1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Nutr Res. 2015 January ; 35(1): 65-75. doi:10.1016/j.nutres.2014.11.008.

Grape powder prevents cognitive, behavioral and biochemical
Impairments in a rat model of posttraumatic stress disorder

Naimesh Solanki, Isam Alkadhi, Fatin Atrooz, Gaurav Patki, and Samina Salim”
Department of Pharmacological and Pharmaceutical Sciences, University of Houston, Texas,
USA

Abstract

Previously, using the single-prolonged stress (SPS) rat model of post-traumatic stress disorder, we
reported that moderate treadmill exercise, via modulation of oxidative stress related mechanisms,
rescued anxiety and depression-like behaviors and reversed SPS-induced memory impairment. In
this study using the SPS model (2 h restrain, 20 min forced swimming, 15 min rest, and 1-2 min
diethyl ether exposure), we hypothesized that antioxidant rich grape powder (GP) prevents SPS-
induced behavioral and memory impairment in rats. Male Sprague Dawley rats were randomly
assigned into: Control (CON; provided tap water), SPS (provided tap water), GP-SPS (provided
15 g/L GP in tap water for 3 wk followed by SPS), or GP-CON (3 wk of GP followed by control
exposure). Anxiety and depression-like behaviors were significantly greater in SPS rats when
compared to CON or GP treated rats and GP reversed these behavioral deficits. SPS rats made
significantly more errors in both short- and long-term memory tests compared to CON or GP
treated rats, which were prevented in GP-SPS rats. GP prevented SPS-induced increase in plasma
corticosterone level. Furthermore, brain derived neurotrophic factor (BDNF) levels were
significantly decreased in amygdala of SPS rats but not in GP-SPS rats compared to CON or GP-
CON rats. Additionally, GP significantly increased acetylated Histone3, Histone deacetylase 5
(HDAC 5) in hippocampus and amygdala of SPS rats as compared to CON or GP-CON rats. In
conclusion, we suggest protective role of GP in SPS-induced behavioral, cognitive and
biochemical impairments in rats. Perhaps, epigenetic regulation of BDNF enables GP-mediated
prevention of SPS-induced deficits in rats.
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1. Introduction

Previously, our lab has reported that moderate treadmill exercise prevents SPS-induced
anxiety- and depression-like behaviors and also prevents learning and memory deficits in
rats [1]. We postulated that preventive effects of exercise are enabled via suppression of
oxidative stress pathways [1]. Relevant to this, our work has previously suggested that
antioxidants most likely serve as exercise mimetic [1-4]. Therefore, in the present study, we
focused on directly testing whether treatment with antioxidants can prevent SPS-induced
behavioral and cognitive impairments. This is important for several reasons. First, SPS is an
excellent rodent model of Post-Traumatic Stress Disorder (PTSD) as it mimics clinical
symptoms of PTSD, including anxiety, depression and cognitive impairment [5]. Second,
traditional PTSD treatment including antidepressants, selective serotonin reuptake inhibitor
(SSRIs), antipsychotics and anticonvulsants, have proved to be ineffective due to their
negative side effects [6], therefore, studies to investigate alternative safe approaches must be
conducted. Finally, poor compliance to exercise regimen due to PTSD-related physical
disabilities or a general lack of discipline from combat or trauma fatigue, has also been
reported [7, 8]. Therefore, research into alternative interventions seems all the more
pertinent.

Grapes have been known for a long time for their potential health benefits [9] related to
cardiovascular ailments [10, 11], diabetes [12, 13], aging [14-16], Alzheimer’s disease and
other neurodegenerative disorders [17, 18]. Phytochemical analysis of grapes has revealed
various constituents capable of mediating biological response, including the polyphenol
resveratrol [19-21]. Recently, rodent studies including our pro-oxidant model and an
estrogen depletion model, we reported that a freeze-dried grape powder (GP) provided by
California Table Grape Commission (CTGC), prevents pro-oxidant and ovariactemoy-
induced anxiety- and depression-like behaviors and also improves learning and memory
deficits in rats [2, 22]. Hence, testing beneficial effects of grapes in an animal model of
PTSD seem reasonable. While beneficial effects of grapes on anxiety and cognition [23, 24]
have been reported, none have investigated its protective effect in an animal model of
PTSD.

SPS, an acute stress model of PTSD, is known to offset Hypothalamus-Pituitary-Adrenal
(HPA) axis and sympathoadrenal system. And, HPA axis activation is known to elevate
plasma corticosterone levels [5, 25]. Therefore, plasma corticosterone was utilized as a
systemic marker of stress. Furthermore, various clinical and animal studies report incidence
of poor cognition and memory impairment in PTSD [1, 26—28] which is often associated
with depleted levels of brain derived neurotrophic factor (BDNF) expression [29, 30]. And,
it is believed that changes in BDNF transcription in the brain are partly regulated by
epigenetic mechanism such as histone acetylation [31]. Here, we investigated potential
involvement of oxidative stress and related epigenetic mechanisms in grape powder
mediated protective effects in the rat SPS model. To investigate the involvement of
oxidative stress, plasma 8-isoprostane levels were measured. 8-isoprostane is a known
marker of oxidative stress. Isoprostanes are a family of eicosanoids of non-enzymatic origin
produced by the random oxidation of tissue phospholipids by oxygen radicals [32].
Furthermore, protein expression levels of specific antioxidant enzymes, including glyoxalase
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(GLO)-1, glutathione reductase (GSR)-1, manganese superoxide dismutase (Mn SOD) and
copper zinc (Cu/Zn) SOD were examined. BDNF levels were also evaluated. Stress in
general and SPS in particular has been shown to decrease brain levels of BDNF and
reportedly known to influence brain plasticity and cognition, involving epigenetic
components [33] including histone acetylation and deacetylation. And, oxidative stress is
known to regulate histone acetylation/deacetylation processes. Oxidative stress susceptible
areas of the brain i.e. areas considered more prone to stressful stimuli namely amygdala,
hippocampus, and pre-frontal cortex were selected for this study. By examining histone
acetylation/deacetylation dependent BDNF expression in SPS rats, we also investigated the
possible neuroprotective effects of grape powder.

We hypothesize that GP prevents SPS-induced behavioral and cognitive impairments in rats.
The objectives are the following; i) To investigate the protective role of GP in SPS-induced
PTSD-like behaviors in rats. ii) To reveal potential molecular mechanisms responsible for
protective effects of GP. In order to test this hypothesis, rats were subjected to 3 weeks of
GP treatment, followed by the SPS protocol. Following SPS procedure, anxiety- and
depression-like behavior tests as well as short and long-term memory tests were conducted.
Blood was withdrawn and selected brain areas isolated for analysis of specific biochemical
parameters including corticosteroids, markers of oxidative stress and epigenesis.

2. Materials and Methods

2.1 Freeze Dried Grape Powder

2.2 Animals

Freeze dried grape powder was provided by the California Table Grape Commission
(CTGC). The powder was received in small sealed plastic bags and stored at —80°C. Grape
powder solution was prepared fresh daily as published previously by us [2] by dissolving the
powder in tap water at a concentration of 15 g/L. This grape powder dose produced most
pronounced effects on rat behavior as reported previously by us [2]. Detailed composition of
this powder has been listed in Table 1 and also previously published by our research group

[2].

All experiments were conducted in accordance with the NIH guidelines using approved
protocols from the University of Houston Animal Care and Use Committee. Male Sprague
Dawley rats (175-200 g; Charles River, Wilmington, MA) were housed with a 12-h light,
12-h dark cycle (lights on at 0600 h) in a climate-controlled room with food and water
provided ad libitum. PicoLab Rodent Diet 20 (catalog no. 5056) was purchased from
LabDiet, Inc. and contains a mixture of 20% crude protein, 4.5% crude fat, 6% fiber, and
7% minerals. After arrival at the animal research facility, all rats were allowed 1 week to
acclimate (Fig. 1).

2.3 Single Prolonged Stress (SPS)

SPS procedure consisted of one time combined stress paradigm applied consecutively in a
day [1, 34, 35]: immobilization (compression with double layered plastic Ziploc bag with
edges covered in duct tape to prevent the rats from escaping) for two hours followed
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immediately by forced swimming for 20 minutes (in a tall cylindrical tank of water) then
allowed to rest for 15 minutes, and finally exposure to ether anesthesia (with diethyl ether
until loss of consciousness) (Fig. 1). The animals were then returned to their home cages and
left undisturbed for 7 days. Control animals were not subjected to any stress, and were
housed in the undisturbed environment during the SPS experiments. Male Sprague Dawley
rats were assigned into 4 groups (10 rats/group); 1) Control (CON), 2) grape powder-control
exposure (GP-CON; no SPS exposure and provided with 15g/L grape powder dissolved in
tap water for 3 wk), 3) SPS (SPS exposure), 4) grape powder-SPS (GP-SPS; SPS exposure
after grape powder treatment for 3 wk). The GP-CON and GP-SPS were pretreated with
grape powder for 3 wk before control/SPS exposure and continued to receive grape powder-
treated water until euthanized.

One week after the SPS/control exposure, all rats were subjected to anxiety-like behavior
tests followed by memory test and depression-like behavior test. All rats were euthanized by
decapitation 24-hours after the last behavior test. Blood and brain tissues were collected,
indices of oxidative stress and corticosterone assays were conducted as previously by us [4,
36, 37].

2.4 Anxiety-like behavior tests

First, light-dark (LD) test was conducted followed by elevated-plus maze (EPM) and open-
field (OF) tests as previously published by us [4, 37].

2.4.1 Light-Dark (LD) exploration—Less time rat spent in the lit area is considered as a
measure of anxiety-like behavior. The light-dark box consisted of a light and a dark
compartment separated with an opening for passage from one compartment to the other.
Total time spent in the lit area was recorded during 5 min test, as previously published by us
[4, 37].

2.4.2 Elevated plus-maze (EPM)—Less time rat spent in open arms is considered as a
measure of anxiety-like behavior. A standard rat elevated plus-maze with two walled arms
and two open arms extending 43 cm from a 10 cm central area (Med Associates Inc., St.
Albans, VT) was used. The arms of the maze were approximately 90 cm above the floor.
The rat’s movements were tracked visually. Each session was started by placing the rat in
the central area facing the open arms of the maze and lasted 5 min. In between each test
animal, the maze was wiped down with alcohol. The amount of time the rat spent in the
open arms was noted [38].

2.4.3 Open-Field (OF) test—Rodents in general, have the tendency to explore novel
areas. Normally, they spend equal amount of time in the center as well as in the periphery of
open spaces. However, anxious rats spend more time towards the peripheral areas and do not
explore new exposed areas. Rats were placed in the center of the OF (60x40 cm) and left
free to explore the arena for 15 min and movement was quantified using Opto-Varimex
Micro Activity Meter v2.00 system (Optomax, Columbus Instruments; OH) as previously
published by us [4, 37]. Total activity, ambulatory activity and distance covered were
recorded.
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2.5 Memory Function Test

The radial arm water maze (RAWM) procedures were done as previously published by us
[2]. The RAWM consisted of a black circular pool filled with water at 25°C containing six
swim paths in a dimly lit room. Each rat was randomly assigned a goal arm which contains a
hidden black platform near the end of the arm. The rats were randomly released at an arm
different from the goal arm, allowed to swim and locate the platform which is submerged 1
cm under water. The rats were allowed 1 minute for each learning trial or memory test. An
error was counted when the rat entered more than halfway into an arm other than the goal
arm or if the rat entered more than half of the goal arm but failed to approach the platform.
Number of errors ranged from 1 to 7, as the rat can only swim into a total of 7 arms within 1
minute. If the rat failed to locate the platform within 1 minute, it was manually guided to the
platform and scored with 7 errors. Upon reaching the platform, the rat was allowed 15
seconds rest before the next trial began. Each rat was subjected to a set of six learning trials
(trials 1-6) followed by a five min rest period and then another set of six learning trials
(trials 7—12). The short-term memory test was conducted 30 min after the end of 12 trial.
This was followed by the long-term memory test that was given 24 h later.

2.6 Depression-like behavior test

The forced swim test (FST) is performed to measure depression-like behavior in rodents
[39]. Rats were individually placed in a water tank (24 cm in diameter and 50 cm high filled
with 25°C water) for 5 min. At some point after being placed in the water, the rat assumes
an immobile posture, marked by motionless floating and cessation of struggling. The total
time spent immobile was recorded [40, 41]. The FST was performed two weeks after the
completion of the SPS exposure.

2.7 Brain dissections and preparation of homogenates

Rats were anesthetized using isoflurane anesthesia (57319-479-06, Phoenix
pharmaceuticals, USA) 24 hours after the conclusion of all behavioral tests. The brains were
quickly removed and rapidly frozen at —80°C until analysis. The hippocampus, amygdala
and pre-frontal cortex were identified according to Paxinos and Watson [42] and grossly
dissected out and homogenized; protein concentration was determined as previously
published by us [37].

2.8 Western blot analysis

Homogenates were subjected to SDS-PAGE and Western blotting. The following dilutions
were used for detection of specific proteins: GLO-1; 1:200, GSR-1; 1:200, Mn-SOD 1:1000,
Cu/Zn SOD; 1:1000, Acetylated Histone3 (H3 acetyl; 1:500, Histone deacetylase 2
(HDAC?2); 1:500, Histone deacetylase 5 (HDACS); 1:500, anti-acetyl-Histone H4 (Lys8)
(H4K8) 1:500, BDNF; 1:500 and loading control -actin; 1:1000 and Total Histone H3
(Total H3); 1:2000. Anti-rabbit HRP-conjugated (1:1000) or anti-mouse HRP-linked
secondary antibody (1:1000) was used as needed. The intensity of each Immunoreactive
band on immunablots (normalized to the B-actin loading control) was determined using
Alpha Ease FC 4.0 (Alpha Innotech Corp.).
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2.9 Statistical analyses

3. Results

Data are expressed as means + SEM. For all behavioral tests significance was determined by
one-way ANOVA and Tukey’s post hoc test (GraphPad Software, Inc.). For corticosterone,
8-isoprostane and western blot analysis; significance was determined using two-tailed t-test
(GraphPad Software, Inc.). For all statistical analyses a value of P < .05 was considered
significant.

3.1 Anxiety-like behavior tests

Light—dark (LD), elevated plus maze (EPM) and open-field tests (OFT) were conducted to
test anxiety-like behavior of rats. In light—dark test, a rat is exposed to a novel environment
with protected (dark compartment) and unprotected (light compartment) areas.
Unwillingness to explore the lit, unprotected area and more willingness to spend time in the
dark compartment during a 5-min test session is indicative of high anxiety-like behaviors.
The light—dark test results suggest that the amount of time SPS rats spent in the light
compartment was significantly lower when compared with CON and GP-CON (P < .05)
rats. Grape powder treatment caused a significant increase in the time spent in the light
compartment by GP-SPS rats (P < .05) when compared to SPS rats (Fig. 2A).

Elevated-plus maze test is based on rat’s aversion for open-elevated spaces. This aversion
leads to the behavior termed as thigmotaxis, which means avoidance of open areas by
restricting movements to enclosed spaces or to the edges of a confined space [43]. Increased
amount of time spent in the closed arms during a 5-min session is indicative of high anxiety
behavior. The EPM results suggest that SPS rats spent significantly decreased time in the
open arms as compared to CON and GP-CON rats (P < .05). However, GP-SPS rats spent
significantly increased time in the open arms as compared to SPS rats (P < .05) (Fig. 2B).

Rodents typically spend equal time exploring the periphery of the arena as well as
unprotected center area. Rats that spend significantly more time exploring the unprotected
center area demonstrate anxiolytic baseline behavior [44]. SPS rats demonstrated
significantly lower total (P < .05) (Fig. 3A) and ambulatory (P < .05) (Fig. 3B) activity and
covered less distance (P < .05) (Fig. 3C) than the CON, GP-CON or GP-SPS rats.

3.2 Depression-like behavior test

The forced swim test was used to assess depression-like behavior in rats. The amount of
time rat spends being immobile in the water tank during 5 minutes of forced swim session is
indicative of depression-like behavior [45]. The SPS rats exhibited significant increase in
time spent immobile when compared to CON, GP-CON and GP-SPS groups (P < .05) (Fig.
4). GP supplementation prevented depressive effect of SPS in GP-SPS rats.

3.3 Memory function test

SPS rats made significantly higher number of errors both in the short-term (Fig. 5A) and
long-term memory tests in the RAWM than all the other groups (P < .05) (Fig. 5B). GP
treatment prevented both short-term and long-term memory impairment in GP-SPS rats.
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3.4 Analysis of plasma corticosterone levels

Corticosterone level in plasma was measured using an EIA based kit [46]. SPS significantly
increased plasma corticosterone levels when compared to CON and GP-CON rats (P < .05)
(Fig. 6A). The corticosterone levels were significantly decreased in GP-SPS group (P < .05)
when compared to SPS rats.

3.5 Analysis of plasma 8-isoprostane levels

8-isoprostane levels in plasma were measured using an EIA based kit [4]. SPS significantly
increased serum 8-isoprostane levels when compared to CON and GP-CON rats (P < .05)
(Fig. 6B). GP treatment decreased SPS-induced elevated 8-isoprostane levels in plasma;
however, the decrease was not statistically significant.

3.6 Assessment of anti-oxidative enzymes

Protein expression levels of GLO-1 (Fig. 7A), GSR-1 (Fig. 7B), Cu-Zn SOD (Fig. 7C) and
Mn-SOD (Fig. 7D) were examined in the hippocampus, amygdala and pre-frontal cortex
regions of the brain. While Mn-SOD, Cu-Zn SOD and GLO-1 protein expression levels
remained unchanged in all the groups, GSR-1 protein levels were less in the amygdala of
SPS rats when compared to CON and GP-CON rats but it did not reach significance. Grape
powder treatment significantly increased SPS-induced decrease in GSR-1 protein levels in
the amygdala only (P < .05).

3.7 Assessment of BDNF and epigenetic markers

BDNF protein expression levels (Fig. 8A) in the amygdala were significantly decreased as
compared to CON rats (P < .05). GP treatment significantly increased SPS-induced decline
in BDNF levels in GP-SPS rats (P < .05). Furthermore, Acetylated H3 protein expression
levels (Fig. 8B) showed a decreased trend across all three brain regions in SPS rats. And, GP
treatment in rats exposed to SPS rats significantly increased the Acetylated H3 protein levels
in the hippocampus (P < .05) and amygdala (P < .05) but not in the pre-frontal cortex. H4K8
(Fig. 8C) protein expression levels showed decreased trend in the amygdala but not in the
hippocampus or the pre-frontal cortex of SPS rats. GP treatment reversed the changes in
H4K8 protein expression only in the amygdala of the GP-SPS rats (P < .05). HDACS (Fig.
8D) protein expression levels in amygdala were significantly decreased than that of CON
rats (P < .05) and grape powder treatment blocked SPS-induced decrease in HDACS in the
amygdala of GP-SPS rats (P < .05). HDAC?2 (Fig. 8E) protein expression levels did not
change in any of the groups across all three brain regions.

4. Discussion

Grapes are commonly considered to promote good health [10]. Its beneficial effects are
particularly associated with mental well-being [16, 17, 24]. Evidence from animal studies
supporting this association is gradually increasing. Our laboratory in two separate studies
reported that freeze-dried grape powder provided by CTGC prevented pharmacologically
and ovariectomy-induced anxiety- and depression-like behaviors and also improved learning
and memory function in rats [2, 22]. To more aggressively assess beneficial effects of this
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grape powder, it must be vigorously tested in other pre-clinical models. SPS-model of PTSD
seems quite relevant.

In this study, SPS-induced anxiety- and depression-like behaviors as well as memory
impairment were prevented with CTGC supplied GP treatment. This suggests beneficial
effects of this freeze-dried GP on SPS-induced behavioral and cognitive deficits. This is in
agreement with our previous studies in which we had reported protective effects of this GP
in two separate models of stress [2, 22]. Protective effects are most likely attributable to the
antioxidant rich nature of grape powder [10]. The rationale for this consideration is the
following. Several laboratories including our own have established causal role of oxidative
stress in behavioral as well as cognitive impairments in animals [1, 2, 22, 47-50]. And,
studies suggest involvement of antioxidant mechanisms potentially enabling neuroprotective
effect of grapes [51, 52]. Relevant to this, we observed that GP treatment prevented SPS-
induced rise in oxidative stress examined via assessing plasma 8-isoprostane levels.
Interestingly, a systemic marker of stress, corticosterone also showed similar results.
Basically, GP treatment prevented SPS-induced increase in corticosterone levels. This is in
tandem with our previous observations in a related rat model of psychological stress in
which we had observed increased 8-isoprostane and corticosterone levels [53]. Elevated
oxidative stress levels have also been reported in another animal model of PTSD, i.e.
predator exposure model [54]. Therefore, it is clear from our data that SPS leads to
erroneous physiological and behavioral outcomes and GP prevents occurrence of these
negative outcomes.

Further results provide interesting information regarding the mechanistic underpinnings of
these observations. We focused our attention on key antioxidant enzymes implicated earlier
by us [3, 53] and others [55, 56] in specific behavioral and cognitive deficits. However, we
did not observe significant differences in the protein expression of Mn SOD, Cu-Zn SOD,
GLO-1 or GSR-1, when examined in key brain areas, i.e. hippocampus, amygdala and the
pre-frontal cortex. This is not surprising as SPS is an acute stress lasting less than three
hours, while changes observed in antioxidant expression in our previous studies were noted
in chronic or sub-chronic stress models [1, 2, 22, 53]. Perhaps, antioxidant pathways are
destabilized only when chronically challenged. Next, we examined levels of BDNF, an
important factor that regulates memory and cognition [57]. Earlier, we had postulated that
BDNF potentially confers neuroprotective properties of GP, as GP protected BSO-induced
decline in BDNF levels while alleviating behavioral deficits in rats [2]. Role of BDNF in
neuroprotection is also well established [58, 59]. Furthermore, BDNF is reported to be
downregulated during stress in rodent hippocampus, and antidepressant treatment prevents
stress-induced decreased BDNF levels [60]. Association of impaired memory and cognition
with reduced levels of BDNF has also been reported in PTSD patients [26, 27, 29]. Overall,
these findings suggest that impaired memory and cognition in PTSD occurs potentially via
BDNF downregulation. Similarly, in this study we observed significant decrease in BDNF
levels in amygdala of SPS rats that was prevented with GP treatment. Furthermore,
epigenetic regulation of BDNF has also been reported [61]. Therefore, we examined various
epigenetic markers to investigate their potential involvement in BDNF-mediated SPS-
induced cognitive impairment. It is known that epigenetic changes and chromatin
conformational changes regulate DNA accessibility for transcription factors, co-activators,
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and polymerases, thereby, resulting in either transcriptional gene activation or repression of
various genes, including BDNF [31]. This was demonstrated in a study by M Fuchikami et
al in which single immobilization stress significantly reduced BDNF mRNA expression in
the rat hippocampus accompanied with significantly decreased level of acetylated H3
present within the promoter region of BDNF gene [33]. In agreement with this, herein we
report that SPS shows a decreased trend for acetylated histone H3 and H4K8 protein
expression in hippocampus and amygdala in rats. It is likely that decreased acetylated
histone in SPS rats repressed transcription of BDNF and therefore, SPS rats showed
impaired cognition and memory deficits. However, GP treatment reversed SPS-induced
decreased histone acetylation, thereby activating BDNF gene transcription that could
probably improve memory and cognition in GP-SPS rats. Furthermore, various studies
reported that HDACs (Histone Deacetylases) repress transcription of genes by facilitating
winding of DNA potentially because of decreased histone acetylation [61]. Interestingly, our
data showed decreased level of HDACS in the hippocampus and the amygdala of SPS rats
and GP prevented this decline. These data suggests that perhaps decreased expression of
HDACS leads to increase in acetylation and therefore, higher expression of BDNF is
observed in SPS rats. In contrast, we observed decreased expression of BDNF in SPS rats.
The possible reason for such result could be the fact that SPS is an acute stress and
therefore, would not affect HDACS associated BDNF regulation. Furthermore, we did not
observe any change in HDAC?2 levels in any of the three brain regions. A possible reason
could be that acute stress is not sufficient to induce changes in the expression of HDAC?2.
Overall, our data suggests that grape powder-induced improved memory and cognition in
SPS rats might be due to increased expression of acetylated H3 and H4K8 which in turn
regulate BDNF expression in brain. Although GP exerted beneficial effects in SPS rats, this
study has its own limitations. For example, bioavailability and bioactivity of GP is not
known [62, 63]. Therefore, we cannot predict which specific compound(s) present in the GP
used in this study, are responsible for its beneficial effects.

Finally, data obtained in this study supports our hypothesis that GP prevents SPS-induced
behavioral and memory impairments in rats. Also, we suggest that psychological stress leads
to excessive increase in oxidative stress due to suppression in antioxidant enzyme activities.
This imbalance triggers epigenetic changes leading to transcriptional repression of BDNF.
All of these effects combined, lead to behavioral deficits in rats. Grape powder with its
antioxidant properties has exercise mimicking effects and helps maintain optimum oxidative
stress levels preventing repression of BDNF. This proposition if proved accurate would have
immense therapeutic benefit for those affected with PTSD. And, identifying the epigenetic
mechanisms in specific neurocircuitries underlying PTSD-like behaviors is crucial for
revealing molecular pathways amenable to nutritional intervention.
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SPS single-prolonged stress

PTSD post-traumatic stress disorder

GP grape powder

HPA Hypothalamus-Pituitary-Adrenal

SSRI selective serotonin reuptake inhibitor

CTGC California Table Grape Commission

GLO-1 glyoxalase-1

GSR-1 glutathione reductase-1

Mn-SOD Manganese-Superoxide Dismutase

Cu/zn-SOD Copper/Zinc-Superoxide Dismutase

BDNF brain derived neurotrophic factor

LD light-dark exploration

EPM elevated plus maze

OF open field test

RAWM radial arm water maze test

FST forced swim test

BSO L-buthionine-(S,R)-sulfoximine

H4K8 anti-acetyl-Histone H4 (Lys8)

HDAC histone deacetylase

HAT histone acetyl transferase

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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Fig. 1.
A schematic representation of the experimental regimen. Male Sprague Dawley rats were

acclimatized for one week and assigned into 4 groups; group 1: Naive Control (CON), group
2: grape powder- control exposure (GP-CON; no SPS exposure and provided with 15g/L
grape powder dissolved in tap water for 3 wk), group 3: SPS, group 4: grape powder-SPS
(GP-SPS; SPS exposure after grape powder treatment for 3 wk). The two SPS groups: SPS
and GP-SPS (10 rats/group) were subjected to a one time combined stress paradigm [34, 35]
for one day. One SPS group was supplemented with 3 weeks of grape powder while the
other group was fed with tap water. The GP-control group was supplemented with grape
powder for 3 weeks without the SPS procedure. Behavior tests were conducted one week
after SPS protocol.

Nutr Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Solanki et al.

Page 15

B
150
601
= 0 b
O o 2
E 1004 T b = 404
= 9
= 5 T
- 8
£ ™ a £ 20 T
@
E
=
c L ) c T T
CON GP-CON SPS GP-SPS CON  GP-CON SPS GP-5PS
Fig. 2.

Examination of anxiety-like behavior tests including light-dark (A) and elevated plus maze

(B) in

rats treated with/without grape powder. ‘a’ represents significant difference from

CON group and ‘b’ represents significant difference from SPS group, P < .05. Values are
means + SEM, n = 8-10 rats/group. CON: Naive Control rats; GP-CON: rats pretreated with
3 weeks of grape powder prior to control exposure, SPS: rats pretreated with tap water prior
to SPS exposure, GP-SPS: rats pretreated with grape powder prior to SPS exposure.
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Fig. 3.
Examination of anxiety-like behavior in the open field test in the rats treated with/without

grape powder. The open-field test determined total activity count (A), ambulatory activity
count (B), and distance travelled (C). ‘a’ represents significant difference from CON group
and ‘b’ represents significant difference from SPS group, P < .05. Values are means + SEM,
n = 8-10 rats/group. CON: Naive Control rats; GP-CON: rats pretreated with 3 weeks of
grape powder prior to control exposure, SPS: rats pretreated with tap water prior to SPS
exposure, GP-SPS: rats pretreated with grape powder prior to SPS exposure.
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Fig. 4.
Examination of depression-like behavior using forced-swim test in rats treated with/without

grape powder. ‘a’ represents significant difference from CON group and ‘b’ represents
significant difference from SPS group, P < 0.05. Values are means + SEM, n = 8-10 rats/
group. CON: Naive Control rats; GP-CON: rats pretreated with 3 weeks of grape powder
prior to control exposure, SPS: rats pretreated with tap water prior to SPS exposure, GP-
SPS: rats pretreated with grape powder prior to SPS exposure.

Nutr Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Solanki et al.

Number of errors

Page 18

A 2
B
1 3
8_
s-
64 @
e
$Y
4 s
3
24 £ 21 T
=
- = -~
c c L} L
GP- CON GP-SPS CON GP-CON SPS GP-SPS
Fig. 5.

Examination of memory using radial-arm water maze (RAWM) memory test in rats treated
with/without grape powder. Short-term (A) and long-term (B) memory was assessed using a
series of 12 RAWM trials. The RAWM apparatus is shown as an insert containing a circular
water pool with 6 swim paths. ‘a’ represents significant difference from CON group and ‘b’
represents significant difference from SPS group, P < .05. Values are means + SEM, n = 8-
10 rats/group. CON: Naive Control rats; GP-CON: rats pretreated with 3 weeks of grape
powder prior to control exposure, SPS: rats pretreated with tap water prior to SPS exposure,
GP-SPS: rats pretreated with grape powder prior to SPS exposure.
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Fig. 6.

Analysis of plasma corticosterone and 8-isoprostane in rats treated with/without grape
powder. The plasma corticosterone (A) and 8-isoprostane (B) levels were measured using an
Enzyme Immuno Assay kit (Cayman). ‘a’ represents significant difference from CON group
and ‘b’ represents significant difference from SPS group, P < .05. Values are means + SEM,
n = 8-10 rats/group. CON: Naive Control rats; GP-CON: rats pretreated with 3 weeks of
grape powder prior to control exposure, SPS: rats pretreated with tap water prior to SPS
exposure, GP-SPS: rats pretreated with grape powder prior to SPS exposure.
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Fig. 7.

Examination of GLO-1, GSR-1, Cu-Zn SOD and MnSOD protein levels in the
hippocampus, amygdala, and cortex of rats treated with/without grape powder. Protein
levels of GLO-1 (A), GSR-1 (B), Cu-Zn SOD (C) and MnSOD (D) were determined by
western blotting. The upper panels shown in (A — D) are representative blots for GLO-1 (A),
GSR-1 (B), Cu-Zn SOD (C), MnSOD (D), and the protein loading control f-actin (A — D).
The representative blots are presented in the same order (left to right) as the groups in the
figure. Bar graphs in (A — D) are ratios of GLO-1 to B-actin, GSR-1 to p-actin, Cu-Zn SOD
to B-actin and MnSOD to B-actin, respectively. ‘b’ represents significant difference from
SPS group in the protein levels within the hippocampus, amygdala and cortex, P < .05.
Values are means = SEM, n = 4 rats/group. CON: Naive Control rats; GP-CON: rats
pretreated with 3 weeks of grape powder prior to control exposure, SPS: rats pretreated with
tap water prior to SPS exposure, GP-SPS: rats pretreated with grape powder prior to SPS
exposure.
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Fig. 8.
Examination of BDNF and epigenetic markers in the hippocampus, amygdala, and cortex of

rats treated with/without grape powder. Protein levels of BDNF (A), Acetylated H3 (B),
H4K8 (C), HDACS (D), and HDAC?2 (E) were determined by western blotting. The upper
panels shown in (A — E) are representative blots for BDNF (A), Acetylated H3 (B), H4K8
(C), HDACS (D), HDAC2 (E), and the protein loading control Total H3 (B) and B-actin (A,
C - E). The representative blots are presented in the same order (left to right) as the groups
in the figure. Bar graphs in (A — E) are ratios of BDNF to B-actin, Acetylated H3 to Total
H3, H4K8 to B-actin HDACS to B-actin, and HDAC2 to p-actin, respectively. ‘a’ represents
significant difference from CON group and ‘b’ represents significant difference from SPS
group in the protein levels within the hippocampus, amygdala and cortex, P < .05. Values
are means £ SEM, n = 4 rats/group. CON: Naive Control rats; GP-CON: rats pretreated with
3 weeks of grape powder prior to control exposure, SPS: rats pretreated with tap water prior
to SPS exposure, GP-SPS: rats pretreated with grape powder prior to SPS exposure.
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Schematic representation of the events potentially responsible for the protective effect of GP

in SPS-induced behavioral and cognitive impairment.
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Table 1

Phytochemical analysis of freeze-dried grape powder published by CTGC

Compounds Total Individual
Catechins 57.2 mg/kg

Catechin 36.4 mg/kg

Epicatechin 20.8 mg/kg
Anthocyanin 566 mg/kg

Peonidin 38.3 mg/kg

Cyanidin 266 mg/kg

Malvidin 261.7 mg/kg
Flavonols

Quercetin 16 mg/kg

Kaempferol 3.4 mg/kg

Isorhamnetin 3.5 mg/kg
Stilbenes

Resveratrol 1.8 mg/kg
Total Polyphenols 448 mg/100g

Abbreviations: CTGC, California Table Grape Commission

Nutr Res. Author manuscript; available in PMC 2016 January 01.



