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Abstract: Parkinson’s disease (PD) is a prevalent motor disease caused by the accumulation of
mutated α-synuclein (α-Syn); however, its early stages are also characterized by non-motor symp-
toms, such as olfactory loss, cognitive decline, depression, and anxiety. The therapeutic effects of
environmental enrichment (EE) on motor recovery have been reported, but its effects on non-motor
symptoms remain unclear. Herein, we reveal the beneficial effects of EE on PD-related non-motor
symptoms and changes in synaptic plasticity in the nucleus accumbens. To investigate its therapeu-
tic effects in the early phase of PD, we randomly assigned eight-month-old mice overexpressing
human A53T (hA53T) α-Syn to either the EE or standard condition groups for two months. Next,
we performed behavioral tests and biochemical and histological analyses at 10 months of age. EE
significantly alleviated locomotor hyperactivity and anxiety during the early stages of PD. It nor-
malized the levels of tyrosine hydroxylase, phosphorylated and oligomeric α-Syn, and soluble
N-ethylmaleimide-sensitive factor attachment protein receptor complex-forming proteins, including
synaptosomal-associated protein, 25 kDa, syntaxin1, and vesicle-associated membrane protein 2
(VAMP2). Moreover, the interactions between VAMP2 and pSer129 α-Syn were markedly reduced fol-
lowing EE. The restoration of synaptic vesicle transportation status may underlie the neuroprotective
effects of EE in hA53T α-Syn mice.

Keywords: Parkinson’s disease; environmental enrichment; alpha-synuclein; vesicle-associated
membrane protein 2; nucleus accumbens

1. Introduction

Alpha-synuclein (α-Syn) is the main constituent of the neuropathological lesions
found in patients with Parkinson’s disease (PD), Lewy body dementia, multiple system
atrophy, and other disorders collectively known as α-synucleinopathies [1–3]. Alpha-
synuclein (α-Syn) is a protein that is widely distributed in the presynaptic nerve terminal,
and its role has not yet been fully elucidated. However, there is accumulating evidence
regarding its relationship with vesicle trafficking. The number of presynaptic vesicles
decreases when α-Syn levels decrease in primary hippocampal neurons [4]. Moreover,
aggregated α-Syn acts as a negative regulator of neurotransmitter release in mice expressing
mutant human α-Syn [5,6]. Although normal levels of α-Syn assist with vesicle trafficking,
α-Syn overexpression interferes with vesicle trafficking [7] and neurotransmitter release
by inhibiting the recycling of synaptic vesicle proteins [8,9]. α-Syn directly binds to
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synaptobrevin-2, vesicle-associated membrane protein 2 (VAMP2) [10], and acidic lipid-
containing membranes [11].

In particular, the A53T mutation of α-Syn is a point mutation that causes familial PD.
There are more Lewy bodies and higher levels of phosphorylated α-Syn in human A53T
(hA53T) mutant mice [4,5]. Mice with PD overexpressing hA53T α-Syn show progressive
motor [12,13] and non-motor dysfunctions [14–16]. Non-motor symptoms, such as hy-
posmia [14], hyperactivity [15], and anxiety [14,16], have been found in 7–12-month-old
transgenic mice. Dysfunction of axonal transportation by synaptophysin-positive vesicles
has also been shown in the hA53T transgenic α-Syn model [17].

The pathogenesis of PD is associated with the dysfunction of various brain regions,
such as the substantia nigra pars compacta (SNpc), striatum, and cortex, with an increased
degree of α-Syn pathology [18]. Among these brain regions, the nucleus accumbens (NAc),
a part of the ventral striatum, is the brain region that is mainly responsible for reward
and emotional processes and it has been implicated in psychiatric and neurodegenerative
diseases, such as PD [19–21]. The manifestation of non-motor symptoms is related to
neurochemical changes and the brain reward circuit, including the NAc in PD [19,22].
Unger et al. confirmed the increase in locomotor hyperactivity in mice with an A53T
mutation and the decrease in dopamine transporter in the NAc [15]. Given the increasing
interest in the NAc, various treatments and interventions specific to this brain region have
been conducted to alleviate the non-motor symptoms of PD [23–25].

We utilized environmental enrichment (EE) as a potential treatment for PD in this
study. EE is a method of breeding animals in a large cage containing running wheels and
novel objects, and providing social interactions in the form of a complex stimulus mixture
comprising physical, cognitive, and social experiences [26]. In clinical studies, EE has been
used as rehabilitation therapy for patients [27,28]. Epidemiological studies have supported
a link between hard exercise and a reduced risk of PD [29,30]. Additionally, many studies
examining the effects of exercise on normal aging or PD support the advantages of exercise,
physical activity, and EE [31–33]. The therapeutic effects of EE in the behavioral recuperation
of motor function in a mouse model of PD pathology induced by the administration of 1-
methyl-4-phenyl-1,2,3,6-tetrahydrophyridine (MPTP) have been reported [34,35]. However,
there have been no studies, to our knowledge, regarding the effects of EE on non-motor
symptoms during the pre-motor phase in mice overexpressing hA53T α-Syn. Through a
transgenic mouse model of PD, this study showed the influence of EE on the induction of
synaptic plasticity in the striatum and NAc in the initial phase of PD.

2. Materials and Methods
2.1. Transgenic Mouse Model of Parkinson’s Disease

The hA53T α-Syn transgenic line G2-3 mice (B6.Cg-Tg (Prnp-SNCA*A53T) 23Mkle/J;
Jackson Laboratories, stock no. 006823, Bar Harbor, ME, USA) were bred with wild-type
(WT) mice to obtain WT and hemizygous mice. All animals were raised in a facility
qualified by the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) and provided with food and water ad libitum with a 12-h light/dark cycle
(8:00–20:00 light, 20:00–8:00 dark) according to the regulations for animal protection. All
the behavioral experiments were conducted during the light cycle. The experimental
procedures were approved by the Yonsei University Health System Institutional Animal
Care and Use Committee (YUHS-IACUC approval number 2017-0039).

2.2. Genotyping

Genotyping of mice was performed according to the manufacturer’s protocol (Jackson
Laboratories). Genomic DNA was obtained from a 2 mm piece of each three-week-old
mouse’s tail using a prepGEM Tissue Kit (ZyGEM, PUN0100, Hamilton, New Zealand).
The mouse tail tissue was incubated with 1 µL of prepGEM, 10 µL of Buffer Gold, and
89 µL of autoclaved deionized distilled water at 75 ◦C for 15 min and 95 ◦C for 5 min. The
following primers were used for polymerase chain reaction (PCR): forward, 5′-TCA TGA
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AAG GAC TTT CAA AGG C-3′; transgene reverse, 5′-CCT CCC CCA GCC TAG ACC-3′

(transgene = ~500 bp); internal positive control forward, 5′-CTA GGC CAC AGA ATT GAA
AGA TCT-3′; and internal positive control reverse, 5′-GTA GGT GGA AAT TCT AGC ATC
C-3′ (internal positive control = 324 bp). Electrophoresis was performed by loading 10 µL
of each PCR product onto a 1.5% agarose gel.

2.3. Housing Conditions

At eight months of age, the mice were randomly separated into standard cages (SC)
or subjected to EE for two months. Standard housing environments included common
housing cages (27 × 22.5 × 14 cm3) without any novel objects. The control mice were
housed for two months in SC (five mice/cage). The mice subjected to EE were housed in a
large cage (86 × 76 × 31 cm3) that included tunnels, shelters, toys, and running wheels for
voluntary exercise, and conditions allowing for social interactions (10 mice/cage) for the
same duration. The subjects were relocated once per week.

2.4. Behavioral Assessment

All behavioral tests were conducted on mice aged eight and 10 months.

2.4.1. Grip Strength Test

A grip strength test was performed using the SDI Grip Strength System (San Diego
Instruments Inc., San Diego, CA, USA), which consists of a push-pull strain gauge. Each
animal grasped a triangular metal wire (2 mm in diameter) with its forepaws and its tail
was pulled until the animal lost its grip on the wire. The machine automatically recorded
the peak force in gram-force.

2.4.2. Hanging Wire Test

The mice were hung by their forepaws from a horizontal rod (5 × 5 mm2 area, 35 cm
length, between two poles 50 cm high). The mice tended to use their hind limbs to prevent
themselves from falling and to aid their progression along the wire. For this test, the
latencies to fall from the wire were recorded for 60 s [36].

2.4.3. Cylinder Test

When mice are placed in a transplant plexiglass cylinder 8 cm in diameter and 18 cm
in height, they spontaneously stood up and use their forepaws for support. For this test,
the number of forelimbs touching the cylinder wall (Jeung Do B&P, Seoul, Korea) while the
animal stood up was counted over a period of 5 min [37].

2.4.4. Open Field Test

An open field test was performed for 25 min when the mice were 10 months old to
determine whether EE exposure influenced locomotor activity. Activity was recorded in
a square area measuring 30 × 30 × 30 cm3. The total distance traveled by the mice was
recorded for 25 min. The floor of the area was composed of 16 sectors. The four inner
sectors represented the center and the 12 outer sectors, the periphery. The total time spent
in the 12 outer sections was recorded as a sign of anxiety [38,39]. Mice were individually
placed in the periphery of the area and allowed to explore spontaneously for 25 min while
being recorded with a video camera. The resulting data were obtained and analyzed using
the Smart Vision 2.5.21 (Panlab, Barcelona, Spain) video tracking system.

2.5. RNA Extraction

Mice were euthanized and perfused with cold 1 × phosphate buffered saline at
10 months of age. Total RNA was extracted from the striatum and NAc of the mouse
brains using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The purity
of the extracted RNA was assessed using a Nanodrop-2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Purified total RNA (1 µg) was used as a template to
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produce complementary DNA (cDNA) using the ReverTra Ace qPCR RT master mix with
gDNA remover (TOYOBO, FSQ-301, Osaka, Japan).

2.6. Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)

The PCR reactions were performed using 1 µL of cDNA in a total volume of 20 µL. qRT-
PCR was performed in triplicate on a LightCycler 480 (Roche Applied Science, Mannheim,
Germany) using the LightCycler 480 SYBR Green master mix (Roche Applied Science,
PB20.12–20, Mannheim, Germany) with the following cycling conditions: amplifications
were started with a 5-min template preincubation step at 95 ◦C, followed by 40 cycles at
95 ◦C for 20 s, 62 ◦C for 20 s, and 72 ◦C for 15 s. Melting curve analysis was initiated at
95 ◦C for 5 s, followed by 1 min at 60 ◦C. The specificity of the product was confirmed by
melting curve analysis, which showed a distinctive single sharp peak with the expected
melting temperature for all samples. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used as an internal control. The relative expression level of each gene
of interest was determined using the 2−∆∆Ct method.

2.7. Western Blot Analysis

The striatum and NAc were lysed in 500 µL of cold RIPA buffer (50 mM Tris-HCl, pH
7.5, 1% Triton X-100, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), and 1% sodium
deoxycholate) with a protease inhibitor cocktail (Sigma Aldrich, 5871S, St. Louis, MO,
USA). The tissue lysates were centrifuged at 16,000× g at 4 ◦C for 20 min; the supernatants
were extracted and the protein contents were analyzed using the Bradford method. Ex-
tracted proteins (50 µg) were dissolved in sample buffer (Invitrogen Life Technologies,
500-0205, Carlsbad, CA, USA), incubated for 10 min at 80 ◦C, and separated on a 4–12%
SDS reducing polyacrylamide gel (Invitrogen Life Technologies, NP0322, Carlsbad, CA,
USA). The separated proteins were equally loaded and transferred onto polyvinylidene
difluoride membranes (Invitrogen Life Technologies, LC2002, Carlsbad, CA, USA) using a
trans-blot system (NovexR Mini-Cell; Invitrogen Life Technologies, 110501-1021, Carlsbad,
CA, USA). The blots were blocked for 1 h in Tris-buffered saline (TBS) (10 mM Tris-HCl, pH
7.5, 150 mM NaCl) containing 5% nonfat dry milk (Bio-Rad, 232100, Berkeley, CA, USA) at
25 ◦C and washed three times with TBS. Then, the blots were incubated at 4 ◦C overnight
with the following antibodies: antibodies against synaptosomal-associated protein, 25 kDa
(SNAP-25, 1:1000, Abcam, ab5666, Cambridge, UK); syntaxin1 (1:1000, Santa Cruz Biotech-
nology, Santa Cruz, sc-12736, CA, USA); VAMP2 (1:1000, Abcam, ab181869, Cambridge,
UK); solute carrier family 6 (neurotransmitter transporter, dopamine), member 3 (Slc6a3,
1:1000, Chemicon, AMT-003, Pemecula, CA, USA); dopamine receptor D1 (Drd1, 1:1000,
Proteintech, 17934-1-AP, Manchester, UK); Drd2 (1:1000, Abcam, ab32349, Cambridge,
UK); α-Syn (1:1000, Abcam, ab138501, Cambridge, UK); human pSer129 α-Syn (1:1000,
Abcam, ab168381, Cambridge, UK); and tyrosine hydroxylase (TH, 1:1000, Sigma Aldrich,
T1299, St. Louis, MO, USA) diluted in Tris-buffered Saline, 0.1% TWEEN® 20 (10 mM
Tris pH 7.5, 150 mM NaCl, and 0.02% Tween 20) with 3% nonfat dry milk. After incuba-
tion, the blots were rinsed three times with TBST and incubated for 1 h with horseradish
peroxidase-conjugated secondary antibodies (1:3000, Santa Cruz Biotechnology, anti-rabbit;
sc-2357, anti-mouse; sc-516102, Santa Cruz, CA, USA) at room temperature. Antibodies
against the housekeeping gene (actin) were also used (1:1000, Santa Cruz Biotechnology,
sc-47778, Santa Cruz, CA, USA). After washing with TBST, the blots were visualized us-
ing an enhanced chemiluminescence (ECL) detection system (Sigma Aldrich, RPN2109,
St. Louis, MO, USA). The Western blot results were analyzed using the Multi Gauge system
(Fuji Photo Firm, version 3.0, Tokyo, Japan).

2.8. Immunohistochemistry (IHC)

The animals were euthanized and perfused with 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer, pH 7.4. Their brains were removed and post-fixed for 1 h, followed
by cryoprotection in 30% sucrose in TBS containing 0.02% sodium azide. The harvested
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brain tissues were cryo-sectioned at a thickness of 16 µm along the sagittal or coronal
plane, and IHC analysis was performed on four sections. For immunofluorescence double
labeling, the sections were stained with the following antibodies: antibodies against human
α-Syn (1:400, Abcam, ab138501, Cambridge, UK); human pSer129 α-Syn (1:100, Abcam,
ab168381, Cambridge, UK); and Slc6a3 (1:400, Chemicon, AMT-003, Pemecula, CA, USA),
and secondary antibodies, such as Alexa Fluor® 488 goat anti-rabbit (1:400, Invitrogen,
A110088, Carlsbad, CA, USA), Alexa Fluor® 594 anti-mouse (1:400, Invitrogen, A11005,
Carlsbad, CA, USA), and Alexa Fluor® 594 anti-rat (1:400, Abcam, ab150160, Cambridge,
UK). The sections were mounted on glass slides with fluorescent mounting medium con-
taining 4′,6-diamidino-2-phenylindole (Vector, H-1200; Vector, Burlingame, CA, USA).
To examine the expression of tyrosine hydroxylase (TH), experiments were performed
as described in previous studies [40,41]. The sections were then permeabilized with 1%
bovine serum albumin and 0.5% Triton-X in phosphate buffered saline for 30 min. After
overnight incubation with anti-TH antibodies (1:2000, Sigma Aldrich, T1299, St. Louis, MO,
USA), the sections were washed with 0.1 M phosphate buffer solution and biotinylated
with alkaline phosphatase-conjugated secondary antibody (1:400, Vectorshield, Vector,
BA-100, Burlingame, CA, USA) for 1 h, followed by treatment with peroxidase conjugated
with avidin-biotin complexes in phosphate buffer solution (1:200; Vectorshield, Vector,
PK-6100, Burlingame, CA, USA). The immunostaining was visualized using 0.01% 3,3-
diaminobenzidine (Sigma Aldrich, D5637-1G, St. Louis, MO, USA) and 0.012% hydrogen
peroxide in phosphate buffer solution. The stained sections were examined using a fluores-
cence microscope (Axio Imager M2, Zeiss, Gottingen, Germany) and a confocal microscope
(LSM700, Zeiss, Gottingen, Germany).

2.9. In Situ Proximity Ligation Assay (PLA)

Animals were euthanized and perfused with 4% PFA in 0.1 M phosphate buffer,
pH 7.4. Their brains were removed and post-fixed for 1 h, followed by cryoprotection
in 30% sucrose in TBS containing 0.02% sodium azide. The harvested brain tissues were
cryo-sectioned at a thickness of 16 µm along the sagittal or coronal plane. The sections were
stained with the following primary antibodies: antibodies against VAMP2 (1:400, Abcam,
ab181869, Cambridge, UK) and human pSer129 α-Syn (1:1000; FUJIFILM Wako Pure
Chemical Corporation, 015-25191, Tokyo, Japan), overnight at 4 ◦C to detect the interactions
between the VAMP2 and human pSer129 α-Syn proteins. After rinsing, the sections
were simmered with the secondary oligonucleotide-linked antibodies (The Duolink® kit,
DUO92102, Olink Bioscience, Uppsala, Sweden) provided in the kit. The oligonucleotides
attached to the antibodies were detected using a fluorescent probe (Detection Kit 563). The
specks were detected using confocal imaging (LSM700, Zeiss, Oberkochen, Germany). The
samples were analyzed and figures prepared using ZEN software (ZEN 3.0 blue edition,
Zeiss, Oberkochen, Germany).

2.10. Statistical Analysis

Statistical analysis was conducted using the Statistical Package for Social Sciences
(SPSS) software (IBM Corp., released in 2017) and IBM SPSS Statistics for Windows (ver-
sion 25.0. software, IBM Corp., Armonk, NY, USA). Data are expressed as the mean ±
standard error of the mean. The results of behavioral tests, qRT-PCR, Western blotting, and
IHC were analyzed by one-way analysis of variance followed by a post-hoc Bonferroni test
to adjust the variance for multiple testing effects (WT control group (WT-CON), WT-EE,
PD-SC, and PD-EE). Statistical significance was set at p < 0.05.

3. Results
3.1. EE Ameliorates Hyperactivity and Anxiety but Not Motor Function in hA53T
α-Syn-Overexpressing Transgenic Mice

Eight-month-old WT or hA53T α-Syn mice were randomly allocated to either the EE
group (WT-EE, PD-EE) or SC group (WT-SC, PD-SC) (n = 15–25 per group) for two months
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(Figure 1A,B). Motor function tests were performed to determine whether motor symptoms
appeared in hA53T α-Syn mice at 10 months of age. The grip strength results showed no
significant differences among groups except for the WT-EE group. There were significant
differences between the WT-EE group and the other groups (Figure 1C). The endurance
time in the hanging wire test was not significantly different between all groups except for
the WT-EE group, which showed significant differences compared to those in the other
groups (Figure 1D). There were no significant differences in the grip strength and hanging
wire tests between the PD-SC and PD-EE groups, whereas there were significant differences
in those between the WT-SC and WT-EE groups. The rearing count in the cylinder test was
only different between the WT-EE and PD-SC groups (Figure 1E).

Figure 1. Environmental enrichment (EE) ameliorates hyperactivity and anxiety but not motor function in human
A53T(hA53T) alpha-synuclein (α-Syn) mice. (A) Experimental scheme. (B) EE (86 × 76 × 31 cm3). (C) The grip strength test
(wild-type (WT)- standard cages (SC), n = 5; WT-EE, n = 10; Parkinson’s disease (PD)-SC, n = 10; PD-EE, n = 10). (D) The
hanging wire test (WT-SC, n = 5; WT-EE, n = 5; PD-SC, n = 10; PD-EE, n = 10). (E) The cylinder test (WT-SC, n = 10; WT-EE,
n = 8; PD-SC, n = 10; PD-EE, n = 16). (F, G) Open field test conducted in a square area (30 × 30 × 30 cm3). The floor was
divided into 16 sectors. The four red sectors represent the inner zone, and the 12 blue sectors represent the outer zone.
(F) Open field test for hyperactivity (WT-SC, n = 12; WT-EE, n = 3; PD-SC, n = 15; PD-EE, n = 12). (G) Open field test for
anxiety (WT-SC, n = 10; WT-EE, n = 3; PD-SC, n = 12; PD-EE, n = 11. The values represent the mean ± SEM. * p < 0.05,
** p < 0.01, and *** p < 0.001.
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The open field test is commonly used to estimate locomotor activity and spontaneous
exploration in a new environment [42,43]. The total distance traveled by each mouse
was recorded for 25 min as an index of hyperactivity [44]. During the 25 min, the total
distance traveled significantly increased in the PD-SC group compared to the other groups
(Figure 1F). This indicates that long-term EE exposure can ameliorate PD-associated hyper-
activity. To determine whether EE exposure affected anxiety, the proportion of time spent
in the inner zone compared to the outer zone was examined (Figure 1G). The proportion of
time spent in the inner zone was significantly lower in the PD-SC group than in the WT-SC
and PD-EE groups. This demonstrates that long-term EE exposure reduces anxiety in PD.

3.2. EE Reduces the Degeneration of Dopaminergic Nerve Terminals in the NAc of hA53T
α-Syn-Overexpressing Transgenic Mice

To investigate whether dopaminergic neurons in the SNpc and the ventral tegmental
area (VTA) were degenerated at 10 months of age, immunostaining was performed to
analyze TH-positive cells (Figure 2A). The immunostaining results showed that TH-positive
cell bodies (% of WT control group) in SNpc did not change significantly among the three
groups (WT control group, PD-SC, and PD-EE). Additionally, TH-positive cell bodies (%
of WT control group) in the VTA did not differ significantly between the three groups
(Figure 2B).

Figure 2. EE prevents the degeneration of dopaminergic nerve terminals in the nucleus accumbens
(NAc) of hA53T alpha-synuclein (α-Syn) mice. (A) Representative images of tyrosine hydroxylase
(TH)-positive cells in substantia nigra pars compacta (SNpc) and ventral tegmental area (VTA) in the
three groups (scale bar = 1 mm). (B) Relative density of TH-positive cells in the SNpc and VTA (SNpc:
WT control group (WT-CON), n = 8; PD-SC, n = 7; PD-EE, n = 3 and VTA: WT- CON, n = 5; PD-SC,
n = 3; PD-EE, n = 3). (C) Relative density of TH-positive dopaminergic nerve terminals in the NAc
(n = 5, each). *** p < 0.001 versus WT- CON; one-way ANOVA followed by post-hoc comparison.
Data in all panels represent the mean ± SEM.

Immunostaining was performed to analyze TH-positive cell density to investigate
whether dopaminergic nerve terminals in the NAc were degenerated at 10 months of age
and examine the effects of EE exposure on dopaminergic nerve terminals. Immunostaining
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results showed that the number of dopaminergic nerve terminals in the striatum decreased
significantly in mice from the PD-SC and PD-EE groups, compared to that in the mice from
the WT control group (Figure 2C).

3.3. EE Increases Soluble N-Ethylmaleimide-Sensitive Factor Attachment Protein Receptor
(SNARE) Expression and Alters Dopamine Transporters and Receptors in the NAc of hA53T
α-Syn-Overexpressing Transgenic Mice

The qRT-PCR and Western blotting analyses showed the effects of EE on the expression
of SNARE proteins, such as SNAP-25, syntaxin1, and VAMP2, in the striatum and NAc
of 10-month-old hA53T α-Syn mice. The qRT-PCR results showed that the decreased
SNAP-25, syntaxin1, and VAMP2 mRNA expression in the mice from the PD-SC group
tended to be restored in the mice from the PD-EE group, compared to the case in the mice
from the WT control group (Figure 3A). The Western blot results indicated that the relative
protein levels of SNARE proteins were significantly increased in mice from the PD-EE
group, compared to those in the mice from the PD control group (Figure 3B).

Figure 3. EE restores soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) expression and alters
the expression of Slc6a3 and dopamine receptors in the NAc of hA53T α-Syn-overexpressing transgenic mice. (A) qRT-PCR
results showed that the relative mRNA expression of SNAP-25, syntaxin1, and VAMP2 was significantly increased in mice
from the PD-EE group, compared to that in mice from the PD-SC group (n = 4, each). (B) Western blot results showed
the relative protein expression levels of both syntaxin1 and VAMP2 to be significantly increased in mice from the PD-EE
group, compared to that in mice from the PD-SC group. The expression of SNAP-25 tended to increase in mice from the
PD-EE group, compared to that in mice from the PD-SC group (n = 5, each). (C) qRT-PCR results showed that the relative
mRNA expression of Drd1 was significantly decreased in mice from the PD-EE group, compared to that in mice from the
PD-SC group, but the expression of Slc6a3 was significantly increased in mice from the PD-EE group, compared to that in
mice from the PD-SC group. The expression of Drd2 between the mice from the PD-SC and PD-EE groups did not differ
significantly (n = 4, each). (D) Western blot results showing the relative protein expression levels of Drd1, Drd2, and Slc6a3
(n = 5, each). * p < 0.05, ** p < 0.01, and *** p < 0.001 versus WT control group (WT-CON); one-way ANOVA followed by
post-hoc comparison. Data in all panels represent the mean ± SEM.

Next, we investigated the effects of EE on the expression of dopamine receptors and
transporters, such as Drd1, Drd2, and Slc6a3, in the striatum and NAc of 10-month-old
hA53T α-Syn mice. The RT-qPCR results showed that the relative mRNA expression of
Drd1 was significantly decreased in the mice from the PD-EE group, compared to that in
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the mice from the PD-SC group, but the expression of Slc6a3 was significantly increased
in the mice from the PD-EE group, compared to that in the mice from the PD-SC group
(Figure 3C). The expression of Drd2 in the mice from the PD-SC and PD-EE groups did
not differ significantly. The Western blotting results also showed that the relative protein
expression of Drd1 was significantly decreased in mice from the PD-EE group, compared
to that in mice from the PD-SC group (Figure 3D). The relative protein expression of
Slc6a3 was significantly higher in mice from the PD-EE group than in those from the
PD-SC group. The expression of Drd2 in mice from the PD-SC and PD-EE groups did not
differ significantly.

3.4. EE Reduces Aggregated α-Syn Levels and the Interaction Between α-Syn and VAMP-2 in the
NAc of hA53T α-Syn-Overexpressing Transgenic Mice

Next, we examined whether EE can block α-Syn aggregation because the A53T mu-
tation of α-Syn can increase its tendency to aggregate [45]. The intensity of the α-Syn
monomer band (14 kDa) was higher in the samples from the PD-SC and PD-EE groups
than in those from the WT control group (Figure 4A). Levels of monomeric and α-Syn
aggregates were slightly decreased in samples from the PD-EE group, compared to those in
samples from the PD-SC group. Interestingly, for these tendencies, the increased expression
of the α-Syn monomer and the decreased expression of the α-Syn oligomer in the samples
from the PD-EE group were consistent with those in a previous study involving human
α-Syn-expressing transgenic mice [46].

IHC was performed to investigate the effects of EE on the aggregation of α-Syn in the
striatum and NAc in 10-month-old mice. The IHC results showed that the pSer129 α-Syn
counts tended to decrease in samples from the PD-EE group, compared to those in samples
from the PD-SC group (Figure 4B). The total α-Syn in the striatum and nucleus accumbens
(NAc) of human A53T α-Syn mice was shown in Figure S1.

pSer129 α-Syn directly binds to the SNARE-protein VAMP2 [10], and α-Syn-over-
expressing mice showed inhibited intersynaptic vesicle mobility and trafficking [9]. To
confirm that EE affected the interaction between pSer129 α-Syn and VAMP2, an in situ
PLA assay was conducted using the striatum and NAc samples of mice from the PD-SC
and PD-EE groups. Red puncta indicating the complexes formed between pSer129 α-Syn
and VAMP2 were observed. An abundant signal was observed in the NAc of mice from
the PD-SC group, but not in the samples of mice from the PD-EE group (Figure 4C). There
were no differences between the levels of interaction between pSer129 α-Syn and VAMP2
in the striatum samples from hA53T α-Syn-overexpressing transgenic mice in the PD-SC
and PD-EE groups. We confirmed that EE can reduce the interaction between VAMP2 and
pSer129 α-Syn in the NAc using an in situ PLA assay.
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Figure 4. EE reduced the levels of aggregated α-Syn and the interaction between α-Syn and VAMP-2 in the NAc of
hA53T α-Syn-overexpressing transgenic mice. (A) Western blot results indicated the relative expression levels of the α-Syn
monomer and oligomer. The expression of the α-Syn monomer tended to increase but that of aggregated α-Syn decreased
in samples from mice in the PD-EE group, compared to those in the samples from mice in the PD-SC group (n = 5, each).
(B) Representative images of pSer129 α-Syn immunohistochemistry in the striatum and NAc of the mice from three groups.
The density of pSer129 α-Syn tended to decrease in samples from mice in the PD-EE group compared to that in the samples
from mice in the PD-SC group in both regions (scale bar = 10 µm, striatum: WT control group (WT-CON), n = 5; PD-SC,
n = 8; PD-EE, n = 6; NAc: WT-CON, n = 5; PD-SC, n = 6; PD-EE, n = 5). (C) The proximity of VAMP2 and pSer129 α-Syn
in the striatum and NAc, assessed by proximity ligation assay, showed decreased PLA signals in samples from mice in
the PD-EE group, relative to that in samples from mice in the PD-SC group (scale bar = 10 µm, striatum: n = 4 each; NAc:
WT-CON, n = 4; PD-SC, n = 3; PD-EE, n = 3). * p < 0.05 and ** p < 0.01 versus WT-CON; one-way ANOVA followed by
post-hoc comparison. Data in all panels represent the mean ± SEM.

4. Discussion

Motor impairments in patients with PD are primarily due to a 50–70% loss of dopamine
neurons in the SNpc [47]. The mouse model used in this study, which expresses hA53T α-
Syn under the control of the mouse Prnp promoter, did not show degeneration in the SNpc
even at 13–14 months old, which was consistent with the results shown in Figure 2 [48].
Dopaminergic neurons in the striatum of 10-month-old hA53T α-Syn-overexpressing
transgenic mice showed only mild degeneration (~20%), compared to the case in the mice
from the WT control group.

The pathogenesis of PD is associated with an increased degree of α-Syn pathology [18].
The manifestation of non-motor symptoms, such as depression and anxiety, is related to
neurochemical changes and the brain reward circuit, including the NAc, in PD [19,22].
Anxiety is frequent and can be the starting signal of the disease before the onset of motor de-
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fects in PD [49,50]. Dysregulation of dopamine levels in the NAc is related to hyperactivity
disorders [51].

Abnormal accumulation of Lewy bodies is a characteristic of PD and is associated with
many neurodegenerative diseases. A recent study revealed that a higher level of impulsive
compulsive behaviors in PD is associated with the increased expression of α-Syn proteins
and dopamine receptors in the NAc of patients with PD [52]. However, the physiological
roles of α-Syn in the non-motor symptoms of PD are yet to be fully elucidated. Consistent
with the findings of a previous study [53,54], the present study showed that the mice did
not show motor deficits in the grip strength test, hanging wire test, or cylinder test, but
non-motor symptoms, such as anxiety and hyperactivity, were revealed in the mice, as
shown by the open field test results in Figure 1F,G.

Numerous studies have shown that α-Syn, in the control center of neurotransmitter
delivery, regulates the formation of the SNARE complex and the size of the synaptic vesicle
pool [9,10,55,56]. Recent studies have shown that pSer129 α-Syn proteins can attach to
SNARE proteins and interrupt their functions [10,57]. In particular, the A53T mutation of
α-Syn is a point mutation that causes familial PD. Many studies have reported progressive
motor dysfunction [1,2] and non-motor dysfunction [3–5] in mice with PD that overexpress
hA53T α-Syn. The dysfunction of axonal transportation by synaptophysin-positive vesicles
has also been shown in a hA53T transgenic α-Syn model [6].

EE, which involves a large cage containing physical, cognitive, and social stimuli, can
be used as a therapy for PD (Figure 1B). Several studies have investigated the effects of EE
on PD and found that EE alleviates behavioral deficits in a mouse model of PD with MPTP
administration [7,8]. In our previous study, EE also upregulated synaptic vesicle-associated
proteins in the striatum of normal Institute of Cancer Research (ICR) mice [9]. Therefore,
in this study, we aimed to identify the therapeutic effects of EE on familial PD in terms of
synaptic transmission in the striatum and NAc.

Consistent with the results of a previous study [7–9] exposure to EE improved the
expression of SNAP-25, syntaxin1, and VAMP2 and decreased the pathological α-Syn
levels simultaneously (Figure 3), unlike the case in hA53T α-Syn-overexpressing mice at 10
months of age. We confirmed that EE can suppress the interaction between VAMP2 and
pSer129 α-Syn via an in situ PLA assay (Figure 4C).

The upregulation of Drd1 is a compensatory response associated with deficient
dopamine signaling [58,59]. Kurz et al. reported increased levels of striatal dopamine
in both young (eight months old) and old (18 months old) hA53T α-Syn-overexpressing
mice and elevated levels of striatal Drd1 without any indication of neurodegeneration [58].
Furthermore, as a compensatory effect, the expression of Drd1 could be increased to enable
the reception of more synaptic signals.

The expression of Slc6a3, a dopamine transporter protein, decreased in mice from the
PD-SC group but was restored by EE. Erica et al. confirmed the decreased expression of
this dopamine transporter in the NAc and striatum and the reduction of dopamine uptake
in 10-month-old hA53T α-Syn transgenic mice [15]. Since α-Syn reduces dopamine uptake
by decreasing the activity of this dopamine transporters, the overexpression of α-Syn may
further decrease the levels of this dopamine transporters in hA53T α-Syn-overexpressing
transgenic mice.

Previous studies have investigated the effect of EE on normal mice. Long-term expo-
sure to EE altered synaptic activity-regulating genes underlying functional improvement in
the adult brain [60]. Moreover, EE induced synaptic plasticity through the internalization
of striatal dopamine transporter [61], and upregulated the expression of synaptic vesicle-
associated proteins [62]. In this study, we focused on the effect of EE on PD in terms of
synaptic vesicle trafficking, based on the previous studies.

This study had limitations, in that we only included the WT-CON group as a baseline
for molecular and histological assessments. Since the WT-EE group can be an indicator
for the improvement of synaptic transmission, further studies including the WT-EE group
should be conducted to investigate the mechanism underlying the action of EE.
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In this study, we identified progressively increasing striatal dopamine levels as an
early effect of hA53T α-Syn overexpression prior to neurodegeneration (Figure 5). The
results of this study suggest that EE exerts therapeutic effects on the early symptoms of
PD, including hyperactivity and anxiety, as it is mainly responsible for the expression of
synaptic proteins, dopamine transporters, and dopamine receptors.

Figure 5. Synopsis of the amelioration of aberrant synaptic signaling in hA53T α-Syn-overexpressing
transgenic mice by EE. This schematic illustration summarizes the progressive pathology of dopamin-
ergic nerve terminals in the striatum and NAc in PD. Initially, the functions of SNAP-25, syntaxin1,
and VAMP2 help synaptic vesicles to dock and fuse to permit exocytosis. These functions are inter-
rupted by aggregated α-Syn proteins; therefore, dopamine release decreased in the mice from the
PD-SC group. As a compensatory effect, the expression of Drd1 increased, enabling the reception of
more synaptic signals. EE simultaneously reduced the levels of aggregated α-Syn and enhanced the
expression of SNARE proteins, such as syntaxin1 and VAMP2. SNARE proteins may recover their
functions. Finally, synaptic vesicles were re-circulated and normalized; thus, cytosolic dopamine
levels may be normalized in the NAc. Since the activities of dopamine transporters and/or dopamine
receptors were normalized, pre-motor symptoms were ameliorated, and the progression of the
disease could be delayed.

5. Conclusions

In this study, we confirmed the potential therapeutic effects of EE on the non-motor
symptoms of PD. Non-motor symptoms, such as hyperactivity and anxiety, were ame-
liorated by EE through the upregulation of synaptic vesicle proteins, such as SNAP-25,
syntaxin1, and VAMP2, and by suppressing the accumulation of aggregated α-Syn in
the NAc and striatum. The expression of Drd1 was upregulated in mice from the PD-SC
group, compared to that in mice from the WT control group. This might be a compensatory
response to dopamine deficiency. However, the expression of Slc6a3 was downregulated in
mice from the PD-SC group, which was rescued by EE. Our results highlight the importance
of the therapeutic effects of EE on PD, which is associated with the modulation of synaptic
vesicle proteins, dopamine receptors, and dopamine transporters.
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