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ABSTRACT 

 

Induction of synaptic plasticity by rehabilitation environment  

in Parkinson’s disease with α-synucleinopathy 

 

Soohyun Wi 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

Parkinson’s dis ease (PD) is a neurodegenerative disease characterized by motor 

symptoms with accompanying non-motor symptoms such as olfactory loss, 

cognitive decline, depression and anxiety, which frequently appear in the early stage 

of the disease, including the pre-motor phase. Environmental enrichment (EE) 

which provides a complex combination of physical, cognitive and social 
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stimulations enhances synaptic plasticity and behavioral functions. However, there 

is no research on the effect of EE on non-motor symptoms in human A53T 

overexpressing transgenic mice. This study investigated the influence of an EE on 

change of synaptic plasticity in striatum and nucleus accumbens during the initial 

phase of PD. Eight-month-old human A53T overexpressing mice were randomly 

allocated to EE or standard conditions (SC) for two months. EE significantly 

ameliorated hyperactivity and anxiety in A53T mice which was demonstrated by an 

open field test. Dopaminergic neurons in the substantia nigra pars compata (SNpc) 

and ventral tegmental area (VTA) had not degenerated at 10 months of age. 

Dopaminergic nerve terminals of the striatum significantly decreased about 20% in 

A53T SC and A53T EE compared to wild-type (WT). Those of the nucleus 

accumbens significantly decreased in A53T SC compared to WT group and tended 

to increase in A53T EE compared to A53T SC. By alteration of dopamine 

transporter (DAT) and dopamine receptor 1 (DRD1), EE exposure may normalize 

dopamine level in striatal dopaminergic nerve terminals and decrease 

phosphorylated α-Synuclein (aSyn). Also, EE exposure improves the expression of 

SNARE complex forming genes such as SNAP-25, Syntaxin1 and VAMP-2 

downregulated in the striatum of A53T mice. In conclusion, this study suggests that 

EE induces synaptic plasticity in dopaminergic nerve terminals in striatum and 

nucleus accumbens and ameliorates non-motor symptoms in pre-motor phase of PD. 
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Key words: Parkinson’s disease, pre-motor phase, environmental enrichment, A53T 

transgenic mouse model, dopamine, phosphorylation α-synuclein, SNARE complex 
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Induction of synaptic plasticity by rehabilitation environment 

in Parkinson’s disease with α-synucleinopathy 

 

Soohyun Wi 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

I. INTRODUCTION 

α-Synuclein (aSyn) is the main constituent of the neuropathological lesions found in 

patients with Parkinson’s disease (PD), dementia with Lewy bodies (DLB), multiple 

system atrophy (MSA), and other disorders collectively known as α-

synucleinopathies.1-3 Point mutation of A53T of the aSyn has been identified the in 

familiar form of PD and A53T mutant aSyn (A53T) is associated with early onset 

Parkinson’s disease (PD) and Lewy bodies with highly phosphorylated aSyn. 4,5 

Parkinson’s disease is classically defined by progressive degeneration of the 
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dopaminergic nigrostriatal pathway and by the emergence of rigidity, tremor, and 

bradykinesia.6 However, PD also accompanied by non-motor symptoms, including 

olfactory loss, cognitive decline, sleep disorders, gastrointestinal disorders, sensory 

disorders, depression and anxiety, which frequently appear in the early stage 

including the pre-motor phase.7 Non-motor symptoms are increasingly recognized 

as major challenges in the treatment of PD, because theses affect many patients and 

are only partly resolved by conventional antiparkinsonian medications. 

Environmental enrichment (EE) is a method of raising animals in a huge cage 

containing novel objects, running wheels, and providing social interaction with a 

complex combination of physical, cognitive, and social stimulations.8 In clinical 

study, EE used as a rehabilitation therapy for human patients.9,10 Long-term EE 

treatment is compatible with rehabilitation therapies for human patients with PD. 

Epidemiological studies support a link between strenuous exercise and reduced risk 

for PD.11,12 Additionally, many studies on exercise in normal aging and in PD 

supports the benefits of exercise, physical activity, and EE.13-15 Therapeutic effect of 

an EE in behavioral recovery of motor function by the administration of 1-methyl-

4-phenyl-1,2,3,6-tetrahydrophyridine (MPTP) in a mouse model of PD pathology 

have been reported.16,17 However, there is no research on the effect of an EE on non-

motor symptoms of the pre-motor phase in human A53T overexpressing PD mice. 

Through this transgenic mouse model of PD, we investigated the influence of an EE 
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on the induction of synaptic plasticity in striatum and nucleus accumbens in the 

initial phase of PD.  
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II. MATERIALS AND METHODS 

 

1. Transgenic mouse model 

The human alpha-synuclein (A53T) transgenic line G2-3 (B6.Cg-Tg (Prnp-

SNCA*A53T) 23Mkle/J; Jackson Laboratories, stock no. 006823, Bar Harbor, ME, 

USA) was used to generate both wild-type (WT) and transgenic (Tg) mice (Figure 

1A). The Tg mice produced heterozygous offspring that overexpressed one copy of 

A53T mutant human alpha-synuclein. All animals were housed in a facility 

accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) and provided food and water ad libitum with alternating 

12-hour light/dark cycles, according to animal protection regulations. The 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC 2017-0039). 
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Figure 1. Transgenic mouse model of Parkinson’s disease and genotyping. (A) 

Human A53T aSyn overexpressing mouse from the Jackson laboratory. (B) 

Separeted PCR. Internal positive control band shows in 324 bp and transgene band 

shows in about 500 bp. 
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2. Genotyping 

Genotyping of mice was performed based on a protocol from Jackson Laboratories 

(Figure 1B). Genomic DNA (gDNA) was extracted from a 2-mm piece of each 

mouse tail using the standard procedure of the prepGEM Tissue Kit (ZyGEM, New 

Zealand). The mouse tail tissue was incubated with 1 ul of prepGEM, 10 ul of 

Buffer Gold, and 89 ul of autoclaved 3’ distilled water at 75°C for 15 minutes and 

95°C for 5 minutes. The following primers were used for the polymerase chain 

reaction (PCR): transgene forward, 5’-TCA TGA 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 ul of each PCR product on 1.5% agarose gel. 
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Figure 2. Experimental design. (A) Environmental enrichment (86 × 76 × 31 cm3). 

(B) Standard cage (27 × 22.5 × 14 cm3). (C) Schematic schedule of the study.  

 

3. Enriched Environment  

The EE mice were housed in a huge cage (86 × 76 × 31 cm3) containing novel 

objects, such as tunnels, shelters, toys, and running wheels for voluntary exercise, 

and conditions allowing for social interaction (10 mice/cage) for two months, 

whereas the control mice were housed for the same duration in standard cages (27 × 

22.5 × 14 cm3) (Figure 2A-C). 
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Figure 3. Behavioral tests for assessment of motor function. (A) Cylinder rearing 

test. (B) Grip strength test. (C) Hanging wire test. 

  

4. Behavioral assessment 

A. Cylinder rearing test 

When a mouse is placed in the cylinder it will spontaneously rear and use its 

forepaws for support (Figure 3A). For this test, the number of times each forelimb 

contacted the cylinder wall (Jeung Do B&P, Seoul, Korea) while the mouse was 

rearing, was counted over a period of five minutes.18  

 

B. Grip strength test 

A grip strength test was performed using the SDI Grip Strength System (San Diego 

Instruments Inc., San Diego, CA), which includes a push-pull strain gauge (Figure 

3B). A triangular piece of metal wire 2 mm in diameter was used as the grip bar. 

Each animal was held near the base of its tail and was moved in close proximity to 

the bar until the animal could grip the bar with its forepaws. The apparatus 
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automatically registered peak force in gram-force. The mean peak force of three 

trials was used for analysis.19 

 

C. Hanging wire test 

Mice suspended by their forelimbs from a horizontal rod (5 mm × 5 mm area, 35 cm 

long, between two poles 50 cm high) tend to support themselves with their hind 

limbs to prevent themselves from falling and to aid their progression along the rod. 

For this test, suspension latencies were recorded for five minutes (Figure 3C).20 
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Figure 4. Open field test. (A) Activity monitoring was conducted in a square area 

(30 × 30 × 30 cm3). (B) The floor was divided into 16 sectors. The four red sectors 

were the inner zone, and the 12 blue sectors were the outer zone. First, each mouse 

was placed into the outer zone and allowed to explore freely for 25 minutes while a 

video camera recorded. The resulting data was analyzed using video tracking 

system software. 
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D. Open field test 

The open field test is generally used to evaluate locomotor activity and spontaneous 

exploration in a novel environment (Figure 4A).21,22 Activity monitoring was 

conducted in a square area measuring 30 × 30 × 30 cm3. The area’s floor was 

divided into 16 sectors (Figure 4B). The four inner sectors represented the center, 

while the 12 outer sectors were defined as the periphery. Total time spent in the 

center was recorded as an index of anxiety.23,24 Mice were placed individually into 

the periphery of the area and were allowed to explore freely for 25 minutes while 

being monitored with a video camera. The resulting data were analyzed using the 

Smart Vision 2.5.21 (Panlab, Barcelona, Spain) video tracking system. 
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5. RNA preparation 

Total RNA was extracted from the mouse striatum and nucleus accumbens using 

Trizol (Invitrogen Life Technologies, Carlsbad, CA). After DNase digestion and 

clean-up procedures, RNA samples were quantified, aliquoted, and stored at -80°C 

until further use. The purity of the RNA was evaluated by the A260/A280 ratio and 

analyzed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, 

USA). 

 

6. Reverse transcription polymerase chain reaction (RT-PCR) 

Complementary DNAs (cDNAs) were synthesized from sample RNAs with the 

ReverTra Ace® qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, 

Japan). Then, 1 𝜇L of cDNA in a total volume of 20 𝜇L was subjected to PCR using 

a RT-PCR analysis kit (Bioneer, Daejeon, South Korea) according to the 

manufacturer's instructions and a Gene Amp PCR system 9700 (Applied 

Biosystems/Life Technologies, Carlsbad, CA). 
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7. Quantitative real time polymerase chain reaction (RT-qPCR) 

Complementary DNAs (cDNAs) were synthesized from sample RNAs with the 

ReverTra Ace® qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, 

Japan). The following reaction used 1 𝜇L of cDNA in a total volume of 20 𝜇L. Real 

time quantitative polymerase chain reaction was performed in triplicate on a 

LightCycler 480 (Roche Applied Science, Mannheim, Germany) using the 

LightCycler 480 SYBR Green master mix (Roche Applied Science), and the 

thermocycler conditions were as follows: amplifications were performed starting 

with a 5-minute template preincubation step at 95°C, followed by 40 cycles at 95°C 

for 20 seconds, 62°C for 20 seconds, and 72°C for 15 seconds. Melting curve 

analysis began at 95°C for five seconds, followed by one minute at 60°C. The 

specificity of the produced amplification product was confirmed by melting curve 

analysis which showed a distinct single sharp peak with the expected Tm for all 

samples. The GAPDH gene was used as the internal control. The expression level of 

each gene of interest was obtained using the 2−ΔΔCt method.  
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Table 1. List of primers used for RT-PCR and RT-qPCR quantification 

Gene Primer sequences 

VAMP-2 
Forward 5′- GAGCGGGACCAGAAGTTGTC-3′ 

Reverse 5′-GCGCAGATCACTCCCAAGATG-3′ 

SNAP-25 
Forward 5′- GGATGAGCAAGGCGAACAAC-3′ 

Reverse 5′-TCCTGATTATTGCCCCAGGC-3′ 

Syntaxin1 
Forward 5′- AGGATCGGACTCAGGAGCTG-3′ 

Reverse 5′-CTCACCCTGGCTCTCTACGA-3′ 

DRD1 
Forward 5′- ACCCAGCCATTCTGCATTGA-3′ 

Reverse 5′-CAGCCCCGTTGTTGTTGATG-3′ 

DRD2 
Forward 5′- CTACATCGTTCTCCGCAAGC-3′ 

Reverse 5′-CCATTCTCCGCCTGTTCACT-3′ 

DAT 
Forward 5′- CAACAACACCTGGAACAGCC-3′ 

Reverse 5′-AATGCCACGACTCTGATGGA-3′ 

human A53T aSyn 
Forward 5′- AGGCTCCAAAACCAAGGAGG-3′ 

Reverse 5′- TTCTTGCCCAACTGGTCCTT-3′ 

GAPDH 
Forward 5′-CATCACTGCCACCCAGAAGACTG-3′ 

Reverse 5′-ATGCCAGTGAGCTTCCCGTTCAG -3′ 

 



18 

8. Western Blot Analysis 

Striatum and nucleus accumbens 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), 1% sodium deoxycholate) with a protease inhibitor cocktail (Sigma). Tissue 

lysates were centrifuged at 13000 rpm at 4°C for 20 minutes, the supernatant was 

extracted, and protein concentrations were measured using the Bradford method. 

Extracted protein (50 μg) was dissolved in sample buffer (60 mM Tris–HCl, pH 6.8, 

14.4 mM b-mercaptoethanol, 25% glycerol, 2% SDS, and 0.1% bromophenol blue; 

Invitrogen), incubated for 10 minutes at 80°C, and separated on a 4-12% SDS 

reducing polyacrylamide gel (Invitrogen). Separated proteins were equally loaded 

and transferred onto polyvinylidene difluoride membranes (Invitrogen) using a 

trans-blot system (NovexR Mini-Cell; Invitrogen). Blots were blocked for one hour 

in Tris-buffered saline (TBS) (10 mM Tris–HCl, pH 7.5, 150 mM NaCl) containing 

5% nonfat dry milk (Bio-Rad) at room temperature and washed three times with 

TBS. Blots were then incubated at 4°C overnight with a SNAP-25 (1:1,000, 

Abcam) antibody, a Syntaxin1 (1:1,000, Santa cruz) antibody, a VAMP-2 (1:1,000, 

Synaptic systems), a DAT (1:1,000, Chemicon), a DRD1 (1:1,000, Proteintech, 

Manchester, UK), a DRD2 (1:1,000, Abcam), and an aSyn (1:1,000, Abcam), an 

aSyn pSer129 (1:1,000, Abcam) in TBST (10 mM Tris pH 7.5, 150 mM NaCl, and 

0.02% Tween 20) containing 3% nonfat dry milk. After incubation, the blots were 

washed three times with TBST and incubated for one hour with horseradish 
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peroxidase-conjugated secondary antibodies (1:3,000, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) at room temperature. A housekeeping gene was evaluated 

with Actin-antibody (1:1,000, Santa Cruz Biotechnology). After washing three 

times with TBST, blots were visualized with an ECL detection system (Amersham 

Pharmacia Biotech, Little Chalfont, UK). Results of Western Blot were analyzed 

using Multi Gauge (Fuji photo firm, version 3.0, Tokyo, Japan).  
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9. Immunohistochemistry 

Animals were euthanized and perfused transcardially with 4% paraformaldehyde 

(PFA) in 0.1 M phosphate buffer, pH 7.4. Brains were removed and post-fixed 1 

hour, followed by cryoprotection in 30% sucrose in Tris-buffered saline containing 

0.02% sodium azide. Harvested brain tissue was cryosectioned with a slice 

thickness of 16-μm along the sagittal or coronal plane and immunohistochemistry 

staining was performed on four sections. For immunofluorescence double labeling, 

sections were stained with primary antibodies against rabbit anti-SNAP-25 (1:400, 

Abcam, Cambridge, UK), mouse anti-Syntaxin1 (1:400, Santa Cruz Biotechnology, 

CA, USA), mouse anti-VAMP-2 (1:400, Synaptic Systems, Gottingen, Germany) 

rabbit anti-TH (1:400, Abcam), rabbit anti-aSyn (1:400, Abcam), rabbit anti- 

phosphoserine 129 aSyn (1:100, Abcam), rabbit anti-iNOS (1:400, Abcam), anti-

aSyn nitrate Tyrosine 133 (1:400, Novus, Littleton, Colorado, USA), rat anti-DAT 

(1:400, Chemicon, Pemecula, CA, USA), and secondary antibodies such as Alexa 

Fluor® 488 goat anti-Rabbit (1:400, Invitrogen, Carlsbad, CA, USA), Alexa Fluor® 

594 anti-Mouse (1:400, Invitrogen), and Alexa Fluor® 594 anti-Rat (1:400, 

Invitrogen). Stained sections were mounted on glass slides with fluorescent 

mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI; Vectorshield, 

Vector, Burlingame, CA, USA). Stained sections were analyzed using a fluorescent 

microscope (Axio Imager M2, Zeiss, Gottingen, Germany) and confocal 

microscopy (LSM700, Zeiss, Gottingen, Germany).  
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 For 3,3'-diaminobenzidine (DAB) staining of mouse brain, sagittal or coronal 

sectioned tissue was washed in phosphate-buffered saline (PBS) for one hour and 

blocked with universal blocking solution (Triton TM X-100 (Sigma Aldrich, St Louis, 

MO, USA), 1% bovine serum albumin (BSA) in PBS) for one hour at room 

temperature. Primary antibodies of rabbit anti-TH (1:2,000, Abcam) and rabbit anti-

phosphoserine129 aSyn (1:2,000, Abcam) were diluted in 0.5% BSA and incubated 

overnight at 4°C according to manufacturer instructions. The following day, brain 

tissue was treated with rabbit biotin secondary antibody (1:350), followed by 

avidin-biotin complex (Vector Laboratories, Burlingame, CA, USA) and visualized 

with 3,3’-diaminobenzidine (DAB) peroxidase substrate solution (0.05% DAB, 

0.012% H2O2 in 0.1M PB). After dehydration, coverslips were mounted on glass 

slide using Permount TM mounting medium (Fisher Scientific, Hampton, NH, USA ). 

Stained samples were analyzed under a bright-field microscope (Olympus, Tokyo, 

Japan). 
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10. Statistical analysis 

Statistical analysis was performed using Statistical Package for Social Sciences 

(SPSS) software IBM Corp. Released 2014. IBM SPSS Statistics for Windows, 

Version 23.0. Armonk, NY: IBM Corp). Data are expressed as the mean ± standard 

error of the mean (SEM). The results of behavioral tests, RT-qPCR, Western blot, 

and immunohistochemistry were analyzed by the one-way ANOVA followed by a 

post-hoc Bonferroni test to adjust the variance for multiple testing effects (wild-type, 

A53T SC and A53T EE). A P-value < 0.05 was considered statistically significant. 
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III. RESULTS 

 

1. Environmental enrichment had no effect on human A53T aSyn mRNA and 

protein expression 

Eight-month old A53T mice were randomly allocated to either EE or SC group (n = 

15~25 per each group) for two months. The RT-qPCR result (Figure 5A) shows that 

relative expression levels of human A53T aSyn mRNA did not significantly differ 

between A53T SC (n = 6, 1.0 ± 0.04) and A53T EE (n = 6, 1.0 ± 0.04). The 

Western Blot result (Figure 5B) shows that relative expression levels of human 

A53T aSyn protein did not significantly differ between A53T SC (n = 6, 1.0 ± 0.04) 

and A53T EE (n = 6, 1.0 ± 0.03). 
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Figure 5. Expression of human A53T aSyn in striatum and nucleus accumbens. 

(A) mRNA levels of human A53T aSyn in RT-qPCR did not significantly differ 

between A53T SC and A53T EE. (B) Protein levels of human A53T aSyn in 

Western Blot also did not significantly differ between A53T SC and A53T EE. 
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2. Dopaminergic neurons of SNpc and VTA of A53T mice were not 

degenerated at 10 months of age 

To investigate whether dopaminergic neurons in substantia nigra pas compata 

(SNpc) and ventral tegmental area (VTA) were degenerated at 10 months of age, 

immunostaining was performed for analysis of tyrosine hydrosylase (TH) positive 

cells. The immunostaining results (Figure 6) showed that TH positive cells (% of 

wild-type) in SNpc did not differ significantly in three groups; WT (n = 3, 100% ± 

8.60), A53T SC (n = 3, 95.2% ± 6.92), and A53T EE (n = 3, 95.1% ± 4.56). Also, 

TH positive cells (% of wild-type) in VTA did not differ significantly between the 

three groups; WT (n = 3, 100% ± 14.83), A53T SC (n = 3, 104.7% ± 6.21), and 

A53T EE (n =3, 96.5% ± 6.21). 
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Figure 6. Tyrosine hydroxylase positive neurons in substantia nigra pars 

compata and ventral tegmental area. (A) Sagittal view of dopaminergic neurons 

and dopaminergic nerve terminals. (B) Results of immunostaining TH positive cells 

in SNpc did not differ significantly among groups. TH positive cells in VTA also 

did not differ significantly among groups. (C) Represenatative images of TH 

positive cells in SNpc and VTA in three groups. Scale = 1 mm, TH; tyrosine 

hydroxylase, SC; standard cage, EE; environmental enrichment, WT; wild-type, 

SVZ; subventricular zone, NAc; nucleus accumbens, OTu; olfactory tubercle, 

SNpc; substantia nigra pars compata, VTA; ventral tegmental area 
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3. Dopaminergic nerve terminals of striatum and nucleus accumbens of A53T 

mice were slightly degenerated at 10 months of age 

Immunostaining was performed for analysis of TH density to investigate whether 

dopaminergic nerve terminals in striatum and nucleus accumbens were degenerated 

at 10 months of age and the effects of EE exposure on dopaminergic nerve 

terminals in striatum and nucleus accumbens. Immunostaining results (Figure 7) 

showed that dopaminergic nerve terminals in striatum decreased significantly in 

A53T SC (n = 3, 78.9% ± 1.36, p < 0.01) and A53T EE (n = 3, 83.2% ± 4.89, p < 

0.05) compared to WT (n = 3, 100% ± 3.16). Those in the nucleus accumbens 

decreased significantly in A53T SC (n = 3, 77.9% ± 7.04, p < 0.01) compared to 

WT (n = 3, 100% ± 6.69) and tended to increase in A53T EE (n = 3, 88.7% ± 20.91) 

compared to A53T SC. Western Blot analysis of TH protein levels in the striatum 

was performed. Western Blot results (Figure 8) showed significantly decreased TH 

protein levels in A53T SC (0.84 ± 0.03, p < 0.05) and A53T EE (0.86 ± 0.05, p < 

0.05) compared to WT. 
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Figure 7. Optical density of dopaminergic nerve terminals in striatum and 

nucleus accumbens. (A) Representative imge of immunostaining of striatum (STR) 

and nucleus accumbens (NAc) in the three groups. (B) Immunostaining results 

showed that relative density of striatum of dopaminergic nerve terminals 

significantly decreased in both A53T SC and A53T EE groups compared to WT. 

(C) Immunostaining results showed that relative density of ventromedial striatum of 

dopaminergic nerve terminals significatly decrease in A53T SC compared to WT.  * 

p < 0.05, p < 0.01, scale bars = 500 μm, TH; tyrosine hydroxylase, SC; standard 

cage, EE; environmental enrichment, WT; wild-type, STR; striatum, NAc; nucleus 

accumbens 
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Figure 8. Expression of tyrosine hydroxylase protein in striatum and nucleus 

accumbens. The Western Blot results showed that the protein level of TH in 

stiratum and nucleus accumbens significantly decrease in both A53T SC and A53T 

EE groups compared to WT. * p < 0.05, TH; tyrosine hydroxylase, SC; standard 

cage, EE; environmental enrichment, WT; wild-type 
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4. Motor symptoms of A53T mice did not appear at 10 months of age 

Tests of motor function were performed to determine whether there were motor 

symptoms of A53T mice at 10 months of age. Grip strength test results (Figure 9A) 

showed that the grip power of both forepaws did not differ significantly between 

WT (n = 6, 119.7 ± 2.9 gram × force), A53T SC (n = 16, 117.5 ± 3.8 gram × force) 

and A53T EE (n = 14, 120.0 ± 3.1 gram × force). The hanging wire test endurance 

time (Figure 9B) did not differ significantly between WT (n = 7, 11.6 ± 3.9 

seconds), A53T SC (n = 11, 11.2 ± 2.6 seconds) and A53T EE (n = 18, 13.4 ± 2.4 

seconds). The cylinder rearing test rearing count (Figure 9C) did not significantly 

between WT (n = 10, 15.6 ± 2.1), A53T SC (n = 14, 21.1 ± 2.3) and A53T EE (n = 

14,17.9 ± 3.4). 
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Figure 9. The results of behavioral tests for assessment of motor function. (A) 

The grip strength test results showed that grip power of both forepaws did not differ 

significantly among the three groups. (B) The hanging wire test endurance time did 

not differ significantly among groups. (C) The cylinder rearing test rearing count 

did not differ significantly among three groups. SC; standard cage, EE; 

environmental enrichment, WT; wild-type 
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5. The open field test showed that EE ameliorated hyperactivity of A53T mice  

An open field test was performed for 25 minutes at 10 months of age to determine 

whether EE exposure influences locomotor activity (Figure 10). During the 25 

minutes (Figure 11A), total distance significantly increased in A53T SC (n = 15, 

38,313 ± 1,614 cm, p < 0.001) compared to WT (n = 12, 14,377 ± 512 cm). 

However, the total distance was significantly decreased in A53T EE (n = 12, 21,910 

± 2,274 cm, p < 0.001) compared to A53T SC and increased in A53T EE (n = 12, 

21,910 ± 2,274 cm, p < 0.01) compared to WT. Open field test data were collected 

every five minutes for 25 minutes (Figure 11B). The distance of the first interval—

from 0 to 5 minutes—significantly increased in A53T SC (5,536 ± 489 cm, p < 

0.05) compared to WT (4,206 ± 184 cm) and significantly decreased in A53T EE 

(3,960 ± 403 cm, p < 0.01) compared to A53T SC. The distance of the second 

interval significantly increased in A53T SC (7,161 ± 352 cm, p < 0.001) compared 

to WT (2,998 ± 170 cm) and significantly decreased in A53T EE (4,292 ± 629 cm, 

p < 0.001) compared to A53T SC. The distance of the third interval significantly 

increased in A53T SC (8,337 ± 395 cm, p < 0.001) compared to WT (2,256 ± 153 

cm) and significantly decreased in A53T EE (4,584 ± 582 cm, p < 0.001) compared 

to A53T SC. The distance of the fourth interval significantly increased in A53T SC 

(8,725 ± 363 cm, p < 0.001) compared to WT (2,632 ± 183 cm) and significantly 

decreased in A53T EE (4,365 ± 683 cm, p < 0.001) compared to A53T SC. The 

distance of the last interval significantly increased in A53T SC (8,554 ± 684 cm, p < 
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0.001) compared to WT (2,285 ± 139 cm) and significantly decreased in A53T EE 

(4,708 ± 683 cm, p < 0.001) compared to A53T SC. 
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Figure 10. Representative images of open field test in each WT, A53T SC and 

A53T EE. The A53T SC group showed more hyperactivity and higher anxiety than 

A53T EE group. SC; standard cage, EE; environmental enrichment, WT; wild-type 
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Figure 11. Results of open field test related to hyperactivity. (A) Over 25 

minutes, total distance significantly increased in A53T SC compared to WT. 

However, total distance significantly decreased in A53T EE compared to A53T. (B) 

To evaluate the data, the results were divided into five intervals over successive 

five-minutes time intervals. * p < 0.05, ** p < 0.01, *** p < 0.001, ¥¥ p < 0.01, ¥¥¥ p 

< 0.001, # p < 0.05, ## p < 0.01,  SC; standard cage, EE; environmental enrichment, 

WT; wild-type. * ; WT compared to A53T SC, ¥ ; A53T SC compared to A53T EE, 

# ; A53T EE compated to WT 
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6. The open field test showed that EE ameliorated anxiety of A53T mice  

The open field test was performed for 25 minutes at 10 months of age to determine 

whether EE exposure affects anxiety (Figure 10). Over 25 minutes, the percentage 

of time spent in the inner zone compared to the outer zone (inner zone /outer zone 

remain time × 100) significantly decreased in A53T SC (n = 12, 7.3 ± 0.8%, p < 

0.001) compared to WT (n = 10, 20.2 ± 2.7%). However, the percentage 

significantly increased in A53T EE (n = 11, 13.1 ± 2.4%, p < 0.05) compared to 

A53T SC and decreased in A53T EE (n = 11, 13.1 ± 2.4%, p < 0.05) compared to 

WT (Figure 12A). The open field test results were divided into five intervals over 

successive five-minute time intervals (Figure 12B) decreased significantly in the 

percentage of the inner zone/outer zone of the last interval—from 20 to 25 

minutes—in A53T SC (8.3 ± 2.0%, p < 0.01) compared to WT (19.7 ± 2.4%) and 

significantly increased in A53T EE (15.9 ± 2.9%, p < 0.05) compared to A53T SC. 
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Figure 12. The open field test results related to anxiety. (A) Over 25 minutes, the 

percentage of time of spent in the inner zone compared to the outer zone (inner zone 

/outer zone remain time × 100) significantly decreased in A53T SC compared to 

WT. However, the percentage significantly increased in A53T EE compared to 

A53T. (B) To evaluate the data, the results were divided into five intervals over 

successive five-minutes time intervals. * p < 0.05, ** p < 0.01, *** p < 0.001, ¥ p < 

0.05, # p < 0.05, SC; standard cage, EE; environmental enrichment, WT; wild-type. 

* ; WT compared to A53T SC, ¥ ; A53T SC compared to A53T EE, # ; A53T EE 

compated to WT 
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7. Expressions of DAT and DRD1 were changed by EE exposure with no 

changes of DRD2 on striatum and nucleus accumbens in A53T mice 

Reverse transcription polymerase chain reaction (RT-PCR) (Figure 13A) and 

quantitative real time polymerase chain reaction (RT-qPCR) (Figure 13B) was 

conducted to investigate effects of EE on expression of dopamine receptors and 

dopamine transporter such as DRD1, DRD2 and DAT in striatum and nucleus 

accumbens of A53T mice at 10 months of age. The RT-qPCR results showed the 

relative mRNA expression of DRD1 significantly decreased in A53T EE (n = 4, 1.3 

± 0.1, p < 0.05) compared to A53T SC (n = 4, 1.5 ± 0.1). The expression of DAT 

significantly increased in A53T EE (0.6 ± 0.1, p < 0.05) compared to A53T SC (0.4 

± 0.05). The expression of DRD2 in A53T SC (1.1 ± 0.1) and A53T EE (1.1 ± 0.1) 

did not differ significantly.  

Western Blot results (Figure 14) showed that the relative protein expression of 

DRD1 significantly decreased in A53T EE (n = 4, 0.8 ± 0.05, p < 0.001) compared 

to A53T SC (n = 4, 1.2 ± 0.1). The relative protein expression of DAT significantly 

increased in A53T EE (0.9 ± 0.1, p < 0.05) compared to A53T SC (0.7 ± 0.1). 

Expression of DRD2 in A53T SC (1.1 ± 0.1) and A53T EE (1.1 ± 0.1) did not differ 

significantly. 
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Figure 13. RNA expression of dopamine receptors and dopamine transporter 

in striatum and nucleus accumbens. (A) Image of RT-PCR. (B) The RT-qPCR 

results showed that relative mRNA expression of DRD1 significantly decreased in 

A53T EE compared to A53T SC. DAT expression significantly increased in A53T 

EE compared to A53T SC. DRD2 expression in A53T SC and A53T EE did not 

differ significantly. * p < 0.05, SC; standard cage, EE; environmental enrichment, 

WT; wild-type, DRD1; dopamine receptor 1, DRD2; dopamine receptor 2, DAT; 

dopamine transporter 
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Figure 14. Protein expression of dopamine receptors and dopamine 

transporter in striatum and nucleus accumbens. Western Blot results showed 

DRD1 relative protein expression significantly decreased in A53T EE compared to 

A53T SC. DAT relative protein expression significantly increased in A53T EE 

compared to A53T SC. DRD2 expression in A53T SC and A53T EE did not differ. 

* p < 0.05, *** p < 0.001, SC; standard cage, EE; environmental enrichment, WT; 

wild-type, DRD1; dopamine receptor 1, DRD2; dopamine receptor 2, DAT; 

dopamine transporter 



41 

8. Expression of SNARE genes—SNAP-25, Syntaxin1 and VAMP-2—was 

changed by EE exposure on striatum and nucleus accumbens in A53T mice 

Quantitative real time polymerase chain reaction (RT-qPCR) and Western Blot 

were conducted to investigate effects of EE on expression of SNARE genes and 

proteins SNAP-25, Syntaxin1 and VAMP-2 in striatum and nucleus accumbens of 

A53T mice 10 months of age. The RT-qPCR results (Figure 15) showed that the 

relative mRNA expression of SNAP-25 tended to increase in A53T EE (n = 4, 0.9 ± 

0.04) compared to A53T SC (n = 4, 0.8 ± 0.03). Syntaxin1 expression increased 

significantly in A53T EE (0.5 ± 0.03, p < 0.05) compared to A53T SC (0.4 ± 0.03). 

The expression of VAMP-2 increased significantly in A53T EE (0.9 ± 0.04, p < 

0.01) compared to A53T SC (0.7 ± 0.1).  

Western Blot results (Figure 16) showed that relative protein expressions such as 

SNAP-25 increased significantly in A53T EE (n = 4, 0.9 ± 0.04, p < 0.05) compared 

to A53T SC (n = 4, 0.8 ± 0.02). Sytaxin1 expression increased significantly in 

A53T EE (0.9 ± 0.1, p < 0.05) compared to A53T SC (0.7 ± 0.04). The expression 

of VAMP-2 tended to increase in A53T EE (0.95 ± 0.1) compared to A53T SC (0.7 

± 0.1).  
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Figure 15. RNA expression of SNARE genes SNAP-25, Syntaxin1, VAMP-2 in 

striatum and nucleus accumbens. RT-qPCR results showed that relative mRNA 

expression of SNAP-25 tended to increase in A53T EE compared to A53T SC. 

Syntaxin1 and VAMP-2 expression increased significantly in A53T EE compared 

to A53T SC. * p < 0.05, ** p < 0.01, SC; standard cage, EE; environmental 

enrichment, WT; wild-type, SNARE; Soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor, SNAP-25; Synaptosomal-associated protein 25, 

VAMP-2; vesicle-associated membrane protein 2  
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Figure 16. Protein expression of SNARE genes SNAP-25, Syntaxin1, VAMP-2 

in striatum and nucleus accumbens. Western Blot results showed that the relative 

protein expressions of both SNAP-25 and Syntaxin1 increased significantly in 

A53T EE compared to A53T SC. VAMP-2 expression tended to increase in A53T 

EE compared to A53T SC. * p < 0.05, SC; standard cage, EE; environmental 

enrichment, WT; wild-type, SNARE; Soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor, SNAP-25; Synaptosomal-associated protein 25, 

VAMP-2; vesicle-associated membrane protein 2  

  



44 

9. Environmental enrichment ameliorates aggregation of α-synuclein in cortex, 

striatum and nucleus accumbens in A53T mice 

Immunohistochemistry of phosphoserine 129 (pSer129) α-synuclein were 

conducted to investigate effects of EE on aggregation of α-synuclein in striatum and 

nucleus accumbens at 10 months of age. The representative images of DAB staining 

(Figure 17) showed that the number of pSer129 tended to decrease in A53T EE 

compared to A53T SC in striatum and cortex. Immunohistochemistry results 

(Figure 18) showed that pSer129 counts tended to decrease in A53T EE (n = 3, 42.8 

± 7.5 pSer129 count / mm3, p = 0.05) compared to A53T SC (n = 3, 78.5 ± 16.0 

pSer129 count / mm3).  
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Figure 17. Representative images of immunostaining of phosphoserine α-

synuclein in striatum, cortex and nucleus accumbens in each WT, A53T SC 

and A53T EE. The pSer129 counts in the striatum, cortex, and nucleus accumbens 

decreased in A53T EE compared to A53T SC, shown by the arrow. SC; standard 

cage, EE; environmental enrichment, WT; wild-type, DAB; 3,3'-diaminobenzidine, 

pSer129; phosphoserine 129 α-synuclein, Scale bar = 50 μm 
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Figure 18. Immunohistochemistry of phosphoserine 129 α-synuclein in 

subventricular zone. (A) Representative images of pSer 129 

immunohistochemistry in three groups (WT, A53T SC, and A53T EE). (B) Density 

of pSer129 αSyn tended to decrease in A53T EE compared to A53T SC. SC; 

standard cage, EE; environmental enrichment, WT; wild-type, pSer129; 

phosphoserine 129 α-synuclein, Scale bar = 10 μm 
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Figure 19. Representative images of immunohistochemistry of VAMP-2 in 

striatum and nucleus accumbens. In the striatum, representative images of 

immunohistochemistry of VAMP-2 showed no change in any three group. However, 

a representative image of immunohistochemistry of VAMP-2 in nucleus accumbens 

showed redistribution of VAMP-2 and less aggregation in A53T SC group 

compared to WT and A53T EE. SC; standard cage, EE; environmental enrichment, 

WT; wild-type, Scale bar = 20 μm, VAMP-2; vesicle-associated membrane protein 

2 
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IV. DISCUSSION  

 

Motor impairments of PD are primarily due to a 50 to 70% loss of dopamine 

neurons in the substantia nigra pars compacta.25 Dopaminergic terminals are 

thought to degenerate before cell bodies.26 The mouse model used in our study 

expressing human A53T aSyn by mouse Prp promoter does not show degeneration 

in the substantia nigra at the age of 13- to 14-months old.27 In our study, 

dopaminergic neuron in striatum at 10 months of age in A53T mice revealed only 

mild degeneration about 20% compared to that in WT. The mice did not show 

motor deficit in a grip strength test, hanging wire test or cylinder test, but non-motor 

symptoms, olfactory dysfunction, hyperactivity and anxiety, were revealed by the 

olfactory bulb test and open field test results. Before motor onset, olfactory 

impairment and anxiety are common as initial sign of PD.28,29 Olfactory dysfunction, 

anxiety, and hyperactivity in A53T mice were ameliorated by EE exposure. Thus, 

EE could be one of the therapeutic factors that improves motor functions as well as 

non-motor symptoms in neurodegenerative diseases including PD. 

Kurz et al. reported that increased striatal dopamine levels were observed in young 

(8 months) and old (18 months) A53T mice and revealed elevated striatal DRD1 

and DRD2 levels in the absence of neurodegeneration.30 The aforementioned study 

explained progressively increased striatal dopamine levels as an early consequence 

of A53T overexpression prior to overt neurodegeneration. Upregulation of 
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dopamine receptors and postsynaptic hypersensitivity are compensatory efforts 

associated with deficient dopamine signaling.30,31  More recently, increasing 

dopamine levels in A53T mice induce aSyn oligomers resulting in progressive 

nigrostriatal degeneration.32 In this study, by alteration of DAT and DRD1, EE 

exposure may normalize dopamine levels in striatal dopaminergic neuron and 

decrease phosphorylated aSyn in A53T mice.  

aSyn is abundantly localized in the presynaptic nerve terminals.33,34 While the 

physiological functions of aSyn have yet to be defined, several lines of evidence 

implicated this protein in the modulation of neurotransmitter release through the 

regulation of the formation of the soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE) complex and the size of the synaptic vesicle 

pool.35-37 Vesicle-associated membrane protein-2 (VAMP-2) present in the synaptic 

vesicles, and syntaxin and synaptosomal-associated protein of 25 kDa (SNAP-25) in 

the presynaptic plasma membrane form the core SNARE complex, regulate the 

docking and fusion of synaptic vesicles to the presynaptic membrane.38 A recent 

study showed the physical interaction of aSyn with VAMP-2 to promote SNARE 

assembly.36 Importantly, abnormal redistribution of SNARE proteins has been 

observed in human PD patients and mice overexpressing a truncated form of human 

aSyn.39 Therefore, presynaptic SNARE dysfunction is considered an initial 

pathogenic event in α-synucleinopathies. In this study, EE exposure improved the 

expression of SNARE complex downregulated in striatum of A53T overexpressing 
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mice at 10 months of age. In conclusion, this study suggests that EE induces of 

synaptic plasticity in dopaminergic nerve terminals of striatum and nucleus 

accumbens and ameliorates even non-motor symptoms in PD.  
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V. CONCLUSION 

 

Summarizing my results (Figure 20), orginally functions of v and t-snare proteins  

helps synaptic vesicle to docking and fusion to exocytosis. These functions were 

interrupted by aggregated aSyn proteins; therefore, dopamine release was decreased 

in the A53T SC group. Additionally, cytosol dopamine level in striatum may be 

higher because the function of synaptic vesicles that recollect dopamine to vesicles 

and loading was interrupted by aggregated aSyn. Dopamine transporters that 

reuptake dopamine to pre-synapse were decreased by compensatory effect of 

increasing level of cytosol dopamine with lacking dopamine in synaptic cleft. 

Furthermore, as a compensatory effect DRD 1 increased to receive more synaptic 

signals. On the other hand, EE reduced aggregated aSyn, so snare proteins may 

recover their functions. Therefore, synaptic vesicles re-circulated and normalized, 

so cytosolic dopamine level may normalize in striatum and nucleus accumbens. 

Since dopamine transporters and/or dopamine receptors were normalized, pre-motor 

symptoms were ameliorated and the progress of disease was delayed. 
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Figure 20. Synopsis of abnormal synaptic signaling in A53T mice recovered by 

EE. This schematic illustration summerizes progressive pathology of dopaminergic 

nerve terminal in striatum and nucleus accumbens. (A) Orginally functions of v and 

t-snare proteins  helps synaptic vesicle to docking and fusion to exocytosis. These 

functions were interrupted by aggregated aSyn proteins; therefore, dopamine release 

was decreased in the A53T SC group. Additionally, cytosol dopamine level in 

striatum may be higher because the function of synaptic vesicles that recollect 

dopamine to vesicles and loading was interrupted by aggregated aSyn. Dopamine 

transporters that reuptake dopamine to pre-synapse were decreased by 

compensatory effect of increasing level of cytosol dopamine with lacking dopamine 

in synaptic cleft. Furthermore, as a compensatory effect DRD 1 increased to receive 

more synaptic signals. (B) EE reduced aggregated aSyn, so snare proteins may 

recover their functions. Therefore, synaptic vesicles re-circulated and normalized, 
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so cytosolic dopamine level may normalize in striatum and nucleus accumbens. 

Since dopamine transporters and/or dopamine receptors were normalized, pre-motor 

symptoms were ameliorated and the progress of disease was delayed. 
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ABSTRACT (IN KOREAN) 

 

알파 시누클레인 병변을 가진 파킨슨 질병에서  

재활 환경에 의한 시냅스 가소성 유도 

 

<지도교수 조성래> 

 

연세대학교 대학원 의과학과 

 

위수현 

 

파킨슨 질병은 후각 기능 소실, 인지 기능 저하, 우울증 및 불안과 

같은 비 운동 증상을 동반하는 신경 퇴행성 질환으로 조기 또는 운동 

증상이 나타나기 전 단계에 나타난다. 신체적, 인지적, 사회적 자극의 
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복잡한 조합을 통한 재활 환경은 시냅스 가소성 및 행동 기능을 

향상시킨다. 그러나, 알파 시뉴클레인 병변을 나타내는 유전자 변형 

마우스의 운동증상이 나타나기 전 단계의 비 운동 증상에 대한 재활 

환경의 효과에 대한 연구는 밝혀지지 않는 상태이다. 본 연구는 파킨슨 

질병 초기 단계에서 재활 환경에 의한 선조체와 중격핵의 시냅스 

가소성을 밝히고자 하였다. 이를 위해 8 개월 된 인간 A53T 

알파시누클레인 과발현 마우스를 재활 환경 (EE) 또는 표준 환경 (SC)에 

2 개월 동안 무작위로 사육하였다. 오픈 필드 검사 결과, 재활 환경은 

A53T 마우스의 과다 활동과 불안을 상당히 개선 시켰다. 10 개월째에 

A53T 마우스는 흑질과 배쪽피개부의 도파민성 뉴런은 퇴행하지 않았다. 

선조체의 도파민성 신경 말단은 야생형에 비해 A53T SC 와 A53T EE 에서 

약 20% 감소를 나타내었으나, 중격핵의 도파민성 신경 말단은 야생형에 

비해 A53T SC 에서 유의하게 감소하였고 A53T EE 에서는 A53T SC 보다 

증가하는 경향을 보였다. 재활 환경에 의한 도파민 운반체 (DAT)와 

도파민 수용체 1 (DRD1)의 발현 변화에 의해 선조체의 도파민 성 신경 

말단의 도파민 수치를 정상화시키고 인산화 된 알파 시누클레인을 

감소시켰다. 또한 재활 환경은 A53T 마우스의 선조체에서 SNARE-25, 

Syntaxin 1 및 VAMP-2 와 같은 SNARE 복합체 형성 유전자의 발현감소를 

정상화시켰다. 결론적으로, 본 연구는 재활 환경이 선조체와 중격핵에서 

도파민 성 신경 말단의 시냅스 소성의 유도함으로써 파킨슨 질병의 

운동증상이 나타나기 전 단계에서 비 운동 증상을 개선한다고 

제안하였다. 

 

핵심되는 말: 파킨슨 질병, 재활 환경, 시냅스 가소성, A53T 유전자 

변형 마우스, 도파민, 인산화 된 알파시누클레인, SNARE 단백질 
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