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Abstract

Endoplasmic reticulum (ER) stress has been indicated to be involved in the pathogenesis of epilepsy. Sodium valproate
(VPA), one of the most commonly used antiepileptic drugs, is reported to regulate ER stress in many neurological diseases.
However, the effect of VPA on ER stress in epilepsy remains unclear. The current study was performed to investigate the
role of ER stress in the neuroprotection of VPA against seizure induced by pentylenetetrzole (PTZ). Our results showed that
VPA treatment could inhibit the increased expressions of ER stress proteins (GRP78 and CHOP), and significantly reduce
neuronal apoptosis in the PTZ-induced experimental seizure model. In addition, Salubrinal, an ER stress inhibitor, was used
as a positive control, and exhibited neuroprotective effects via inhibiting excessive ER stress in the seizure model, which
further supported that the inhibition in ER stress by VPA treatment could exert neuroprotection in seizures. In summary,
our work demonstrated for the first time that ER stress was involved in the neuroprotective potential of VPA for seizures.
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Introduction

Epilepsies are a diverse group of brain disorders, which
are characterized by recurrent and unpredictable epileptic
seizures [1, 2]. There are approximately 65 million people
suffering from epilepsy all over the world [3]. The main
treatment strategies for epilepsy are antiepileptic drugs
(AEDs), and AEDs can control seizures in most of patients
with epilepsy. However, about 30% of epilepsy patients who
are pharmacoresistant can’t benefit from the treatment with
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AEDs [4]. Therefore, it is necessary to constantly explore
the pathogenesis of epilepsy, and provide new strategies or
optimize current schemes for the treatment of epilepsy.

The endoplasmic reticulum (ER), an important organelle,
is involved in protein secretion and modification. Dysregu-
lated ER function can cause ER stress, which triggers the
unfolded protein response (UPR) [5]. Proper ER stress is
beneficial to reestablish cellular homeostasis, but excessive
ER stress can lead to C/EBP homologous protein (CHOP)-
mediated apoptosis [6]. Studies have indicated that ER stress
is involved in many neurological diseases including epilepsy
[7-10]. Prolonged ER stress is reported to be associated
with the pathogenesis of epilepsy [11, 12]. Thus, ER stress
becomes a target for the treatment of epilepsy, and ER stress
inhibitors, such as Salubrinal (Sab) and 4-phenylbutyrate
(4-PBA), have been shown to have therapeutic effects on
epilepsy [13, 14].

Sodium valproate (VPA) is one of the most commonly
used AEDs, which is able to suppress epileptic seizures,
ameliorate neuron apoptosis, and restore blood brain bar-
rier (BBB) function [15, 16]. The antiepileptic mecha-
nisms of VPA are indicated to be involved in enhancing
Na channel inactivation and promoting GABAergic neuro-
transmission release [17, 18]. In addition, VPA has been
reported to exert neuroprotective effects through epigenetic
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mechanisms, such as histone modification, brain-derived
neurotrophic factor (BDNF) and glial-cell-line-derived neu-
rotrophic factor (GDNF) modulation [19]. In recent years,
many studies have shown that VPA can regulate ER stress.
VPA was reported to prevent ischemic retina apoptosis by
increasing glucose-related protein (GRP78) expression and
acetylation of histone H3, attenuating upregulation of CHOP
[20]. Moreover, another study also found that the neuropro-
tective effect of VPA was associated with the inhibition of
ER stress-induced apoptosis [21]. These studies provided
a new perspective for the therapeutic potential of VPA in
neuroprotection and neurological diseases. However, cur-
rently, no studies have been conducted to explore whether
VPA can regulate ER stress in epilepsy. We hypothesized
that ER stress might be involved in the neuroprotection of
VPA against seizures. In this study, we used a mouse seizure
model induced by pentylenetetrazol (PTZ), which is a con-
vulsant that has been widely used in the study of screening
new compounds with antiepileptic activity [22] to investi-
gate our hypothesis. We found that VPA could inhibit the
excessive ER stress and reduce neuronal apoptosis in the
PTZ-induced seizure model.

Materials and Methods

PTZ-Induced Seizure Mouse Model and Drug
Treatment

Adult male C57BL/6 mice (weight: 20-30 g) were used.
Animals were maintained in the temperature controlled envi-
ronment (20-24 °C) and provided with free access to food
and water. All procedures were in accordance with the proto-
col approved by the Institutional Animal Care and Use Com-
mittee of University of Southern California. Acute epileptic
seizures were induced by intraperitoneal injection of PTZ
(P6500, Sigma-Aldrich, USA) at the dose of 60 mg/kg [23].
After the injection of PTZ, seizure behavior was monitored
for 30 min using the Racine’s score as follows [24]: Score
0, no response; Score 1, mouth and facial twitching; Score
2, head nodding; Score 3, myoclonic jerks, clonic forelimb
convulsions; Score 4, rearing with clonus; Score 5, general-
ized tonic—clonic seizures, loss of posture. In the VPA pre-
treatment groups, VPA (P4543, Sigma-Aldrich, USA) were
intraperitoneally administrated by the doses of 100 mg/kg
or 200 mg/kg [25] 30 min prior to PTZ injection. In the Sab
group, mice were administrated intraperitoneal injections
of 1 mg/kg Sab (SML0951, Sigma-Aldrich, USA), twice
at 24 h and 30 min before the injection of PTZ [26]. The
latency to the first generalized tonic—clonic seizure and the
duration of the first generalized tonic—clonic seizure were
recorded.
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Western Blot

The lysates of hippocampal tissues were prepared in RIPA
lysis buffer with protease and phosphatase inhibitors mix-
ture. Protein concentrations were determined by using BCA
protein assay. 30 pg of total protein lysate was added to each
lane. Proteins were fractionated by SDS-PAGE and then
transferred to polyvinylidene difluoride (PVDF) membranes.
Primary antibodies used were GRP78 (Mouse, 75 kDa,
sc-376768, 1:500, SantaCruz, USA), phospho-elF2a (Rab-
bit, 38 kDa, 9721, 1:500, Cell signaling, USA), elF2a
(Mouse, 38 kDa, 2103, 1:500, Cell signaling, USA), CHOP
(Rabbit, 29 kDa, 1:300, ab10444, Abcam, USA), caspase-3
(Rabbit, 30, 19 kDa, 9665, 1:500, Cell signaling, USA),
Actin (Mouse, 43 kDa, sc-8432, 1:500, SantaCruz, USA).
Secondary antibodies used were HRP-conjugated goat anti-
mouse (1:2500, Proteinte-ch) and goat anti-rab-
bit (1:2500, Cell Signaling Technology), accordingly.
Protein was visualized by using a chemiluminescence kit
(34577, Pierce, USA). Protein bands were detected by Odys-
sey infrared imaging (LI-COR Biosciences, Lincoln, NE).
Optical densities of the protein bands were analyzed using
image J software.

Immunochemistry

Mice were deeply anesthetized with the intraperitoneal
injection of a ketamine/xylazine mixture (80/12 mg/kg)
and intracardially perfused with 0.9% saline. The brains
were then removed, embedded in O.C.T. medium, and fro-
zen. Frozen mouse brain tissues were sectioned at 10 pm
and then fixed in acetone. The slides were washed in PBS
and blocked with Sea Block (37527, Thermo Scientific)
for 20 min. Subsequently, IHC was performed according
to a previous method [27]. Anti-NeuN antibody (Rabbit,
1:500, ab104225, Abcam, USA) used as primary antibody
overnight, followed by incubation with goat anti-rabbit IgG
(1:300, BA-1000,Vector Laboratories, USA) for 45 min.
Then, samples were treated with avidin—biotin—peroxidase
complex for 30 min, and amino-ethylcarbazol substrate kit
for 1 min. A negative control was conducted using isotype-
matched serum instead of primary antibody. Three mice
were in each group, and at least three sections with 100 pm
intervals per mouse were selected to quantitatively ana-
lyze NeuN immunoreactivity. NeuN-immunoreactive neu-
rons of twelve slides from each group were counted in a
100% 100 pm square in the hippocampus at 400 X magnifi-
cation. Cell counts were obtained by averaging the counts
from each mouse.
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Tunel assay

DeadEnd™ Fluorometric TUNEL assay was conducted
using a commercial kit according to manufacturer’s instruc-
tions (G3250, Promega, USA). 10 pm thick slices from each
group were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 20 pg/ml proteinase K for 10 min. Sub-
sequently, slides were covered with equilibration buffer for
10 min. Then, rTdT incubation buffer was added into each
slide and slides were incubated in a humid chamber at 37 °C
for 60 min. The reaction was terminated by immersing the
slides in 2 X SSC for 15 min. The slides were rinsed in PBS
and blocked with Sea Block (37527, Thermo Scientific)
for 20 min. Subsequently, slides were incubated overnight
with anti-NeuN antibody (Rabbit, 1:500, ab104225, Abcam,
USA) at 4 °C. Then, slides were incubated with goat anti-
rabbit IgG (Alexa Fluor® 647) (1:200, ab150083, Abcam,
USA) at room temperature for 45 min, rinsed with PBS, and
mounted in mounting media. The images from each group
in the CA1 and DG regions of hippocampus were obtained
using confocal microscopy. The quantitative analysis of
Tunel-positive neurons was conducted by an independent
investigator.

Statistical Analysis
Statistical significance was conducted using the Student two-

tailed 7 test. A p value with <0.05 was considered statisti-
cally significant.

Results

Expressions of ER Stress Proteins at Different Time
Points in a Mouse Seizure Model Induced by PTZ

We first examined the expressions of ER stress proteins
(GRP78, phosphorylation-elF2a (p-elF2a), elF2a, and
CHOP) following PTZ injection (Fig. 1). At 2 h after the
first generalized tonic—clonic seizure induced by PTZ treat-
ment, the expressions of GRP78 and CHOP were signifi-
cantly increased compared to those of controls (Fig. 1a, b,
d), while p-elF2a was unaltered at 2 h and the most obvious
increase was at 15 h (Fig. 1a, ¢). Since GRP78 is a major
chaperone protein in sustained ER stress and CHOP is a
downstream pro-apoptotic pathway effector of ER stress [28,
29], the expressions of GRP78 and CHOP proteins at 2 h
after the first tonic—clonic seizure were selected to evaluate
in the subsequent experiments with VPA and Sab treatments.

VPA Ameliorates Seizure Behavior in a PTZ-Induced
Seizure Model

As shown in Fig. 2, the latency to the first generalized
tonic—clonic seizure in the 200 mg/kg VPA group was
significantly delayed (23.60 +2.79 min, p<0.001) com-
pared with that in the PTZ group (3.57 £0.55 min). In con-
trast, the latency to the first generalized tonic—clonic sei-
zure in the 100 mg/kg of VPA group was not significantly

Fig. 1 . Expregsions of proteir_ls A Time after seizure B GRP78/actin
associated with ER stress. Hip-
pocampal lysates were prepared Con 2h 8h 15h 24h

from different time points after
PTZ injection as indicated.

a Western blot analysis of
GRP78, p-elF2a, elF2a and
CHOP. b—d Quantification
was performed to show the
densitometry values for GRP78
and CHOP were normalized

to actin and expressed as fold
change. Densitometry values
for p-elF2a was normal-

ized to elF2a. Data (n=3 per
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Fig.2 VPA treatment amelio-
rated pentylenetetrazol (PTZ)-
induced seizure behavior in a
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mouse seizure model. C57BL/6
mice were intraperitoneally
injected with PTZ at the dose of
60 mg/kg or with PTZ+ VPA
(100 mg/kg or 200 mg/kg). The
evaluation of seizure behavior
including latency. a Duration,
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different (4.52 +0.56 min, p>0.05) from that in the PTZ
group. In addition, compared to mice in the PTZ group
(13.40+2.38 s), both 100 mg/kg and 200 mg/kg of VPA
treatments decreased the duration of the first generalized
tonic—clonic seizure induced by PTZ (4.80+1.07 s, p<0.05;
0.60+0.40 s, p<0.001; respectively). Of note, decline in
duration in the 200 mg/kg VPA group was more significant
than that in the 100 mg/kg VPA group (p <0.01). Therefore,
compared to 100 mg/kg of VPA-treated group, 200 mg/kg
VPA exerted a stronger effect on the improvement of seizure
behavior in PTZ-induced epileptic mice. In the subsequent
experimental investigations, the dose of 200 mg/kg VPA
was selected.

Fig.3 VPA suppressed the A Con PTZ
increased levels of GRP78

and CHOP in a mouse seizure
model. a—¢ Western blot
analysis of GRP78 and CHOP,
which indicated that increased
levels of GRP78 and CHOP

in PTZ-induced seizures were
significantly diminished by
VPA treatment. The adminis-
tration of VPA without PTZ
did not alter the expressions of
GRP78 and CHOP compared to
the Control group. Values were

shown as mean + SEM (n=3). C CHOP/actin
*#*p<0.01 and ***p <0.001; ns,
not significant (p > 0.05) 2.0 ns
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VPA Inhibits the Increased Levels of ER Stress
Proteins in the PTZ-Induced Seizure

Compared with the PTZ group, the administration of
VPA could reduce the increased levels of GRP78 and
CHORP at 2 h after the first tonic—clonic seizure (p < 0.01)
(Fig. 3a—c). In addition, the administration of VPA without
PTZ did not alter the expressions of GRP78 and CHOP,
compared to the Control group (p > 0.05) (Fig. 3a—c).
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VPA Reduces Neuronal Apoptosis in the PTZ-Induced
Seizure

Neuronal apoptosis in the PTZ-induced seizure was evalu-
ated by Tunel staining and the level of cleaved caspase-3/
caspase-3 in hippocampal samples. In addition, we also
measured the neuronal loss by the analysis of NeuN
immunoreactivity. The PTZ-induced seizure model dem-
onstrated the significant neuronal apoptosis in the CA1
and DG regions of hippocampus (Fig. 4a—c). VPA admin-
istration obviously reduced the apoptotic rates of neurons
in the hippocampal CA1 and DG regions of mice treated
with PTZ (p <0.001; Fig. 4a—c). In addition, the level of
cleaved caspase-3/caspase-3 in the hippocampus of mice
treated with PTZ was also significantly inhibited after
VPA treatment (p <0.01; Fig. 4d, e). Of note, the num-
ber of NeuN-positive neurons in the hippocampus of the

Fig.4 VPA reduced neuronal
apoptosis in PTZ-induced
seizure model. a Representa-
tive co-labeling TUNEL/NeuN
merge images of the hippocam-
pus of mice treated with PTZ
and VPA. The arrowheads indi-
cate double-positive neurons.
Scale bar, 50 pm. b, ¢ Statistical
analysis of TUNEL-positive
neurons in the CA1 and DG
regions of hippocampus of mice
treated with PTZ and VPA,
expressed as percentage of total
(NeuN+) cells. d, e Showed that
VPA inhibited the increased
level of cleaved caspase-3/cas-
pase-3 in PTZ-induced seizures.
f Showed the representative
images of the CA1 and DG
regions of hippocampus of mice
treated with PTZ and VPA by
NeuN Immunochemistry stain-
ing. Scale bar, 50 pm. g, h Sta-
tistical analysis of NeuN posi-
tive cells in the CA1 and DG
regions of hippocampus of mice
treated with PTZ and VPA. Val-
ues were shown as mean + SEM
(n=3). #*p<0.01, ***p <0.001
and ****p <0.0001
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PTZ-treated mice was similar to those of the control and
VPA-treated animals (p > 0.05; Fig. 4f-h).

Salubrinal, an ER Stress Inhibitor, Suppresses

the Increased Levels of ER Stress Proteins

and Reduces Neuronal Apoptosis in the PTZ-Induced
Seizure

In order to further determine that the inhibition in ER stress
by VPA treatment could exhibit neuroprotective effects in
the PTZ-induced seizure model, we also detected the effect
of Sab (an ER stress inhibitor) on neuronal apoptosis in the
PTZ-induced seizure. As shown in Fig. 5, the increased lev-
els of GRP78 and CHOP in mice treated with PTZ were
suppressed after Sab treatment (p <0.01). Additionally, the
administration of Sab without PTZ did not influence the
expressions of GRP78 and CHOP, compared to the Con-
trol group (p> 0.05; Fig. Sa—c). Sab could also reduce the
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Fig.4 (continued)
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apoptotic levels of neurons in the hippocampal CA1 and DG
regions of mice treated with PTZ (p <0.05 and p <0.001,
respectively; Fig. 6a—c). These results suggested that the
inhibition of excessive ER stress in the PTZ-induced seizure
model promoted neuronal survival.

Discussion

Our current study indicated that VPA could exert neuropro-
tective effects through inhibiting the excessive ER stress in
the PTZ-induced seizure model. Of note, this was the first
time that VPA was reported to be able to regulate ER stress
in seizure.

ER is a dynamic organelle, which plays a critical role
in multiple cellular activities, such as folding and quality
control of proteins, lipid biosynthesis, Ca>* buffering [30].
Disturbance of ER function could cause unfolded or mis-
folded proteins to accumulate in the ER lumen, which is
known as ER stress [31, 32]. Proper ER stress could main-
tain ER homeostasis through reducing protein synthesis and
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promoting degradation [33]. However, excessive ER stress
could lead to apoptotic cell death, which is caused by activa-
tion of ER stress sensors, upregulating expression of CHOP
[34], GRP78 [35], and cleaved caspase-3 [36]. ER stress
has been indicated to be associated with pathogenesis of
epilepsy. One study reported that the expression of CHOP
was associated with neuronal death in the status epilepticus
model [37]. In detail, this study indicated that the expres-
sion of CHOP reached the peak at 24 h after status epilepti-
cus induced by PTZ, and CHOP expression correlated with
apoptotic neurons. Furthermore, they also found that Sab, an
ER stress inhibitor, could reduce neuronal apoptosis through
the downregulation of CHOP expression [13]. In contrast,
one study by Engel et al. [38] indicated that CHOP expres-
sion peaked at 8 h after status epilepticus induced by kainic
acid, and CHOP was anti-apoptotic, which was required for
neuronal survival after seizure. Moreover, they observed that
Sab increased the level of CHOP in the hippocampus, and
decreased neuronal death. The underlying mechanism may
be that CHOP activated the transcription of murine double
minute 2 that could inhibit p53 function, and thus prevented
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Fig.5 Sab inhibited the A Con
increased levels of GRP78

and CHOP in a mouse seizure
model. a—¢ Western blot
analysis of GRP78 and CHOP,
which indicated that increased
levels of GRP78 and CHOP

in PTZ-induced seizures were
significantly diminished by Sab
treatment. The administration
of Sab without PTZ did not
alter the expressions of GRP78
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neuronal injury caused by increased p53 level. However,
our present study showed that the highest expression of
CHORP protein occurred at 2 h after PTZ-induced general-
ized tonic—clonic seizure. In addition, both VPA and Sab
downregulated the expression of CHOP, but they still played
neuroprotective roles in seizure. The discrepancy in CHOP
expression and function from different studies may be due to
different seizure models and detection platforms. Moreover,
roles of ER stress in epilepsy could be versatile, which are
linked with complicated interconnections between signaling
pathways.

VPA is one of the conventional AEDs, which exhibits a
broad spectrum of antiepileptic properties, and is the first
choice for treatment of generalized seizures [39]. VPA is
classified as a sodium channel-blocking AED, but VPA
has been found to exert therapeutic effects in epilepsy
via regulating various signaling pathways. For instance,
one recent study demonstrated that VPA could amelio-
rate neuronal apoptosis in KA-induced seizure via aug-
menting PKC-dependent GABA R y2 phosphorylation at
serine 327 residue [16]. Our study indicated for the first
time that VPA could inhibit excessive ER stress in PTZ-
induced seizures. Previous studies have indicated that VPA
could enhance GRP78 expression [20, 21]. However, our
study found that VPA downregulated the increased expres-
sion of GRP78 in the PTZ-induced seizure model. Effects
of VPA on the GRP78 expression may be associated with

various mechanisms in different diseases. One study inves-
tigated the mechanism of epilepsy-induced ER stress, and
they found that PTZ kindling-induced hippocampal ER
stress may be dependent on neuronal nitric oxide synthase
(nNOS) activity [12]. Furthermore, nNOS deficiency inhib-
ited PTZ kindling-induced the increased levels of GRP78
and CHOP. Interestingly, VPA was reported to be able to
reduce nNOS expression [40]. Therefore, we speculate that
nNOS may be involved in the regulation of ER stress by
VPA in epilepsy, which requires further exploration. Of note,
our study showed that the administration of VPA without
PTZ did not decrease the expressions of GRP78 and CHOP,
which indicated that the effects of VPA with PTZ on ER
stress were not due to VPA itself but the effects of markedly
decreased seizure activity caused by the VPA pretreatment.

It is widely accepted that prolonged and repeated seizures
lead to neuronal damage, and even brief seizures could also
cause neuronal apoptosis [41]. However, brief epileptic sei-
zures may not necessarily result in neuronal loss. Consistent
with previous studies [42, 43], our study also indicated that
acute seizures induced by a single injection of PTZ did not
lead to significant neuronal loss, despite causing neuronal
apoptosis. It is reported that apoptosis may be one of the
mechanisms contributing to neuronal loss [44]. Therefore,
VPA and Sab pretreatments reduced early neuronal apop-
tosis in acute seizures, which was beneficial for preventing
neuronal loss thereafter.
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Fig.6 Sab reduced neuronal apoptosis in PTZ-induced seizure
model. a Showed the representative co-labeling TUNEL/NeuN merge
images of the hippocampus of mice treated with PTZ and Sab. The
arrowheads indicate double-positive neurons. Scale bar, 50 pm. b,

In conclusion, our current study revealed that VPA
could inhibit excessive ER stress and exert neuroprotec-
tive effects in acute seizures induced by PTZ. Our present
work provided a new mechanical explanation for the thera-
peutic effects of VPA on seizure. Future research can be
conducted to explore the combined effects of ER stress
inhibitors and VPA on epileptic seizures.
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