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ABSTRACT

Exercise and consumption of plant-based foods rich in polyphenols are attractive therapeutic approaches for the
prevention and treatment of Parkinson’s disease (PD). Few studies, however, have examined the neuroprotective
efficacy of combining these treatment modalities against PD. Therefore we investigated whether combining
voluntary running and consumption of blueberry juice (BBJ) was more efficacious against 6-hydroxydopamine
(6-OHDA) toxicity than either treatment alone. Four weeks of running before and after intrastriatal 6-OHDA
reduced amphetamine-induced rotational behavior and loss of substantia nigra dopamine (DA) neurons. BBJ
consumption alone had no ameliorative effects, but when combined with exercise, behavioral deficits and
nigrostriatal DA neurodegeneration were reduced to a greater extent than exercise alone. The neuroprotection
observed with exercise alone was associated with an increase in striatal glial cell-lined derived neurotrophic
factor (GDNF), whereas combining exercise and BBJ was associated with an increase in nigral GDNF. These
results suggest that polyphenols may potentiate the protective effects of exercise and that differential regulation
of GDNF expression underlies protection observed with exercise alone versus combined treatment with con-

sumption of BBJ.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
that over time robs patients of the ability to move effectively in the
absence of pharmacotherapy (Stocchi & Olanow, 2004). Its character-
istic motor dysfunctions are caused by loss of midbrain dopamine (DA)
neurons in the substantia nigra (SN) and depletion of striatal DA (Hor-
nykiewicz, 2006). To date, the most effective pharmacotherapy for PD is
DA replacement therapy using levodopa (Olanow & Stocchi, 2018);
however, this treatment has no ameliorative effects upon the underlying
pathology. Thus, additional treatments are needed that alter the disease
course in addition to attenuating symptoms.

Over the last two decades, there has been increased interest in the
impact of exercise and nutrition on neurodegenerative diseases. Exercise

or diets incorporating certain plant-based foods, such as teas and berries
or their extracted juices have been associated with a lower risk of PD
(Tsai et al., 2002; Chen et al., 2005; Gao et al., 2007; Gao et al., 2012).
Furthermore, exercise appears to attenuate the motor, cognitive, and
affective deficits in patients with mild to moderate PD (Goodwin et al.,
2008; da Silva et al., 2018; Schenkman et al., 2018). In accordance with
the clinical literature, various forms of motor therapy are generally
effective in reducing behavioral deficits in animal models of PD (Till-
erson et al., 2001; Fisher et al., 2004; Moroz et al., 2004; O’Dell et al.,
2007; Archer & Fredriksson, 2010; Dutra et al., 2012; Aguiar et al.,
2013), and in some cases, also reduce damage to the nigrostriatal
pathway induced by DA neurotoxins (Tillerson et al., 2001; Cohen et al.,
2003; Tillerson et al., 2003; Yoon et al., 2007; Tajiri et al., 2010; Aguiar
et al., 2016a).
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Plant-based foods, as well as beverages rich in flavonoids, have been
shown to reduce age-related cognitive and motor decline in humans and
in laboratory animals (Shukitt-Hale et al., 2006; Krikorian et al., 2010a;
Krikorian et al., 2010b; Rendeiro et al., 2012; Shukitt-Hale et al., 2015).
Specifically, improvements in balance and coordination in aged animals
were observed with diets containing polyphenol-rich grape juice, blue-
berries, strawberries, blackberries, and walnuts (Shukitt-Hale et al.,
2006; Joseph et al., 2009; Shukitt-Hale et al., 2009; Willis et al., 2009).
Flavonoids have potent antioxidant and anti-inflammatory properties
(Kelsey et al., 2010; Cassidy et al., 2015), which could serve to protect
DA neurons from diverse insults. Indeed, polyphenols or
polyphenol-rich foods markedly protect DA-containing neurons against
toxicity both in vitro (Jin et al., 2001; Levites et al., 2002; Nie et al.,
2002; Pan et al., 2003; Guo et al., 2005; Mercer et al., 2005) and in vivo
(Datla et al., 2001; Levites et al., 2001; Stromberg et al., 2005; Zbarsky
et al., 2005; Chaturvedi et al., 2006; Guo et al., 2007).

The inclusion of plant-based foods in the diet in conjunction with
exercise may promote a healthy lifestyle. Indeed, exercise combined
with a diet rich in fruits and vegetables decreases the incidence of car-
diovascular disease and diabetes (Buttar et al., 2005; Khera et al., 2016;
Lambert et al., 2018). A similar strategy reduced age-related cognitive
dysfunction greater than exercise or diet alone (Milgram et al., 2004),
and may also be an effective neuroprotective treatment strategy against
Alzheimer’s disease (Pop et al., 2010; Walker et al., 2015; Zhang et al.,
2016). However, this treatment strategy has not been widely examined
for PD. Further, what has been reported in the literature does not lend
support for this strategy as a viable neurorestorative treatment approach
for PD, i.e., capable of reversing the neurodegeneration once it develops
(Eshraghi-Jazi et al., 2012).

We have now examined the neuroprotective effects of voluntary
running, alone and in combination with the consumption of flavonoid-
rich blueberry juice (BBJ) in a unilateral intrastriatal 6-OHDA rat
model of PD (Sauer & Oertel, 1994; Cohen et al., 2011). Blueberries have
one of the highest antioxidant capacities of fruits and vegetables (Pel-
legrini et al., 2004; Huang et al., 2012). Further, a blueberry extract has
shown efficacy in a 6-OHDA model of PD (Stromberg et al., 2005). The
effect of these treatment modalities on protein levels of glial cell-lined
derived neurotrophic factor (GDNF) was also investigated as a poten-
tial mechanism of action.

Materials and methods
Reagents

6-OHDA and all other reagents were of the highest available purity
and were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
indicated otherwise. Knudsen’s Just Blueberry juice (J.M. Smucker Co,
Orrville, OH), consisting of BBJ concentrate and filtered water, was
purchased in bulk from Vitacost and stored at 4 °C for up to 2 weeks.

Animals

Three-month old male Fischer 344/Brown Norway hybrid rats (Na-
tional Institute of Aging, Bethesda, MD) were weighed at the start of the
experiment and weekly thereafter. All animals were housed individually
in standard cages with or without attached running wheels (Lafayette
Instruments, Lafayette, IN). The wheels were 14” in diameter and con-
sisted of 0.0625” stainless steel rods mounted every 0.25” with 4.3"” wide
running surfaces and free wheel resistance of < 6 g. Rats were main-
tained on a 12 h light/dark cycle with food (Tekland global 18% rodent
diet; Harlan Laboratories, Indianapolis, IN) and drinking solution
available ad libitum. Doors to the running wheels remained closed until
the commencement of the experiment. All procedures were performed in
strict accordance with the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use
Committee at the VA Pittsburgh Healthcare System.
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Experimental procedure

Animals were given a one-week period of acclimation before being
randomly assigned to the following groups: control solution + sedentary
(CS + SED), control solution + exercise (CS + EX), BBJ + sedentary (BBJ
+ SED), and BBJ + exercise (BBJ + EX) (Fig. 1). Rats continued to be
maintained on the Tekland global 18% rodent diet and either BBJ
(diluted with water to produce a 20% solution) or a control solution
consisting of water supplemented with 1.5% sugar, the amount of sugar
contained in the 20% diluted BBJ. Drinking solutions were prepared
fresh daily. Fluid and food intake were recorded daily.

Rats in the exercise group had unlimited access to running wheels
throughout the experiment and running was continuously monitored via
computer. Rats were maintained on their respective drinking solution
with or without access to running wheels for four weeks prior to and four
weeks after infusion of 6-OHDA. A subset of animals from each treat-
ment group was euthanized after the initial four weeks of therapeutic
intervention to assess the effects of exercise and/or BBJ intake on GDNF
protein levels in the SN and striatum at the time point that 6-OHDA
would be introduced.

Administration of 6-OHDA

After four weeks of exercise and/or BBJ, animals were anesthetized
with isoflurane (3-4% in 100% O- for induction and 1-2% in 100% O
for maintenance of anesthetic plane) and placed in a stereotaxic appa-
ratus (David Kopf Instruments, Tujunga, CA, USA). Vehicle (0.7 mg/ml
ascorbic acid in 0.9% sterile saline) or 6-OHDA (6 ug/0.5 ul) in a volume
of 0.5 ul was delivered intrastriatally via a 10 ul Hamilton syringe
mounted on a Quintessential motorized stereotaxic injector (Stoelting
Co., Wood Dale, IL) at 0.5 pl/min at the following coordinates: AP +0.7,
ML -2.9 and DV -5.5. After infusion, the syringe was kept in place for an
additional 5 min to allow for diffusion. The wound was then secured
with surgical staples. After recovery from surgery, animals were
immediately returned to their pre-surgical experimental condition for an
additional four weeks.

Amphetamine-induced rotations

Amphetamine-induced rotational behavior, a measure of the loss of
DA after a unilateral lesion (Przedborski et al., 1995), was assessed four
weeks after 6-OHDA infusion. Animals were jacketed and tethered to a
sensor attached to the top of the stainless steel rotameter bowl (Rota
Count 8; Columbus Instruments, Columbus, OH). Once securely in the
bowls, animals received D-amphetamine-sulfate (3 mg/kg free base, i.
p.) and turning was monitored for 1 h.

Immunohistochemical analysis

Five days after assessment of amphetamine-induced rotational
behavior, animals were deeply anesthetized with sodium pentobarbital
(50 mg/kg, ip) and sacrificed via transcardial perfusion with chilled
solutions of 0.1 M phosphate buffer (PB) and 4% paraformaldehyde
(ThermoFisher Scientific, Pittsburgh, PA), each containing sodium
fluoride. Brains were removed, post-fixed for 30 min in 4% para-
formaldehyde followed by 30% sucrose at 4 °C until submersed, and
then sectioned at 35 um or 60 ym for SN and striatum, respectively.

Tyrosine hydroxylase terminal density in the striatum

Free-floating striatal sections were washed in 10 mM phosphate
buffered saline (PBS), pH 7.6, prior to and between antibody in-
cubations. Sections were blocked for 1 h at room temperature (RT) in a
solution containing 5% bovine serum albumin, 0.1% glycine, 5% goat
serum (Jackson ImmunoResearch Laboratories, West Grove, PA), and
0.2% Triton X-100 followed by incubation in rabbit anti-tyrosine
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Fig. 1. Experimental design and timeline of the study depicted in a flow chart.

hydroxylase (TH) antibody (1:1000, # P40101, Pel Freez Biologicals,
Rogers, AK) overnight on a rotator at 4 °C. After a series of 3 washes in
PBS, sections were incubated with goat anti-rabbit Alexa Fluor 750-con-
jugated secondary antibody (1:1000, A-21039, Invitrogen, Carlsbad,
CA) for 2 h at RT, washed, and then mounted on gelatin-coated slides.
After sections had dried at RT, they were coverslipped with Fluoromount
mounting media (Southern Biotech, Birmingham, AL). Slides were
scanned using an infrared Odyssey Imager (LI-COR Biosciences, Lincoln,
NE) and dorsal striatal TH density was quantified using the Odyssey
software version 3.0. An average of 6 sections/animal were stained and
quantified.

Tyrosine hydroxylase cell counts in the SN

Free-floating SN sections were washed as described above before
incubation in primary antibodies for microtubule-associated protein 2
(MAP2) (1:2000; MAB3418, EMD Millipore, Billerica, MA) and TH
(1:2000; AB1542, EMD Millipore, Billerica, MA) for 72 h at 4 °C. Sub-
sequently, sections were washed in PBS (3 x10 min) followed by incu-
bation with the following secondary antibodies: Cy3-conjugated anti-
sheep antibody (1:500; 713-155-147 Jackson Immunoresearch, West
Grove, PA) and Alexafluor-conjugated 647 anti-mouse antibody (1:500;
A31571 Invitrogen, Carlsbad, CA) for 1 h at RT. Tissue sections were
then washed and incubated with Hoechst 33342 (1:5000) for nuclear
staining for 5 min and after a final wash, were mounted and cover-
slipped using gelvatol mounting media. An automated Nikon 90i upright
fluorescence microscope equipped with Q-imaging Retiga CCD camera
(Nikon, Melville, NY) was used to capture images from nigral sections.
Quantitative analysis was performed when TH, MAP2, and Hoechst
33342 channels colocalized (Tapias et al., 2013; Tapias et al., 2014).

GDNF protein levels in SN and striatum

After a 4-week treatment period with exercise and/or BBJ, rats were
euthanized by decapitation, brains were harvested, and SN and striatum
were dissected and immediately frozen on dry ice. Tissue samples were
stored at -80 °C until the assessment of GDNF by Elisa. Frozen tissue
samples were homogenized in lysis buffer (20X volume/weight) con-
taining 1X Halt protease and phosphatase inhibitor cocktail (Thermo-
Fisher Scientific, Pittsburgh, PA). Elisa kits were used to assess nigral
and striatal protein levels of GDNF (#BEK-2230, Biosensis, Temecula,
CA) following the manufacturer’s instructions.

Statistical analysis

Data were analyzed by Two-way or Three-way ANOVA with post-hoc
Tukey multiple comparison analysis using GraphPad Prism software (v.
7.0c; La Jolla, CA). Treatment-related changes over time were assessed
with repeated factorial analysis also with post hoc Tukey multiple
comparison analysis. A comparison of running data was analyzed by
multiple t-tests. ANOVA testing, as well as the family-wise error rate of
the Tukey multiple comparison tests, and t-tests were deemed significant
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at the 0.05 level.

Results
Weight

There was no significant difference in body weight among groups at
any time during the experiment (Fig. 2A).

Food consumption

Food consumption in animals treated with vehicle or 6-OHDA did
not differ, and as such, these animals were combined for subsequent
statistical analysis. Sedentary animals consumed food at a stable rate
throughout the experiment whereas the exercising animals steadily
increased their food intake and surpassed the food intake of their
sedentary counterparts by week 3 (Fig. 2B; n = 20 —24/group). At this
time point, food consumption of exercising animals was 20-30% higher
than the sedentary animals (p < 0.001). This difference in food intake
further increased over time to reach a maximum of 50% at week 6
(p < 0.0001 weeks 5-9 exercise animals vs. sedentary animals). BBJ
consumption did not affect food intake in either sedentary or exercising
animals.

Fluid Intake

Fluid consumption did not differ between animals that received
either intrastriatal infusion of vehicle or 6-OHDA; therefore within each
beverage treatment group, these animals were combined for subsequent
statistical analysis. The drinking solution did not influence the amount
of fluid consumed as animals given BBJ consumed the same amount of
fluid as their sedentary or exercising counterpart given the control so-
lution (Fig. 2C; n = 20-24/group). In contrast, exercising animals drank
approximately 35% more fluid than their sedentary counterparts and
this increased consumption persisted from week 4 to the end of the
experiment.

Running distance

Animals in both exercising groups steadily increased their daily
running amounts over the first month of the experiment. The daily
running distances of exercising animals were 7257 + 1124 m (CS + EX)
and 8280 + 1220 m (BBJ + EX) by day 28, the day before vehicle or 6-
OHDA infusion (Fig. 3A; n = 20-24/group). The evening after surgery,
the amount of running in both groups decreased by 30-40% compared
to pre-surgical distances. However, within 3-4 days post-surgery, ani-
mals from each group had reached and were maintaining their pre-
surgical running distances. There was no difference in running dis-
tance between the two groups at any time point.
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Fig. 2. A. Exercise, BBJ consumption, or the combination did not affect
body weight over the course of the experiment. Average weight of the an-
imals measured at the beginning and the end of the experiment. Data are
expressed as mean + SEM (n = 20-24/group). **** p < 0.0001 vs. the begin-
ning weight. B. Exercise increased weekly food intake. Average weekly food
intake throughout the experimental time course. Data are expressed as mean
+ SEM. ###, #### p < 0.001 and p < 0.0001, respectively CS + EX and BBJ
+ EX vs. sedentary counterparts; n = 20-24/group. C. Exercise increased
weekly fluid intake. The weekly amount of the control solution (CS) or BBJ
consumed over the course of the experiment. Data are expressed as mean
+ SEM (n = 20-24/group). **, ***  *¥*¥**p < 0,01, p < 0.001, and p < 0.0001,
respectively CS + SED vs. CS + EX; #, ###, #### p <0.05, p <0.001,
p < 0.0001, respectively BBJ + SED vs. BBJ + EX.

Amphetamine-induced rotational behavior

Animals that received vehicle infusion into the striatum did not
rotate in response to amphetamine (Fig. 3B; 10-12/group). Four weeks
after unilateral intrastriatal injection of 6-OHDA, the lesioned sedentary
animals given either CS or BBJ rotated 520 + 55 and 558 + 75 times/
hour in response to amphetamine, respectively, which is in line with
previous studies using the striatal 6-OHDA infusion model (Ahmad et al.,
2005; Yuan et al., 2005; Bagga et al., 2015). There was no significant
difference in the number of rotations between these two groups. Exercise
alone significantly decreased the number of amphetamine-induced
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Fig. 3. A. BBJ consumption had no effect on running distance. The time
course of distance ran in meters (m) by exercising animals given either CS or
BBJ. Data are expressed as mean + SEM (n = 20-24/group). B. BBJ potenti-
ated the exercised-induced reduction in amphetamine rotations. The
number of rotations in one hour after intraperitoneal amphetamine injection.
Data are expressed as mean + SEM. **** p < 0.0001 vs. vehicle treated coun-
terpart. ##, #### p < 0.01 and 0.0001 respectively vs. sedentary counterpart.

$ p < 0.05 vs. exercising animals given the CS; n = 10-12/group.

rotations by 42% down to 302.3 + 47.8 rotations/hour in animals given
the CS compared to their sedentary counterpart (p < 0.01). The com-
bined effect of exercise and BBJ significantly decreased the number of
amphetamine-induced rotations by 80% down to 130 + 29.4 rotation-
s/hour compared to sedentary animals given BBJ. Notably, it decreased
the number of rotations by 66% compared to exercising animals given
the control solution (p < 0.05).

Striatal TH immunoreactive fiber density

TH striatal density, used as a measure of the integrity of the
nigrostriatal pathway, was reduced to 27.5 + 1.7% by 6-OHDA in
sedentary animals that received the control solution compared to
vehicle-treated control animals (Fig. 4A-B; n = 10-12/group). Quanti-
tative analysis showed that neither BBJ consumption nor exercise alone
attenuated the loss of striatal TH projections induced by 6-OHDA.
Nevertheless, when both strategies were used in combination, striatal
TH density was increased to 45.7 + 3.8% of vehicle-treated control
animals. This change reflected a 66% increase compared to 6-OHDA-
treated sedentary animals maintained on the control solution (Fig. 4B;
p < 0.05).

Tyrosine hydroxylase cell counts in the SN

To further evaluate the level of neuroprotection, the number of
nigral DA neurons was estimated in all treatment groups. Fluorescent
images depicted a robust loss of DA neurons in the SN following 6-OHDA
and significant protection mediated by exercise alone and exercise
combined with BBJ (Fig. 5A-B; n =10-12/group). The quantitative
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assessment of TH' nigral neurons demonstrated that intrastriatal 6-
OHDA reduced the number of nigral TH' cells by 66% in sedentary
animals given CS in comparison to vehicle-treated controls (20,098
+ 1804 vs. 6794 + 472 neurons; p < 0.0001) (Fig. 5B). Importantly,
exercise significantly increased the number of TH" cells by 66% when
compared to sedentary rats given the CS (6794 + 472 vs. 11,290 + 1327
neurons; p < 0.05). In contrast, BBJ intake did not attenuate 6-OHDA-
induced cell death, as the number of TH" neurons in this group (7424
+ 1221) was not significantly different from sedentary animals main-
tained on the CS. Combined treatment with exercise and BBJ signifi-
cantly reduced the loss of TH™ neurons (13,486 + 961) by 81% when
compared to 6-OHDA-treated sedentary animals given the BBJ
(p < 0.01) and by 99% when compared to 6-OHDA-treated sedentary
animals that drank the CS (p < 0.01). However, combined treatment
with BBJ and exercise was not significantly different from exercise
alone.

GDNF protein expression in SN and STR

We measured GDNF levels to ascertain if increases in this neuro-
trophic factor were associated with the protection elicited by voluntary
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Fig. 4. Combined treatment with exercise and BBJ
partially preserved striatal TH. A. Representative
immunofluorescent images displaying striatal TH loss in CS
+ SED, CS + EX, BBJ + SED, and BBJ + EX treated rats. B.
The percentage of TH-immunoreactivity (TH-ir) remaining
in the striatum after treatment with the CS or BBJ with or
without exercise. Data are expressed as mean + SEM
(n = 10-12/group) and are represented as a percentage of
vehicle control animals. (* p < 0.05 vs. CS + SED).

running and if the greater protection observed with combined treatment
of exercise and BBJ resulted in a more substantial increase in GDNF.
GDNF protein levels in the SN were not significantly altered by either
BBJ consumption or voluntary wheel running alone (Fig. 6A; n = 7-8/
group). However, when combined with exercise, BBJ increased the
levels of GDNF in the SN compared to sedentary animals maintained on
the CS by 141.7% (28.7 + 4.2 vs. 69.4 + 6.6 pg/ml; p < 0.05). Striatal
GDNF increased by 48% in exercising animals that drank the CS
compared to their sedentary counterparts (Fig. 6B; p < 0.01; n = 7-8/
group). In contrast, GDNF levels were decreased by 45% in the rat
striatum in response to BBJ as compared to the CS-drinking sedentary
animals ( p < 0.01). BBJ intake prevented the exercise-induced increase
in striatal GDNF such that GDNF levels in exercising animals that
received BBJ was significantly lower than their exercising CS counter-
part (p < 0.01).

Discussion
We sought to examine whether voluntary running and BBJ, when

used alone or in combination, could mitigate the damage to the
nigrostriatal pathway induced by striatal 6-OHDA infusion. Our findings
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Fig. 5. Nigral TH' cells were partially spared by ex-
ercise with and without BBJ. A. Representative fluores-
cent images of SN stained for TH in vehicle treated control
(CON), CS + SED, CS + EX, BBJ + SED, and BBJ + EX
treated animals. B. TH' nigral cell counts measured in
animals given CS or BB juice with or without access to a
running wheel. Vehicle-injected animals that served as
control had 20,098 4+ 1804 cells in the SN. Exercise alone
and combined with BBJ attenuated the loss of SN TH™ cells
to the same extent. BBJ alone did not affect 6-OHDA-
induced TH™' cell loss in the SN. Data are expressed as
mean + SEM (n = 10-12/group). * and **p < 0.05 and
0.01 vs. sedentary counterpart. ## p < 0.01 vs. CS + SED.
$ and $$ p < 0.001 and 0.0001 vs. CON. Scale bar
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show that voluntary exercise alone improved 6-OHDA-induced behav-
ioral deficits and attenuated the loss of DA neurons in the SN without
affecting DA terminal loss in the striatum. BBJ consumption alone did
not protect against 6-OHDA toxicity as assessed behaviorally or immu-
nohistochemically. However, BBJ consumption together with exercise
resulted in a greater reduction in amphetamine-induced rotational
behavior when compared to exercise alone and significantly protected
against the loss of striatal DA terminals. Combined treatment also
attenuated 6-OHDA-induced DA cell death; however, this reduction was
not significantly greater than exercise alone.

Studies have consistently reported that exercise is beneficial against
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behavioral deficits induced by 6-OHDA lesions (Cohen et al., 2003;
Mabandla et al., 2004; Moroz et al., 2004; O’Dell et al., 2007; Aguiar
et al., 2013; Landers et al., 2013). In agreement with these studies, we
observed that voluntary wheel running for four weeks before and
following 6-OHDA administration decreased substantially the rotational
behavior induced by amphetamine. We also found that exercise atten-
uated the loss of DA neurons in the SN without affecting 6-OHDA-in-
duced TH terminal loss in the striatum, similar to results observed
with voluntary exercise-induced protection against MPTP (Gerecke
et al., 2010), and acute toxicity induced by 6-OHDA infusion into the
medial forebrain bundle (Mabandla et al., 2009; Tsai et al., 2019).
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Fig. 6. A. Nigral GDNF was enhanced with combined treatment with ex-
ercise and BBJ. The effect of exercise and/or BBJ on GDNF protein levels in the
SN. Data are expressed as mean + SEM (n = 7-8/group). * p < 0.05 vs. CS
+ SED. B. Striatal GDNF was increased with exercise but decreased with BBJ
consumption.. The effect of exercise and/or BBJ on GDNF protein levels in the
striatum. Data are expressed as mean + SEM (n = 7-8/group). ** p < 0.01 vs.
CS counterpart. ## p < 0.01 vs. sedentary counterpart.

Behavioral protection in the absence of preservation of TH immunore-
activity in the striatum may indicate that the phenotypic loss of TH in
the striatum does not accurately depict the state of dopaminergic
neurotransmission within the striatum. Indeed, we have previously
shown with GDNF-induced protection against 6-OHDA toxicity that at a
time when the striatum was showing a significant loss of TH immuno-
reactivity, striatal DA content was normal (Cohen et al., 2011), sug-
gesting the possibility that remaining terminals compensated for this
loss of TH and maintained DA levels, hence dopaminergic neurotrans-
mission. Alternatively, behavioral improvement could be driven by
protection of TH immunoreactive nigral neurons. Inhibition of TH ac-
tivity specifically in the SN caused motor deficits in the absence of any
effects on striatal DA levels (Salvatore et al., 2019), and caloric
restriction-related protection has been shown to correlate with
increased protein levels of nigral TH and DA content while decreasing
striatal TH protein and DA levels (Salvatore et al., 2017). Thus, partial
preservation of nigral TH-immunoreactive cells may have played a
pivotal role in attenuating amphetamine-induced rotations observed
with exercise in the current study.

Interestingly, despite the consistent observance of an amelioration of
behavioral deficits with voluntary exercise (Mabandla et al., 2004;
Moroz et al., 2004; Howells et al., 2005; O’Dell et al., 2007; Mabandla
et al., 2009; Aguiar et al., 2013; Landers et al., 2013; Hsueh et al., 2018;
Tsai et al., 2019), only a few studies have reported attenuation of
damage to the dopaminergic nigrostriatal pathway (Mabandla et al.,
2009; Tsai et al., 2019), as most of these studies either did not assess the
integrity of the dopaminergic nigrostriatal pathway after 6-OHDA
toxicity (Mabandla et al., 2004; Landers et al., 2013) or reported
negative results (Moroz et al., 2004; Howells et al., 2005; O’Dell et al.,
2007; Aguiar et al., 2013; Hsueh et al., 2018). The two studies that
observed partial protection of nigral cell counts utilized an acute model
of 6-OHDA toxicity in which the toxin was infused into the medial
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forebrain bundle. To our knowledge, the neuroprotective benefit of
voluntary exercise on the nigrostriatal pathway in a progressive 6-OHDA
rat model of PD (i.e. striatal infusion of 6-OHDA followed by protracted
loss of DA cells in SN) has not been previously reported. Instead, im-
provements in behavioral performance in these other studies employing
voluntary exercise as a therapeutic intervention in a progressive
6-OHDA model could be attributed to an enhancement of compensatory
mechanisms known to ensue in this DA system upon the occurrence of
degeneration less than 90-95% (Zigmond et al., 1984; O’Dell et al.,
2007). In contrast, evidence suggests that different types of forced ex-
ercise, such as treadmill running and forced limb use, protect against
progressive 6-OHDA-induced nigrostriatal damage (Yoon et al., 2007;
Tajiri et al., 2010; Aguiar et al., 2016b). We surmised from a detailed
examination of these published studies that vigorous exercise that oc-
curs within seven days of a toxic insult consistently confers protection
against degeneration of DA neurons and/or terminals. Indeed, the most
potent “therapeutic window” for exercise appears to be within 72 h of
toxin infusion (Tillerson et al., 2001). In studies that failed to observe
protection of DA neurons and/or terminals with voluntary running,
exercise commenced outside the 72 h critical window (Aguiar et al.,
2013) or animals failed to maintain a high level of running (i.e., ran <
1500 m/day) in the initial days after 6-OHDA infusion (O’Dell et al.,
2007). In our experiment, rats ran on average 5000 m/day during the
initial period after 6-OHDA infusion. The underlying reason for differ-
ences in post-6-OHDA running between our study and O’'Dell et al.,
(2007) could relate to the strain of rats used, the number of 6-OHDA
injection sites, or the length of the pre-lesion running period. A rela-
tionship between the amount of running and protection of DA cells
against MPTP toxicity has been previously described (Gerecke et al.,
2010). Thus, the maintenance of this higher level of voluntary running
within the therapeutic window of 72 h post-6-OHDA infusion may have
played a pivotal role in the protection against the death of nigral DA
neurons induced by 6-OHDA in the current study. Together, these
studies suggest that a threshold level of running must be attained around
the time of neurotoxic insult to reduce damage to the nigrostriatal
pathway.

BBJ consumption alone had no ameliorative effects on
amphetamine-induced rotational behavior, nor did it lessen the impact
of 6-OHDA on DA neurons and terminals in our study. Numerous studies
have reported that administration of either single or complex mixtures
of polyphenols (i.e. extracts or juices) derived from plant-based foods
attenuates damage incurred from 6-OHDA and other DA neurotoxins
(Stromberg et al., 2005; Chaturvedi et al., 2006; Guo et al., 2007; Jin
et al., 2008; Eshraghi-Jazi et al., 2012). In most of these studies, how-
ever, animals were given a higher percentage of juice (e.g., 50% juice)
than that given in the current study (20%), high doses of single poly-
phenols were administered, or animals received concentrated mixtures
of fruit or tea extract. Twenty percent BBJ may contain lower concen-
trations of protective polyphenols than extracts, and this could have
ultimately resulted in smaller amounts of polyphenols reaching relevant
areas of the brain (i.e., striatum and SN).

Despite the lack of protection observed with BBJ alone, when exer-
cise and BBJ consumption were combined, the number of amphetamine-
induced rotations was decreased greater than exercise alone, and there
was partial preservation of the dopaminergic nigrostriatal pathway at
the terminal and cell body level. Wheel running is known to increase
intake of food and water (Afonso & Eikelboom, 2003), and 3-4 wks into
the experiment, exercising animals were consuming significantly higher
amounts of fluid than their sedentary counterparts. Thus, exercising
animals maintained on the BBJ in effect received a higher “dose” of BBJ
and its accompanying polyphenols than sedentary animals maintained
on BBJ, as there was no difference in body weight across groups.
Moreover, exercise may have altered the bioavailability of the pertinent
phytochemical(s) in the BBJ through changes in absorption, meta-
bolism, elimination (Piatkowski et al., 1993; Medina et al., 2012),
and/or blood-brain barrier permeability (Sharma et al., 1991; Watson
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et al., 2005; Bailey et al., 2011), which may have resulted in higher
concentrations of polyphenols reaching relevant areas in the exercising
animals. Consumption of a 50% grape solution, which is higher than the
20% BBJ solution wused in the present study, reduced
amphetamine-induced rotations after nigral 6-OHDA infusion (Eshra-
ghi-Jazi et al., 2012), therefore, the greater protection observed in
exercising animals that consumed BBJ may have been partially medi-
ated by increased consumption and/or enhanced bioavailability of
polyphenols contained within the BBJ.

Although 50% grape juice alone attenuated 6-OHDA-induced
behavioral deficits after nigral infusion of 6-OHDA (Eshraghi-Jazi
et al., 2012), the combined effect of treadmill running and consumption
of flavonoid-rich grape juice in that study did not result in greater
attenuation of behavioral deficits versus individual treatment. In that
study, the intervention was instituted two weeks after 6-OHDA infusion
into the SN, which causes an acute and fast DA deficiency. The larger
lesion, the temporal relation between the intervention and 6-OHDA
treatment, as well as the site of infusion, may underlie the different
behavioral outcomes observed between our study and Eshraghi-Jazi
et al. (Eshraghi-Jazi et al., 2012). Moreover, whereas we used volun-
tary running in an exercise wheel, these authors used forced running on
a treadmill and this may have introduced a stressful component. Indeed,
stress was shown to negate running-induced protection against
6-OHDA-induced behavioral deficits (Howells et al., 2005) and to
potentiate 6-OHDA related decreases in striatal GDNF and
neurotrophin-3 (Ngema & Mabandla, 2017). Additional studies are
needed to examine the efficacy of combined intervention when admin-
istered after degeneration of the nigrostriatal pathway has commenced.

The mechanism by which exercise protects in PD models has been
postulated to involve regulation of neurotrophic factor signaling (Cohen
et al., 2003; Tajiri et al., 2010; Lau et al., 2011; Churchill et al., 2017).
Similar mechanisms are reported to underlie the beneficial effects of
polyphenols (Leem et al., 2014; Patil et al., 2014). We previously
showed that the protection against 6-OHDA afforded by forced exercise
via unilateral forelimb casting correlated with an increase in striatal
GDNF protein levels (Cohen et al., 2011). In the current study, we
observed an increase in striatal GDNF in response to running, consistent
with previous studies (Tajiri et al., 2010). However, combined treatment
with BBJ and running did not elicit a greater GDNF increase in the
striatum. In fact, GDNF with combined treatment was significantly
lower than running alone and was no different than sedentary animals
that drank the control solution. Lower striatal GDNF in the combined
treatment group compared to running alone may have been driven by
the unexpected decrease in striatal GDNF caused by BBJ intake alone,
which was countered by concurrent treatment with exercise. The reason
for this decrease is unknown but may be related to the potential
pro-oxidant capacity of polyphenols contained within the BBJ. Indeed,
Tapias et al. (Tapias et al., 2014) demonstrated that pomegranate juice,
another polyphenol-rich beverage, exacerbated rotenone toxicity,
resulting in increased oxidative stress, inflammatory responses, caspase
activation, and nigrostriatal DA degeneration. Thus the pro-oxidant
activity of polyphenols within BBJ could potentially underlie the lack
of protection against 6-OHDA observed with BBJ alone in the current
study.

Our observed decrease in GDNF with BBJ contrasts with findings in
the hippocampus, where administration of polyphenols or polyphenol-
rich foods increased neurotrophic factors, particularly BDNF (Li et al.,
2009; Rahvar et al., 2011; Stringer et al., 2015). However, diminished
striatal BDNF and NGF levels have been reported in response to poly-
phenols derived from olives (De Nicolo et al., 2013; Carito et al., 2014),
suggesting that regulation of neurotrophic signaling in response to
polyphenols may be brain region and polyphenol specific. Although,
combined treatment with BBJ and exercise did not augment the
running-associated increase in striatal GDNF, nigral levels were signif-
icantly enhanced only in those rats subjected to both BBJ and voluntary
running. Both exercise and BBJ alone resulted in non-significant
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increases in nigral GDNF. Combined treatment may have therefore
resulted in a cumulative significant increase in nigral GDNF resulting in
more nigral neurons maintaining connections with, and thereby stabi-
lizing, more striatal TH terminals than that observed with exercise
alone. A similar phenomenon was observed with infusion of the gdnf
gene via viral delivery into the SN compared to striatal gdnf gene infu-
sion (Kozlowski et al., 2000), where more connections were preserved
between the striatum and SN with nigral gdnf infusion after 6-OHDA
infusion that correlated with enhanced neurotransmission in the stria-
tum (Smith et al., 2005). Thus, the enhanced protection of the nigros-
triatal pathway afforded by BBJ consumption combined with exercise
may have involved increased signaling through the GDNF signaling
pathway within the SN.

Few studies have examined the beneficial effects of combined
treatment with a polyphenol-rich diet and exercise in a PD model, much
less the mechanism by which such benefits may be exerted. Enhance-
ment of neurotrophic signaling is an overlapping theme in the interac-
tion between polyphenols and exercise (Fahnestock et al., 2012; Joseph
et al., 2012; Zhang et al., 2016). This augmentation correlates with a
decrease in oxidative stress (Opii et al., 2008) and pro-death signaling
(Snigdha et al., 2011). Indeed, epicatechin combined with exercise in a
mouse model of Alzheimer’s disease potentiated BDNF levels and
downstream signaling targets in association with an improvement in
cognitive deficits (Zhang et al., 2016). In a cerebral ischemia model,
increased protection with concurrent treatment with exercise and
resveratrol or quercetin, two polyphenolic constituents of BBJ, was
associated with enhanced signaling via the BDNF/TrkB pathway (Shi
et al., 2016), and augmentation of pro-survival signaling molecules
(Chang et al., 2014). Our results suggest a similar potentiation of
pro-survival signaling may be involved in the greater protection
observed with exercise and BBJ intake in our PD model.

Epidemiological data suggests that exercise or diets rich in poly-
phenols reduce the risk of developing PD (Tsai et al., 2002; Chen et al.,
2005; Gao et al., 2007; Gao et al., 2012) and may be an adjunct symp-
tomatic treatment for PD patients. Our results raise the possibility that
combined use of exercise and consumption of polyphenol-rich foods
may impart neuroprotective benefits greater than either of these treat-
ments alone. Rats in the current experiment exercised vigorously, and
although it has been inferred that such intense exercise is needed for
protection (Gerecke et al., 2010), whether such intense exercise is also
needed if it is paired with intake of a polyphenol-rich diet is unknown. If
lower levels of exercise paired with intake of polyphenol-rich foods can
impart greater benefit, this would be of particular clinical significance as
those individuals who are unable or unwilling to perform exercise at
such a high level could still reap the benefits of this combined therapy.
Additional studies examining different “doses” of exercise with poly-
phenol intake are therefore needed. As PD is an age-related neurological
disorder that affects motor function, it will also be clinically relevant to
access whether similar results can be achieved with exercise and a
polyphenol-rich diet in older animals as they are known to run signifi-
cantly less than their younger counterparts. It will also be important to
assess if combined intervention is beneficial when instituted after
damage has already occurred. Whereas some studies have shown that
the motor and non-motor symptoms of PD can be attenuated with
moderate to intense exercise in PD patients (Schenkman et al., 2018;
Tollar et al., 2019; van der Kolk et al., 2019), the ability of patients to
maintain these high levels of exercise as the disease progresses will
wane. If concurrent maintenance on a polyphenol-rich diet can poten-
tiate the effects of these lower levels of exercise on symptom relief, even
in the absence of effects on the underlying pathology, the benefits of
exercise may be extended into the latter stages of the disease.

In conclusion, we show that voluntary running ameliorated behav-
ioral impairment and nigral DA neuronal death induced by 6-OHDA.
BBJ consumption per se did not attenuate nigrostriatal damage or
behavioral deficits in 6-OHDA-treated animals but potentiated the ef-
fects of exercise by improving behavioral performance and reducing the
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loss of striatal DA terminals concomitant with partial preservation of
nigral DA neurons. Exercise or the consumption of polyphenol-rich
foods have both separately been advanced as beneficial to PD patients
(Tsai et al., 2002; Chen et al., 2005; Gao et al., 2007; Gao et al., 2012).
The present data suggest that maintaining a polyphenol-rich diet con-
current with exercise may prove more beneficial than either treatment
alone, and thus may be a viable neuroprotective strategy against PD.
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