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Introduction
A seizure is a sudden and transient cerebral dysfunction 
caused by abnormally excessive or synchronous neuronal 
activity (Clancy, 2006; Kiviranta et al., 2013; Liu et al., 2013). 
Clinical and laboratory studies have shown that convul-
sions, which are the physiological manifestations of seizures, 
can cause severe brain damage and long-term neurological 
sequelae (Lynch et al., 2000; Ferro et al., 2014; Reilly et al., 
2014). At present, antiepileptic drugs (AEDs) are the pre-
ferred treatment choice for the prevention and control of 
seizures. Phenobarbital is still the first choice (Bartha et al., 
2007; Blume et al., 2009; Kiviranta et al., 2013). A new an-
tiepileptic drug, topiramate, is widely used for the control of 
convulsions in newborns and infants (Silverstein and Ferrie-
ro, 2008; Demir et al., 2013).

Although AEDs inhibit seizures, they also inhibit neuro-
nal excitability, which may affect the normal functioning 
of the nervous system (Meador, 2003). Additionally, some 
AEDs are neurotoxic, and administration of AEDs to em-
bryos, neonates and infants can cause cognitive impair-
ment, microcephaly and birth defects (Sulzbacher et al., 
1999; Jevtovic-Todorovic et al., 2003; Kaindl et al., 2006; 
Viinikainen et al., 2006; Verrotti et al., 2014). While it re-
mains unclear how AEDs elicit neurotoxicity, short-term 

AED treatment is frequently given to infants, especially 
neonates, to control seizure. AEDs are given for a few days 
to months.

It is unknown whether the short-term use of AEDs in 
infants can impact the expression of glutamate receptors. 
There are three major glutamate receptors in the brain: 
α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid 
(AMPA) receptors, N-methyl-D-aspartate (NMDA) recep-
tors and metabotropic glutamate receptors (Whitlock et al., 
2006; Benarroch, 2008). GluR1 and NR2B are key subunits 
of AMPA and NMDA receptors, respectively (Omkumar et 
al., 1996; Cull-Candy et al., 2001; Lee et al., 2003; Nakagawa 
et al., 2005; Huganir and Nicoll, 2013). Whitlock et al. (2006) 
showed that the expression of the hippocampal AMPA re-
ceptor subunit GluR1/2 increased in rats during inhibitory 
avoidance training. Tang et al. (1999) demonstrated that the 
expression levels of NR2B in the hippocampus and cortex of 
NR2B-overexpressing transgenic rats were twice the normal 
levels. In the present study, immature rats were intraperito-
neally injected with AEDs, and we examined cytohistological 
changes, as well as changes in the expression of GluR1 and 
NR2B, in the hippocampus, in an effort to better understand 
the effects of the short-term use of AEDs on the developing 
brain.
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Materials and Methods
Animals
A total of 192 immature Sprague-Dawley rats, regardless of 
gender, of specific pathogen-free grade, were obtained from 
the Laboratory Animal Center of Xi’an Jiaotong University 
(Xi’an, Shaanxi Province, China; license No. SCXK (Shaan) 
2007-001). All rats were housed in a quiet, dry and airy en-
vironment prior to experimentation, and were allowed ad 
libitum access to food and water. The experimental proce-
dures using animals were in accordance with the guidelines 
and standards formulated by the Animal Ethics Committee 
of Xi’an Jiaotong University, China. Sprague-Dawley rats 
were randomly and equally divided into four groups: phe-
nobarbital (PB) group, topiramate (TPM) group, TPM + 
PB group and control group, with 48 rats in each group.

AED treatment in immature rats
At 3, 7, 14 and 21 days after birth, 12 rats from each group 
were randomly selected. The body surface area was used to 

calculate the dosage of drugs administered to each rat, as 
previously described (Manent et al., 2007; Aydin-Abidin et 
al., 2012; Forcelli et al., 2012). Phenobarbital was purchased 
from Fujian Mindong Rejuvenation Pharmaceutical Co., 
Ltd. (Fuzhou, Fujian Province, China; 100 mg phenobarbital 
dissolved in 32 mL saline). Topiramate was purchased from 
Xi’an Janssen Pharmaceutical Ltd. (Xi’an, Shaanxi Province, 
China; 25 mg topiramate dissolved in 12.5 mL saline). Rats 
in the PB group were injected intraperitoneally with 62.5 
mg/kg phenobarbital per day (equivalent to a clinical dose of 
10 mg/kg per day). Rats in the TPM group were injected in-
traperitoneally with 40 mg/kg topiramate per day (equivalent 
to a clinical dose of 7 mg/kg per day). Rats in the TPM + PB 
group were injected intraperitoneally with 40 mg/kg topira-
mate + 62.5 mg/kg phenobarbital per day. Rats in the control 
group were injected intraperitoneally with 20 mL/kg normal 
saline per day. All drugs were administered for 3 consecutive 
days. All rats were breastfed up to 21 days and then fed with 
normal diet until 6 weeks after birth.

Figure 1 Effects of phenobarbital (PB) and topiramate (TPM) on the morphology of neurons in the hippocampal CA1 region in immature rats 
(hematoxylin-eosin staining, × 100).
In the control group, hippocampal neurons were distributed in a regular and uniform manner. In the PB, TPM and TPM + PB groups, hippocam-
pal neurons were irregularly arranged. Arrows indicate hippocampal neurons. PD3, 7, 14, 21: Postnatal days 3, 7, 14, 21 (indicating when the rat 
was injected with drug).
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Hematoxylin-eosin staining
After rats were anesthetized with 10% chloral hydrate 
through intraperitoneal injection, killed, and the brains were 
harvested. The brains were fixed in 4% paraformaldehyde, 
embedded in paraffin, and cut into 3-μm-thick continuous 
coronal sections. For observation under an optical micro-
scope (Olympus, Tokyo, Japan), the slices were dewaxed and 
stained with hematoxylin and eosin; neutral balsam was 
used for mounting (Huang et al., 2010).

Immunohistochemical staining
The slices were dewaxed, dehydrated in a graded ethanol se-
ries, and treated with freshly prepared 3% H2O2 for 10 min-
utes to inactivate endogenous peroxidase and 0.01 M citrate 
buffer for antigen retrieval. Slices were blocked with normal 
goat serum for 10 minutes and incubated with rabbit an-
ti-rat GluR1 monoclonal antibody (1:1,000; Millipore Cor-
poration, Billerica, MA, USA) or mouse anti-NR2B poly-
clonal antibody (1:500; LifeSpan BioSciences, Seattle, WA, 
USA) at 4°C overnight. Subsequently, slices were incubated 
with 50 μg biotinylated goat anti-rabbit/mouse IgG (1:2,000; 
Amyjet Scientific Inc, Wuhan, Hubei Province, China) at 
37°C for 30 minutes, followed by incubation in ABC complex 
solution for 30 minutes. Finally, the sections were developed 
with diaminobenzidine for 5 minutes. An optical microscope 
was used to observe the immunoreactivities of GluR1 and 
NR2B in the CA1 region of the hippocampus (Zhang et al., 
2012). Three slices selected at random were tested for each 
specimen, and the average gray value was computed using 
Image J software (NIH, Bethesda, MD, USA).

Statistical analysis
All measurement data were expressed as the mean ± SD. 
Two-way analysis of variance was used for statistical com-
parison of the means. Significant results were analyzed with 
Tukey’s post hoc test using SPSS 13.0 software (SPSS, Chi-
cago, IL, USA). A P value of less than 0.05 was considered 
statistically significant.

Results
Effects of phenobarbital and topiramate on the 
morphology of neurons in the hippocampal CA1 region in 
immature rats
Hematoxylin-eosin staining showed that, in the control group, 
hippocampal neurons in immature rats were distributed in a 
regular and uniform manner, and had a normal morphology, 
without signs of degeneration or necrosis. The cell membrane 
was clearly visible and the cytoplasm was weakly eosinophilic. 
The nuclei were large, with a regular (oval or circular) shape, 
and were weakly eosinophilic. The nucleolus was clear and 
uniform, and no nuclear pyknosis was noted. Neurons were 
neatly aligned. In the PB, TPM and TPM + PB groups, hippo-
campal neurons were irregularly arranged, the proportion of 
glial cells was increased, and neurons showed signs of degen-
eration. Cell volumes were higher than in the control group, 
and the cytoplasm was strongly eosinophilic and its volume 
was increased. Furthermore, nuclear shrinkage was noted. 

The neurons were not well aligned. The younger the rat, the 
worse the alignment (Figure 1).

Effects of phenobarbital and topiramate on GluR1 and 
NR2B immunoreactivities in the hippocampal CA1 region 
in immature rats
Immunohistochemical staining showed that the immuno-
reactivities of GluR1 and NR2B in the hippocampal CA1 
region in rats in the PB, TPM and TPM + PB groups at dif-
ferent ages was lower than in the control group (P < 0.05). 
Furthermore, the immunoreactivities of GluR1 and NR2B 
in the hippocampal CA1 region was lower in the TPM + PB 
group than in the PB or TPM group (P < 0.05, except GluR1 
immunoreactivity at 21 days after birth). The immunoreac-
tivities of GluR1 and NR2B in the hippocampal CA1 region 
in the PB, TPM and TPM + PB groups increased with age (P 
< 0.05; Figures 2, 3).

Discussion
Increasing evidence shows that phenobarbital, valproate, 
lamotrigine and other AEDs are neurotoxic to immature 
brains (Viinikainen et al., 2006; Halbsgut et al., 2013; Morte 
et al., 2013). However, very few studies have examined the 
effects of AEDs on the immature brain at different ages after 
birth. In the present study, immature rats received intraperi-
toneal injection of AEDs at 3, 7, 14 or 21 days after birth. We 
found that the expression levels of GluR1 and NR2B recep-
tors were all reduced by the AEDs. Furthermore, the AEDs 
had neurotoxic effects. In the immature brain, the earlier the 
AED treatment, the greater the injury to the brain. Howev-
er, AEDs are widely used to control seizures in infants and 
young children. Our findings suggest that clinicians should 
consider the neurotoxic risk associated with the use of AEDs 
in this population.

Accumulating evidence indicates that the long-term use of 
AEDs in fetuses and infants causes cognitive impairment, in-
tellectual deficits, microcephaly, and birth defects (Kaindl et 
al., 2006; Manent et al., 2007). Previous studies have shown 
that AEDs increase the activation of GABA receptors and 
induce rapid changes in the composition and function of 
AMPA receptor GluR1 subunits in the immature brain (Au-
berson et al., 2001; Manent et al., 2007).

Published studies have primarily examined the neurotoxici-
ty of AEDs after long-term treatment. However, the neurotox-
ic effects of short-term treatment remained unclear. There-
fore, in the present study, we aimed to determine whether 
short-term AED treatment can cause injury to the immature 
brain. In rats treated with AEDs (phenobarbital, topiramate 
or phenobarbital + topiramate), the expression levels of 
GluR1 and NR2B in each treatment group were lower than in 
the control group. This indicates that even short-term AED 
treatment can result in brain damage. Therefore, we recom-
mend that clinicians take into consideration this potential risk 
before using AEDs for the treatment of seizure.

Phenobarbital, a traditional AED, has been widely demon-
strated to have neurotoxic effects (Sulzbacher et al., 1999; Bit-
tigau et al., 2002; Jevtovic-Todorovic et al., 2003; Viinikainen 
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et al., 2006; Manent et al., 2007). Topiramate, a newer AED, 
may also have neurotoxic effects, although its neurotoxicity 
is unclear (Shannon et al., 2005; Filippi et al., 2012; Sommer 
et al., 2013). Topiramate can inhibit voltage-gated Na+ chan-
nels and activate GABA receptors (Kwan and Brodie, 2004), 
similar to phenobarbital. Thus, we speculate that topiramate 
is also neurotoxic.

We found in this study that the expression of GluR1 and 
NR2B in all the groups was decreased compared with the 
control group. However, there was no difference between the 
PB group and the TPM group. In the combined treatment 
(PB + TPM) group, the expression levels of GluR1 and NR2B 
decreased more significantly compared with the PB and TPM 
groups. In addition, the combination of phenobarbital and 

Figure 2 Effects of phenobarbital (PB) and topiramate (TPM) on AMPA receptor GluR1 immunoreactivity in the hippocampal CA1 region in 
immature rats.
(A) GluR1 immunoreactivity in the hippocampal CA1 region in immature rats (immunohistochemical staining, × 400). The brown color rep-
resents receptors on the cell membrane (arrows). (B) Quantification of GluR1-immunoreactive cells. All data are expressed as the mean ± SD. *P 
< 0.05, vs. control group; #P < 0.05, vs. PB group; †P < 0.05, vs. TPM group; §P < 0.05, vs. PD3; ‡P < 0.05, vs. PD7; ΔP < 0.05, vs. PD14 (two-way 
analysis of variance and Tukey’s post hoc test). PD3, 7, 14, 21: Postnatal days 3, 7, 14, 21 (indicating when the rat was injected with drug); AMPA: 
α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid.
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topiramate caused greater damage to the immature brain 
than either drug alone. Therefore, the immature brain will 
likely be injured by short-term treatment with these anticon-
vulsants (Tebb and Tobias., 2006).

In summary, we demonstrate that short-term AED treat-
ment is neurotoxic, and that the neurotoxicity is greater in 
younger rats. Therefore, even short-term treatment with 

phenobarbital, topiramate or other AEDs will likely cause 
damage to the immature brain. The combination of pheno-
barbital and topiramate caused greater damage than either 
drug alone. Therefore, this neurotoxic risk should be consid-
ered before using AEDs for the treatment of seizure. We an-
ticipate that our findings should encourage the development 
of AEDs with lower neurotoxicity.

Figure 3 Effects of phenobarbital (PB) and topiramate (TPM) on NMDA receptor NR2B immunoreactivity in the hippocampal CA1 region in 
immature rats.
(A) NR2B immunoreactivity in the hippocampal CA1 region in immature rats (immunohistochemical staining, × 400). The brown color represents re-
ceptors on the cell membrane (arrows). (B) Quantification of NR2B-immunoreactive cells. All data are expressed as the mean ± SD. *P < 0.05, vs. control 
group; #P < 0.05, vs. PB group; †P < 0.05, vs. TPM group; §P < 0.05, vs. PD3; ‡P < 0.05, vs. PD7; ΔP < 0.05, vs. PD14 (two-way analysis of variance and 
Tukey’s post hoc test). PD3, 7, 14, 21: Postnatal days 3, 7, 14, 21 (indicating when the rat was injected with drug); NMDA: N-methyl-D-aspartate.
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