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Abstract. — OBJECTIVE: Anti-epileptic drugs
(AEDSs) are the main methods for treatment of neo-
natal seizures; however, a few AEDs may cause
developing brain damage of neonate. This study
aims to investigate effects of oxcarbazepine (OXC)
on developing brain damage of neonatal rats.

MATERIALS AND METHODS: Both of neona-
tal and adult rats were divided into 6 groups, in-
cluding Control, OXC 187.5 mg/kg, OXC 281.25
mg/kg, OXC 375 mg/kg group, LEV and PHT
group. Body weight and brain weight were eval-
uated. Hematoxylin and eosin (HE) and Nissl
staining were used to observe neurocyte mor-
phology and Nissl bodies, respectively. Apop-
tosis was examined using TUNEL assay, and
caspase 8 activity was evaluated using spectro-
photometer method. Cytochrome C-release was
evaluated using flow cytometry. Western blot
was used to examine Bax and Bcl-2 expression.

RESULTS: OXC 375 mg/kg treatment signifi-
cantly decreased brain weight compared to
Control group in neonatal rats (P5 rats) (p<0.05).
OXC administration causes histological chang-
es of neurocytes. OXC 281.25 mg/kg or more
concentration significantly decreased neuro-
cytes counts and increased TUNEL-staining
positive neurocytes compared to Control group
(p<0.05). OXC 281.25 mg/kg and OXC 375 mg/kg
significantly increased caspase 3 activity com-
pared to Control group in P5 rats (p<0.05). OXC
281.25 mg/kg and OXC 375 mg/kg significantly
increased Bax, Bax/Bcl-2 ratio and cytochrome
C release in frontal lobes compared to Control
group in P5 rats (p<0.05).

CONCLUSIONS: Oxcarbazepine at a concen-
tration of 281.25 mg/kg or more causes neuro-
cyte apoptosis and developing brain damage by
triggering Bax/Bcl-2 signaling pathway mediat-
ed caspase 3 activation in neonatal rats.
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Introduction

The seizure is a sudden change in behavior
caused by synchronous, rhythmic firing of neu-
rons in the brain. The incidence of seizure in
term of newborn was 1.5/1000-3.5/1000, and the
incidence was higher in the premature infants,
about 10/1000-130/1000"2. Epilepsy poses a spe-
cial challenge for development regulation because
both the seizure and many of the current drug the-
rapies used to treat it.

Antiepileptic drugs (AEDs) are still the main
methods for treatment of neonatal seizures. Clini-
cal and experimental evidence indicated that the
recurrent seizure in the neonates could have some
long-lasting adverse consequences, such as co-
gnitive impairment, microcephaly®*. On the other
hand, recent experimental data also raised the
concerns about the potential unfavorable affects
of AEDs in the critical maturational periods™®.
Not all AEDs have (lead to) detrimental impact
on the immature brain. The apoptosis in neonate
rats has been confirmed to be induced by several
old AEDs, such as phenobarbital (PB), phenytoin
(PHT) and nitrazepam (NP)’. Moreover, there
was no side effect of some drugs on the brain de-
veloping, such as levetiracetam (LEV) and topi-
ramate (TPM)?, even they play a protective effect
on the neurons.

Oxcarbazepine (OXC) is the new second ge-
neration of AEDs, which showed an improved
tolerability, a reduced propensity to cause liver
enzyme induction and auto-induction, compa-
red with traditional antiepileptic carbamazepine,
oxcarbazepine’. The OXC has been listed as one
of the first-line AEDs, which treated for partial
epilepsy'®. Many countries have limited the AEDs
application for the epilepsy therapy and preven-
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tion of the children under 2 years old"'>. Howe-
ver, in the recent years, OXC has been relatively
well studied in pediatric seizure patients, such as
the antiepileptic application, and mono-therapy
usage'>!*, These studies have demonstrated that
OXC illustrates good efficacy, safety and tolerabi-
lity for patients as young as 1 month old'>'¢.

There is little research to investigate the effect
of OXC on the neonate brain. This work aims to
discuss the effect of different concentrations of
OXC on the developing brain of the neonatal rat
brains. The second drug, PHT, which was proved
to have side effect on the brain development, and
the third drug, LEV, preliminarily proved to be
safety, have been used as controls. The present
study would provided valuable basis and data for
the rational use of OXC in the clinical.

Materials and Methods

Rats

Total of 48 clean Wistar neonatal rats (P5 rats,
5 days post-birth, weight 9.5-13.5 g, selecting male
and female randomly) and 48 clean adult rats (P60
rats, 60 days post-birth, weight 220-250 g, selecting
male and female randomly) were purchased from
the Experimental Animal Center of Daping Hospi-
tal, Third Military Medical University, Chongging,
China. The rats were housed in the environment of
the ligh/dark cycle of 12 h/12 h at the room tem-
perature. All of experiments were approved by the
Ethics Committee of Daping Hospital, Third Mili-
tary Medical University, Chongqing, China.

Trial Grouping

Both neonatal and adult rats were divided into
6 groups, including Control group (was intragas-
tricly administrated with normal saline), OXC
187.5 mg/kg group (was intragastricly adminis-
trated with OXC at the final concentration of 187.5
mg/kg), OXC 281.25 mg/kg group (was intragas-
tricly administrated with OXC at the final concen-
tration of 281.25 mg/kg), OXC 375 mg/kg group
(was intragastricly administrated with OXC at
the final concentration of 375 mg/kg), LEV group
(was intragastricly administrated with LEV at fi-
nal concentration of 375 mg/kg) and PHT group
(was intragastricly administrated with PHT at fi-
nal concentration of 100 mg/kg). All of the above
dosages were calculated as follows: human dos-
age (mg/kg) x rat body weight (kg) x 6.25. The
equivalence calculation of human dosage in rats
is based on the body surface area'’.

The PHT was purchased from Sigma-Aldrich.
(St. Louis, MO, USA), the OXC was purchased
from Novartis Pharma S.A.S. (Boston, MA, USA)
and the LEV was purchased from UCB Pharma
(Brussels, Belgium).

Sample Preparation

Twenty-four hours post drug administration,
the mice were anesthetized by using the intraperi-
toneal injections of pentobarbital, and euthanized.
The bilateral intact brains were quickly isolated,
and were washed with phosphate-buffered saline
(PBS) for three times (5 min per time). The water
outside the brains was removed by using the filter
paper (Whatman, London, UK). The above brains
were divided into 3 parts, one part was fixed with
4% paraformaldehyde for 24 h, and used for hema-
toxylin and eosin (HE) staining and Nissl staining,
one part (fresh brain tissue) was used to prepare the
single cell suspension, and another part was used
to exact the protein (for Western blot assay).

The hippocampus and frontal lobes isolation,
the hippocampal slices and frontal lobes slices
were prepared, maintained and treated according
to the previous study described'®.

Body weight and Brain Weight
Evaluation

For the brain weight, the water outside the
brains was removed and weighted by using the
A-120-CSI electronic balance (Castilla y Leon,
Spain), which could accurate to 0.01 g. The body
weight was weighted by using electronic balance
24 h post the drug administration.

Hematoxylin and eosin (HE) staining

Briefly, the hippocampus and frontal lobes
were fixed with the 4% paraformaldehyde and
were paraffin-embedded. Then, the tissues were
cut at the thickness of 4 pm of slices (sections),
and stained by using the hematoxylin and eosin
(HE) by employing the standard processes and
the images were captured by using the inverted
microscope, according to the previous study de-
scribed".

Nissl Staining

The hippocampus and frontal lobes were fixed
with 10% paraformaldehyde and stained for the
Nissl bodies by using the thionin dependent pro-
tocol, and cover-slipped with the distyrene plasti-
cizer xylene (DPX, Merck, Poole, UK) according
to the previous published study®’. The hippocam-
pus and frontal lobes were briefly dehydrated in
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different grades of the ethanol (50%, 75% and
90% for 3 min, respectively), and cover-slipped
by using the DPX. The slices were washed by
using distilled water and incubated with 0.3%
thionine from 50°C to 60°C for 20-30 min, and
washed with distilled water. Then, the slices were
differentiated by using the 95% ethanol for 30 s,
made to be transparent by using xylene, and were
cover-slipped by using neutral gum. Finally, the
neuronal morphology in every region of hippo-
campus and cortex of frontal lobes were observed
by inverted microscope.

TUNEL Assay

Terminal deoxynucleotidyl transfer-
ase (TdT)-mediated dUTP nick-end labeling
(TUNEL) staining was used to evaluate the apop-
tosis of neurons. The hippocampus and frontal
lobes were fixed with 4% paraformaldehyde over-
night, paraffin-embedded and cut into sections for
the TUNEL staining by using the in situ Apop-
tosis Detection Kit (Roche Diagnostics, India-
napolis, IN, USA). Then, the cxylene was used to
de-paraffinize the paraffin-embedded brain tis-
sues for 20 min, and the ethanol (75%, 85%, 95%
and 100% for 3 min, respectively) series were
used to rehydrate the brain tissues. The brain tis-
sues were incubated with the proteinase K (at fi-
nal concentration of 20 pg/ml in 10 mM Tris/HCI)
for 30 min. The endogenous peroxidase activity
was blocked with the 0.3% H,O, in methanol for
10 min. The hippocampus and frontal lobes slices
were permeabilized by using 0.1% sodium citrate
and 0.1% Triton-X-100 for 5 min. Then, the slices
were washed with the phosphate buffered saline
(PBS) for 10 min and three times, and were incu-
bated by using TUNEL reaction mixture at 37°C
for 60 min. The slices were incubated by using a
convertor-POD in humidity chamber for 30 min at
37°C. The slices were washed with PBS again for
three times, and the color was developed by using
a diaminobenzidine (DAB) substrate solution for
15 min. Finally, the slices were observed by using
the light microscopy, and the cells illustrating the
apoptotic morphology and TUNEL-staining posi-
tive cells were identified as apoptotic cells®..

Cytochrome C Release Evaluation

In this study, the cytochrome C released from
the mitochondria®? was evaluated by using the Cy-
tochrome C release apoptosis assay kit (Catalogue
No. QIA87, Calbiochem., Merck, KGaA, Darm-
stadt, Germany) according to the instruction of
manufacturer. The cell acquisition was conducted
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by using the FACS Calibur flow cytometry (BD
Biosciences, Franklin Lakes, NJ, USA) and the
Cell Quest Pro. software (BD Biosciences, Fran-
klin Lakes, NJ, USA).

Caspase 3 and Caspase 8 Activity
Determination

In this study, the activity of caspase 3 and
caspase 8 was determined by using the spectro-
photometer method according to the instructions
of caspase 3 detection kit and caspase 8§ detection
kit (Jiangsu Keygentec. Co. Ltd., Nanjing, China).
Briefly, a total of 50 ul cell lysate (5x10* cells)
were dissolved in 50 pl reaction buffer (I mM
EDTA, 40 mmol/L. HEPES, 20% glycerol and
4 mmol/L DTT, 400 umol/L DEVD-pNA sub-
strate, Sigma-Aldrich, St. Louis, MO, USA). The
above mixture was treated for 4 h at 37°C, and the
caspase 3 and caspase 8 activities were examined
by measuring optical density (OD) values by us-
ing spectrophotometer at wavelength of 405 nm.

Western Blot Assay

The extracted hippocampus and frontal lobes
proteins were separated by using 15% sodium do-
decyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (Sigma-Aldrich, St. Louis, MO,
USA) and electro-transferred onto the polyvinyli-
dene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The PVDF membranes
were blocked by using the 5% defatted milk for 2
h at 4°C overnight. Then, the PVDF membranes
were incubated with mouse anti-rat Bcl-2 mono-
clonal antibody (Catalogue No: sc-23960, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), rab-
bit anti-rat Bax polyclonal antibody (Catalogue
No. ab32503, Epitomics Biotech., Co. Ltd., Bur-
lingame, CA, USA) and mouse anti-rat GAPDH
monoclonal antibody (Catalogue No. sc-166545,
Santa Cruz Biotechnology, Santa Cruz, CA,
USA)) for 2 h at room temperature. The PVDF
membranes were then incubated with horse-rad-
ish peroxidase (HRP)-conjugated goat anti-rabbit
IgG (Catalogue No. ZB-2301, ZSGB Bio. Tech.
Co. Ltd., Beijing, China) and goat anti-mouse IgG
(Catalogue No. ZB-2305, ZSGB Biotech., Co.,
Ltd., Beijing, China) at 37°C for 1 h. Finally, the
Western blot bands were visualized by employing
the enhanced chemiluminescent (ECL) kit (Milli-
pore, Billerica, MA, USA).

Statistical Analysis
The data were described as mean + standard
deviation (SD) and analyzed by utilizing SPSS
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Figure 1. The HE staining for the hippocampus and frontal lobes in normal control rats and OXC 281.25 mg/kg treated neo-
natal rats (P5 rats). A4, HE staining for the hippocampus in both Control group and OXC 281.25 mg/kg group in P5 rats. B, HE
staining for the frontal lobes in both Control group and OXC 281.25 mg/kg group in P5 rats (x200 and x400).

software 16.0 (SPSS Inc., Chicago, IL, USA). All
of the data were obtained from at least six inde-
pendent experiments. Student’s #-test was used for
statistical analysis between two groups. A statisti-
cal significance was defined when less than 0.05.

Results

OXC Administration Decreases Brain
Weight

Three dosage of OXC treatment resulted in the
decrease of brain weight and body weight both in P5
rats and P60 rats; however, only the brain weight in
OXC 375 mg/kg group was significantly decreased
compared to Control group in P5 rats (Table I,
p<0.05). Meanwhile, the LEV and PHT treatment
had no effect on the brain weight and body weight in
both PS5 rats and P60 rats (Table I, p>0.05).

OXC Administration Causes Histological
Changes of Neurocytes

The HE staining is always used to observe the
histological changes of the neurocytes of brains.

The results indicated that in the Control group,
the morphology of neurocytes in hippocampus
(Figure 1A) and frontal lobes (Figure 1B) was
oval and round in the shape and the nucleus
were clearly to be observed. A large number
of the apoptotic neurocytes with the cell gaps,
karyopyknosis, and cell debris, were observed in
the OXC 281.25 group both in hippocampus and
frontal lobes of PS5 rats (Figure 1).

OXC Administration Decreases
Neurocytes Counts in Frontal Lobes

The counts of the neurocytes in the fron-
tal lobes exhibit the developing of the brain;
therefore, we evaluated the neurocytes in the
frontal lobes. The results indicated that the
OXC 281.25 mg/kg group and OXC 375 mg/
kg significantly decreased the counts of neu-
rocytes compared to the Control group in P5
rats (Figure 2, Table 11, p<0.05). However, the-
re were even no effects of LEV and PHT on the
neurocytes in frontal lobes in both P5 rats and
P60 rats (Table 11, p>0.05).
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Table I. The body weight and brain weight of the rats after AEDs application.

P60 rats

Brain weight (g)

Body weight (g) Brain weight (g)

P5 rats

Group Body weight (g)

Control group 12.50+0.95 0.51+0.03
OXC 187.5 mg/kg 12.34+1.78 0.51+£0.06
OXC 281.25 mg/kg 11.70+0.82 0.48+0.03
OXC 375 mg/kg 11.17£1.09 0.47+0.02
LEV 12.61£1.53 0.51+0.05
PHT 10.60+0.89" 0.43+0.03"

233.70+9.58 2.30+0.11
235.68+11.59 2.38+0.18
232.23+19.18 2.28+0.12
232.50+17.86 2.25+0.18
233.68+16.29 2.34+0.17
231.05+8.92 2.28+0.12

"p<0.05, "*p<0.01 vs. NS group.

Table IlI. Cell counting of the neurocytes in frontal lobes
of neonate and adult rats by Nissl staining after AEDs
application.

Group P5 rats P60 rats

Control group 136.33+8.50 84.00+7.55
OXC 187.5 mg/kg 124.50+7.94 80.25+7.72
OXC 281.25 mg/kg 113.00+6.27" 76.50+8.39
OXC 375 mg/kg 105.25+8.73" 64.75+7.27°
LEV 124.75+10.81 83.50+7.33
PHT 103.25+5.38" 77.00+4.69

"p<0.05 vs. Control group.

OXC Increases Counts of TUNEL-Positive
Neurocytes in Both Hippocampus and
Frontal Lobes

In order to observe the apoptosis of the neu-
rocytes of hippocampus and frontal lobes, the
TUNEL staining was applied in this experiment.
The results showed that both of OXC 281.25 mg/
kg and OXC 375 mg/kg significantly increased
the TUNEL staining neurocytes compared to
Control group in both hippocampus and fron-
tal lobes of P5 rats (Figure 3, Table 111, p<0.05).
Meanwhile, only the OXC 375 mg/kg treatment

significantly increased TUNEL staining neu-
rocytes compared to Control group in P60 rats
(Figure 3, Table III, p<0.05). The PHT admini-
stration also significantly increased the TUNEL
staining neurocytes compared to Control group
(Table III, p<0.05) in P5 rats. However, there
were no effects of LEV treatment on the TUNEL
staining neurocytes in both P5 rats and P60 rats
(Table III).

OXC Activates Caspase 3 activity in
Hippocampus and Frontal Lobes

The spectrophotometer determination resul-
ts showed that both of OXC 281.25 mg/kg and
OXC 375 mg/kg significantly increased the ca-
spase 3 (Table V) activity compared to Control
group in PS5 rats; however, only OXC 375 mg/kg
group significantly increased caspase 3 compa-
red to Control group in P60 rats. Meanwhile,
the PHT also triggered significantly increased
caspase 3 (Table IV) activity compared to Con-
trol group in P5 rats (p<0.01).

However, there are no effects of the OXC at dif-
ferent concentrations on the caspase 8§ activity in
the hippocampus and frontal lobes in both P5 rats
and P60 rats (Table V).

Table IllI. Cell counting of TUNEL positive neurocytes in hippocampus and frontal lobes of neonatal and adult rats after

administration with AEDs.

P5 rats P60 rats

Group hippocampus Frontal lobes hippocampus Frontal lobes
Control group 36.00+6.04 35.75+5.91 25.50+2.88 23.67+3.93
OXC 187.5 mg/kg 41.20+6.30 39.00+5.48 25.17+4.07 26.33+4.55
OXC 281.25 mg/kg 47.60+5.18" 62.50+5.32" 27.17+4.70 25.83+1.47
OXC375 mg/kg 51.40+5.77" 72.75£7.50™ 31.17+3.54" 31.67+2.94™
LEV 34.20+4.09 37.00+3.16 25.50+2.88 27.83+1.94
PHT 51.20+3.49™ 67.50+8.23" 28.17+1.94 27.50+4.04

"p<0.05, “p<0.01 vs. Control group.
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Figure 2. The Nissl staining for the hippocampus and frontal lobes in normal control rats and OXC 281.25 mg/kg treated
neonatal rats (P5 rats). A, Nissl staining for the hippocampus in both Control group and OXC 281.25 mg/kg group in P5 rats.
B, Nissl staining for the frontal lobes in both Control group and OXC 281.25 mg/kg group in P5 rats (x200).

Table IV. OD values of caspase-3 in hippocampus and frontal lobes of the rats after AEDs application (A=405 nm).

P5 rats P60 rats

Group Hippocampus Frontal lobes Hippocampus Frontal lobes
Control group 0.66+0.12 0.71+0.06 0.36+0.05 0.35+0.02

OXC 187.5 mg/kg 0.74+0.11 0.77+0.13 0.39+0.04 0.37+0.02
OXC 281.25 mg/kg 0.93+0.18" 1.28+0.14 0.41+0.04 0.41+0.05

OXC 375 mg/kg 1.09+0.13" 1.47+0.11" 0.45+0.03" 0.47+0.03"
LEV 0.84+0.10 0.80+0.05 0.40+0.04 0.42+0.01

PHT 1.03+0.12™ 1.50+0.11" 0.41+0.04 0.34+0.04

"p<0.05, "p<0.01 vs. Control group.

OXC Administration Enhances Bax Levels
and Bax/Bcl-2 ratio in Frontal Lobes

The Western blot assay results showed that the
OXC 281.25 mg/kg and OXC 375 mg/kg signifi-
cantly increased the Bax levels and Bax/Bcl-2 ra-
tio in happocampus and frontal lobes compared to
the Control group in both P5 rats (Figure 4, Table
VI, p<0.05). However, only the OXC 375 mg/kg
group significantly increased Bax levels and Bax/
Bcl-2 ratio in P50 rats compared to Control group
(Figure 4, Table VI, p<0.05).

OXC Administration Increases
Cytochrome C Release in Hippocampus
and Frontal Lobes

According to the previous published study [23],
the cytochrome C release was considered as the
biomarker for the apoptosis. The results showed
that the cytochrome C release in OXC 281.25 mg/
kg and OXC 375 mg/kg group were significantly
increased compared to Control group in hippo-
campus and frontal lobes in both P5 rats and P60
rats (Table VII, p<0.001). The PHT significantly

255



Y. Song, M. Zhong, F.-C. Cai

Table V. OD values of caspase-8 in hippocampus and frontal lobes of the rats after AEDs application (A=405 nm).

P5 rats P60 rats
Group Hippocampus Frontal lobes Hippocampus Frontal lobes
Control group 0.75+0.10 0.83%0.01 0.43+0.06 0.47+0.06
OXC 187.5 mg/kg 0.85+0.08 0.94+0.06 0.36+£0.06 0.45+0.05
OXC 281.25 mg/kg 0.83+0.07 0.93+0.10 0.43+0.06 0.41+£0.04
OXC 375 mg/kg 0.79+0.11 0.91+0.10 0.47+0.06 0.48+0.04
LEV 0.78+0.11 0.96+0.13 0.47+0.12 0.48+0.04
PHT 0.78+0.08 0.91£0.12 0.45+0.04 0.49+0.03

"p<0.05, “p<0.01 vs. Control group.

Table VI. Expression of Bax and Bcl-2 protein in frontal lobe of the rats after single dose AEDs application.

P5 rats P60 rats
Group Bax Bcl-2 Bax/bcl-2 Bax Bcl-2 Bax/bcl-2
Control group 18.13+2.92 5.78+0.78 3.23+0.38 17.93+1.29 5.09+0.65 3.54+0.25
OXC 187.5 mg/kg 21.19+3.66 5.71+0.33 3.70+0.52 19.73£2.24 5.06+0.56 3.91+£0.27
OXC 281.25 mg/kg 23.85+1.88" 5.73+0.32 4.23+0.39" 20.36+2.52 5.09+0.55 3.99+0.13
OXC 375 mg/kg 26.99+1.46" 5.60+0.56 4.87+0.69" 22.26+1.81" 5.04+0.65 4.43+0.24"
LEV 18.43+1.96 5.77+0.32 3.19+0.18 18.63+1.70 5.11+0.75 3.67+0.24
PHT 28.1242.01 5.68+0.51 5.00+0.77" 19.06+1.89 5.08+0.04 3.75+0.39

"p<0.05, *p<0.01 vs. Control group.

increased the cytochrome C release compared to
Control group in both hippocampus and frontal
lobes in PS5 rats (Table VII, p<0.001). However,
there were even no effects of OXC at different
concentrations on cytochrome C release in hippo-
campus and frontal lobes in both P5 rats and P60
rats (Table VII).

Discussion

Oxcarbazepine is a molecular derived from
carbamazepine (CBZ), which is rapidly and ex-
tensively metabolized due to its pharmacological-
ly active component, 10-monohydroxy (MHD)*.
OXC is indicated for use as monotherapy or
adjuctive therapy in the treatment of partical
seizure with or without secondarily generalized
seizure in adults and children older than 6 years.
In Taiwan and many areas it has been approved
for use in infants®. Kwong et al*® investigated
the prescribing patterns of antiepileptic drugs in
Hong Kong; the use of OXC increased 15-fold se-
veral years, especially for the young and children.
Blume et al?’ identified 6099 infants with neona-
te seizure and summarized the treatment regime
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in 2009. Among them, 28 cases treated with the
combination of PB and OXC, and with seizure,
could not be controlled by a variety of other antie-
pileptic drugs?’.

The major mechanism of the brain dama-
ge on AEDs was the apoptosis of the neurons.
The excessive apoptosis in the neonatal rats
after the AEDs was through several mechani-
sms?®. Firstly, the activator of GABA-A, such
as PB. Secondly, the blocker of sodium channel,
such as PHT or VPA. Thirdly, the antagonist
of NMDA receptor, such as MK801. OXC is an
analogue of CBZ, with comparable anticonvul-
sant efficacy. Due to the advantage of a lower
occurrence of allergic reactions and enzyme
induction, the OXC is usually better tolerated
than CBZ in clinical®. However, several recent
studies have reported that OXC causes edema
and apoptosis in retinal ganglion cells, and
ovarian and endometrial tissues®’?!. Moreover,
Aratjo et al*? also suggested that brain damage
was still present in OXC pretreated animals.

Therefore, in this study, we investigated the ef-
fects of the different concentrations of OXC on
the body/brain weight, neurocytes morphology,
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Table VII. Activity of the intracellular cytochrome C in hippocampus and frontal lobe of the neonatal and adult rats after
AEDs application.

P5 rats P60 rats
Group Hippocampus Frontal lobes Hippocampus Frontal lobes
Control group 11.07+1.28 11.87+1.50 12.19+0.79 12.47+0.80
OXC 187.5 mg/kg 12.03+1.44 13.36+1.02 13.08+1.45 13.28+0.53
OXC 281.25 mg/kg 16.27+1.01" 19.79+1.15™ 15.08+1.00™ 15.45+0.60""
OXC 375 mg/kg 19.96+1.82" 21.71£2.16™ 19.23+1.15™ 19.96+1.76™
LEV 11.46+1.91 12.09+1.58 12.62+0.99 13.16+0.73
PHT 21.05+1.28™ 22.29+3.10™" 13.12+1.07 13.28+1.02
“p<0.01, *"p<0.001 vs. Control group.
A Control group OXC 281.25 mg/kg

Hippocampus

Control group

Frontal lobes

200 X

200 X

Figure 3. TUNEL positive staining neurocytes in both hippocampus and frontal lobes in neonatal rats (P5 rats). 4, TUNEL
staining for hippocampus in both Control and OXC 281.25 mg/kg group in P5 rats. B, TUNEL staining for frontal lobes in

both Control and OXC 281.25 mg/kg group in P5 rats (x200).

neurocyte apoptosis in hippocampus and fron-
tal lobes in both P5 rats and P60 rats. It must be
considered that many anticonvulsant drugs higher
dosages can even be pro-convulsant. However,
the previous acute toxicity study across multiple
species, reported that extremely high dosages of
OXC (600-3000 mg/kg) were tolerated without
any related death®. In the present study, we assi-

gned the lowest dosage, medium dosage and hi-
ghest dosage of 187.5 mg/kg, 281.25 mg/kg and
375 mg/kg, respectively, according to the human
therapeutic dose of 30 mg/kg/d, 45 mg/kg and 60
mg/kg in clinical. However, our findings showed
that the OXC concentration of 281.25 mg/kg and
375 mg/kg significantly caused the decrease of
brain weight, decreased counts of neurocytes,

257



Y. Song, M. Zhong, F.-C. Cai

A P5 rats

- oo @ QD % S, Bax

Q O W © K Q
S &
(0\ '\?’ ‘lf" '\6 ?7\ ‘3\
oo& OB _‘S;b v
(SR}
ot
B P5 rats

S W= W W e B|-2

&

P60 rats

T — WD . e Bax

R & & @ R K
‘00 Q\‘l~ & &Q\‘b éoo Q}oo

SN 49 «
@00\%« a7 ofg\@ $ X
(SN e)
oF gt
P60 rats

T —_—— ——— — ] D

<°°Q <§‘9 Q\\*g &‘9 <°°Q &°°Q <°°Q Q*Q Q\* Q\‘g <°°Q <°°Q
& P O (S & e P (S
PRI A I RS G a® P o K
&Y 0N DY\ Q &Y N D\ Q
@ NP < P S
Fo © Fo© ©
C P5 rats P60 rats
\
S SRR S e . GAPDH S S AN R e e GAPDH
(oo‘? §¥ Q\@' ‘;\‘49 N o ‘ooQ Q\\e‘?’ g\\b‘?' O o ‘oo‘?
S a2 P o N S a2 P o X
0& I ‘ib'\ S A% 4 O& N cb'\ 0’5 A% A4
¢ 4O 4" o ¢ NS
(o) (o)

Figure 4. Western blot bands for the expression Bax, Bcl-2 and GAPDH in both hippocampus and frontal lobes in neonatal
rats (P5 rats) and adult rats (P60 rats). A, Western blot bands for Bax. B, Western blot bands for Bcl-2. C, Western blot for

GAPDH.

increased TUNEL-staining positive neurocytes,
suggesting that the higher concentration of OXC
(281.25 mg/kg and 375 mg/kg) causes the brain
damage in neonatal rats (PS5 rats).

In order to investigate apoptotic-signaling
pathway of neurocytes, caspase 3 and caspase
8 associated apoptotic signaling pathway were
evaluated. The results showed that the OXC
281.25 mg/kg and OXC 375 mg/kg significant-
ly increased the caspase 3 activity compared
to Control group in P5 rats; however, the ca-
spase 8 signaling pathway was not involved in
the apoptosis of neurocytes in P5 and P60 rats.
Our results are consistent with Ambrosio et al**
findings, which concluded that the antiepilep-
tic drug, OXC, increased the activity of caspa-
se 3. In this study, the mechanism causing the
neurocyte apoptosis was also explored by stu-
dying the Bax/Bcla-2 signaling pathway. Bax
acts as a pro-apoptotic biomarker, and Bcl-2
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acts as anti-apoptotic biomarker, both of whi-
ch are key molecules for the apoptosis®. Our
results showed that the OXC 281.25 mg/kg and
OXC 375 mg/kg administration significantly
enhanced the Bax levels and Bax/Bcl-2 ratio in
frontal lobes. Das et al*® reported that the vol-
tage-gated Na (+) channel blocker, OXC, also
increased the Bax expression and decreased the
Bcl-2 expression, not involving the research of
OXC application to developing brain of rats.
Therefore, this study employed the OXC for the
first time in the developing brain in neonatal
rats. Cytochrome C is an important biomarker
for the apoptosis when it is releasing from the
mitochondria to the cytoplasm®’. Therefore, we
evaluated the release of the cytochrome C in
hippocampus and frontal lobes in P5 rats and
P60 rats. The results indicated that OXC admi-
nistration significantly increased the cytochro-
me C release in hippocampus and frontal lobes
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in P5 rats. Moreover, the other AEDs, LEV and
PHT, illustrated no effects on the brain weight,
neurocyte apoptosis, Bax, Bax/Bcl-2 ratio, ca-
spase 3 activity and cytochrome C release in
hippocampus and frontal lobes in both of P5
rats and P60 rats. The PHT functioned because
of the blocker of sodium channel, which shares a
few similar characteristics with the OXC. OXC
plays antiepileptic role by blocking the volta-
ge-sensitive Na“ channels. This brings brain
damage on the immature brain. Therefore, the
PHT also plays a few roles in causing the injury
of the developing brains. However, the LEV has
distinctive mechanism, which is different from
OXC and PHT, and it is not involved with the
other two mechanisms as before. Meanwhile,
there was no evidence of damage caused by the
LEV application on the developing brain. Thus,
we believed that the LEV and PHT are relative
safety for the application in clinical for seizure
therapy, which conclusion is consistent with the
previous studies®®¥,

Additionally, our results also exhibited that the ef-
fects of OXC were also age-dependent and dose-de-
pendent. Not only in neonatal rats, but also the adult
rats received the 375 mg/kg OXC, and the brain da-
mages were also obvious. When the OXC reduced
to 281.25 mg/kg, the brain damage was seen in the
neonatal rats. When the rats were given OXC 187.5
mg/kg, there was no damage on the neonatal and
adult rats. Therefore, associating with the clinical
application, the lowest and safety dosage of OXC in
human is 30 mg/kg, and higher dosages (45 mg/kg
and 60 mg/kg) may induce the developing brain da-
mage or injury. Meanwhile, in our study the AEDs
were given by a single dose; if given consecutively,
the brain damage may also be found with the lower
OXC dosage. A previous study*” reported that the
brain damage side effects of OXC were also aggra-
vated by coordinating with the other drugs. Therefo-
re, in the clinical, we should consider the dosage of
OXC, the age of patients and the synergistic action,
and attempt to prevent the aggravated developing
brain damage in clinical.

Although this study received a few interesting
findings, there were also some limitations. Firstly,
our experiment has not been applied the OXC and
associated tests in human clinically. Secondly, the
half-life of these drugs may be different in rats
compared with those of human, which may cau-
se differences on the effects of OXC in clinical.
Thirdly, it is also difficult to find acute and chro-
nic doses of antiepileptic drugs exactly in rats
compared to human.

Conclusions

The present research attempted for the first
time at investigating the effects of OXC on the
developing brain damage in the neonatal rats. The
OXC at concentration of 281.25 mg/kg (equal to
45 mg/kg in human dosage) or more causes brain
weight decrease and neurocyte apoptosis by trig-
gering the Bax/Bcl-2 signaling pathway mediated
caspase 3 activation in hippocampus and frontal
lobes of neonatal rats.

Conflict of Interest
The Authors declare that they have no conflict of interest.

References

1) ScHer MS, Aso K, BEgGArLY ME, HamiD MY, Steppe DA,
PainTer MJ. Electrographic seizures in preterm and
fullterm neonates: clinical correlates, associated
brain lesions, and risk for neurologic sequelae.
Pediatrics 1993; 91: 128-134.

2) Yiair Y, Yimaz S, AkpoGaN A, HatHALL HC, Ozeek
AE, Gencer EG. The role of neutrophil-lymphocyte
ratio and red blood cell distribution width in the
classification of febrile seizures. Eur Rev Med
Pharmacol Sci 2017; 21: 554-559.

3) CHenJ, CalF, CaoJ, ZHaNG J, Li S. Long-term antie-
pileptic drug administration during early life inhi-
bits hipocampal neurogenesis in the developing
brain. J Neurosci Res 2009; 87: 2898-2907.

4) Znou H, WanG N, Xu L, Huang HL, Yu CY. Clinical
study on anti-epileptic drug with B vitamins for the
treatment of epilepsy after stroke. Eur Rev Med
Pharmacol Sci 2017; 21: 3327-3331.

5) Otuney JW, Young C, Wozniak DF, Jevtovic-Toborovic
V, Ikonomipou C. Do pediatric drugs cause develo-
ping neurons to commit suicide? Trends Pharma-
col Sci 2004; 25: 135-139.

6) VEnTO M, DE VRIES LS, ALBEROLA A, BLENNOW M, STEG-
GERDA S, GreiseN G, Boronat N. Approach to seizu-
res in the neonatal period: a European perspecti-
ve. Acta Paediatr 2010; 99: 497-501.

7) Bitigau P, SIFRINGER M, Ikonomipou C. Antiepileptic
drugs and apoptosis in the developing brain. Ann
N Y Acad Sci 2003; 993: 103-114.

8) KupiN AP, DeBskA-VIELHABER G, VIELHABER S, VIELHABER
S, Ewger CE, Kunz WS. The mechanism of neuro-
protection by topiramate in an animal model of
epilepsy. Epilepsia 2004; 45: 1478-1487.

9) ResiNGer TL, NEwmaN M, LoriING DW, PenNeLL PB, MEe-
Apor KJ. Antiepileptic drug clearance and seizure
frequency during pregnancy in women with epi-
lepsy. Epilepsy Behav 2013; 29: 13-18.

10) Yimaz U, Yimaz TS, Dizbarer G, Akincl G, Guzer O,
TexguL H. Efficacy and tolerability of the first an-

259



Y. Song, M. Zhong,

F.-C. Cai

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

tiepileptic drug in children with newly diagnosed
idiopathic epilepsy. Seizure 2014; 23: 252-259.
Rosami A, DE Masi S, Guerrini R. Antiepileptic drug
treatment in children with epilepsy. CNS Drugs
2015; 29: 847-863.

Dorks M, LANGNER |, TimvER A, Garse E. Treatment
of paediatric epilepsy in Germany: antiepileptic
drug utilisation in children and adolescents with a
focus on new antiepileptic drugs. Epilepsy 2013;
103: 45-53.

ZHou M, CHeN N, He L, Yang M, Znu C, Wu F.
Oxcarbazepine for neuropathic pain. Cochrane
Database Syst Rev 2013; 3: CD007963.

HANTsON P, FReDERICK A, VAN RuckevorseL K. Hyperam-
monemic encephalopathy after adjunction of phe-
nobarbital to chronic topiramate and oxcarbazepi-
ne therapy. Acta Neurol Belg 2015; 115: 777-778.

CHung AM, Eitanp LS. Use of second-generation
antiepileptic drugs in the pediatric population. Pa-
ediatr Drugs 2008; 10: 217-254.

NortHAM RS, HErnANDEZ AW/, LitzZINGER MJ, MINECAN
DN, GrAuser TA, MANGAT S, ZHENG C, SouppArT C,
Sturm Y. Oxcarbazepine in infants and young chil-
dren with partial seizures. Pediatr Neurol 2005;
33: 337-344.

Bao DY. Conversion ratio of equivalent drug do-
sage calculation in animal experiments accor-
ding to body surface area. In: Bao DY, ed. Phar-
macological Experiments Guideline. Sichuan:
Chengdu Technological University Publishing
House, 1984: 102.

Rozas C, LovoLA S, UGARTE G, ZEISE ML, Reves-PARADA
M, Pancetn F, RoJas P, MoraLes B. Acutely applied
MDMA enhances long-term potentiation in rat hip-
pocampus involving D1/D5 and 5-HT2 receptors
through a polysynaptic mechanism. Eur Neurop-
sychopharmacol 2012; 22: 584-595.

JIA L, ZHANG WM, ZHaNG HJ, LI TT, WanG YL, QiN
YW, Ge H, Du J. Mechanical stretch-induced en-
doplasmic reticulum stress, apoptosis and inflam-
mation contribute to thoracic aortic aneurysm and
dissection. J Pathol 2015; 236: 373-383.

Pinskiy V, Jones J, Torryco AS, FrRaNcioTTI N, WEBER K,
Mitra PP. High-throughput method of whole-brain
sectioning, using the tape-transfer technique.
PLoS One 2015; 10: e0102363.

BENNETT MW, O’connELL J, O'suLLivan GC, RocHE D,
Brapy C, KeLLy J, Cottins JK, SHANAHAN F. Expression
of Fas ligand by human gastric adenocarcinomas:
a potential mechanism of immune escape in sto-
mach cancer. Gut 1999; 44: 156-162.

WaterHouse NJ, Trarani JA. A new quantitative as-
say for cytochrome C release in apoptotic cells.
Cell Death Differ 2003; 10: 853-855.

Liu CG, MA YP, ZHanG XJ. Effects of mulberry leaf
polysaccharide on oxidative stress in pancreatic
beta-cells of type 2 diabetic rats. Eur Rev Med
Pharmacol Sci 2017; 21: 2482-2488.

SNOEIEN-SCHOUWENAARS FM, VEENDRICK MJ, VAN MIER-
Lo P, vaN ErP G, DE Louw AJ, KLEINE BU, SCHELHAAS

260

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

HJ, Tan IY. Carbamazepine and oxcarbazepine in
adult patients with dravet syndrome: friend or foe?
Seizure 2015; 29: 114-118.

HorGa DE LA PArTE JF, HorGa A. Oxcarbazepine in
the treatment of epilepsy: a review and update.
Rev Neurol 2006; 42: 95-113.

KwonNa KL, Tsut KW, Wu SP, YunG A, Yau E, EvAa F, MA
CK, CHerk S, Liu KT, CHENG WW, Yau MM. Utilization
of antiepileptic drugs in Hong Kong children. Pe-
diatr Neurol 2012; 46: 281-286.

Biuve HK, Garrison MM, CHristakis DA. Neonatal
seizures: treatment and treatment variability in 31
United States pediatric hospitals. J Child Neurol
2009; 24: 148-154.

SterovskA V@G, UckeRMANN O, CzuczwAar M, SMITKA M,
Czuczwar P, Kis J, KAINDL AM, Turski L, Turski WA,
Ikonomipou C. Sedative and anticonvulsant drugs
suppress postnatal neurogenesis. Ann Neurol
2008; 64: 434-445.

Lee B, Yu HJ, KanG ES, Lee M, Lee J. Human leukocyte
antigen genotypes and trial of desensitization in
patients with oxcarbazepine-induced skin rash: a
pilot study. Pediatr Neurol 2014; 51: 207-214.

AKTAD Z, Cansu A, ERpoDaN D, Take G, Goktas G,
Ozpek S, SerpAroGLU A. Retinal ganglion cell toxi-
city due to oxcarbazepine and valproic acid treat-
ment in rat. Seizure 2009; 18: 396-399.

Cansu A, GIRAY SG, SERDAROGLU A, ERDOGAN D, CoskuN
ZK, KorucuoaLu U, Biri AA. Effects of chronic tre-
atment with valproate and oxcarbazepine on ova-
rian folliculogenesis in rats. Epilepsia 2008; 49:
1192-1201.

ArAUJO IM, AmBROsIO AF, LEAL EC, VERDASCA MJ, MAL-
vA JO, SoARes-DA-SILVA P, CArRvALHO AP, CArRvALHO CM.
Neurotoxicity induced by antiepileptic drugs in cul-
tured hippocampal neurons: a comparative study
between carbamazepine, oxcarbazepine, and two
new putative antiepileptic drugs, BIA 2-024 and
BIA 2-093. Epilepsia 2004; 45: 1498-1505.

Ei-ZaararRANY GM, SoLiMaN ME, MANsOUR S, AwAD
GA. ldentifying lipidic emulsomes for improved
oxcarbazepine brain targeting: in vitro and rat in
vivo studies. Int J Pharm 2016; 503: 127-140.

AmMBRrRosIO AF, Sitva AP, Arauso I, MAawva JO, Soa-
RES-DA-SILVA P, CARvALHO AP, CaArvaLHo CM. Neuro-
toxic/neuroprotective prolife of carbamazepine,
oxcarbazepine and two new putative antiepileptic
drugs, BIA 2-093 and BIA 2-204. Eur J Pharmacol
2000; 406: 191-201.

SuNn BW, SHen HM, Liu BC, FanG HL. Research on
the effect and mechanism of the CXCR-4-ove-
rexpressing BMSCs combined with SDF-1 alpha
for the cure of acute SCI in rats. Eur Rev Med
Pharmacol Sci 2017; 21: 167-174.

Das A, McDoweLL M, O’'DeLL CM, BuscH ME, SmitH JA,
Ravr SK, Banik NL. Post-treatment with voltage-ga-
ted channel blocker attenuates kainic acid-induced
apoptosis in rat primary hippocampal neurons.
Neurochem Res 2010; 35: 2175-2183.

MoraLEs-CrRuz M, Ficueroa CM, GonNzALEz-RoBLES T,
DeLGgabo Y, DeLGgADO Y, MoLINA A, MENDEZ J, MORALES



OXC damages developing brain of neonatal rats

38)

M, Griesenow K. Activation of caspase-dependent
apoptosis by intracellular delivery of cytochrome
C-based nanoparticles. J Nanobiotechnology
2014; 12: 33.

lucHi T, KuwaBArA K, MaTsumoTo M, Kawasaki K, HASE-
GAwWA Y, SakaDA T. Levetiracetam versus phenytoin
for seizure prophylaxis during and early after cra-
niotomy for brain tumours: a phase Il prospective,
randomised study. J Neurol Neurosurg Psychiatry
2015; 86: 1158-1162.

39) Szariarski JP, SANGHA KS, Linpsert CJ, SHUTTER LA.

40)

Prospective, randomized, single-blinded compa-
rative trial of intravenous levetiracetam versus
phenytoin for seizure prophylaxis. Neurocrit Care
2010; 12: 165-172.

Huang CW, Huang CC, LiN MW/, Tsai JJ, Wu SN. The sy-
nergistic inhibitory actions of oxcarbazepine on volta-
ge-gated sodium and potassium currents in differen-
tiated NG108-15 neuronal cells and model neurons.
Int J Neuropsychopharmacol 2008; 11: 597-610.

261



