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Abstract The loss of nigral dopaminergic neurons typical in
Parkinson’s disease (PD) is responsible for hyperexcitability
of medium spiny neurons resulting in abnormal corticostriatal
glutamatergic synaptic drive. Considering the neuroprotective
effect of exercise, the changes promoted by exercise on
AMPA-type glutamate receptors (AMPARs), and the role of
activity-regulated cytoskeleton-associated protein (Arc) in the
AMPARSs trafficking, we studied the impact of short and long-
term treadmill exercise during evolution of the unilateral 6-
hydroxy-dopamine (6-OHDA) animal model of PD. Wistar
rats were divided into sedentary and exercised groups, with
and without lesion by 6-OHDA and followed up to 4 months.
The exercised groups were subjected to a moderate treadmill
exercise 3%/week. We measured the proteins tyrosine hydrox-
ylase (TH), Arc, GluAl, and GluA2/3 in the striatum,
substantia nigra, and motor cortex. Our results showed a
higher reduction of TH expression in all sedentary groups
when compared to all exercised groups in striatum and
substantia nigra. In general, larger changes occurred in the
striatum in the first and third months after training. After
1 month of exercise, there was significant increase of
GluA2/3 with concomitant reduction of GluAl and Arc. As
a balanced system, these changes were reversed in the third
month, showing an increase of Arc and GluAl and decrease
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of GluA2/3. Similar results for GluAs and Arc were observed
in the motor cortex of the exercised animals. These modifica-
tions may be relevant for corticostriatal circuits in PD, since
the exercise-dependent plasticity can modulate GluAs expres-
sion and maybe neuronal excitability.

Keywords AMPA receptors - Parkinson’s disease -
Cytoskeleton-associated protein - Exercise - 6-OHDA

Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease, characterized by the progressive loss of
the dopaminergic neurons in the substantia nigra pars
compacta (SNc) and a profound loss of dopamine (DA) in
the striatum (Blandini et al. 2000; Schober 2004; Logroscino
et al. 2006; Blesa et al. 2012). DA acts as a neuromodulator
regulating the glutamatergic inputs onto the principal neurons
and controls the striatal output (Calabresi et al. 2014; Gardoni
and Bellone 2015). Synaptic connections between cortical
glutamatergic neurons and dopamine receptors D1- and D2-
containing medium spiny neurons (MSNs) characterize the
corticostriatal circuits, and interactions between these systems
are important for the function of the basal ganglia (Segovia
et al. 2001; Kreitzer and Malenka 2008; Calabresi et al. 2014;
Toy et al. 2014; Petzinger et al. 2015). A loss of nigral dopa-
minergic neurons, as occurs in the pathophysiology of PD, is
responsible for hyperexcitability of MSNSs, reducing the abil-
ity of these neurons to modulate intracellular calcium levels
and resulting in abnormal corticostriatal glutamatergic synap-
tic drive (Bamford et al. 2004; Day et al. 2006; Petzinger et al.
2015; Shi et al. 2016). As a result of these changes in the
functional organization of the nigrostriatal pathway, the ability
to control voluntary movements is also progressively lost
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(Blandini et al. 2000; Dirnberger and Jahanshahi 2013;
Engeln 2013). Located in the postsynaptic MSN, «-amino-3
hydroxy-5-methyl-4-isooxazole-propionic acid receptors
(AMPARSs) convert the glutamate presynaptic chemical signal
in a postsynaptic electrical signal through Na* and Ca** mo-
bilization. The increase of the GluA2 subunit expression with-
in the AMPAR tetrameric complex creates an additional pos-
itive charge inside the pore of the channel, which prevents the
flow of cations, reducing calcium conductance and decreasing
the synaptic strength (Hollmann et al. 1991; Petzinger et al.
2015).

AMPARSs are regulated by the activity-regulated cytoskel-
eton-associated protein (Arc), which is an effector immediate-
early gene rapidly induced by different forms of neuronal
activity (Lyford et al. 1995; Rial Verde et al. 2006; Korb and
Finkbeiner 2011). Indeed, molecular studies indicate that Arc
modulates the AMPAR trafficking, directly interacting with
components of the endocytic pathway (endophilin 2/3 and
dynamin) (Chowdhury et al. 2006; Rial Verde et al. 2006).
The molecular mechanism underlying Arc selective endocy-
tosis of AMPA receptors remains unknown, although it is
clear that high levels of Arc accelerate the internalization of
AMPARSs, i.e., endocytosis of AMPARS is facilitated, whereas
deletion of Arc slows AMPAR endocytosis (Chowdhury et al.
2006; Rial Verde et al. 2006). Arc gene expression is broadly
responsive to neuronal activation by physiological stimuli
(Lyford et al. 1995; Guzowski et al. 2000) and by
dopamine-dependent mechanisms in the striatum (Fosnaugh
etal. 1995; Berke et al. 1998), as well as it plays an active role
in modifying long-term synaptic responses (Guzowski et al.
2000).

Exercise has been the subject of many studies because it
promotes important changes generating neuroplasticity and
potential lasting effects on both molecular and behavioral
levels (Dietrich et al. 2005; Arida et al. 2011). These
exercise-induced changes in brain connectivity may occur at
molecular and circuit levels and include essential components
that modulate neuroplasticity: neurotransmission, synapto-
genesis, and neurogenesis (Klein et al. 1996; Fahimi et al.
2016; Klein et al. 2016; Zhao et al. 2016). In studies with
animal models of PD, neuroprotection caused by exercise in-
volves angiogenesis (Al-Jarrah et al. 2010), changes in neuro-
transmitters and receptors (Henderson et al. 2003; Petzinger
et al. 2015), increased neurotrophins such as brain-derived
neurotrophic factor (BDNF) and glial-derived neurotrophic
factor (GDNF) (Yoon et al. 2007; Zigmond et al. 2009; Real
etal. 2013; Tuon et al. 2012), and enhanced functional recov-
ery after striatal lesions (Lau et al. 2011). In clinical studies
with PD patients, physical exercise improves motor perfor-
mance and daily activity with consequent improvement of
quality of life and reduces both the risk and mortality of PD
(Logroscino et al. 2006; Rafferty et al. 2016). Through acti-
vation of molecular and cellular cascades that support brain

plasticity, exercise has been shown to be inversely related with
neurodegenerative diseases (Alonso-Frech et al. 2011).
Considering the neuroprotective effect of treadmill exercise,
the changes promoted by exercise on AMPARs in animal
models of PD, and the role of Arc in the AMPARS trafficking
described above, we analyze here the impact of short and
long-term treadmill exercise in the expression of Arc and
AMPARSs during evolution of the unilateral 6-hydroxy-
dopamine (6-OHDA) animal model of PD.

Materials and Methods
Animals

Adult male Wistar rats (280-300 g, 3 months of age, from the
Institute of Biomedical Sciences of the University of Sao
Paulo) were housed in groups of three to four animals per cage
and were maintained on an inverted 12 h light/dark cycle
(Salgado-Delgado et al. 2008), with free access to food and
water. Rats were divided into experimental groups: (1) seden-
tary animals group without injury by 6-OHDA (control or
SED), (2) exercised animals group without injury by 6-
OHDA (Ex), (3) sedentary animals group with injury by 6-
OHDA (6-OHDA), and (4) exercised animals group with in-
jury by 6-OHDA (6-OHDA + Ex). All the groups were
followed up to 1-4 months. The experiments were carried
out in accordance with the guidelines of the National
Council for the control of Animal Experimentation
(CONCEA, Brazil), a constituent body of the Ministry of
Science, Technology, and Innovation (MCTI, Brazil). All pro-
tocols were approved by the Ethics Committee for Animal
Research of the Institute of Biomedical Sciences of the
University of Sdo Paulo (CEUA-ICB/USP, Brazil) (Protocol
number 113/2012).

Surgical Procedure

Rats were anesthetized with 2.2.2-tribromoethanol at 2.5%
(1 ml/100 g-250 mg/kg ip—Sigma®) and received unilateral
stereotaxic injections of 6-OHDA hydrochloride (Sigma®) in
saline and 0.3% ascorbic acid or vehicle in two different
places in the right striatum, using a micropipette connected
to a microinfusion pump (Real et al. 2013). Two points were
injected with 0.5 pl with 6 pg of 6-OHDA each, which results
in a total dose of 12 ug of 6-OHDA. Injections were per-
formed in the striatum at the following coordinates according
to a stereotaxic atlas (Paxinos and Watson 2005) with refer-
ences to bregma and dura mater: (1) anteroposterior (AP)
0.5 mm, lateral (LAT) 3 mm, and vertical (VERT) —4.5 mm
and (2) AP 1.2 mm, LAT 2.5 mm, and VERT —5 mm. The
micropipette was left in place for additional 5 min before
slowly retracting it. After finishing the infusion, the incision
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was sutured and the animals were kept isolated in cages until
complete recovery.

Treadmill Exercise

The animals that were selected to the exercised groups were
adapted for 2 days on a treadmill (KT 3000—IMBRAMED)
before surgery. Rats that refused running were excluded and
transferred to other studies. After adaptation, the animals were
subjected to a moderate treadmill exercise protocol (Garcia
et al. 2012; Real et al. 2013; Real et al. 2015) at a 10-m/min
speed for 40 min, three times a week, for 1, 2, 3, or 4 months.
The time of the training was the same for all training groups,
during the active period of the animal (Salgado-Delgado et al.
2008).

Immunoblotting

The animals were decapitated, and the midbrain, motor
cortex, and striatum (n = 5-8 per group) were quickly
collected in tubes, frozen in liquid nitrogen, and stored
at —80 °C until use. The procedure was performed accord-
ing to the protocol described previously in studies from
our group (Garcia et al. 2012; Real et al. 2013; Real et al.
2015). Protein amount equivalent to 50 pg was subjected
to separation by electrophoresis with constant current of
25 mA on acrylamide gels of 8 and 12% sodium dodecyl
sulfate SDS (Bio-Rad, USA). After electrophoretic sepa-
ration, the proteins were transferred to a nitrocellulose
membrane. The membranes were incubated with antibod-
ies against TH 56—60 kDa (MAB 5280) (1:1000), Arc
55 kDa (SC-15325) (1: 250), GluAl 99 kDa (AB 1504)
(1:1000), and GluA2/3 98 kDa (AB1506) (1:1000). An
antibody against 3-actin 42 kDa (1:10,000) was used as
an internal control. The bound antibodies were developed
using the ECL kit (Bio-Rad, USA) for chemilumines-
cence. Bands were captured with the scanner SCAN-C
(Li-Cor, USA) and analyzed for optical density of the
immunoreactivity using its own software (C-Digit, USA).

Immunohistochemistry

The animals (n = 3-5 per group) were anesthetized with
ketamine (100 mg/kg) and xylazine (25 mg/kg) intraperi-
toneally and subjected to transcardiac perfusion with 0.9%
saline followed by fixative solution of 4% paraformalde-
hyde dissolved in phosphate buffer (0.1 M PB, pH 7.4).
After perfusion, the brains were collected and postfixed
for 4—6 h. After this period, the material was transferred
to a cryoprotectant solution of 30% sucrose in 0.1 M PB.
Tissues were cut to a thickness of 30 um on a sliding
freezing microtome. For immunostaining of SN¢, motor
cortex, and striatum, we used a protocol previously
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described in other studies of our group (Garcia et al.
2012; Real et al. 2013; Real et al. 2015). We used the
same antibodies used in the immunoblotting technique.
The brain sections were incubated overnight at 22 °C,
with a primary antibody solution (5% normal goat serum
in 0.3% Triton X-100 in PB). The secondary antibody
solution was diluted 1:200 and incubated with the sec-
tions for 2 h. The sections were processed with ABC
Elite Kit (Vector Labs, CA, USA) for 2 h, and the labeling
was developed with 0.05% diaminobenzidine tetrahydro-
chloride and 0.03% (final concentration) hydrogen perox-
ide in PB. The qualitative analysis of the material and
quantification by densitometry was performed using an
optical microscope (E1000, Nikon) coupled to a digital
camera and the ImageJ] software (NIH, USA). The final
data in the graphs and tables represent the ratio between
cell number and optical density mean for experimental
and for control hemispheres. For each hemisphere, five
histological sections for each region per animal were an-
alyzed. For the striatum, the analysis was performed in the
dorsolateral area between bregma 1.52 and —0.48 mm. For
the motor cortex, data were collected from both the pri-
mary and secondary motor cortex (between bregma 2.52
and 1.44 mm), and for the substantia nigra, from the area
between bregma —4.68 and —5.28 mm. Analysis was per-
formed using the ImageJ Analyze Particle plugin, cells
between 50 and 300 pixels, in two areas of ca.
0.40 mm? in motor cortex for Arc, GluAl, and GluA2/3,
as well as two areas of ca. 0.10 mm? in CPu for GluAl
and GluA2/3 and of ca. 0.55 mm? in the CPu for Arc. TH
staining in the CPu was evaluated by relative optical den-
sity in five areas of ca. 0.10 mm? each. In the SNc, anal-
ysis of Arc and TH was performed by counting manually
the number of labeled cells per square millimter using the
cell counter plugin.

Statistical Analysis

Data were normalized to sedentary animals group without
injury by 6-OHDA 1 m (control group). To compare all
groups (6-OHDA and 6-OHDA + Ex) with control group,
we used one-way ANOVA and Dunnett’s post hoc test. To
compare 6-OHDA groups with 6-OHDA + Ex groups, we
used two-way ANOVA and Tukey’s post hoc test; p < 0.05
was adopted as the significance level. Data were expressed in
the table as mean = SEM (Statistica 13). F' value described in
the figure legends shows the significance of two-way ANOVA
between the categorical factors: exercise and time after injury
by 6-OHDA (1, 2, 3, and 4 months). In text, the results were
expressed in percentage of control, between groups (6-OHDA
and 6-OHDA + Ex), between different times in the same
group (6-OHDA 1, 2, 3, and 4 m or 6-OHDA + Ex 1, 2, 3,
and 4 m), and between Ex and 6-OHDA + Ex groups.
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Results

Tables land 2, in supplementary data, summarize the immu-
nohistochemistry and immunoblotting data (mean + SEM),
respectively. Below, the data will be divided by proteins ana-
lyzed, by structures, and by groups of interest.

Tyrosine Hydroxylase

After the 6-OHDA injection, there were changes in TH in the
striatum and substantia nigra, as shown by immunohistochem-
istry and immunoblotting techniques (Fig. 1). There was a
variation between the data for immunohistochemistry and im-
munoblotting, possibly because larger areas were analyzed in
immunoblotting (all the striatum and midbrain). TH decreased
in the following groups: 6-OHDA 1, 2, 3, and 4 m groups
compared to the control group (ca. 40% in all groups). In the
6-OHDA + Ex 1 and 2 m groups, TH staining was also re-
duced compared to the control group (ca. 20% in both
groups). After 3 and 4 months of exercise, there was no
change in TH staining in relation to control. Comparing the
6-OHDA with 6-OHDA + Ex groups, a larger reduction (be-
tween 40 and 50%) was observed in the TH levels in 6-OHDA
groups. Comparing the exercise groups in different times,
there was less neuronal death in 6-OHDA + Ex 3 and 4 m
groups compared to 6-OHDA + Ex 1 m group (19%)
(Fig. 1b). In the immunoblotting data, all sedentary groups
revealed a high reduction in the TH levels compared to the
control group (ca. 65%). The 6-OHDA + Ex 1, 2, and 3 m
groups showed a decrease of expression of ca. 40% when
compared to the control group, and 6-OHDA + Ex 4 m has
a lower expression of ca. 30% compared to control group. The
6-OHDA + Ex 1, 2, 3, and 4 m groups showed an increased
expression compared to the 6-OHDA 1, 2, 3, and 4 m groups
(111, 88, 83, and 100%, respectively) (Fig. 1c).

In the SNc, there was a decrease of TH staining of approx-
imately 60% in the 6-OHDA + Ex groups compared to the
control group and approximately 75% in 6-OHDA groups
compared to control groups. Comparing the 6-OHDA with
6-OHDA + Ex groups, a larger reduction was observed for
TH levels in 6-OHDA groups (1 m 79%, 2 m 104%, 3 m 48%,
and 4 m 59%) (Fig. le). Immunoblotting data showed a de-
crease of TH staining of approximately 50% in the 6-
OHDA + Ex groups compared to control group and approxi-
mately 60% in 6-OHDA groups compared to control groups.
There was no difference between groups (Fig. 1f).

Arc

In striatum, data showed that the 6-OHDA + Ex 3 m group has
a higher expression of Arc compared to control group (54%)
and 6-OHDA 3 m group (44%). In addition, the 6-OHDA +
Ex 1 m group showed a lower Arc expression compared to 6-

OHDA + Ex 2, 3, and 4 m groups (39, 53, and 45%, respec-
tively). 6-OHDA + Ex 4 m has a higher expression of Arc
compared with control group (33%) (Fig. 2b). The immuno-
blotting results showed an increased expression of Arc in the
6-OHDA + Ex 3 m group compared to control group (89%)
and 6-OHDA 3 m group (200%). The 6-OHDA + Ex 3 m
group showed a higher expression of Arc compared to 6-
OHDA + Ex 1, 2, and 4 m groups (262, 192, and 169%,
respectively). The 6-OHDA 1, 2, 3, and 4 m groups and 6-
OHDA + Ex 1, 2, and 4 m groups showed a lower expression
of Arc compared with the control group (ca. 40%) (Fig. 2¢).

In addition, we noted changes in Arc expression in the
motor cortex of the animals. The 6-OHDA + Ex 1 m group
showed a decreased expression of Arc compared to 6-OHDA
1 m group (25%), and the 6-OHDA + Ex 2, 3, and 4 m groups
(24,29, and 17%, respectively). The 6-OHDA + Ex 2 m group
showed an increased expression compared to control group
(23%). The 6-OHDA + Ex 3 m group showed increased ex-
pression of 32% when compared to control group and 43%
when compared to the 6-OHDA 3 m group. The 6-OHDA +
Ex 4 m group showed a reduced expression of Arc compared
to 6-OHDA 4 m group (29%) and higher expression when
compared to control group (13%). The 6-OHDA 1, 2, and
4 m groups showed an increased expression of Arc when
compared to the control group (24, 30, and 60%, respective-
ly). The 6-OHDA 3 m group showed a lower expression of
Arc compared to 6-OHDA 1, 2, and 4 m groups (26, 29, and
42%, respectively) (Fig. 2e). The immunoblotting results
showed an increased expression of Arc in the 6-OHDA + Ex
3 m group compared to the control group (64%) and 6-OHDA
3 m group (34%). The 6-OHDA 1, 2, and 3 m groups and 6-
OHDA + Ex 2 and 4 m groups showed higher expression
compared to control group (ca. 20%). The 6-OHDA 3 m
group exhibited a lower expression compared to control group
(ca. 10%) (Fig. 2f).

AMPA Glutamate Receptors

We observed in the motor cortex and striatum the two types of
AMPA receptors evaluated, namely those containing GluA1
and GluA2/3.

In the striatal immunoblotting, the 6-OHDA + Ex 4 m
group showed higher expression of GluAl compared to 6-
OHDA 4 m group (30%); 6-OHDA + Ex 1, 2, and 3 m groups
(40, 30, and 29%, respectively); and control group (80%). The
6-OHDA 4 m group and 6-OHDA + Ex 2 and 3 m groups
showed a higher expression compared to control group (ca.
30%) (Fig. 3a, b).

In the motor cortex, there was an increase of GluA1l ex-
pression in the 6-OHDA + Ex 3 m group compared to the
control group (69%) and 6-OHDA + Ex 1, 2, and 4 m groups
(69, 56, and 50%, respectively) (Fig. 3e). The immunoblotting
technique showed a lower expression of GluAl in the 6-
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Fig. 1 a, d Digital images of coronal sections stained for TH in the
striatum and SN, respectively. b Relative optical density for TH in the
striatum (F(3,24) = 6.771, p = 0.002 for time after injury and
F(1,24) = 183.6, p < 0.0001 for exercise). ¢ Mean ratio of TH
densitometry density data in relation to (3-actin in the striatum and typical
immunoblots in each condition (#(3,37) = 4.986, p = 0.005 for time after
injury and F(1,37) = 90.17, p < 0.0001 for exercise). e Ratio between

OHDA + Ex 1 m group compared to 6-OHDA + Ex 2, 3, and
4 m groups (ca. 65%) and control group (ca.70%) (Fig. 3f).

The striatum data showed an increased expression of
GluA2/3 in the 6-OHDA + Ex 1 m group compared to the
6-OHDA 1 m group (68%) and the 6-OHDA + Ex 3 m group
(86%). The 6-OHDA 4 m group and 6-OHDA + Ex 3 m group
showed reduced expression compared to control group (ca.
35%) (Fig. 4a). In the immunoblotting, the 6-OHDA + Ex
1 m group showed a higher expression of GluA2/3 compared
to 6-OHDA 1 m group (41%), 6-OHDA + Ex 3 m group
(33%), and control group (48%) (Fig. 4b).

The motor cortex data showed an increased expression of
GluA2/3 in the 6-OHDA + Ex 2 m group compared to the
control group (40%). The 6-OHDA + Ex 3 m group showed
an increased expression compared to the control group (52%)
and 6-OHDA 3 m group (51%). In addition, the 6-OHDA +
Ex 3 m group showed a higher expression compared to 6-
OHDA + Ex | and 4 m groups (50 and 48%, respectively)
(Fig. 4e). In the immunoblotting, the 6OHDA 2 m group and
6-OHDA + Ex 2 and 3 m groups showed higher expression
compared to the control group (66, 106, and 100%, respec-
tively) (Fig. 4f).

Discussion
The present study was designed to compare the effects of

physical exercise performed for short and long periods in the
brain of rats subjected to unilateral 6-OHDA injections. We
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decided to use the present exercise protocol (intermittent ex-
ercise) because it is closer to the reality and more feasible to
PD patients. We could then correlate and/or observe the syn-
chrony of the changes that occur during physical training over
long periods after dopaminergic depletion.

We found that when compared to sedentary groups, the
exercised animals showed a dopaminergic neuroprotection
observed by less cell death in the SNc and larger TH expres-
sion in the striatum that occurred during the first month, when
the 6-OHDA is still promoting cell death. In the following
months, this neuroprotection remains, since the same percent-
age of dopaminergic cells is apparent within the SNc and may
be an improvement in dopamine release produced by the larg-
er TH expression in the striatum. Studies revealed no changes
in TH expression levels compared to the control group in the
striatum of an exercised animal model of PD (Tajiri et al.
2010; Real et al. 2013). On the other hand, in our study, only
in the third month, the changes in TH levels were not signif-
icant when compared to control animals. Maybe this is due to
the dose of 6-OHDA injected in animals. The models used in
other studies were mild lesions (5—6 pg/pul of 6-OHDA),
whereas in this study, we used a moderate dose (12 pg/pl)
to induce a PD-like state, taking a longer time for exercised
animals to recover the dopaminergic system to baseline levels.
The beneficial effects of exercise evidenced in the cellular
techniques accompany the functional benefit evidenced in be-
havioral tests. Several studies have shown that regardless of
the type and the time of exercise performed, it is able to de-
crease the rotational asymmetry (rotational tests) caused by
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Fig. 2 a Ratio between experimental and control hemispheres for Arc in
the striatum (interaction between factors: F(3,24) = 8.614, p = 0.0005). b
Mean ratio of Arc densitometry density data in relation to (3-actin in the
striatum and typical immunoblots in each condition (interaction between
factors: F(3,34) = 44.57, p < 0.0001). ¢, d Digital images of coronal
sections of the striatum and motor cortex, respectively, stained for Arc.
e Ratio between experimental and control hemispheres for Arc in the
motor cortex (interaction between factors: F(3,40) = 71.81, p < 0.0001).

dopamine depletion (Yoon et al. 2007; Tajiri et al. 2010; Real
et al. 2013). This improvement in TH expression in the stria-
tum after long-term exercise may be due to compensatory
mechanisms of remaining dopaminergic cells (Zigmond
et al. 1990; McCallum et al. 2006), considering that the num-
ber of cells in the substantia nigra did not alter in exercised
animal model of PD during the 4 months of analysis. These

f Mean ratio of Arc densitometry density data in relation to 3-actin in the
motor cortex and typical immunoblots in each condition (interaction be-
tween factors: F(3,24) = 7.089, p = 0.0008). Arc—>55 kDa. *p < 0.05;
*kp < 0.01; #4%p < 0.001; **+%p < 0.0001 vs control group. **p < 0.01;
°**p < 0.001; ****p < 0.0001 vs corresponding 6-OHDA group.
$5p < 0.0001 vs all exercise groups. ®™™p < 0.01; "™*p < 0.001;

'» < 0.0001 vs 6-OHDA + Ex 1 m. Scale: 100 um

mechanisms try to maintain a sufficient concentration of do-
pamine in the striatum, which include responses such as in-
creased synthesis, metabolism, and release of dopamine
(Zigmond et al. 1990; Deumens et al. 2002).

The depletion of dopamine in the basal ganglia leads to
glutamatergic corticostriatal hyperexcitability at the level of
striatal MSN, which contributes to the PD motor deficits
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Fig.3 a Ratio between experimental and control hemispheres for GluA1
in the striatum. b Mean ratio of GluA1l densitometry density data in
relation to {3-actin in the striatum and typical immunoblots in each con-
dition (interaction between factors: F(3,20) = 7.005, p = 0.002). ¢, d
Digital images of coronal sections of the striatum and motor cortex, re-
spectively, stained for GluA1. e Ratio between experimental and control
hemispheres for GluA1 in the motor cortex (interaction between factors:
F(3,16) = 6.337, p = 0.005). f Mean ratio of GluA1 densitometry density

(VanLeeuwen et al. 2010; Calabresi et al. 2014). Exercise may
reduce corticostriatal hyperactivity by diminishing AMPAR-
mediated conductance, since when the AMPARSs include the
GluA2 subunit in its constitution, there is a reduction in per-
meability to calcium and consequently low conductance
(Isaac et al. 2007; VanLeeuwen et al. 2010; Petzinger et al.
2013). Our data showed that physical exercise on a treadmill,
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data in relation to 3-actin in the motor cortex and typical immunoblots in
each condition (interaction between factors: F(3,26) = 4.824, p = 0.008).
GluA1-99 kDa. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs
control group. ***p < 0.001 vs correspondmg 6-OHDA. "™"p < 0.001;
mmEm, <0.0001 vs 6-OHDA + Ex 4 m group. °p < 0.05; %%p < 0.01 vs 6-
OHDA + Ex 3 m. *p < 0.05; #p < 0.01 vs 6-OHDA + Ex 1 m. Scale:
100 um for mCx and 50 pum for striatum

even at short-term, already promotes an increase of GluA2/3
receptors in the striatum. This increased expression in the first
month occurs only in the PD-like animals, suggesting that this
change in GluA2/3 can occur in response to dopamine deple-
tion. In the motor cortex, this change begins to be observed
from the second month of exercise. Concomitant with these
results, we noted that especially after 1 month of exercise, the
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Fig. 4 a Ratio between experimental and control hemispheres for
GluA2/3 in the striatum (interaction between factors: F(3,16) = 5.715,
p=0.007). b Mean ratio of GluA2/3 densitometry density data in relation
to (-actin in the striatum and typical immunoblots in each condition
(interaction between factors: F(3,22) = 3.135, p = 0.05). ¢, d Digital
images of coronal sections of the striatum and motor cortex, respectively,
stained for GluA2/3. e Ratio between experimental and control hemi-
spheres for GluA2/3 in the motor cortex (F(3,16) = 7.789, p = 0.002 for

GluAl expression in the striatum of PD-like animals had an
inverse relationship with GluA2/3. This reduction of GluAl
suggests a reduction of hyperexcitability, since the presence of
homotetramer GluA1 channels produces higher conductance
due to their permeability to calcium (Plant et al. 2006). Our
GluA2/3 data corroborate another study in which MPTP
mouse models of PD submitted to short-term exercise

time after injury and F(1,16) = 22.64, p = 0.0002 for exercise). f Mean
ratio of GluA2/3 densitometry density data in relation to (3-actin in the
motor cortex and typical immunoblots in each condition (£(3,27) = 6.155,
p=0.002 for time after injury and F(1,27) = 6.666, p = 0.01 for exercise).
GluA2/3—98 kDa. *p < 0.05; **p < 0.01 vs control group. **p < 0.01 vs
corresponding 6-OHDA group. "p < 0.05; ®®p < 0.01 vs 6-OHDA + Ex
3 m. Scale: 100 um for mCx and 50 um for striatum

(28 days) exhibited increased GluA2 expression, as well as
there was an increase in the phosphorylated state of GluA2 at
serine 880, which has been associated with increased traffick-
ing of AMPARS, no increase in the amplitude and frequency
of excitatory postsynaptic current (EPSC), and thus a decrease
of glutamatergic excitability (VanLeeuwen et al. 2010). With
the continuity of the exercise for a few months, it was noted
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that expression of AMPARs still had oscillations. Three
months of exercise decrease GluA2/3 and increase GluAl
positive cells, and after 4 months of exercise, the AMPAR
levels were similar to those at 1 month. These GluA2/3 recep-
tor oscillations appear to be synchronized with the Arc protein
oscillations. For instance, the group of PD-like animals trained
for 1 month exhibited an intense reduction of Arc expression.
After 3 months of training, a clear reversal of the levels oc-
curred, suggesting a possible homeostatic function. In both
striatum and motor cortex, the Arc expression occurs increas-
ingly in control animals that performed exercise (data not
shown), showing no oscillations as those observed in animals
with dopaminergic depletion. This may suggest that these var-
iations in Arc levels seem to occur to compensate the dopa-
minergic dysfunction. Studies showed that changes in Arc
expression are capable of modifying the trafficking of
AMPA type receptors (Chowdhury et al. 2006; Rial Verde
et al. 2006). This occurs due to the binding of the Arc protein
to two major proteins responsible for regulating the kinetics,
spatial distribution, and induction of endocytosis. Thus, high
levels of Arc can accelerate the internalization of AMPARs
(mainly GluA1 and GluA2) whereas deleted or decreased Arc
expression slows endocytosis (Chowdhury et al. 2006; Rial
Verde et al. 2006). As an immediate-early gene, Arc is dynam-
ically regulated by neuronal activity (Steward et al. 1998; Rao
et al. 2006); however, we observed that when there was a
dopaminergic striatal depletion, Arc tends to remain in a re-
duced amount due to the possible interactions with gluta-
matergic receptors. This relationship between Arc and
AMPARs also occurs in the motor cortex. Interestingly, in
general, in the time points in which there was an increase of
GluA2/3 with reduction of Arc in the striatum, there was a
reduction of GluA2/3 with an increase of Arc in the motor
cortex. This homeostatic balance between Arc and AMPARs
seems to be involved with exercise-dependent plasticity,
through the optimal control of the levels of those receptors
in the membrane, which could modulate the neuronal excit-
ability. Thus, our AMPAR and Arc data suggest that other
mechanisms may participate in the beneficial effects of exer-
cise in PD, complementing previous studies that describe the
role of neurotrophic factors, such as BDNF, as demonstrated
by other authors (Lau et al. 2011; Wu et al. 2011; Tuon et al.
2012; Zoladz et al. 2014) and by our group (Real et al. 2013),
angiogenesis (Al-Jarrah et al. 2010), and axonal and dopami-
nergic sprouting (Finkelstein et al. 2000; Song and Haber
2000), among other mechanisms, such as changes in nitric
oxide levels (Tuon et al. 2015).

Conclusions

This study suggests that the exercise-dependent neuroprotec-
tion in the 6-OHDA animal model of PD involves the balance
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of expression of AMPARSs possibly regulated by Arc, which
are both directly involved with neuronal plasticity. During
4 months of this protocol, different mechanisms can be in-
volved in the neuroprotection considering that the changes
in the receptors were different for each time point. In addition,
possible compensatory mechanisms appear to be additive,
since improvement in TH levels in the striatum was observed
after long-term exercise which suggests progressive beneficial
effects of exercise in the model used here.
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