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Abstract Chronic stress exposure can produce deleteri-
ous effects on the hippocampus (HC) which eventually
leads to cognitive impairment and depression. Endoplasmic
reticulum (ER) stress has been reported as one of the major
culprits in the development of stress-induced cognitive
impairment and depression. We investigated the neuro-
protective efficacy of sodium phenylbutyrate (SPB), an ER
stress inhibitor, and edaravone, a free radical scavenger,
against chronic restraint stress (CRS)-induced cognitive
deficits and anxiety- and depressive-like behavior in mice.
Adult male Swiss albino mice were restrained for 6 h/day
for 28 days and injected (i.p.) with SPB (40 and 120 mg/
kg) or edaravone (3 and 10 mg/kg) for the last seven days.
After stress cessation, the anxiety- and depressive-like
behavior along with spatial learning and memory were
examined. Furthermore, oxido-nitrosative stress, proin-
flammatory cytokines, and gene expression level of ER
stress-related genes were assessed in HC and prefrontal
cortex (PFC). CRS-exposed mice showed anxiety- and
depressive-like behavior, which was significantly improved
by SPB and edaravone treatment. In addition, SPB and
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edaravone treatment significantly alleviated CRS-induced
spatial learning and memory impairment. Furthermore,
CRS-evoked oxido-nitrosative stress, neuroinflammation,
and depletion of Brain-derived neurotrophic factor were
significantly ameliorated by SPB and edaravone treatment.
We found significant up-regulation of ER stress-related
genes in both HC and PFC regions, which were suppressed
by SPB and edaravone treatment in CRS mice. Our study
provides evidence that SPB and edaravone exerted neuro-
protective effects on CRS-induced cognitive deficits and
anxiety- and depressive-like behavior, which is possibly
coupled with inhibition of oxido-nitrosative stress, neu-
roinflammation, and ER stress cascade.

Keywords Anxiety - Cognitive impairment -
Depression - Endoplasmic reticulum stress -
Neuroinflammation - Oxido-nitrosative stress

Introduction

Substantial experimental evidences suggest the involve-
ment of oxido-nitrosative stress and neuroinflammatory
cascade in the pathogenesis of cognitive dysfunction,
anxiety, and depression (Maes 2008; Jangra et al. 2014a;
Kasbe et al. 2015). Chronic restraint stress (CRS) has been
shown to induce cognitive impairment and anxiety- and
depressive-like behavior in rodents (Chiba et al. 2012;
Huang et al. 2015a, b). CRS-induced behavioral anomalies
are accompanied by oxidative stress and neuroinflamma-
tion in different brain regions such as hippocampus (HC)
and prefrontal cortex (PFC) (McEwen and Magarinos
1997; Chiba et al. 2012). The hippocampus plays a key role
in learning and memory function and is much more sus-
ceptible to CRS-evoked damage than any other brain areas
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(Tse et al. 2014). In addition, several studies suggested that
oxidative and neuroinflammatory damage particularly in
the hippocampal region has been associated with the
pathogenesis of anxiety and depression (Bannerman et al.
2014; Jangra et al. 2014a; Sulakhiya et al. 2014). CRS-
evoked reactive oxygen species (ROS) activates nuclear
factor kappa B (NF-xB) signaling pathway, which in turn
triggers the activation of proinflammatory cytokines (such
as IL-1, IL-6, and TNF-a), inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2) expression. The
resulted neuroinflammation can trigger apoptotic cell death
and depletion of neurotrophic factors, thereby causing
neurobehavioral alterations (Zhang et al. 2014; Radecki
et al. 2005).

Endoplasmic reticulum (ER) is a site for synthesis,
maturation, and folding of proteins. Several stimuli such as
stress, ROS, oxidative stress, hypoxia, inflammation, obe-
sity, hypoglycemia, and calcium depletion can disrupt
protein folding process, and consequently leads to accu-
mulation of unfolded and misfolded proteins in the ER, a
condition termed “ER stress.” To manage the unfolded and
misfolded proteins, ER stress triggers a signaling pathway
called Unfolded Protein Response (UPR). UPR activation
results in translation attenuation, promotes degradation of
misfolded proteins, and raises the levels of ER chaperones,
glucose-regulated protein 78 (GRP78), which in turn
enhance the protein folding capacity of ER. However,
under prolonged ER stress condition, cells may undergo
apoptosis through up-regulation of the C/EBP homologous
protein (CHOP) which plays a key role in the regulation of
cellular redox condition and cell death (Oyadomari et al.
Oyadomari and Mori 2004; Zhao et al. 2015). Emerging
experimental evidences showed that ER stress is activated
in the HC region which plays a major role in the patho-
genesis of memory dysfunction and depression (Huang
et al. 2013; Zhang et al. 2014).

Sodium phenylbutyrate (SPB) and edaravone are well-
known ER stress inhibitors which exert neuroprotective
activity in several animal models (Gardian et al. 2005;
Yuan et al. 2008; Itoh et al. 2010; Srinivasan and Sharma
2011, 2012). In addition to ER stress inhibitory property of
edaravone, its neuroprotective action also attributed to the
potent free radical scavenging activity (Kikuchi et al.
2011). Previous studies have shown the potential applica-
tion of SPB and edaravone against neuronal cell death and
cognitive dysfunction (Ricobaraza et al. 2009; Jiao et al.
2011). Therefore, based on the role of oxido-nitrosative
stress and ER stress in RS-induced behavioral anomalies,
we have chosen edaravone (ROS scavenger) and SPB (ER
stress inhibitor) as pharmacological interventions in our
experiment. In the present study, we investigated the
effects and underlying mechanisms of SPB and edaravone
against CRS-induced memory deficits and anxiety- and
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depressive-like behavior in mice. We have examined the
oxido-nitrosative stress, brain-derived neurotrophic factor
(BDNF), proinflammatory cytokine level, and expression
of GRP78 and CHOP in HC and PFC regions as well as
corticosterone level in the serum. We found that CRS-ex-
posed animals exhibited learning and memory dysfunction
as well as anxiety- and depressive-like behavior after
28 days. Treatment with edaravone and SPB alone allevi-
ated the behavioral alterations via inhibition of CRS-in-
duced neurochemical anomalies such as oxidative stress,
neuroinflammation, and ER stress in the HC region.

Materials and Methods
Animals

Adult male Swiss albino mice, weighing 22-25 g, were
included in the present study and provided with rodent
pellet diet (Pranav Agro Industries Ltd., Pune, India) and
water ad libitum. The mice were kept at a constant tem-
perature of 24 £ 1 °C and humidity of 65 £+ 5 % under a
12:12-h light/dark cycle. The mice were allowed to accli-
matize to the laboratory conditions for 7 days prior to the
initiation of experiments. The study was approved by the
Institutional Animal Ethics Committee (IAEC), Gauhati
Medical College & Hospital (CPCSEA Registration No.
351, 3/1/2001). All the experimental protocols were strictly
carried out in accordance with the Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Government of India.

Chemicals

SPB and edaravone were purchased from Santa Cruz, CA,
USA. Total RNA extraction kit (HiMedia, India), cDNA
synthesis kit (Thermo Fisher Scientific, India), SYBR
Green PCR kit (QIAGEN India Pvt. Ltd., India), Primers
(Imperial Life Sciences (P) Limited, India), and IL-1f and
TNF-o ELISA kits (Thermoscientific, India, and Invitrogen
co., Carlsbad, CA, USA, respectively) were used. BDNF
kit was purchased from Promega, India. All other chemi-
cals used were of analytical grade.

Drug Administration and Experimental Plan

Male Swiss albino mice were randomly divided into six
experimental groups, each containing 24 mice (total 144
animals). The experimental groups were as follows:

1. Group 1 was treated with normal saline for seven days.
This group was assigned as normal control group.
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2. Group 2 animals were restrained (6 h/day for 28 days)
and given normal saline for the last seven days. This
group was assigned as restraint control.

3. Group 3 animals were restrained (6 h/day for 28 days)
and treated with edaravone (3 mg/kg, i.p.) for the last
7 days of restraint stress.

4. Group 4 animals were restrained (6 h/day for 28 days)
and treated with edaravone (10 mg/kg, i.p.) for the last
7 days of restraint stress.

5. Group 5 animals were restrained (6 h/day for 28 days)
and treated with SPB (40 mg/kg, i.p.) for the last
7 days of restraint stress.

6. Group 6 animals were restrained (6 h/day for 28 days)
and treated with SPB (120 mg/kg, i.p.) for the last
7 days of restraint stress.

Adult male mice were subjected to CRS for 6 h
(09:00-15:00) daily up to 28 consecutive days in well-
ventilated 50-ml polystyrene tubes. SPB and edaravone
were dissolved in normal saline and administered
intraperitoneally (i.p.) in a volume of 10 ml/kg body
weight 30 min prior to the onset of restraint stress. The
study plan is diagrammatically described in Fig. 1. Dif-
ferent doses of SPB and edaravone were selected on the
basis of previous experimental studies (Qi et al. 2004;
Srinivasan and Sharma 2011; Sriram et al. 2016). Morris
water maze test was performed from the 24th to the 28th
day to assess the memory function. Anxiety-like behavior

Morris water
maze test

was assessed by elevated plus maze test and light—dark box
test at 24 h after cessation of restraint stress protocol.
Depressive-like behavior was evaluated by forced swim-
ming test, tail suspension test, and sucrose preference test.
Behavioral and biochemical tests were carried out on dif-
ferent animals to avoid the possible influence of behavioral
tests on biochemical parameters. Animals were sacrificed
by cervical dislocation 24 h after cessation of restraint
stress protocol. HC and PFC regions were dissected out
from the brain, homogenized (10 % w/v) in chilled 0.1 M
phosphate buffer (pH 7.4), and centrifuged, and the
supernatants were collected and stored at —80 °C which
were further used for biochemical analysis.

Behavioral Tests
Morris Water Maze (MWM) Test

The spatial learning and memory performance was deter-
mined using the MWM test (Vorhees and Williams 2006).
The MWM consisted of a circular tank (120 cm diameter,
50 cm height) and a platform (10 cm diameter). The tank
was filled with colored water (25 £ 1 °C). During the
training session, the platform was placed approximately
2 cm below the water level. The animal was kept in the
pool, facing toward the tank wall, and allowed to locate the
platform for 120 s during the training phase. Mice were

Elevated Plus maze test
Light-dark box test

Forced swimming test
Tail suspension test
Sucrose Preference test

-

Animals sacrificed
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Sodium phenylbutyrate (40 and <
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once a day for 7 days in
different groups

Fig. 1 Schematic representation of experimental study plan
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given four trials per day for four consecutive days. The
time to reach the platform was recorded in each trial. If the
animal was failed to locate the platform in 120 s, then the
animal was placed on the platform for 30 s. On the fifth
day, spatial probe trial was conducted by removing the
platform. The time spent in the target quadrant by the
animal was calculated.

Elevated Plus Maze (EPM) Test

EPM test was carried out to evaluate the influence of CRS
on the anxiety behavior in mice. EPM was consisted of two
open arms (35 x 5 cm?) perpendicular to two closed arms
of the same size with a small central square (5 x 5 cm?)
between the arms. The maze was elevated 50 cm from the
floor in a dimly illuminated room. Each animal was placed
at the center of maze with head facing toward the open
arm. The total number of entries into the open arm and the
time spent in the open arm during the 5-min period were
calculated and presented (Jangra et al. 2014a).

Light-Dark Box Test

The light-dark box consisted of two different compart-
ments: a light side (42 x 30 x 20 cm3; white walls
brightly illuminated with 40 W bulb) and a dark side
(42 x 30 x 20 cm?; opaque black walls and dark), with an
opening (6 x 6 cm?) between the two compartments. The
animal was placed on a dark side with head facing toward
the light side and allowed to explore in the box for 10 min.
Time spent in the light compartment and the number of
light—dark transitions were calculated and presented (Bassi
et al. 2012).

Forced Swimming Test (FST)

On the 29th day, FST was performed as previously
described with minor modifications (Porsolt et al. 1977).
The animal was placed in a cylinder of 25 cm height and
10 cm diameter, filled with water (25 £ 1 °C) up to 20 cm
for a total time period of 6 min. Initial 1 min was con-
sidered as acclimatization period and the last 5-min period
was taken into account to evaluate the depressive-like
behavior (Jangra et al. 2015a). Animal was considered as
being immobile if it either remained static or made only
little movements required to keep their head above the
water level.

Tail Suspension Test (TST)
TST was performed in both acoustically and visually iso-

lated place on the 29th day. Mice were hanged at 40 cm
above the floor by adhesive tape on tip of the tail in a dark
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room. The immobility time of each mouse was observed for
6 min, and the immobility time during the last 5 min was
also observed, analyzed, and presented (Sriram et al. 2015).

Sucrose Preference Test (SPT)

Before the initiation of CRS, all mice were given 2 %
sucrose solution and drinking water to find out the baseline
of sucrose preference. After 28 days of CRS, mice were
given free choice between two bottles of either 2 % sucrose
solution and drinking water for 8 h. At the beginning and
end of the experiment, bottles were weighed and sucrose
preference was calculated using the following formula:
Sucrose  preference (%) = sucrose intake/(sucrose
intake + water intake) x 100. No mice showed <65 %
sucrose preference before the initiation of the CRS.
Therefore, mice which have sucrose preference <65 %
were considered as anhedonic (Cline et al. 2015).

Biochemical Analysis
Malondialdehyde (MDA) Level

MDA content was determined quantitatively, according to
the method of Ohkawa et al. (1979). In brief, 100 pl of
sample was added to 100 pl of 8.1 % sodium dodecyl
sulfate, 0.75 ml of 20 % acetic acid solution (pH 3.4), and
750 pl of 0.8 % thiobarbituric acid. The mixture was made
up to 3 ml with distilled water. The resultant mixture was
then heated on a water bath at 95 °C for 60 min, cooled,
and then centrifuged at 10,000 rpm for 10 min. Super-
natant was collected and the absorbance was taken at
532 nm. Results were expressed as pmole MDA/g of tissue
weight (Jangra et al. 2015a).

Reduced Glutathione (GSH) Level

The reduced glutathione content was estimated using the
method of Beutler et al. (1963). The supernatant of the
homogenate was mixed with trichloroacetic acid (10 %
w/v) in 1:1 ratio and centrifuged at 1000x g for 10 min at
4 °C. The supernatant obtained (500 pl) was mixed with
2 ml of 0.3 M disodium hydrogen phosphate. Thereafter,
250 pl of 0.001 M freshly prepared DTNB [5, 5’'-dithiobis
(2-nitro benzoic acid) dissolved in 1 % w/v sodium citrate]
was added. The absorbance was taken at 412 nm and the
results were calculated as pg/g of tissue weight.

Nitrite Level
Nitrite content was determined using Griess reagent com-

mercially obtained from Sigma-Aldrich Corp., St Louis,
USA. 100 pl of the supernatant was mixed with 100 pl of
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the Griess reagent and kept at room temperature for
15 min. Thereafter, absorbance was taken at 560 nm on a
microplate reader and the results were expressed as pmole/
mg of protein. Protein level was estimated by the method
of Lowry et al. (1951).

Acetylcholinesterase (AChE) Level

Acetylcholinesterase (AChE) assay was performed using
the method of Ellman et al. (1961). 400 pl of sample was
mixed with 2.6 ml phosphate buffer (0.1 M, pH 8) and
100 pl of DTNB. The contents were mixed in the cuvette
thoroughly by bubbling. Then, 20 pl of acetylthiocholine
was added and change in absorbance was recorded for a
period of 5 min at the intervals of 1 min at 412 nm. The
AChE enzyme activity was calculated using the formula:
R = A x 10%13600, where R = micro moles of substrate
hydrolyzed/min and A = change in absorbance/min. The
AChE activity was expressed as pumole/min/mg of protein.

Proinflammatory Cytokines, Brain-Derived Neurotrophic
Factor (BDNF) and Corticosterone Estimation

IL-1B and TNF-a levels were determined according to
manufacturer’s protocol available with the respective Kkits.
Concentration of IL-1f and TNF-o was expressed as
picogram per milliliter (Pg/ml). Quantitative determination
of BDNF level was performed using ELISA kit purchased
from Promega, Madison, WI, USA (BDNF assay Kkit).
Concentration of BDNF was expressed as nanogram per
milligram of protein (ng/mg of protein). Corticosterone
(CORT) was determined in the serum by corticosterone
assay ELISA kit (Abnova Corporation, Taiwan). Corti-
costerone concentration was measured according to the
manufacturer’s protocol and expressed as nanogram per
milliliter (ng/ml).

Determination of GRP78 and CHOP mRNA Level
by Real-Time PCR

Total RNA was extracted from freshly isolated HC and
PFC using HiPuraA™ Total RNA Miniprep purification
kit (HiMedia, India). 1 pg of RNA was diluted in 20 pl of
retrotranscription reagent and used to synthesize cDNA
with the RevertAid First Strand cDNA synthesis kit
(Thermo Fisher Scientific, India). To quantitatively deter-
mine GRP78 and CHOP gene expression, real-time PCR
analysis was performed using QuantiTect SYBR Green
PCR 9 Master Mix and the ABI 7300 Real-Time PCR
System (Applied Biosystems, USA) according to the
manufacturer’s instructions. ER stress-related transcripts
were quantified using real-time PCR. Primers used for
amplification were GRP78: forward 5-GTTTGCTGAGGA

AGACAAAAAGCTC-3' and reverse 5'-CACTTCCATAG
AGTTTGCTGATAATTG-3'; CHOP: forward 5GGAGC
TGGAAGCCTGGTATGAGG-3' and reverse 5'-TCCCTG
GTCAGGCGCTCGATTTCC-3’; and B-actin: forward 5'-T
CCTCCCTGGAGAAGAGCTAC-3' and reverse 5'-TCC
TGCTTGCTGATCCACAT-3' (Kudo et al. 2008; Sriram
et al. 2015). The relative gene expressions of GRP78 and
CHOP were determined by the 2744¢r method for real-
time quantitative PCR.

Statistics

Data were analyzed with Jandel Sigma Stat Version 3.5
software. The data were analyzed using one-way analysis
of variance (ANOVA) for multiple comparisons. If the
ANOVA showed statistically significant difference, post
hoc analysis was performed with Tukey’s test. A
p value < 0.05 was considered statistically significant.

Results

Effect of SPB and Edaravone Treatment on CRS-
Induced Learning and Memory Impairment

In order to investigate the learning—memory ability of CRS-
exposed mice, MWM test performed. A repeated-measures
two-way ANOVA revealed that CRS exposure caused signif-
icant (P < 0.001) learning—memory impairment during the
MWM test (Fig. 2a, b). The escape latency of CRS group was
significantly (P < 0.001) higher as compared to normal control
group during training phase. There was no significant differ-
ence for the escape latency between CRS group and normal
control group mice on the first day of MWM test. However,
escape latencies of CRS group mice were significantly longer
than that of the normal control group from the second day to the
fourth day of the test. MWM test results indicated that CRS
exposure leads to learning deficits in mice. Edaravone-10 mg/
kg treatment group showed significantly shorter escape laten-
cies (P < 0.001) as compared to CRS group on the third and
fourth days. On the other hand, edaravone-3 mg/kg did not
show any significant improvement in escape latencies as
compared to CRS group mice. However, low dose of SPB
(40 mg/kg) significantly (P < 0.05) shortened escape latencies
as compared to CRS group. Similarly, SPB-120 mg/kg treat-
ment also significantly shortened the escape latencies on the
third (P < 0.01) and fourth (P < 0.001) days as compared to
CRS group mice (Fig. 2a). Therefore, it can be concluded that
edaravone-10 mg/kg and SPB-120 mg/kg elicit statistically
significant improvement in CRS-induced learning deficits.

To evaluate the retention memory in different experi-
mental groups, platform was removed on the 28th day. We
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Fig. 2 Effects of restraint stress (A)
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found that CRS group significantly failed to recall the
position of the platform, thus spending significantly less
time on the former location of the platform as compared to
normal control group (Fig. 2b). However, edaravone-
10 mg/kg (P < 0.05)- and SPB-120 mg/kg (P < 0.01)-
treated groups focused their search on the former location
of the platform as compared to CRS group mice, which
clearly indicates improvement in cognitive performance.
Edaravone-3 mg/kg and SPB-40 mg/kg did not show any
significant improvement in memory retention (Fig. 2b).

Effect of SPB and Edaravone Treatment on CRS-
Induced Anxiety- and Depressive-Like Behavior

We investigated the effect of CRS exposure and drug
treatments on anxiety- and depressive-like behavior in
mice. EPM and light—dark box tests were performed for
anxiety-like behavior assessment, and FST and TST were
carried out to assess the depressive-like behavior. As
shown in Fig. 3a, the number of entries and time spent in
open arms of CRS group mice were significantly
(P<0.001 and P <0.01, respectively) reduced as
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compared to normal control group mice that indicates
anxiety behavior in CRS-exposed mice. Treatment with
edaravone-10 mg/kg and SPB-120 mg/kg caused allevia-
tion of CRS-induced anxiety behavior as indicated by more
number of entries (P < 0.01 and P < 0.01, respectively)
and time spent in open arms (P < 0.05 and P < 0.01,
respectively) (Fig. 3b).

To verify the CRS-induced anxiety behavior, we
examined mice using the light—dark box test. CRS-exposed
mice showed anxiety behavior as indicated by significant
reduction in the number of light-dark transitions
(P <0.001) and time spent in the light compartment
(P <0.001) as compared to the normal control group
(Fig. 4a, b). However, the number of light—dark transitions
was increased after treatment with edaravone-10 mg/kg
(P < 0.01) and SPB-120 mg/kg (P < 0.05). Consistently,
the time spent in light compartment was also markedly
increased in edaravone-10 mg/kg (P < 0.05) and SPB-
120 mg/kg (P < 0.01) treatment groups compared to that
of CRS group. Therefore, it can be concluded by the results
of EPM and light-dark box tests that edaravone and SPB
prevent the anxiety behavior in CRS-exposed mice.
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Fig. 3 Effects of edaravone
(EDV) and sodium
phenylbutyrate (SPB) on the
restraint stress (RS)-induced
anxiety-like behavior in
elevated plus maze (EPM) test.
a Number of entries in open
arm. b Time spent in open arm.
Data are represented as

mean = SEM (n = 8).
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To assess the depressive-like behavior in CRS group and
drug treatment groups, we performed FST and TST. Fig-
ure 5a, b depicts that immobility time in FST and TST was
significantly (P < 0.001) increased in CRS group, indi-
cating depressive-like behavior caused by CRS. Edar-
avone-10 mg/kg treatment group mice showed marked
reduction in the immobility time in FST (P < 0.01) and
TST (P < 0.01) as compared to CRS group mice. More-
over, we found that SPB-120 mg/kg treatment significantly
reduced the immobility time in FST (P < 0.001) and TST
(P < 0.001) compared to CRS group. So, FST and TST
results revealed the anti-depressant action of edaravone and
SPB against CRS exposure.

Furthermore, we performed sucrose preference test to
assess the anhedonic response after CRS exposure. Prior to
CRS exposure, we found that no animal showed sucrose
preference <65 %. Thereafter, animals were randomly
divided into the different experimental groups. On the 28th
day, no normal control animal exhibited sucrose preference
below 65 %. However, CRS-exposed group showed a
significant reduction (P < 0.01) in the sucrose preference
as compared to normal control group, indicating anhedonic
behavior caused by CRS exposure (Fig. 5c). Both edar-
avone-10 mg/kg and SPB-120 mg/kg treatment

significantly alleviated CRS-induced anhedonic behavior
as indicated by higher sucrose preference by edaravone-
10 mg/kg (P < 0.05) and SPB-120 mg/kg (P < 0.05)
treatment groups as compared to CRS-exposed group.

Effect of SPB and Edaravone Treatment on CRS-
Induced Oxido-Nitrosative Stress in Hippocampal
(HC) and PFC Regions

Different biochemical tests were performed to assess CRS-
induced neuronal damage. CRS-exposed animals showed a
significant increase in oxidative damage as evident by
increased MDA (HC: P < 0.001, PFC: P < 0.01), nitrite
level (HC: P < 0.001, PFC: P < 0.01), and depleted
reduced glutathione level (HC: P < 0.001, PFC: P < 0.05)
in HC and PFC regions as compared to normal control
group (Table 1). We found that edaravone and SPB treat-
ment caused profound protection against CRS-evoked
oxidative stress. Edaravone-10 mg/kg treatment signifi-
cantly reduced the MDA level in HC (P < 0.01) and PFC
(P < 0.05) regions, whereas edaravone-3 mg/kg treatment
group showed a marked reduction in the MDA level only in
the HC region (P < 0.05). Moreover, edaravone-10 mg/kg
treatment caused a significant increase in the level of
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Fig. 4 Effects of edaravone (A)
(EDV) and sodium
phenylbutyrate (SPB) on the
restraint stress (RS)-induced
anxiety-like behavior in light—
dark box test. a Number of
light—dark transitions. b Time
spent in light compartment.
Data are represented as

mean £ SEM (n = 8).
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group
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reduced glutathione level in HC (P < 0.01) and PFC
(P < 0.05) regions compared to CRS group. Nitrite content
was significantly reduced by the treatment of edaravone-
10 mg/kg in HC (P < 0.01) and PFC (P < 0.05) regions.
SPB-120 mg/kg significantly reduced the MDA level
(P < 0.001) and increased the reduced glutathione level
(P < 0.001) only in the HC region. SPB treatment failed to
affect the nitrite level both in HC and PFC regions as
compared to CRS group.

Effect of SPB and Edaravone Treatment on CRS-
Induced Changes in Acetylcholinesterase (AChE)
Level in HC and PFC Regions

Cholinergic dysfunction was assessed by AChE activity in
the HC and PFC regions. A variable effect of CRS on brain
AChE activity was observed in different brain regions.
CRS exposure for 28 days caused a marked elevation of
AChE enzyme activity only in the HC region (P < 0.001)
of CRS group mice as compared to normal control group
mice (Table 1). In the PFC region, AChE level was found
to be unaltered in the CRS group animals when compared
to the normal control group. However, edaravone-10 mg/
kg treatment (P < 0.001) prevented the elevation of AChE
level in the HC region as compared to CRS group. Simi-
larly, AChE level in the HC region was found to be
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significantly (P < 0.05) lower by the treatment of SPB-
120 mg/kg compared to CRS group. Edaravone-3 mg/kg
and SPB-40 mg/kg failed to alter the AChE level both in
HC and PFC regions as compared to CRS group.

Effect of SPB and Edaravone Treatment on CRS-
Induced Changes in Proinflammatory Cytokine
and BDNF Levels in HC and PFC Regions

IL-1B and TNF-o are important inflammatory mediators
which play a major role in neuroinflammation. We found a
clear elevation of IL-1f level in HC (P < 0.001) and PFC
(P < 0.001) regions that was significantly reduced by
edaravone-10 mg/kg (HC: P < 0.001, PFC: P < 0.05) and
SPB-120 mg/kg (HC: P < 0.01, PFC: P < 0.01) treatment
(Table 2). However, edaravone-3 mg/kg and SPB-40 mg/
kg failed to show any significant effect on IL-1p both in
HC and PFC regions as compared to CRS group. Similarly,
the negative impact of CRS exposure on TNF-a level was
observed in the HC region. A significantly higher level of
TNF-o level was found only in the HC region (P < 0.001)
of CRS-exposed mice as compared to normal control
group. Treatment with edaravone-10 mg/kg and SPB-
120 mg/kg significantly reduced the TNF-a level
(P < 0.01) in the HC region which indicates the anti-in-
flammatory action of edaravone and SPB. To determine
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whether BDNF level could correlate with the neuropro-
tection offered by edaravone and SPB treatment, we
examined BDNF level in HC and PFC regions. We found a
marked reduction of BDNF level both in HC (P < 0.001)
and PFC (P < 0.05) regions after CRS exposure as com-
pared to normal control group. However, edaravone-
10 mg/kg (P < 0.01) and SPB-120 mg/kg (P < 0.05)
treatment significantly increased the BDNF in the HC

region as compared to CRS group. SPB-120 mg/kg treat-
ment caused a significant increase in the BDNF level in the
PFC region (P < 0.05), whereas both the doses of edar-
avone failed to increase the CRS-induced BDNF depletion
in the PFC region. Therefore, it can be concluded that
protection against CRS-induced behavioral anomalies
offered by edaravone and SPB may be partly due to ame-
lioration of neuroinflammation and BDNF depletion.
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Table 2 Effects of restraint stress (RS) and treatment with edaravone (EDV) and sodium phenylbutyrate (SPB) on proinflammatory cytokines
and BDNF level in HC and PFC regions and corticosterone level in the serum

S1 Parameters Control Restraint stress RS+EDV RS+EDV RS+SPB RS+SPB
no. (RS) (3 mg/kg) (10 mg/kg) (40 mg/kg) (120 mg/kg)
1. IL-1B level (pg/ml) HC 528 +£0.84 1428 +£1.01"* 11.32 £0.34 8.65 + 0.83¢ 12.68 £ 0.68 10.40 + 0.54°
PFC 4.39 +£ 043 9.27 £ 0.98* 7.12 £ 0.34 6.14 £ 0.93° 7.23 £0.76 5.37 + 0.54°
2. TNF-a level (pg/ml) HC 2528 + 1.84 4451 £ 1.01* 4038 £3.13  31.29 £ 3.50° 3532 £ 1.34 30.55 + 1.59°
PFC 3232 £ 129  39.60 + 2.21 37.80 £ 1.23 3523 +£2.92 36.87 £ 2.38 32.30 £ 1.20
3. BDNF (ng/mg of HC 7.38 £ 0.29 4.19 + 0.32* 5.39 £ 0.58 6.42 + 0.32° 498 £ 0.12 6.03 + 0.43"
protein) PFC 5.39 £ 043 3.82 £ 0.28° 3.71 £ 0.46 5.30 £ 0.27 3.99 + 0.42 478 £ 0.57"
4. Corticosterone level Serum 44.38 + 4.75 139.63 + 14.7* 116.88 &+ 10.28 96 + 3.18° 129.23 £ 7.54  118.30 & 8.67
(ng/ml)
Data are represented as mean = SEM (n = 6)
4 P < 0.001 compared with control group
® P < 0.01 compared with control group
¢ P < 0.05 compared with control group
4 P < 0.001 compared with restraint stress (RS) group
¢ P < 0.01 compared with restraint stress (RS) group
TP < 0.05 compared with restraint stress (RS) group
Fig. 6 Effects of restraint stress (A)
and treatment with edaravone »
(EDV) and sodium )
phenylbutyrate (SPB) on mRNA &~
expression levels of a GRP78 _:_; E
: _—
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Fig. 7 Role of edaravone and sodium phenylbutyrate in neuropro-
tection against behavioral deficits induced by restraint stress (RS).
RS-induced ROS/RNS generation and proinflammatory cytokines
lead to endoplasmic reticulum (ER) stress. Activation of CHOP leads
to neuronal apoptosis which ultimately caused neurobehavioral
anomalies. Edaravone and sodium phenylbutyrate acts on oxidative
stress, proinflammatory cytokines, and ER stress, thereby ameliorat-
ing RS-induced behavioral deficits

Effect of SPB and Edaravone Treatment on CRS-
Induced Changes in Serum Corticosterone Level

Serum corticosterone level plays an important role in CRS-
evoked detrimental outcomes. Therefore, to verify the
effectiveness of edaravone and SPB, we determined the
serum corticosterone level. We found a clear elevation of
corticosterone level (P < 0.001) after 28 days of CRS
exposure. Edaravone-10 mg/kg treatment significantly
reduced (P < 0.05) the serum corticosterone level, whereas
edaravone-3 mg/kg and both doses of SPB did not alter the
serum corticosterone level as compared to CRS-exposed
group (Table 2). So, SPB exerted its neuroprotective action
without affecting the serum corticosterone level.

Effect of SPB and Edaravone Treatment on CRS-
Induced Changes in GRP78 and CHOP Gene

Expression Level

RT-PCR analysis revealed that CRS exposure significantly
up-regulated the GRP78 mRNA expression level both in
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HC (P < 0.001) and PFC (P < 0.01) regions as compared
to normal control group (Fig. 6a). Nevertheless, treatment
with edaravone-10 mg/kg (P < 0.01) and SPB-120 mg/kg
(P < 0.001) significantly reduced the CRS-induced GRP78
mRNA expression level in the HC. In the PFC region, only
SPB-120 mg/kg treatment group showed a significant
reduction (P < 0.01) in the level of GRP78 mRNA
expression as compared to CRS group. CHOP mRNA
expression level was found to be up-regulated (P < 0.001)
only in the HC region of CRS-exposed group mice
(Fig. 6b). In the PFC region, CHOP mRNA expression
level was not altered significantly as compared to normal
control group. CHOP mRNA expression level was signif-
icantly reduced by treatment with edaravone-10 mg/kg
(P <0.05) and SPB-120 mg/kg (P < 0.01) in the HC
region as compared to CRS-exposed group. Our results
clearly indicated that CRS exposure elicits the ER stress
particularly in the HC region which was significantly pre-
vented by edaravone and SPB treatment.

Discussion

The present study revealed that oxido-nitrosative stress,
neuroinflammation, and ER stress play a key role in CRS-
induced hippocampal damage. Moreover, we demonstrate
that edaravone and SPB protect against oxidative stress,
neuroinflammation, and ER stress cascade-mediated
behavioral deficits in CRS-exposed mice as depicted in
Fig. 7. This study further supports the role of oxido-ni-
trosative stress, neuroinflammation, and ER stress in stress-
induced behavioral deficits (Kumari et al. 2007; Ishisaka
et al. 2011; Huang et al. 2013; Tan et al. 2015). We found
that the neuroprotective role of edaravone and SPB
involves augmentation of reduced glutathione level, BDNF
content as well as a reduction of proinflammatory cytoki-
nes, AChE level, and ER stress particularly in the HC
region. Thus, the current results provide a substantial
support to those previously observed reports of neuropro-
tection by targeting oxidative—nitrosative stress, neuroin-
flammation, and ER stress cascade (Sokka et al. 2007,
Srinivasan and Sharma 2011, 2012; Jangra et al. 2015a;
Kasbe et al. 2015).

In rodents, sucrose preference test is commonly used to
assess the anhedonic response. In the present study, CRS-
exposed mice exhibited a reduction in sucrose preference
and an increase in the immobility time in both FST and
TST as compared to normal control mice. Moreover, CRS
exposure induced anxiety-like behavior as evident from the
results of EPM and light-dark box tests. Our results
demonstrated that mice subjected to 28 days of CRS
exposure induce anhedonia and anxiety- and depressive-
like behavior. Chronic restraint stress paradigm induces a
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number of neurobehavioral and neurochemical anomalies.
Therefore, 28 days of CRS model may be an appropriate
tool to explore novel mechanisms that could be involved in
the pathophysiology of anxiety and depression and useful
to screen the drugs for the treatment of anxiety and
depression.

Endoplasmic reticulum is an organelle which plays a
key role in the protein folding. Various destructive stimuli
and pathological conditions such as hypoglycemia, obesity,
stress, calcium depletion, inflammation, oxidative stress,
and hypoxia may impair the ER function and consequently
leads to the induction of a self-protecting signaling path-
way known as UPR (Schonthal 2012). Activation of UPR
pathway causes transcriptional induction of ER chaperons
such as GRP78 and endoplasmic reticulum-associated
protein degradation (ERAD) components, and attenuates
the translational process. However, in case of severe
damage, UPR signaling evokes the induction of CHOP and
caspase-12 activation that eventually lead to apoptotic cell
death (Tabas and Ron 2011). ER stress has been implicated
in several inflammatory diseases such as cancer, diabetes,
arthritis, atherosclerosis, neurodegenerative diseases, and
irritable bowel syndrome (Chaudhari et al. 2014).
Increasing evidences from the previous experimental
studies suggested the role of ER stress in the pathophysi-
ology of depression, bipolar disorder, and stress-induced
cognitive dysfunction (Hayashi et al. 2009; Zhao et al.
2013; Zhang et al. 2014; Huang et al. 2015a; Tan et al.
2015). Moreover, oxidative stress and neuroinflammation
also play a major role in the pathophysiology of anxiety,
depression, and cognitive dysfunction (Garcia-Bueno et al.
2008; Sulakhiya et al. 2014; Jangra et al. 2015b). There-
fore, we hypothesized that oxido-nitrosative stress, neu-
roinflammation, and ER stress cascade could be
responsible for the development of CRS-evoked cognitive
deficits and anxiety- and depressive-like behavior. Fur-
thermore, we investigated the neuroprotective role of SPB
and edaravone against CRS-evoked neurobehavioral and
neurochemical changes. To evaluate the ER stress after
CRS exposure, gene expression level of ER stress markers
such as GRP78 and CHOP was measured in HC and PFC
regions. GRP78 is a heat shock protein family chaperone
transcriptional factor which plays a key role in the regu-
lation of ER functioning and UPR initiation (Wang et al.
2009). CHORP is a transcriptional factor that is activated in
the ER stress condition and mediates apoptotic pathway
(Nishitoh 2012). In the present study, we found that CRS
exposure leads to the up-regulation of GRP78 and CHOP
expressions in the HC region of mice, indicating the
presence of ER stress. In the PFC region, CRS exposure
up-regulated only GRP78 expression level and the CHOP
expression level remained unaltered, which indicates the
induction of UPR. Our results are corroborated with the

previous studies which reported the involvement of ER
stress in restraint stress model (Pavlovsky et al. 2013;
Zhang et al. 2014; Huang et al. 2015a). Moreover, ER
stress-related protein levels were also up-regulated in cor-
ticosterone-induced depression model, chronic unpre-
dictable mild stress model, and chronic social defeat stress
model (Ishisaka et al. 2011; Huang et al. 2013; Tan et al.
2015). The present and all previous experimental findings
suggested a potential relationship between stress-induced
behavioral anomalies and ER stress. We found that treat-
ment with edaravone and SPB significantly reduced the
CRS-induced up-regulation of GRP78 level in HC and PFC
regions. In addition, CRS-induced elevated CHOP level
was significantly reduced by edaravone and SPB treatment.
Previous studies suggested that under ER stress, elevated
level of GRP78 leaked into the cytoplasmic region where it
directly interacts with NF-kB-IxB complex which triggers
NF-kB activation and therefore leads to induction of
proinflammatory cytokines (Shkoda et al. 2007). ER stress
and ER stress-evoked inflammation form a vicious cycle
which ultimately leads to neuronal cell death through
apoptosis. In the current study, we showed that edaravone
and SPB treatment significantly reduced ER stress proteins
and the resulted neuroinflammation in HC and PFC
regions.

In our study, oxidative stress parameter evaluation
revealed that CRS exposure leads to an increase in the
amount of MDA and nitrite levels and a reduction in glu-
tathione level in HC and PFC regions which is accompa-
nied with cognitive dysfunction and anxiety- and
depressive-like behavior. Our results are in concordance
with the previous experimental studies which suggested the
role of oxidative damage in restraint stress-induced
behavioral anomalies (Liu et al. Liu et al. 2013b; Pesarico
et al. 2015). Edaravone is a free radical scavenger which
has previously shown its ameliorating effect against trau-
matic brain injury and focal cerebral ischemia-induced
behavioral deficits through inhibition of oxidative stress
(Lu et al. 2012; Ohta et al. 2013). In addition, previous
studies demonstrated that edaravone acts as a potent anti-
inflammatory agent (Zhang et al. 2005; Yuan et al. 2008).
In the present study, our results demonstrated that edar-
avone treatment significantly ameliorates CRS-evoked
oxidative modifications and neuroinflammation in HC and
PFC regions. Earlier studies demonstrated the protective
potential of SPB against cognitive deficits in different
animal models (Ricobaraza et al. 2009; Takuma et al.
2014). Moreover, SPB has exhibited an anti-depressant
effect in the mouse (Schroeder et al. 2007). The resulted
protective effect of SPB is attributed to its antioxidant and
anti-inflammatory properties. It has been shown that SPB
inhibits NF-kB and glial cell activation which further
inhibits the oxidative stress and proinflammatory cytokines
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(Roy et al. 2012). We found that SPB treatment signifi-
cantly inhibited CRS-evoked oxidative stress and proin-
flammatory cytokines in the HC region only. It has been
shown that SPB reduced the nitrite level in activated mouse
microglia and human astroglia via inhibition of iNOS
expression (Roy et al. 2012). However, in our study SPB
treatment failed to reduce the CRS-induced elevated level
of nitrite in HC and PFC regions. The reason behind the
divergence among previously reported and the present
effect of SPB against nitrite level is not known, but it might
be due to the difference in the activity of SPB between
previously reported in vitro studies and the present in vivo
study. Edaravone and SPB treatment significantly abol-
ished CRS-evoked cognitive deficit and anxiety- and
depressive-like behavior. Therefore, the present results are
supportive of the hypothesis that edaravone and SPB could
inhibit the CRS-induced oxidative stress and
neuroinflammation.

AChE is an enzyme which ceased the acetylcholine
activity through its degradation. Acetylcholine is remark-
ably involved in regulating long-term potentiation (LTP) in
the HC region. Thus, AChE plays an important role in
cognitive processes such as learning and memory (Jangra
et al. 2014b, 2015b). Previous studies demonstrated that
elevated as well as reduced level of AChE enzyme has
been implicated in the behavioral anomalies (Jangra et al.
2013; Kasbe et al. 2015. In the current study, CRS expo-
sure increased the AChE activity only in the HC region,
which was in concordance with previous studies (Liu et al.
2013a). On the other hand, AChE activity was found
unaltered in the PFC region of CRS-exposed group as
compared to normal control group. However, treatment
with edaravone and SPB significantly reduced the elevated
ACHhE level in the HC region as compared to CRS-exposed
group.

CRS exposure activates the hypothalamic—pituitary—
adrenal (HPA) axis through which corticosterone level
increased. Corticosterone also acts as a neuromodulator
that can affect endogenous antioxidant level, ROS, and
cytokine production, thereby affecting LTP and memory
processes. A study has found that subcutaneous adminis-
tration of corticosterone induces cognitive deficits in rats
through elevation of oxidative stress in the HC region (Sato
et al. 2010). Corticosteroid receptors predominantly pre-
sent in the HC region. Therefore, the high level of corti-
costerone causes greater activation of glucocorticoids
receptor and therefore eventually affects the hippocampal
plasticity (Kim and Diamond 2002). In the present study,
we found that CRS exposure increased the corticosterone
level in the serum, which was consistent with previous
studies (Liu et al. 2013a, b). However, edaravone treatment
significantly reduced the increased level of corticosterone
in the CRS-exposed mice. On the other hand, treatment
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with SPB reduced the elevated serum corticosterone level
to some extent but the result was found to be statistically
non-significant. Therefore, it can be concluded that SPB
exerts neuroprotective action without affecting the corti-
costerone level. BDNF is a neurotrophin that is profoundly
present in the HC and cerebral cortex regions, where it
plays a prominent role in neurogenesis, neural regenera-
tion, neuroprotection, synaptic transmission, and synaptic
plasticity (Schmidt-Kastner et al. 1996). A growing body of
evidence indicated the key role of BDNF in pathophysi-
ology of anxiety, depression, and cognitive dysfunction
(Jangra et al. 2014a, 2015b; Sulakhiya et al. 2014; Sriram
et al. 2016). Several studies suggested that neuroinflam-
mation affects the expression of BDNF level in the brain
(Guan and Fang 2006; Calabrese et al. 2014). In the current
study, we have observed that CRS exposure reduced the
BDNF level in both HC and PFC regions. CRS-evoked
BDNF depletion was found to be more severe in the HC
region. Moreover, proinflammatory cytokine level and ER
stress were found to be more prominent in the HC region as
compared to PFC region. It indicates that CRS-evoked
neuroinflammation and ER stress-generated neuroinflam-
mation may be responsible for more severe BDNF deple-
tion in the HC region. Postmortem studies in depressed
humans showed the reduced BDNF signaling in HC and
prefrontal cortex regions as compared to control human
group (Autry et al. Autry and Monteggia 2012). Thus, we
measured the BDNF level in the PFC region along with the
HC region. However, treatment with SPB markedly
increased the CRS-induced BDNF depletion in HC and
PFC regions. Edaravone treatment significantly increased
the CRS-induced reduced BDNF level in the HC region but
failed to show any effect in the PFC region. The results are
in concordance with the previous studies that demonstrated
the neuroprotective potential of edaravone and SPB via
elevation of BDNF level in the brain (Schroeder et al.
2007; Corbett et al. 2013; Wang et al. 2013; Okuyama et al.
2015). We found that edaravone and SPB alleviated the
neuroinflammation and ER stress particularly in HC region.
Therefore, our results strongly suggested that the protective
action of edaravone and SPB against CRS-evoked BDNF
depletion mediated through mitigation of neuroinflamma-
tion and ER stress.

Conclusions

In conclusion, the current study suggested that CRS
exposure causes ER stress only in the HC region. There-
fore, our results revealed that HC region is more prone to
CRS as compared to PFC region. CRS-induced behavioral
anomalies are the manifestations of oxido-nitrosative
stress, neuroinflammation, ER stress, and BDNF depletion
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particularly in the HC region. Moreover, the present study
revealed possible mechanisms underlying the protective
effect of edaravone and SPB against CRS-induced cogni-
tive dysfunction and anxiety- and depressive-like behavior.
Thus, our study suggested that edaravone and SPB could be
the neurotherapeutic interventions for the treatment of
anxiety, depression, and cognitive dysfunction.
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