known that brainstem plays an important role in the

expression of the tonic seizures induced by PTZ (Eells et al., 2004; Franco-Pérez,

Ballesteros-Zebadúa & Manjarrez-Marmolejo, 2015) and recently Dubiel & Kulesza (2016)

showed significantly more c-Fos-positive neurons in the auditory brainstem of VPA-

exposed rats. These changes were associated with a hyper-responsiveness to sounds

and a disrupted mapping of sound frequencies at postnatal day 28. It is possible that

prenatal VPA has increased neuronal activity in specific brainstem areas facilitating the

induction of GTCS in the VPA+ subgroup.

Our study showed no differences between controls and VPA exposed rats in the

Li-Pilo model with regard to seizure severity, latency to SE and duration of SE. It is

known that the cholinergic neuronal network is functional by the end of the second

week of life in rats (Coyle & Yamamura, 1976). However, it was recently found that

prenatal exposure of VPA (300 mg/kg) induced an increase of acetylcholinesterase

expression and activity in the frontal cortex of mice at postnatal day 35 (Kim et al.,

2014). This dysregulation of cholinergic neuronal development may also be present in

VPA rats and may explain the absence of differences between VPA and control groups

in pilocarpine-induced SE, considering that the brain of VPA rats have adapted to

the increased cholinergic activity.
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CONCLUSION
The present study shows that prenatal VPA modifies PTZ seizure susceptibility in infant

rats, identifying subpopulations with higher susceptibility (VPA+) and other with lower

susceptibility (VPA-). These findings may contribute to a better understanding of the

comorbidity between autism and epilepsy.
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Gottfried C. 2013. Animal model of autism induced by prenatal exposure to valproate:

altered glutamate metabolism in the hippocampus. Brain Research 1495:52–60

DOI 10.1016/j.brainres.2012.11.048.

Bromley RL, Mawer G, Clayton-Smith J, Baker GA, Liverpool Manchester Neurodevelopment

Group. 2008. Autism spectrum disorders following in utero exposure to antiepileptic drugs.

Neurology 71(12):1923–1924 DOI 10.1212/01.wnl.0000339399.64213.1a.

Bromley RL, Mawer GE, Briggs M, Cheyne C, Clayton-Smith J, Garcı́a-Fiñana M, Kneen R,
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Löscher W, Puskarjov M, Kaila K. 2013. Cation-chloride cotransporters NKCC1 and KCC2 as

potential targets for novel antiepileptic and antiepileptogenic treatments. Neuropharmacology

69:62–74 DOI 10.1016/j.neuropharm.2012.05.045.

Mandy W, Chilvers R, Chowdhury U, Salter G, Seigal A, Skuse D. 2012. Sex

differences in autism spectrum disorder: evidence from a large sample of children and

adolescents. Journal of Autism and Developmental Disorders 42(7):1304–1313

DOI 10.1007/s10803-011-1356-0.

Meador K, Reynolds MW, Crean S, Fahrbach K, Probst C. 2008. Pregnancy outcomes in women

with epilepsy: a systematic review and meta-analysis of published pregnancy registries and

cohorts. Epilepsy Research 81(1):1–13 DOI 10.1016/j.eplepsyres.2008.04.022.

Moore SJ, Turnpenny P, Quinn A, Glover S, Lloyd DJ, Montgomery T, Dean JCS. 2000. A

clinical study of 57 children with fetal anticonvulsant syndromes. Journal of Medical Genetics

37(7):489–497 DOI 10.1136/jmg.37.7.489.

National Research Council of the National Academies. 2011. Guide for the Care and Use of

Laboratory Animals. Eighth edition. Washington, D.C.: The National Academies Press.

Puig-Lagunes et al. (2016), PeerJ, DOI 10.7717/peerj.2709 14/16

http://dx.doi.org/10.1523/jneurosci.2761-07.2007
http://dx.doi.org/10.1177/155005940503600105
http://dx.doi.org/10.1523/JNEUROSCI.4050-14.2015
http://dx.doi.org/10.1371/journal.pone.0104927
http://dx.doi.org/10.1111/jnc.12147
http://dx.doi.org/10.1016/j.toxlet.2010.12.018
http://dx.doi.org/10.1016/s0031-9384(00)00425-x
http://dx.doi.org/10.1038/tp.2012.124
http://dx.doi.org/10.1016/s0892-0362(97)00143-8
http://dx.doi.org/10.1016/j.neuropharm.2012.05.045
http://dx.doi.org/10.1007/s10803-011-1356-0
http://dx.doi.org/10.1016/j.eplepsyres.2008.04.022
http://dx.doi.org/10.1136/jmg.37.7.489
http://dx.doi.org/10.7717/peerj.2709
https://peerj.com/


Oberman L, Ifert-Miller F, Najib U, Bashir S, Woollacott I, Gonzalez-Heydrich J,

Picker J, Rotenberg A, Pascual-Leone A. 2010. Transcranial magnetic stimulation

provides means to assess cortical plasticity and excitability in humans with fragile X

syndrome and autism spectrum disorder. Frontiers in Synaptic Neuroscience 2:26

DOI 10.3389/fnsyn.2010.00026.
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