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Abstract

Rationale Resveratrol participates in regulating abnormal be-
haviors in psychostimulant-exposed animals.

Objectives To examine effects of resveratrol on relapse and
anxiety-like behaviors in cocaine withdrawn rats and to inves-
tigate possible molecular mechanisms underlying resveratrol
effects in hippocampus (HP) and prefrontal cortex (PFC).
Methods Conditioned place preference (CPP) assay and ele-
vated plus maze (EPM) test were used to examine cocaine
CPP behavior and anxiety-like behaviors in rats, respectively.
Resveratrol was administrated to cocaine withdrawn rats.
Levels of MDA, GSH and SOD were examined to evaluate
oxidative status, and levels of IL-6, IL-13 and TNF o were
measured to examine inflammatory status and levels of
caspase-3 and BAX was examined to evaluate apoptotic status
in HP and PFC. SIRT expression was also examined here.
Results Resveratrol did not affect cocaine CPP behaviors, but
attenuated anxiety-like behaviors in cocaine withdrawn rats.
Levels of MDA and TNF« in PFC, and levels of MDA, SOD,
GSH, IL-6, IL-13, TNF«, caspase-3 and BAX in HP, but not
SIRT1 expression in both regions were significantly changed
during cocaine withdrawal period. Except SOD, resveratrol
reversed above neurochemical changes induced by cocaine
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withdrawal. Furthermore, RSV induced a greater upregulation
of SIRT1 expression in PFC in cocaine withdrawn rats than
that in saline controls.

Conclusions Current findings suggest that resveratrol may in-
fluence behaviors in cocaine withdrawn rats. Oxidative stress,
inflammation, apoptosis, and SIRT1 signaling pathway in HP
or PFC might be involved in mediating effects of RSV on
behaviors in cocaine withdrawn rats.

Keywords Cocaine - Resveratrol - Withdrawal - Conditioned
place preference - Anxiety - SIRT1

Abbreviations

CAS3  Caspase-3

CPP Conditioned place preference
EPM Elevated plus maze

GSH Glutathione

HP Hippocampus

IL-13  Interleukin 13

IL-6 Interleukin 6

MDA  Malondialdehyde

PFC Prefrontal cortex

RSV Resveratrol

SIRT1  Sirtuninl

SOD Superoxide dismutase
TNF «« Tumor necrosis factor «
Introduction

Cocaine addiction represents a chronic mental disorder that is
characterized by a loss of control over drug intake and com-
pulsive drug taking despite negative consequences. Treatment
of cocaine addiction has been challenged by the high rate of
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relapse. Cocaine withdrawal symptoms greatly increase the
risk of cocaine relapse (Gawin 1991; Gawin and Kleber
1986; Sinha 2001). Unlike heroin or alcohol, physical with-
drawal syndromes are uncommon during cocaine withdrawal
period (Gawin and Kleber 1986; Naifeh et al. 2012; Perrine
et al. 2008). However, psychological symptoms, such as de-
pression, fear, anxiety, malaise, and agitation, are intense and
considered as characteristic cocaine withdrawal symptoms (El
Hage et al. 2012; O’Leary et al. 2000; Perrine et al. 2008). In
order to avoid these psychological withdrawal problems and
to gain “euphoria” feeling, individuals often seek for cocaine
intake. Unfortunately, there has been a lack of therapeutic
drugs in clinic that can effectively alleviate cocaine withdraw-
al symptoms and reduce the relapse to cocaine abuse.

Resveratrol (RSV) is a natural phytoalexin found in a va-
riety of plants including grapes, peanuts, and berries (Bhat
et al. 2001). RSV can pass blood-brain barrier and may be a
potent neuroprotective compound against neurodegenerative
diseases, including stroke, Alzheimer’s disease, Parkinson’s
disease, and epilepsy (Shetty 2011; Sun et al. 2010; Wight
et al. 2012; Zhao et al. 2013). Furthermore, RSV administra-
tion has been reported to exert anxiolytic-like effects and en-
hance cortex- and hippocampus-dependent memories in ro-
dents (Ali et al. 2015; Damian et al. 2014; Zhao et al. 2013).
Recent studies suggested that repeated RSV may attenuate
hyperactivity induced by methamphetamine (Miller et al.
2013), but acute RSV administration could enhance cocaine-
increased locomotive behaviors (Shuto et al. 2013). These
RSV effects on drugs of abuse are presumably via mediating
neurotransmitter signaling pathway in the brain, such as do-
pamine (Miller et al. 2013; Shuto et al. 2013). However, most
previous studies focus on the effects of RSV treatment on the
changes in rewarding and locomotive behaviors induced by
drugs exposure. Few animal studies explore the effects of
RSV treatment on behaviors and neurochemical changes in
cocaine withdrawn rats.

In the current study, we aim to examine the effects of re-
peated RSV treatment on cocaine conditioned place prefer-
ence (CPP) behaviors and anxiety-like behaviors in cocaine
withdrawn rats and to investigate its possible molecular mech-
anisms in brain. The acquisition, extinction, and reinstatement
of cocaine CPP assay in rats were used to mimic different
phases of cocaine abuse in humans, including chronic expo-
sure, abstinence, and relapse periods. Elevated plus maze
(EPM) was used to assess anxiety-like behaviors in animals.
Hippocampus (HP) and prefrontal cortex (PFC) are two im-
portant brain regions that are closely associated with cocaine
addiction and also with emotional processes such as anxiety
(El Hage et al. 2012; Valzachi et al. 2013; Peters et al. 2009;
Perry et al. 2011; Rogers and See 2007). RSV is thought to
exert its beneficial effects against neurodegenerative diseases
through its anti-inflammatory, anti-apoptotic, and antioxidant
properties (Liu et al. 2012; Shetty 2011). Also, RSV serves as
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an activator of SIRT1 (Zhao et al. 2013), a class III histone
deacetylase, which participates in the rewarding effects of
cocaine and morphine (Ferguson et al. 2013, 2015; Renthal
et al. 2009). Accordingly, we subsequently examined the ef-
fects of repeated RSV treatment on changes in oxidative
stress, inflammatory, apoptotic status, and SIRT1 expression
in HP and PFC in cocaine withdrawn rats.

Materials and methods

Animals Male Sprague-Dawley rats (280-300 g) were used in
this study. Rats were maintained on a reverse light/dark cycle
with food and water available ad libitum. All rats were
allowed to acclimate for 7 days before receiving any experi-
mental manipulation. All experiments were performed in ac-
cordance with the Nanjing Medical University’s Guide for the
Care and Use of Laboratory Animals, China and were ap-
proved by the Nanjing Medical University Institutional
Animal Care and Use Committee. All efforts were made to
minimize the number of animals used and to minimize their
suffering.

Conditioned place preference (CPP) and drug treatment
The experimental timeline for CPP procedure and drug treat-
ment is shown in Fig. 1. Thirty-two adult male rats (n=28 per
group) were subjected to CPP assay. CPP was conducted in an
apparatus constructed of three chambers (72 x25 %32 cm,
Zhenghua Biologic Apparatus, China). The two larger side
chambers (30.5x 25 %32 c¢cm each) differ in their walls (black
or black with white stripes) and floors (stainless-steel mesh or
stainless-steel bars). The smaller middle chamber
(11x25%32 cm) has gray walls with a smooth PVC floor.
The three distinct chambers are separated by removable guil-
lotine doors. Time spent in each chamber was recorded by
cameras connected to a computer. On D0 and D1, some rats
were free to explore the three chambers for 15 min. Time spent
in each chamber was calculated by computer and recorded as
baseline data. Rats that spent more than 500 s in one chamber
were dismissed from testing. From D2 to D7, CPP training
was performed for six consecutive days with twice daily in-
jections. The first injection was performed in the morning with
administration of cocaine (10 mg/kg, i.p., C group) or saline
(1 ml/kg, i.p., S group), and the rats were confined to one non-
preferred conditioning side chamber (drug-paired chamber,
biased procedure) for 30 min. Cocaine hydrochloride
(Qinghai Pharmaceutical, China) was dissolved in sterile sa-
line. The second injection was performed in the afternoon
with administration of saline (1 ml/kg, i.p.), and the rats were
confined to the other side chamber (drug-unpaired chamber)
for 30 min. In subsequent post-conditioning tests, rats moved
freely throughout the apparatus for 15 min and time spent in
drug-paired chamber were recorded and defined as CPP
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Fig. 1 Scheme of experimental
design. CPP conditioned place
preference, D day, EPM elevated
plus maze
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scores. The ratio of time spent in drug-paired chamber to that
in drug-unpaired chamber is calculated and defined as CPP
ratio. Tests for acquisition of CPP behavior were carried out
on D8 and D9. Subsequently, rats were subjected to extinction
training of cocaine conditioning during which all rats can
freely access three chambers for 15 min each day without
any injection. On D21 and D22, tests for extinction of CPP
behavior were performed. On D23, rats received a small dose
of cocaine (5 mg/kg, i.p.) injection and were subsequently
subjected to test reinstatement behavior of cocaine CPP.

CPP is considered to be acquired when CPP score or CPP
ratio is significantly higher than baseline. CPP is considered to
be extinct when there are no differences in CPP scores
and CPP ratios between obtained on D22 and on DI.
CPP is considered to be reinstated when CPP scores
and CPP ratios obtained after cocaine challenge on
D23 are higher than those on D22.

In previous reports, dosages of 20 to 100 mg/kg of systemic
resveratrol (RSV) administration were often used in rodents to
investigate its protective roles in brain (Blanchet et al. 2008;
Della-Morte et al. 2009; Gupta et al. 2001; Singleton et al.
2010; Shuto et al. 2013). In our preliminary experiments, we
found that higher doses (90 and 110 mg/kg) of RSV, but not
lower and medium doses (20, 40, and 60 mg/kg) of RSV were
able to significantly increase central time of open field tests in
repeated cocaine-exposed rats, suggesting its possible anxio-
lytic effects in rats (data not shown here). All these dosages of
RSV failed to influence cocaine-primed reinstatement of co-
caine CPP behaviors in rats. However, repeated RSV admin-
istration with dose of 110 mg/kg resulted in diarrhea in rats.
Thus, we used 90 mg/kg dose of RSV in the current study.
From D10 to D20, rats were injected with vehicle (1 ml/kg,
s.c.) or RSV (90 mg/kg, s.c.) once daily which was prepared in
a DMSO-containing stock and diluted by water vehicle. RSV
was injected at 30 min prior to CPP extinction trainings.

Elevated plus maze behavior (EPM) and tissue prepara-
tion The other line of rats (N=32, n=_8 per group) without

® <— Cocaine challenge

experiencing CPP procedure was used to perform EPM. From
D2 to D7, these rats were injected with cocaine (10 mg/kg,
i.p.) or saline (1 ml/kg, i.p., controls) once daily. On DO, D1,
and D8-D22, they were kept in their home cages without
cocaine or saline administration. Thus, D8-D22 is considered
as withdrawal period from cocaine treatment for these rats.
From D10 to D20, rats were injected with vehicle (1 ml/kg,
s.c.) or resveratrol (RSV, 90 mg/kg, s.c.) once daily. On P22,
EPM was conducted to assess anxiety-like behavior in cocaine
withdrawn rats.

The EPM apparatus consists of four elevated arms (70 cm
above the floor) arranged in a cross pattern. It has two open
arms bordered by clear plastic ledges (0.5 cm tall) and two
closed arms bordered by black opaque walls (40 cm tall). Rats
were placed in the center portion of the EPM facing an open
arm and allowed to explore the maze for 5 min. Distance
traveled, the number of entries into open arms, and the time
spent in each arm were recorded and calculated by computer.

Rats were divided into four groups: saline withdrawn rats
that received vehicle (S-vehicle), saline withdrawn rats that
received 90 mg/kg of RSV (S-RSV), cocaine withdrawn rats
with vehicle (C-vehicle), and cocaine withdrawn rat that re-
ceived 90 mg/kg of RSV (C-RSV). At the end of EPM exper-
iments, rats were immediately anesthetized and decapitated
and their brains were quickly removed. Hippocampus (HP)
and prefrontal cortex (PFC) tissues were dissected and frozen
in liquid nitrogen and stored at 80 °C for subsequent oxidative
assays and western blots. The experimental timeline for EPM
procedure and tissue collection is shown in Fig. 1.

Oxidative stress assays All samples were homogenized indi-
vidually. The homogenate was centrifuged and the superna-
tant used for the oxidative stress assay. We used commercial
detection kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) to measure activity of superoxide dismutase
(SOD), the levels of glutathione (GSH), and malondialdehyde
(MDA) according to the manufacturer’s instructions. Six rats
in each group were used for oxidative stress analysis.
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Western blot Total protein was extracted from each sample
using RIPA lysis buffer (Beyotime Institute of Biotechnology,
China). Protein was separated by 8—10 % SDS-PAGE and
electrophoretically transferred onto PVDF membranes. The
transferred membranes were incubated with one of the follow-
ing target primary anti-mouse antibodies at 4 °C overnight:
caspase-3 (CAS3, Boster Biotechnology, China), BAX
(Boster Biotechnology, China), interleukin 6 (IL-6, Boster
Biotechnology, China), interleukin 13 (IL-13, Boster
Biotechnology, China), tumor necrosis factor &« (TNFa,
Boster Biotechnology, China), and sirtuninl (SIRT1, Santa
Cruz Biotechnology, USA); the membranes were incubated
with HRP-conjugated secondary antibody (Santa Cruz
Biotechnology, USA) at room temperature for 1 h. The blots
were visualized by an ECL kit (Beyotime Institute of
Biotechnology, China). (3-actin (anti-rabbit, Santa Cruz
Biotechnology, USA) was used as a loading control.
Stripping buffer (Beyotime Institute of Biotechnology,
China) was used to remove the above target antibodies from
the blotted membranes in order to re-probe for the loading
control on the same membranes. Values for protein levels
were calculated using Image J software (NIH, USA) and nor-
malized to {3-actin. Fold changes against values in S-vehicle
group were calculated and used to perform statistical analysis.
Four rats in each group were used for western blot analysis.

Statistical analysis GraphPad Prism 6 (GraphPad Software,
USA) was used to perform statistical analysis. All results are
expressed as mean+standard deviation. CPP data among
groups were analyzed by one-way ANOVA with a Student-
Newman-Keuls multiple comparisons test. EPM data, oxida-
tive status data, and western blot data were analyzed by two-
way ANOVA and Bonferroni post hoc test. Drug models (co-
caine vs. saline) served as “A factor”; Dose treatment (vehicle
vs. 90 mg/kg RSV) served as “B factor”. p<0.05 was consid-
ered to be significant in all tests.

Results

Resveratrol did not affect cocaine CPP behavior in cocaine
withdrawn rats

Following 6-day cocaine exposure during CPP training phase,
rats showed higher CPP scores and CPP ratios on D9 than the
baseline (£{323,=33.77, p<0.01 vs. D1, Fig. 2a, b), suggest-
ing an acquisition of cocaine CPP. Following 14-day extinc-
tion training, a CPP extinct behavior was obtained in cocaine
withdrawn rats, as indicated by a similar CPP scores and CPP
ratios between obtained on D22 and on D1 (p>0.05). As
shown in Fig. 2, RSV treatment (90 mg/kg once daily) during
withdrawal period had no influence on CPP extinction (F,
28)=85.72, p>0.05 vs. corresponding vehicle group). There
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Fig. 2 Effects of resveratrol on conditioned place preference (CPP)
behaviors in rats. a Cocaine scores. b CPP ratio of time spent in drug-
paired chamber to that in drug-unpaired chamber. Baseline data were
recorded on day 1 (DI). Acquisition tests of cocaine CPP were
performed on D9. Extinction tests of cocaine CPP were performed on
D22. Reinstatement tests of cocaine CPP were performed on D23.
Resveratrol (90 mg/kg) or vehicle was given from D10 to D20 once
daily. **p<0.01 vs. baseline on D1, ##p <0.01 vs. D9, n=8 per group.
S-vehicle, saline withdrawn rats with 11-day administrations of vehicle. S-
RSV, saline withdrawn rats with 11-day administrations of RSV. C-
vehicle, cocaine withdrawn rats with 11-day administrations of vehicle.
C-RSV, cocaine withdrawn rats with 11-day administrations of RSV

were no significant differences in CPP scores and CPP ratios
on D23 between vehicle and RSV90 groups (p>0.05), sug-
gesting that RSV treatment did not affect the reinstatement of
cocaine CPP.

Resveratrol decreased anxiety-like behavior in cocaine
withdrawn rats

To examine anxiety-like behavior during cocaine withdrawal
period, rats were subjected to EPM tests. As shown in Fig. 3a,
there are no differences in distance traveled by rat among
groups in EPM tests, indicating that both chronic cocaine ex-
posure and RSV treatment had no effect on locomotive be-
haviors in cocaine withdrawn rats (F(; g)=1.36 for A factor,
F(1,28y=0.01 for B factor, F(;23y=0.21 for interaction,
p>0.05). Cocaine withdrawn rats spent less time in the open
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arms (F; 28)=125.40 for A factor, F; »3)=7.25 for B factor,
F(128=8.07 for interaction, p<0.01 vs. S-vehicle) and more
time in the close arms (F(;28y=90.76 for A factor, F;,
28y=5.30 for B factor, F; »¢,=3.53 for interaction) than those
in saline withdrawn rats (p<0.01 vs. S-vehicle, Fig. 3b).
Furthermore, rats in C-vehicle group enter into open arms at
few times than that in saline control group (F/; »g)=43.28 for
A factor, F(; 23)=7.02 for B factor, /(; »3)=6.14 for interac-
tion, p<0.01 vs. S-vehicle, Fig. 3¢). These results indicated
that an increased level of anxiety occurred in cocaine with-
drawn rats. Repeated RSV treatment at the doses of 90 mg/kg
significantly increased the time in the open arm (»p<0.01 vs.
C-vehicle) and the number of entries into open arms (p <0.01
vs. C-vehicle) in cocaine withdrawn rats, suggesting an alle-
viated effects of RSV on increased anxiety-like behavior in
cocaine withdrawn rats.
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Fig. 3 Effects of resveratrol on elevated plus maze (EPM) tests in rats. a
Distances traveled by rat. b Time spent in open arms and close arms of
EPM apparatus. ¢ Entries into open arms. **p<0.01 vs. S-vehicle,
##p<0.01 vs. C-RSV, n=8 per group. S-vehicle, saline withdrawn rats
with 11-day administrations of vehicle. S-RSV, saline withdrawn rats with
11-day administrations of RSV. C-vehicle, cocaine withdrawn rats with
11-day administrations of vehicle. C-RSV, cocaine withdrawn rats with
11-day administrations of RSV

Effect of resveratrol on oxidative and antioxidant status
in HP and PFC of cocaine withdrawn rats

The status of lipid oxidation was determined by measuring
levels of MDA. As shown in Fig. 4a, MDA levels were sig-
nificantly increased in both HP (F; 20,=57.10 for A factor,
F,20y=8.93 for B factor, Fj 20,=7.73 for interaction) and
PFC (F(1,20)=66.01 for A factor, [ 20y=9.12 for B factor,
F(120y=9.41 for interaction) of cocaine withdrawn rats, as
compared to saline withdrawn controls (p<0.01). Repetitive
RSV treatment partially reduced this elevation in MDA level
in HP (p<0.01 vs. C-vehicle), but did not affect that in PFC
(p>0.05), in cocaine withdrawn rats.

The antioxidant capacity was determined by measuring the
levels of GSH and activities of SOD (Fig. 4b, c). In PFC, there
were no differences in SOD activities among groups (£,
20y=0.08 for A factor, F(;20y=0.02 for B factor, F;,
20)=0.01 for interaction, p>0.05). In HP, there was an in-
creased SOD activity (£ 20y=64.89 for A factor, F(;,
20)=0.21 for B factor, F{; 29)=0.12 for interaction), but a de-
creased GSH level (F(; 20y=4.33 for A factor, F(; 29)=2.41 for
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Fig. 4 Effects of resveratrol on oxidative and antioxidant status in
hippocampus (//P) and prefrontal cortex (PFC) in rats. a Levels of
malondialdehyde (MDA). b Activities of superoxide dismutase (SOD).
¢ Levels of glutathione (GSH). *p<0.05, **p<0.01 vs. S-vehicle,
##p<0.01 vs. C-vehicle, n=6 per group. S-RSV;, saline withdrawn rats
with 11-day administrations of RSV. C-vehicle, cocaine withdrawn rats
with 11-day administrations of vehicle. C-RSV, cocaine withdrawn rats
with 11-day administrations of RSV
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B factor, £ 20y=5.79 for interaction) in cocaine withdrawn
rats, as compared to that in saline withdrawn rats
(»<0.01). RSV treatment did not affect the increased
SOD activity (p>0.05 vs. C-vehicle), but normalized
the elevated GSH level in HP induced by cocaine with-
drawal (p<0.01 vs. C-vehicle). In saline withdrawn rats,
RSV treatment did not affect the physiological level of
MDA and GSH, and the activity of SOD in HP and
PFC (p>0.05 vs. S-vehicle).

Effects of resveratrol on inflammatory status in HP
and PFC of cocaine withdrawn rats

To examine the inflammatory status, protein levels of IL-6, IL-
13, and TNFa were measured in HP and PFC (Fig. 5a—d).
Levels of IL-6 (F{(1,12)=330.10 for A factor, F{y,12,=47.59
for B factor, F(; 12)=49.78 for interaction), IL-1p (F,
12)=529.70 for A factor, F(; 12y=44.25 for B factor, F,
12)=39.1 for interaction), and TNFa (F(; 12)=333.80 for A
factor, £y 12)=64.97 for B factor, F(; 15y=67.89 for interac-
tion) were significantly increased in HP of cocaine withdrawn
rats, as compared to saline control (p <0.01). Repetitive RSV
treatment partially reduced cocaine withdrawal-induced in-
crease of IL-6, IL-13, and TNFa expression in HP
(p<0.01 vs. C-vehicle). In PFC, the level of TNFa
(Fa,12)=189.3 for A factor, F(; 12,=50.75 for B factor,
F(1,12)=48.01 for interaction), but not IL-6 (F(y,
12)=0.002 for A factor, F;12,=0.002 for B factor, F{;,
12y=0.002 for interaction, p>0.05) and IL-1B(F,
12):0.09 for A factor, F(1’12):0.0008 for B factor, F(l,
12y=0.001 for interaction, p>0.05), was increased in
rats after cocaine withdrawal, compared to saline con-
trols (p<0.01). RSV treatment also partially reduced the
increased TNFa level in PFC of cocaine withdrawn rats
(»<0.01 vs. C-vehicle). There were no differences in
the levels of IL-6, IL-13, and TNFa between saline
withdrawn groups that received vehicle and RSV admin-
istration (p>0.05).

Effects of resveratrol on apoptotic status in HP and PFC
of cocaine withdrawn rats

To investigate apoptotic status in HP and PFC, we examined
the protein levels of CAS3 and BAX (Fig. 6a—c). In HP, levels
of CAS3 (F(1,12)=164.60 for A factor, F(;,2y=34.30 for
B factor, F(;,1,)=34.83 for interaction) and Bax (f,
12)=14.84 for A factor, F(; 12)=11.22 for B factor, F;,
12)=21.74 for interaction) were significantly increased
after cocaine withdrawal, compared to that in saline
withdrawn control (p<0.01). Repetitive RSV treatment
partially attenuated the upregulated CAS3 level, and
completely normalized the increased BAX level in HP
of cocaine withdrawn rats (p<0.01 vs. C-vehicle). In
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PFC, there were no differences in CAS3 (F(;,12,=0.01
for A factor, F(1,12)=0.03 for B factor, F(;2)=0.11 for
interaction) and BAX (F(;,12)=2.10 for A factor, F(y,
12)=0.17 for B factor, F(; ;2)=0.5 for interaction) levels
among groups (p>0.05).
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Effects of resveratrol on SIRT1 expression in HP and PFC
of cocaine withdrawn rats

RSV is an activator of SIRT1 protein (Zhao et al.
2013). Cocaine withdrawal alone (C-vehicle) did not
change SIRT1 expression in HP and PFC, as compared
to saline withdrawn controls (S-vehicle, p<0.01,
Fig. 7a, b). Repetitive RSV treatment significantly in-
creased SIRT1 expressions in HP (F(; 2,=0.1 for A
factor, F(;,12)=116.60 for B factor, F(; 12)=1.17 for
interaction) and PFC (F(; 12)=32.04 for A factor, F(y,
12)=135.30 for B factor, F(; 1,)=27.65 for interaction)
in both saline withdrawn and cocaine withdrawn rats,
as compared to corresponding vehicle (p<0.01). In ad-
dition, the levels of SIRT1 in PFC, but not in HP, from
cocaine withdrawn rats that received RSV (C-RSV)
were significantly higher than those in saline with-
drawn rats received the same RSV treatment (p<0.01
vs. S-RSV).

1285
a
HP PFC
SV SR CvV CR SV SR CV CR
SIRT1 ‘ — — — D -‘

B-aCtin | W w—— —— ———

b

O S-vehicle B C-vehicle
B S-RSV F1C-RSV $S
5 #H
- 4 *T*
23l . M Ly
? 7 =%
oL =7 7
HP PFC

Fig. 7 Effects of resveratrol on Sirtuninl (S/RT1) expressions in
hippocampus (HP) and prefrontal cortex (PFC) in rats. a Representative
protein bands. b Fold changes of SIRT1 protein. **p<0.01 vs. S-vehicle,
##p <0.01 vs. C-RSV, $$p <0.01 vs. S-RSV, n=4 per group. S-RSYV, saline
withdrawn rats with 11-day administrations of RSV. C-vehicle, cocaine
withdrawn rats with 11-day administrations of vehicle. C-RSV, cocaine
withdrawn rats with 11-day administrations of RSV

Discussion

Increasing amount of evidence suggested that RSV may be
against neurodegenerative diseases, such as stroke,
Alzheimer’s disease, Parkinson’s disease, and epilepsy
(Shetty 2011; Sun et al. 2010; Wight et al. 2012; Zhao et al.
2013). Regarding psychostimulant addiction, recent study
suggested that acute RSV treatment enhanced cocaine-
induced hyperactivity in mice (Shuto et al. 2013); Repeated
RSV treatments do not affect cocaine-related hyperactivity,
but it attenuate methamphetamine-induced hyperactivity
(Miller et al. 2013). Both studies demonstrate that the effects
of RSV on behavioral effects of psychostimulants by regulat-
ing dopaminergic system (Miller et al. 2013; Shuto et al.
2013). Based on these findings, RSV maybe influences on
cocaine CPP behaviors, such as extinction and reinstatement,
in withdrawn rats. Unexpected, repeated RSV treatment at a
dose of 90 mg/kg in cocaine withdrawn rats failed to affect the
extinction and cocaine-primed reinstatement of cocaine CPP
in this study. Accordingly, differences in drug treatment para-
digm and in the timing of RSV administration may exert dif-
ferent effects on brain disorders induced by cocaine abuse.
Abstinence from chronic cocaine intake (i.e., withdrawal)
produces a variety of negative emotional problems, such as
anxiety and depression-related behaviors (O’Leary et al.
2000). Severe anxiety is considered to contribute to relapse
to cocaine (Gawin 1991; Sinha 2001). Consistent with previ-
ous findings in animals (Aujla et al. 2008; El Hage et al. 2012;
Perrine et al. 2008), we found that cocaine withdrawn rats
showed an increased level of anxiety behaviors, as indicated
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by EPM tests. RSV has been reported to attenuate anxiety-like
behaviors and has antidepressant properties in mice (Ali et al.
2015; Damian et al. 2014). In line with these findings, here,
we found that repetitive daily RSV treatment during with-
drawal period partially alleviated anxiety-like behaviors in
cocaine withdrawn rats. Brain regions that are involved in
dysfunctional aspects of anxiety processing in cocaine abusers
are not well-understood. Both human and animal studies sug-
gest that structural changes and functional deficits in HP and
PFC may contribute to anxiety disorders produced by cocaine
dependence and withdrawal (El Hage et al. 2012; Valzachi
etal. 2013). Furthermore, RSV may exert its protective effects
through its anti-inflammatory, anti-apoptotic, and antioxidant
properties (Liu et al. 2012; Shetty 2011). Thus, we examined
oxidant, inflammatory, and apoptotic status in HP and PFC to
explore the possible neurochemical mechanisms that may un-
derlie the effects of RSV on anxiety-like behavior in cocaine
withdrawn rats.

In line with previous findings (Alvaro-Bartolomé et al.
2011; Pomierny-Chamioto et al. 2013; Valzachi et al. 2013),
we found a higher level of oxidative stress and increased ex-
pression of pro-inflammatory factors in HP and PFC in co-
caine withdrawn rats. Compared to PFC, HP may be more
susceptible to neuronal damage by cocaine withdrawal, as
indicated by increased levels of pro-apoptotic factors in HP,
but not in PFC of cocaine withdrawn rats. As expected, here,
we found that repetitive RSV treatment decreased oxidative
stress, increased antioxidant capacity, and normalized the in-
creased levels of pro-inflammatory and apoptotic factors in
HP and PFC of cocaine withdrawn rats. Abnormal behaviors
in cocaine abuser, including increased anxiety during cocaine
withdrawal, are closely associated with impaired oxidative,
inflammatory, and apoptotic statuses in brain (Alvaro-
Bartolomé et al. 2011; Levandowski et al. 2014; Zaparte
et al. 2015). Therefore, RSV might exert a protective effect
against cocaine withdrawal-induced anxiety behavior via lim-
iting these pathological changes in the HP and PFC.

RSV is an activator of sirtuninl (SIRT1) (Zhao et al. 2013),
a class III histone deacetylases that has been implicated in
various processes in peripheral tissues, including growth, ap-
optosis, oxidative stress, cell morphology, and immunology
(Bordo 2013; Herranz and Serrano 2010; Orozco-Solis et al.
2015). Recent studies suggest SIRT1 may also play an impor-
tant role in brain functions, such as modulating synaptic plas-
ticity and memory formation (Donmez and Outeiro 2013; Ma
etal. 2014). More importantly, SIRT1 signaling pathway may
be involved in drug addiction. For example, chronic cocaine
exposure increased SIRT1 expression in the nucleus accum-
bens (NAc) in mice (Ferguson et al. 2013). Moreover, over-
expression of SIRT1 in NAc enhances the rewarding effects of
cocaine and morphine. In the present study, cocaine withdraw-
al did not change SIRT expression in HP and PFC. Thus, SIRT
pathway may participate in cocaine addiction with a brain
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region-specific manner and in an addiction phase-specific pat-
tern. Interestingly, repetitive RSV treatment significantly in-
creased SIRT expression in HP and PFC in both cocaine with-
drawn rats and saline withdrawn controls. Furthermore, the
increased SIRT level by RSV treatment is much higher in
PFC from cocaine withdrawn rats than that from saline with-
drawn rat, suggesting an increased sensitivity to RSV during
cocaine withdrawal. Future study is required to investigate the
possible roles of SIRT pathway in response to RSV in cocaine
withdrawn rats.

In conclusion, current study shows that RSV exerts anxio-
lytic effects in cocaine withdrawn rats, and this protective
effect may be through its inhibition of oxidative stress, inflam-
mation, apoptosis, and an increase of SIRT1 expression in HP
and PFC. These findings may have important implications for
future exploration of the neurobiology of RSV and SIRT1 on
drug addiction and contribute to developing medications
against cocaine addiction.
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