
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


Environmental enrichment reduced 

pathological α-Synuclein accumulation  

by restoring LAMP1 via Reelin 

in early stage of Parkinson’s disease 

 

 

 

 

 

 

Eun Ju Cho 

Department of Medical Science 

The Graduate School, Yonsei University 



Environmental enrichment reduced 

pathological α-Synuclein accumulation  

by restoring LAMP1 via Reelin 

in early stage of Parkinson’s disease 

 

 

 

 

 

 

Eun Ju Cho 

Department of Medical Science 

The Graduate School, Yonsei University 



Environmental enrichment reduced 

pathological α-Synuclein accumulation 

by restoring LAMP1 via Reelin 

in early stage of Parkinson’s disease 

 

 

 

Directed by Professor Sung-Rae Cho 

 

The Doctoral Dissertation                               

submitted to the Department of Medical Science 

the Graduate School of Yonsei University                    

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

 

Eun Ju Cho 

 

June 2021



This certifies that the Doctoral Dissertation of 

Eun Ju Cho is approved. 

 

-----------------------------------------------------------                  
Thesis Supervisor: Sung-Rae Cho 

 

-----------------------------------------------------------                  
Thesis Committee Member #1: Sung Hoon Kim 

 

-----------------------------------------------------------                  
Thesis Committee Member #2: Yoon Ha 

 

-----------------------------------------------------------                  
Thesis Committee Member #3: Hyongbum Kim 

 

-----------------------------------------------------------                  
Thesis Committee Member #4: Sangsu Bae  

 

The Graduate School 

Yonsei University 

 

June 2021



ACKNOWLEDGEMENTS 

I am deeply grateful to my parents and to my brother for waiting me patiently until I 

achieve the doctoral degree and for supporting me for 7 years financially and spiritually 

with encouragement. Geum-Rye Guk was my maternal grandmother who was diagnosed 

with Parkinson’s disease at 72 and passed away in January 2018. She was the reason why 

I could keep being resilience to find promising treatments for Parkinson’s disease. Because 

of their sacrifices and supports, not only I could focus entirely on my research to take a step 

forward but I also have learned how valuable my family is and how important giving people 

hope. 

 I appreciate to professor Byung Kwan Jin, Ph.D., research seniors Eunsu Park, Ph.D., 

Young Cheol Jeong, Ph.D., Jeong Yeob Baek, Ph.D., Jae Young Jeong, Ph.D., who made 

and guide me to become a scientist in neuroscience, especially Parkinson’s disease. I also 

thank to my friends, Jae Ryeol Bae, Ph.D., Sang Woo Ham, Ph.D., Jun Il Lee, M.S. who 

helped me to do critical thinking more often when it comes to the science matters. 

I especially want to thank to my dear friend Da-Eun Ellen Jo. She has always been my 

side to encourage me and soothed me whenever I needed them. Although she is younger 

than I am, she enlightened and guided me to make a better choice for my sake. She has also 

been there for me and believed in me no matter what, and no matter when I was stuck in 

self-doubt. I just hope I could have chances to do the same things for her. 

I thank to Soo-Jeong Ji for being there for me and taken care of me since we were 

undergraduate students. We have so many memories to share that still put a smile on my 

face no matter it is good or bad. I appreciate all her meticulous thoughtfulness and 

consideration.  

I also want to thank to my dear friends, Bo Kyung Jo and Loïc Bertagna for listening 

to me and debating with me about my concerns as it is their own business and for supporting 

me no matter how far you are.  

I thank to professor Sung-Rae Cho, M.D., Ph.D. for giving me a chance to write a 

grant. I could do this study and become a scientist with doctorate degree because of the 

opportunity he gave. I also thank to the lab members: Ji Hye Yu, Jeong Hwa Seo, Yoon 

Kyum Shin, Ahreum Baek, Kyung Ri Kim, Bae Geun Nam, Seong Moon Jo, Soon Il Pyo, 

Jeong Hyun Heo. I deeply appreciate to staffs who run Brain Korea 21 project during the 

Ph.D. program I was in. I could finish it well and earn doctorate degree with the help of 

their financial support and scholarship, this project had provided.  

Thanks to all of those people, now I get to move one more big step closer toward my 

dream. I promise I will do my best to become a better scientist everyday who pursues 

nothing but truth to make a better world and giving people hope.  



I 

 

<TABLE OF CONTENTS> 

ABSTRACT ················································································ 1 

 

I. INTRODUCTION ······································································ 5 

II. MATERIALS AND METHODS ···················································· 8 

1. SH-SY5Y cell culture  ······························································· 8 

2. Cytotoxicity assay ···································································· 8 

3. Animal ················································································· 9 

4. Environmental enrichment ·························································· 9 

5. Behavioral assessments ····························································· 10 

A. Locomotor activity ································································  

(A) Movement ······································································ 10 

(B) Grip strength ··································································· 10 

(C) Coordination/Balance ························································· 11 

B. Non motor function ·······························································  

(A) Olfaction ········································································ 11 

(B) Cognition ······································································· 12 

ⓐ Passive avoidance task ·················································· 12 

ⓑ Y-maze test ······························································· 12 

ⓒ Novel object recognition task ·········································· 12 

6. Quantitative Real-time PCR ························································ 13 

7. Tissue preparation and Immunohistochemistry staining ······················· 14 

8. Thioflavin-S staining ································································ 15 

9. Immunoblot analysis ································································· 16 

10. Morphological analysis ···························································· 17 

11. Statistical analysis ·································································· 17 



II 

 

III. RESULTS ·············································································· 18 

Part 1. PFF-induced Parkinson’s disease in vitro ··································· 18 

Result 1. Recombinant human Reelin protein significantly attenuated α-

Synuclein aggregation and deposition in PFF treated SH-SY5Y cells · 

 ···················································································· 18 

Result 2. Recombinant human Reelin protein prevented TH+ neuronal 

degeneration with decreasing α-Syn levels via LAMP1 in PFF treated SH-

SY5Y cells ······································································ 21 

Part 2. A53T α-Synuclein-induced Parkinson’s disease in vivo ·················· 24 

Result 3. Disease stage-dependent Reelin expression in M83 (α-SynA53T) mouse 

blood and various brain regions ·············································· 24 

Early stage of Parkinson’s disease (6-month-old) ·································· 29 

Result 4. Environmental enrichment prevented olfactory dysfunction, muscle 

strength weakening, and loss of coordination in 6-month-old (early stage 

of Parkinson’s disease) M83 (α-SynA53T) mouse model  ················· 29 

Result 5. Early life environmental enrichment reduced the risk for mild 

cognitive deficit in 6-month-old (early stage of Parkinson’s disease) M83 

(α-SynA53T) mouse animal model ············································ 31 

Result 6. Early life environmental enrichment normalized prevented 

nigrostriatal TH-positive (TH+) dopamine neuron degeneration at 6-

month-old (early stage of Parkinson’s disease) M83 (α-SynA53T) mouse 

brain ·············································································· 34 

Result 7. Early life environmental enrichment prevented the augmentation of 

both α-Synuclein and toxic α-Synuclein (α-SynpS129) levels at 6-month-

old (early stage of Parkinson’s disease) M83 (α-SynA53T) mouse brain 

 ···················································································· 36 



III 

 

Result 8. Early life environmental enrichment normalized protein levels for 

dopamine receptor D1, dopamine receptor D2, and NMDA receptor 

subunits at 6-month-old (early stage of Parkinson’s disease) M83 (α-

SynA53T) mouse striatum ······················································ 38 

Result 9. Early life environmental enrichment maintained striatal Reelin and 

LAMP1 (late endosome/early lysosome) expression levels at 6-month-old 

(early stage of Parkinson’s disease) M83 (α-SynA53T) mouse brain ···· 41 

Late stage of Parkinson’s disease (16-month-old)  ································ 46 

Result 10. Later life environmental enrichment recovered olfactory function, 

muscle strength, and coordination at 16-month-old (late stage of 

Parkinson’s disease) M83 (α-SynA53T) mouse animal model ············ 46 

Result 11. Later life environmental enrichment did not ameliorate the risk for 

cognitive impairment in 16-month-old (late stage of Parkinson’s disease) 

M83 (α-SynA53T) mouse animal model ····································· 48 

Result 12. Later life environmental enrichment did not restore nigrostriatal TH-

positive (TH+) dopamine neuron levels at 16-month-old (late stage of 

Parkinson’s disease) M83 (α-SynA53T) mouse brain ······················ 50 

Result 13. Later life environmental enrichment neither diminished the number 

of aggregated protein formations nor the level of both total α-Synuclein 

and toxic α-Synuclein (α-SynpS129) at 16-month-old (late stage of 

Parkinson’s disease) M83 (α-SynA53T) mouse striatum··················· 52 

Result 14. Later life environmental enrichment restored the increased levels of 

dopamine receptor D1, dopamine receptor D2, and NR2A populations to 

normal levels of it at 16-month-old (late stage of Parkinson’s disease) 

M83 (α-SynA53T) mouse striatum ············································ 55 

Result 15. Later life environmental enrichment could restore Reelin but not 



IV 

 

LAMP 1 (late endosome/early lysosome) expression levels at 16-month-

old (late stage of Parkinson’s disease) M83 (α-SynA53T) mouse animal 

striatum ·········································································· 58 

IV. DISCUSSION ········································································· 72 

V.  CONCLUSION ······································································································· 77 

 

REFERENCES ·············································································································· 78 

ABSTRACT (IN KOREAN) ···························································· 85 

PUBLICATION LIST ···································································· 88



V 

 

LIST OF FIGURES 

Part 1. PFF-induced Parkinson’s disease in vitro 

Figure 1. Recombinant human Reelin protein reduced Thioflavin-S+ 

aggregated α-Synuclein deposition in PFF treated SH-SY5Y 

cells ································································19 

Figure 2. Recombinant human Reelin protein protected TH+ neurons 

from degeneration by reducing abnormal α-Syn levels 

through LAMP1 in PFF treated SH-SY5Y cells ·············22 

Part 2. A53T-α-Synuclein-induced Parkinson’s disease in vivo 

Figure 3. Quantification for RELN expression in M83 (α-SynA53T) 

mouse brain regions ··············································25 

Figure 4. At 6-month-old (early stage of PD), Reelin expression levels 

were significantly increased in M83 (α-SynA53T) mouse 

striatum (STR) ····················································27 

Figure 5. At 16-month-old (late stage of PD), Reelin expression levels 

were significantly decreased in M83 (α-SynA53T) mouse 

striatum (STR) ····················································28 

Early stage of Parkinson’s disease (6-month-old) 

Figure 6. Early life environmental enrichment averted olfactory 

dysfunction, muscle strength weakening and coordination 

disturbance at 6-month-old (early stage of PD) M83 (α-

SynA53T) mouse animal model ···································30 



VI 

 

Figure 7. Early life environmental enrichment prevented cognitive 

impairment at 6-month-old (early stage of PD) M83 (α-

SynA53T) mouse animal model ···································33 

Figure 8. Representative images and quantifications for TH+ 

nigrostriatal dopamine neurons at 6-month-old (early stage of 

PD) M83 (α-SynA53T) mouse brain ·····························35 

Figure 9. Early life environmental enrichment protected dopamine 

neuronal degeneration by reducing the level of α-Synuclein 

and phosphorylated α-SynpS129 expressions at 6-month-old 

(early stage of PD) M83 (α-SynA53T) mouse brain ···········37 

Figure 10. Early life environmental enrichment maintained normal 

expression level of dopamine receptor D1 and dopamine 

receptor D2 at 6-month-old (early stage of PD) M83 (α-

SynA53T) mouse striatum (STR) ·································39 

Figure 11. At 6-month-old (early stage of PD), early life environmental 

prevented NR2A populations increase and NR2B populations 

decrease in M83 (α-SynA53T) mouse striatum (STR) ·········40 

Figure 12. Early life environmental enrichment prevented the 

expression of Reelin protein increase at 6-month-old (early 

stage of PD) M83 (α-SynA53T) mouse striatum (STR) ·······43 



VII 

 

Figure 13. At 6-month-old (early stage of PD), early life environmental 

enrichment prevented the decrease of LAMP 1 expression 

level in M83 (α-SynA53T) mouse striatum (STR)  ·············44 

Late stage of Parkinson’s disease (16-month) 

Figure 14. Later life environmental enrichment rehabilitated olfactory 

dysfunction, muscle strength, and imbalanced coordination at 

16-month-old (late stage of PD) M83 (α-SynA53T) mouse 

animal model ······················································47 

Figure 15. Later life environmental enrichment did not significantly 

recover cognitive function at 16-month-old (late stage of PD) 

M83 (α-SynA53T) mouse animal model ·······················49 

Figure 16. Representative images and quantifications for TH+ 

nigrostriatal dopamine neurons at 16-month-old (late stage of 

PD) M83 (α-SynA53T) mouse brain ····························51 

Figure 17. Later life environmental enrichment did not significantly 

decrease α-Synuclein (α-Syn) and phosphorylated α-

Synuclein (α-SynpS129) levels at 16-month-old (late stage of 

PD) M83 (α-SynA53T) mouse striatum (STR) ················53 

Figure 18. Later life environmental enrichment reduced dopamine 

receptor D1 and dopamine receptor D2 levels at 16-month-old 

(late stage of PD) M83 (α-SynA53T) mouse striatum (STR) ·

 ······································································56 



VIII 

 

Figure 19. Later life environmental enrichment significantly reduced 

NR2A populations but failed to elevate NR2B populations at 

16-month-old (late stage of PD) M83 (α-SynA53T) mouse 

striatum ·····························································57 

Figure 20. Later life environmental enrichment restored Reelin, 

APOER2 expression levels but not VAMP7, LAMP1 levels at 

16-month-old (late stage of PD) M83 (α-SynA53T) mouse 

striatum (STR)  ····················································60 

 

Supplementary figures 

Figure S1. Determine the efficient concentration of Reelin neutralizing 

antibody, CR-50, in SH-SY5Y cells ···························62 

Figure S2. Sex-dependent behavioral difference comparisons in early 

stage (6-month-old) of M83 (α-SynA53T) mouse animal model 

of Parkinson’s disease  ···········································63 

Figure S3. Sex-dependent behavioral difference comparisons in late 

stage (16-month-old) of M83 (α-SynA53T) mouse animal model 

of Parkinson’s disease ············································65 

Figure S4. No significant locomotor dysfunctions were observed both 

at both 6-month-old (early stage of Parkinson’s disease) and 

at 16-month-old (late stage of Parkinson’s disease) M83 (α-

SynA53T) mouse animal model ··································67 



IX 

 

Figure S5. Striatum (STR) and substantia nigra pars compacta (SNpc) 

area comparison at 6-month-old (early-stage of Parkinson’s 

disease) and at 16-month-old (late-stage of Parkinson’s disease) 

M83 (α-SynA53T) mouse animal model ································ 68 

Figure S6. Environmental enrichment reduced monomeric, oligomeric, 

and phosphorylated α-Syn (α-Syn pS129) levels at 6-month-old 

(early stage of PD) M83 (α-SynA53T) mouse cortex  ············ 69 

 

LIST OF TABLES 

 

Table 1. List of primary antibodies ····················································· 70 

Table 2. List of secondary antibodies ············································· 71 



X 

 

ABBREVIATIONS 

RA Retinoic acid 

α-Syn Alpha synuclein 

DAB 3,3’-diaminobenzidine 

pDAB1 Phosphorylated Disabled 1  

DRD1 Dopamine receptor D1 

DRD2 Dopamine receptor D2 

EE Environmental enrichment 

EF Entry to a familiar object 

EN Entry to a novel object 

LAMP1 Lysosome associated membrane protein 1 

NOR Novel object recognition 

PAT Passive avoidance task 

PB Phosphate buffer 

PBS Phosphate buffer saline 

PD Parkinson’s disease 

PFF Preformed fibril 

pS129 Phosphorylation on 129th serine amino acid 

SNpc Substantia nigra pars compacta 

STR striatum 

TE Time spent with a novel object 

TF Time spent with a familiar object 

TH Tyrosine hydroxylase 

VAMP7 Vesicle associated membrane protein 7 



 

1 

 

ABSTRACT 

 

Environmental enrichment reduced pathological α-Synuclein accumulation 

by restoring LAMP1 via Reelin in early stage of Parkinson’s disease 

 

Eun Ju Cho 

 
Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

 

Parkinson’s disease (PD) is dopamine neuronal degenerative disease along with α-

Synuclein (α-Syn) accumulation and Lewy body (LB) formation in the striatum (STR) and 

substantia nigra pars compacta (SNpc). PD shows motor dysfunctions and non-motor 

dysfunctions such as olfactory dysfunction, depression, and cognitive decline. Despite the 

continuous endeavors to develop drugs for dopamine neuroprotection and behavioral 

improvements, there are still needs for effective and non-invasive treatments, dependent on 

disease progress in PD. Environmental enrichment (EE) not only protects dopamine 

neurons, promotes motor ability and cognitive function improvement, and regulates Reelin 
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protein expressions in PD but also contributes to prevent amyloid β fibril formation in 

Alzheimer’s disease (AD). Although previous studies revealed that Reelin and RELN 

expression patterns were changed in PD patient Cerebrospinal fluids (CSFs), stages of PD 

dependent Reelin and RELN levels in the STR as well as PD progression dependent EE 

effects have not to be uncovered yet.  

Hence, this study tested motor abilities, non-motor abilities, and olfactory function 

after EE exposure for 8 weeks to 4- or 14-month-old A53T α-Syn (Tg) mouse animal model 

of PD. For biochemistry analysis, qRT-PCR was conducted for the pattern of RELN 

expression and IHC or western blot was proceeded for TH, Reelin, DRD receptors (DRD1, 

DRD2), APOER2, LAMP- 1, VAMP 7, and NMDA receptor subunits (NR1, NR2A, NR2B) 

in the STR at both points of disease stages. The results demonstrated that in the 6-month-

old (early stage of PD) mice STR, RELN, Reelin, total α-Syn, and toxic α-Syn 

(phosphorylated α-Syn, α-SynpS129) expression levels were increased. TH+ dopamine 

neurons were decreased in the SN while no change was observed in the STR. Early expose 

to EE contributed to protect dopamine neurons, to decrease total α-Syn, α-SynpS129 and the 

number of aggregated proteins, and to preserve protein expression levels for Reelin, DRD1, 

DRD2, LAMP 1, NR2A, and NR2B as same levels as non-Tg mouse proteins in the STR. 

In addition, behavioral analysis proved preventive effects of EE on olfactory dysfunction, 

motor disability, and cognitive decline. In late stage of A53T α-Syn animal model of PD 

(16-month-old), TH+ dopamine neurons were reduced in both STR and SN and EE was not 

helpful for dopamine neuronal recovery. RELN and Reelin expressions were decreased at 
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16-month-old mouse STR but EE exposure restored Reelin protein expression to the same 

level of non-Tg mouse. Unlike 6-month-old early stage of mouse STR, the increased level 

of toxic α-Syn proteins were detected in 16-month-old late stage of mouse STR and SN. 

Although the level of toxic α-Syn in the SN was significantly reduced after later life EE, 

the total α-Syn and aggregated protein expression levels were unchanged compared to Tg 

mouse at 16-month-old late stage of PD. EE expose to late stage of PD mouse improved 

olfactory impairment, muscle strength weakness, and imbalanced reciprocal walking 

behaviors, whereas cognitive impairment and hyperactivity were not significantly retrieved 

after EE at 16-month-old mouse model of PD. In addition, after later life EE, expression 

patterns for DRD1, DRD2, APOER2, NR2A became like that of non-Tg mouse in the STR. 

However, EE in late stage of PD mouse had no significant effects on LAMP 1, VAMP 7, 

NR1, NR2B protein recovery to the extent of non-Tg mouse proteins in the STR. In vitro 

study suggested that Reelin could be a promising candidate for PD treatment by decreasing 

total and aggregated α-Syn levels via LAMP1 increase in PFFs treated SH-SY5Y cells. 

This study suggests that stages of PD (early/late) could be determined by Reelin 

expression level in the STR so that it might help to decide which drugs or treatment 

interventions would be best for patients depending on PD progress. In addition, this study 

provides an evidence that EE intervention in early stage of PD could be more effective 

rather than in late stage of PD on behavioral function improvements as well as on dopamine 

neuroprotection. To sum up, this study proposes that EE intervention in early stage of PD 
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would have the optimal effects for improvement and appropriate time point for EE 

intervention could be made by Reelin levels as a prominent biomarker in the STR for PD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: reelin, α-synuclein, environmental enrichment, early stage of   

parkinson’s disease, late stage of parkinson’s disease, Reelin, LAMP1 
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Environmental enrichment reduced pathological α-Synuclein accumulation 

 by restoring LAMP1 via Reelin in early stage of Parkinson’s disease 

 

Eun Ju Cho 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

 

I. INTRODUCTION 

Parkinson’s disease (PD) is the second most prevalent neurodegenerative diseases for 

the people over 65 years old and it is characterized by dopamine neuronal degeneration and 

phosphorylated α-Synuclein (α-SynpS129) neuropathology in the striatum (STR) and 

substantia nigra pars compacta (SNpc) 1-4. PD is also accompanied by behavioral 

disturbances on motor function and non-motor functions (NMS) such as slow of movement, 

impaired balance and coordination, rigidity, shaking, resting tremor, cognitive impairment, 

olfactory dysfunction, mood disorder, and REM sleep disorder 5-13. α-Synuclein (α-Syn) 
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protein is constituted of 140 amino acids and promotes synaptic vesicle trafficking with 

presynaptic SNARE complex proteins 14-17. Although α-Syn has an essential role for 

homeostasis, abnormally accumulated α-Syn increases toxic α-SynpS129 and Lewy body (LB) 

neuropathology. A pile of studies has confirmed the lack of proteasomal function and endo-

lysosomal pathway dysfunction led to α-Syn aggregation 18-22.  

Environmental enrichment (EE), a form of rehabilitation, provides physical activities 

including sensory, cognition, social and motor stimulations 23,24. There are ample evidence 

supporting that EE leads to protecting neurons against degeneration, neurotrophic factor 

release, oxidative stress and inflammatory response reduction, α-Synuclein disturbance 

prevention in neurodegenerative diseases including Parkinson’s disease (PD) as well as 

motor performances and memory function improvements with in PD patients 24-33. In 

addition, cognitive function is also enhanced by EE intervention through Reelin 

upregulation 34-36. 

Reelin is an extracellularly detected glycoprotein that binds to APOER2 or very low 

density lipoprotein (VLDL) receptor in the brain 37,38. Activated Reelin signaling pathway 

enhances neuronal cell migration, positioning, and dendrite spine growth including tyrosine 

hydroxylase-positive (TH+) dopamine neurons in the brain 38-42. Reelin also promotes 

neurotransmitter release through vesicle associated membrane protein 7 (VAMP 7) v-

SNARE protein activation, resulting in regulation of synaptic strength in the pre synapse 

compartment 43. In Alzheimer’s disease (AD), Reelin attenuates insoluble amyloidβ protein 

aggregation (fibril) and hyper phosphorylation of Tau protein accumulation in the brain so 
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that cognitive function was improved 44,45. Previous studies have reported that Reelin levels 

in the CSF of AD and PD patients were also increased 46-49.  

Here this study further confirmed disease stage-dependent Reelin expression patterns 

in the STR and EE intervention effects in A53T α-Synuclein animal model of PD. These 

findings indicate Reelin protein in the STR might be a reliable marker to distinguish stages 

of disease in PD. Finally, this study suggests that with EE intervention in early stage of PD 

would provide brighter prognosis by protecting neurons against degeneration of dopamine 

neurons and behavioral performance improvement rather than with EE intervention in late 

stage of PD. 
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II. MATERIALS AND METHODS 

1. SH-SY5Y cell culture  

SH-SY5Y (human neuroblastoma) cells were maintained in DMEM/F12 medium 

supplemented with 10% FBS and 1% P/S (maintenance medium) in a humidified incubator 

at 37 °C with 5% CO2. The culture medium was replaced every 2-3 days. When the cells 

reached 90% confluence, they were transferred to 48-well culture plates or to poly-D-lysine 

(0.1 ㎎/㎖, Sigma) coated cover slip and incubated for an overnight. The next day, SH-

SY5Y cells were differentiated with retinoid acid (10 μM) in high-glucose DMEM (with 

10% FBS and 1% P/S) for 4 days. For experiments involving Reelin treatment, 

differentiated SH-SY5Y cells were incubated with the culture medium containing PFF 

(5 ㎍/㎖, Stress Marq Biosciences), recombinant human Reelin protein (S1221-Q1226, 

R&D Systems, 8546-MR), and either normal rabbit IgG (4 ㎍/㎖, Abcam, #2729) or CR-

50 (4 ㎍/㎖, MBL, D223-3) at different concentrations for 4 days 50,51 

 

2. Cytotoxicity assay 

For experiments involving cytotoxicity measurement, SH-SY5Y cells were seeded into 

48-well culture plates, cell viability was evaluated with an ADAM-MC automated cell 

counter (Digital Bio Technology Co., Ltd, NanoEnTek Inc., Seoul, Korea) as described in 

the instruction manual. The numbers of total or non-viable cells were automatically 

calculated by the ADAM-MC software. 
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3. Animal 

M83 transgenic line mice (C57BL/6; Prnp-SNCA*A53T), overexpressing human A53T 

α-Synuclein (α-Syn) under the mouse prion protein promoter, were purchased from Jackson 

Laboratory and maintained on a C57BL/C3H background. All animals were housed and 

provided water and food with 12-hour light/dark cycle according to animal protection 

regulations. In this study, both 4-month-old and 14-month-old mice (female and male) were 

used, and behavioral tests were proceeded at 6-month-old and 16-month-old, respectively. 

There were no statistically significant sex-dependent behavioral function differences 

observed (Fig S2, Fig S3). All animal experiments were approved by Institutional Animal 

Care and Use Committee of Yonsei University College of Medicine (IACUC No. 2018-

0039, 2020-0026). The genotype of SNCA*A53T transgenic mice were confirmed by real-

time PCR. The SNCA*A53T transgene was amplified and detected using primer sequences 

provided by Jackson Laboratory genotyping protocols database (protocol 18858) 52.  

 

4. Environmental enrichment (EE) 

Environmental enrichment (EE) refers to the housing condition cage (43 x 76 x 31 cm3), 

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

(5-7 mice per cage) in this study. Animals were randomly selected either for EE-housing 

condition exposed group (EE +) or for standard laboratory hosing condition cage (27 x 22.5 

x 14 cm3) assigned group (EE -, 3-5 mice per cage). EE-housing condition cage objects 



 

10 

 

were replaced with other new objects once a week for 8 weeks 53. Female and male mouse 

were housed separately. 

 

5. Behavioral assessments 

  A. Locomotor activity 

(A) Movement  

Rota-rod test: Before mouse were exposed to enriched environment (EE), every mouse 

was placed on the Rotarod apparatus (Ugo Basile) at the constant speed (10 rpm) for 20 

minutes at 4-month-old or 14-month-old. After 8 weeks later, mice were tested locomotor 

activity at the accelerated speed (4-40rpm) in 5 minutes. Three consecutive trials were 

performed and the latency time to fall was recorded 54,55. Mouse rested for 5 minutes 

between each trial.  

Open field test: A white square box (30 x 30.5 x 31 cm3) was used for spontaneous 

locomotor activity analysis. Mice was placed in the center of the white box and video 

recorded for 25 minutes. Between trials, the box was cleaned with 70% alcohol and water. 

Smart video tracking system (v2.5.21, Panlab Harvard apparatus) was used to analyze 

traveled distance and the velocity.  

 

(B) Grip strength 

Hanging wire grip test: Muscle strength was measured through hanging wire test 56. 

Mouse was placed onto a thick metallic wire, which is secured to two vertical stands. To 
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avoid any vibration, the wire is tightly attached to the plastic frame. The wire is secured 

35cm above the wood shaving cage to prevent falling injury. The amount of time to fall 

latency from the wire was recorded for 180 seconds and each mouse was given three trials 

with 5 minutes resting time between each trial. 

 

(C) Coordination/Balance 

Ladder walking test: To assess coordination/balance function of forelimb and hind limb, 

horizontal ladder (60cm) with irregularly spaced out metal rugs (Jeung Do B&P) was used. 

Mouse was required to walk to across the ladder for three to four consecutive times. All 

trials were video recorded and analyzed by manually counting the number of reciprocal 

walking steps 57,58. 

 

B. Non motor function  

(A) Olfaction  

Buried food test: Food pallets were deprived for 18-24 hours before proceeding the test 

to measure the time on how quickly mice can find a hidden food pellet underneath a layer 

of bedding 59,60. Before performing the test, each of mice was placed individually in a clean 

holding cage for 5 minutes, transferred to test cage for 2 minutes, and returned to the 

holding cage while a small pellet piece was buried and hidden approximately 0.5 cm below 

the bedding in a random location. And then measure the time until the mice started eating 

hidden food pellet within 2 minutes.  
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(B) Cognition  

ⓐ Passive avoidance task (PAT): A Plexiglas shuttle box (41.5 x 21 x 35 cm3) of the 

PAT apparatus (Jeong Do B&P) is divided into bright and dark compartments by a 

guillotine door. The floor rods in the dark compartment are connected to an electrical 

stimulator. Mice were allowed 5 minutes to habituate to the apparatus environment for two 

consecutive days before inescapable shocks were delivered. For training, mouse was 

allowed to explore in the bright compartment for 30 seconds, at which point the guillotine 

door was raised to allow the mouse to enter the dark compartment. An electrical shock (0.5 

mA) was delivered for 2 seconds, when the mouse entered the dark compartment. Test 

sessions were performed to assess long-term memory (24 hour later) at the age of 6-month-

old and 16-month-old by recording the latency time to escape from the bright compartment 

up to 300 seconds. 

ⓑ Y-maze test: An enclosed Y-shaped maze (Jeung Do B&P) was used to evaluate 

spatial learning and memory 6,55,61,62. Mice tend to visit the arms of the maze one after the 

other so that this spontaneous alteration behavior is used to quantify cognitive deficits as 

well as recognition memory function. Mouse was allowed to freely explore for 8 minutes 

and monitored for the sequence of entries and the number of arm entries. 

ⓒ Novel object recognition (NOR) task 6,63,64: NOR task was proceeds following three 

steps: Habituation, familiarization, test. For habituation period, mouse activity monitoring 

was conducted in the empty white square box (30 x 30.5 x 31 cm3) for 25 minutes. The 

next day of familiarization, the same objects (a + a) were placed at the same side of the box 
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and mouse was allowed to freely explore the white box for 5 minutes. On the test day after 

24 hours later, one of the familiar objects was replaced by a novel one with different shape 

and color (a + a→ a + b). During the test period, automatic video recording was used to 

analyze sniffing behaviors and exploration time spent onto each of objects for 5 minutes. 

To assess learning and memory, the recognition index (RI) and the number of entries to 

each object were analyzed. Those discrimination rates were calculated as follows: RI = 

(time spent with a novel object, TN –time spent with a familiar object, TF) / (TN+TE)), 

(the number of entries to a novel object, EN) / (the number of entries to both novel (EN) 

and familiar objects (EF)). 

 

6. Quantitative Real-time PCR (qRT-PCR) 

To evaluate target gene expression levels in the various brain regions, including cortex 

and striatum, total RNA was extracted using Trizol (Invitrogen life technology, Carlsbad, 

CA, USA). After DNase digestion and clean-up step, the RNA samples were evaluated 

RNA purity and quantified by the A260/A280 ratio with Agilent 2100 Bioanalyzer (Agilent 

techonologies, Palo Alto, CA, USA). The extracted RNA samples were used to synthesize 

complementary DNAs (cDNAs) with ReverTra Ace®  Qpcr RT Master Mix with gDNA 

Remover (TOYOBO, Osaka, Japan) using primers: mouse reln, forward 5’- 

CTGGTCCCTACTCCACACTG -3’ and reverse 5’- GCCAGAAAATCCTGGGTCAC -3’; 

mouse gapdh, forward 5’- TCACCACCATGGAGAAGGC -3’ and reverse 5’- 

GCTAAGCAGTTGGTGGTGCA -3’ 65. Then 1 μl of cDNA was added in a total volume of 
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20 μl, as described in the LightCycler 480 (Roche Applied Science, Mannhein, Germany) 

datasheet. All experiments were performed in triplicate and the gene expression level was 

calculated using 2(-ΔΔCt). 

 

7. Tissue preparation and Immunohistochemistry (IHC) staining 

Animals were anesthetized with ketamine cocktail (ketamine 100 mg per kg with rompun 

10 mg per kg, intraperitoneal injection) to obtain both peripheral blood (~1.0 ㎖) and brain 

tissue by transcardial perfusion. Heart perfusion was proceeded either with phosphate-

buffered saline infusion (PBS, purchased 10x PBS from Biosesang) for molecular 

experiments or with PBS followed by 4% Paraformaldehyde (PFA, purchased 40% PFA 

solution from DUKSAN) infusion for immunohistochemistry (IHC) analysis. Blood 

samples were centrifuged for 5 minutes at 5000 rpm for two times for serum separation. 

Serum samples (~0.5 ㎖) were collected and frozen at -80°C until further use. Brain tissues 

were harvested into 30% sucrose at 4°C until brain tissue sinks. The brain tissues were 

cryosectioned at 25 μm thickness (Leica Biosystems Cryostat) and then stained for IHC 

analysis as previously described66. Briefly, Brain sections were washed in PBS three times 

for 10 minutes and rinsed with permeabilization solution (0.5% Triton X-100 (Sigma) and 

0.5% Bovine serum albumin (BSA, BOVOGEN) in PBS) two times at room temperature 

(RT) for 30 minutes. Then the sections were incubated with primary antibody (Table 1) in 

blocking solution (1% BSA in PBS) at 4°C for overnight. The next day, the tissues were 

washed in PBS three times at RT for 10 minutes and incubated with biotin-conjugated IgG 
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(H+L) secondary antibody (Vector Labs) (Table 2) in blocking solution at RT for an hour. 

Following by washing steps with PBS for three times at RT for 30 minutes, the tissues were 

incubated in avidin-biotin complex solution (Vector Labs) at RT for an hour. The sections 

were rinsed with PBS three times. 3,3’-diaminobenzidine (DAB, Sigma) in 0.1M phosphate 

buffer (PB) was used to detect the signal after adding 0.003% H2O2 into the solution. DAB-

stained tissues were washed in 0.1M PB, mounted on gelatin-coated microscope slides, 

dehydrated the tissues, coverslip in permount mounting media (Fished Chemical™), and 

viewed under the bright-field microscope. For fluorescence microscope analysis, 

fluorescence conjugated secondary antibody (Table 2) was used to stain the tissues at RT 

for an hour. After washed in PBS two times at RT for 15 minutes, the sections were 

mounted followed by using anti-fade mounting medium with DAPI (VECTASHIELD, 

Vector Labs). Images obtained from confocal microscope (Carl Zeiss) were analyzed by 

Image J software. 

 

8. Thioflavin-S staining 

To demonstrate the presence of aggregates, Thioflavin-S staining was conducted as 

previously described 67,68. For in vitro assay, SH-SY5Y cells onto the PDL-coated cover 

slip were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde 

for 30 minutes at room temperature, washed in filtered water (0.45 μm pore size, 

ADVANTEC) for two times, and incubated with 0.05% Thioflavin-S (Sigma) for 8 minutes 

at room temperature. The cells were rinsed in 80% ethanol three times and coverslip using 
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aqueous mounting media (ScyTek Inc.). For in vivo assay, mouse brain sections were 

mounted onto the gelatin-coated microscope slides and air-dried, washed with filtered 

water two times for 3 minutes. Incubate the brain tissue sections in filtered 1% aqueous 

Thioflavin-S for 8 minutes at room temperature. The brain sections were rinsed in 80% 

ethanol two times for 3 minutes, 95% ethanol for 3 minutes, exchanged distilled water for 

three times, and coverslip using aqueous mounting media. 

 

9. Immunoblot analysis 

For immunoblot analysis, mouse striatum brain tissues were homogenized and prepared 

as previously described 69. Briefly, nonionic detergent soluble proteins were prepared by 

homogenization with lysis buffer, constitute of 10 mM Tris-HCl pH7.4, 150 mM NaCl, 5 

mM EDTA, 0.5% NP-40, Protease inhibitor cocktail (Cell signaling technology), and 

Phosphatase inhibitor cocktail (GenDEPOT). The homogenized samples were centrifuged 

at 14,000 rpm for 15 minutes. The supernatant (soluble) was collected, and the pallet was 

washed, add homogenized again with 1% SDS and 0.5% Sodium deoxycholate containing 

lysis buffer, and centrifuged at 30,100g for 15 minutes. The supernatant (insoluble) was 

collected. For immunoblots, immunoblots were performs as previously described 66. 

Primary antibodies were listed in the Table 1. Proteins from soluble fractions were used to 

evaluate the amount of Reelin protein by immunoprecipitation. Soluble brain fractions (500 

mg) were incubated in the anti-Reelin (santacruz) for 4 hours at 4°C, following by adding 

protein G Sepharose™ fast flow (GE Healthcare) for overnight at 4°C. Then, the 
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immunocomplexes were washed with lysis buffer, followed by denatured by adding 2x 

LDS sample buffer (Invitrogen), and boiled at 100°C for less than 3 minutes.   

 

10. Morphological analysis 

Multi Gauge V 3.0 software (Fujifilm) was used to measure optical density of TH+ 

striatal fibers 70. A fluorescence upright microscope (Olympus, BX43) was used for total 

number of TH+ neuronal cell counting in the SNpc brain region.  

 

11. Statistical analysis 

All data values are expressed as mean ± S.E.M. Statistical analysis was performed with 

GraphPad Prism (version 8.4.2, GraphPad software, La Jolla, CA, USA) and p<0.05 was 

set to be statistically significant. All data were quantified relative to M83 (α-SynA53T) mouse 

group. Immunohistochemistry, and immunoblot data were analyzed by one-way ANOVA 

followed by Tukey’s multiple comparison test. Quantitative real-time PCR were analyzed 

using a Student’s T-test (unpaired). Behavioral data were analyzed by either one-way 

ANOVA followed by Tukey’s multiple comparison test or a Student’s T-test to determine 

statistically significant difference. 
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III. RESULTS 

Part 1. PFF-induced Parkinson’s disease in vitro 

Result 1. Recombinant human Reelin protein significantly attenuated α-Synuclein 

aggregation and deposition in PFF treated SH-SY5Y cells  

To confirm whether Reelin has a beneficial effect on Parkinson’s disease, 

differentiated SH-SY5Y cells were incubated with preformed fibril (PFF) and 

recombinant human Reelin protein (hReelin, R&D). Cell viability was measured for 

cytotoxicity. There were no differences between groups (Fig 1B). Thioflavin-S (Thio-S) 

staining results showed that not only α-Synuclein (α-Syn) co-labeled with Thio-S but also 

hReelin decreased aggregated protein formation and deposition at both concentrations 

(1㎍/㎖ and 2㎍/㎖) (Fig 1A, 1C). There was no difference in the levels of Triton x-100 

soluble serine-129-phosphorylated α-Synuclein (α-SynpS129) among untreated, PFF-

treated, or PFF and hReelin (1㎍/㎖)-treated groups (Fig 1D). hReelin (2㎍/㎖) treatment 

with PFF cells showed decreased α-SynpS129 levels compared to hReelin (1 ㎍/㎖) 

treatment with PFF cells. This results implies that hReelin (2 ㎍/㎖) treatment before cell 

death might be effectively preventing toxic α-Synuclein (α-SynpS129) formation.  

Therefore, these results suggest that Reelin might attenuate aggregated α-Syn 

formation and phosphorylated α-Synuclein (α-SynpS129) deposition.   
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Figure 1. Recombinant human Reelin protein reduced Thioflavin-S+ aggregated 

protein deposition in PFF treated SH-SY5Y cells. (A) Schematic diagram of 

experimental design (upper) and representative images for DAPI (blue) and Thioflavin-

(A) 

(B) (C) (D) 
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S (Thio-S) staining (green) of aggregated α-Syn in SH-SY5Y cells (lower). Scale bar 50 

㎛. (B-D) Differentiated SH-SY5Y cells were treated with 5 ㎍/㎖ PFF and hReelin 

(1㎍/㎖ or 2㎍/㎖) for 4 days. Cytotoxicity (n=5 for each group) (B), Thio-S-positive 

cells (n ≥ 52 cells for each group) (C) or serine-129-phosphorylated α-Synuclein (α-

SynpS129)-positive cells (n ≥ 14 cells for each group) (D) intensity were measured. Data 

are Means ± S.E.M. *P < 0.05 ***P < 0.001, by One-way ANOVA (Tukey). RA: retinoic 

acid, PFF: preformed fibril.  hReelin: recombinant human Reelin protein. 
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Result 2. Recombinant human Reelin protein prevented TH+ neuronal degeneration 

with decreasing α-Syn levels via LAMP1 in PFF treated SH-SY5Y cells  

To uncover underlying mechanisms, Reelin neutralizing antibody, CR-50 (4 ㎍/㎖), 

was treated with human Reelin protein (hReelin, R&D, 1 ㎍/㎖) to differentiated SH-

SY5Y cells. Active preformed fibrils (PFFs) were added and incubated for 4 days after 2 

hours hReelin treatment. Western blot analysis revealed that hReelin significantly 

protected TH+ neurons from degeneration by decreasing total α-Synuclein (α-Syn) and 

abnormal oligomeric α-Syn levels via LAMP1 compared to PFF only treated group (Fig 

2A-2D). However, those neuroprotective effects were attenuated by CR-50 treatment 

(PFF+/hReelin+/CR50+) in PFFs treated SH-SY5Y cells. VAMP7 levels were no changes 

(Fig 2E).  

Therefore, these results suggest that Reelin prevents dopamine neuronal 

degeneration by decreasing α-Syn aggregation, phosphorylated α-Synuclein (α-SynpS129) 

deposition through LAMP1 in PFF-induced PD in vitro. 
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Figure 2. Recombinant human Reelin protein protected TH+ neurons from 

degeneration by reducing abnormal α-Syn levels through LAMP1 in PFFs treated 

SH-SY5Y cells. Representative images (A) and quantifications for TH (B), α-Synuclein 

(C), LAMP1 (D), and VAMP7 (E) expression levels in SH-SY5Y cells (B and D, n = 17 

for control; n = 13 for PFF only treated group; n = 14 for PFF and hReelin (1 ㎍/㎖) 

treated group; n = 6 for PFF, hReelin (1 ㎍/㎖), and either IgG (4 ㎍/㎖) or CR-50 (4 

㎍/㎖) treated group) (C, for monomeric α-Syn n = 12 for control; n = 13 for PFF only 

treated group; n = 12 for PFF and hReelin (1 ㎍/㎖) treated group, for oligomeric α-Syn 

n = 5 for PFF, hReelin (1 ㎍/㎖), and IgG (4 ㎍/㎖) treated group; n = 6 for PFF, hReelin 

(1 ㎍/㎖), and CR-50 (4 ㎍/㎖) treated group) (E, n = 14 for control; n = 13 for PFF only 

(A) 
(B) 

(C) 

(D) 

(E) 
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treated group; n = 15 for PFF and hReelin (1 ㎍/㎖) treated group; n = 6 for PFF, hReelin 

(1 ㎍/㎖), and either IgG (4 ㎍/㎖) or CR-50 (4 ㎍/㎖) treated group). Data are Means ± 

S.E.M. *P < 0.05 **P < 0.01 ***P < 0.001 by One-way AVOVA (Tukey). RA: retinoic 

acid, PFF: preformed fibril.  hReelin: recombinant human Reelin protein, TH: tyrosine 

hydroxylase, α-Syn: α-Synuclein, VAMP7: vesicle associated membrane protein 7, 

LAMP1: lysosome associated membrane protein 1. 
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Part 2. A53T α-Synuclein-induced Parkinson’s disease in vivo 

Result 3. Disease stage-dependent Reelin expression in M83 (α-SynA53T) mouse brain 

regions  

To confirm whether the expression levels of Reelin are altered dependent on disease 

stage, we used 6-month-old (early stage) and 16-month-old (late stage) M83 (α-SynA53T) 

Parkinson’s disease model mouse brain 71. Relative Reelin mRNA (Reln) and protein 

expression (~180 kDa) levels were validated in various brain regions including striatum, 

cortex, and olfactory bulb (Fig 3, Fig 4, and Fig 5). qRT-PCR and western blot results 

revealed the relative Reln and Reelin protein levels were significantly increased in the 

striatum at 6-month-old but both were significantly decreased at 16-month-old compared 

to non-Tg (wild type) group mouse (Fig. 3A, 4A, and 5A). In the cortex, the relative Reln 

expression level was only decreased at 16-month-old but no changes at 6-month-old 

compared to wild type mouse (Fig 3B). However, there were no changes between groups 

for both 6- and 16-month-old cortical Reelin and olfactory bulb Reelin protein levels 

(Fig.4B-C, Fig 5B-C). Those altered striatal Reelin expressions imply that Reelin might be 

a promising disease stage dependent biomarker for α-Synuclein induced Parkinson’s 

disease. 

  



 

25 

 

 

Figure 3. Quantification for RELN expression in M83 (α-SynA53T) mouse various 

brain regions. Analyzed Reelin mRNA expression levels by quantitative real time PCR 

(qRT-PCR) at two different ages (6-month-old as for early stage and 16-month-old as 

for late stage of PD) in M83 (α-SynA53T) mouse striatum, cortex, olfactory bulb, 

hippocampus, and cerebellum. Data are Means ± S.E.M (n = 6 for non-Tg; n = 4 for Tg 

in 6-month-old striatum, n = 4 for non-Tg; n = 3 for Tg in 16-month-old striatum, n = 5 

in 6-month-old cortex, n = 4 in 16-month-old cortex, n = 4 for non-Tg; n = 5 for Tg in 

6-month-old olfactory bulb; n = 4 in 16-month-old olfactory bulb; n = 5 for non-Tg; n=3 

for Tg in 6-month-old hippocampus, n = 4 in 16-month-old hippocampus, n = 5 for non-

Tg; n = 4 for Tg in 6-month-old cerebellum, n = 4 in 16-month-old cerebellum). *P < 

(A) (B) 

(C) (D) (E) 
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0.05 **P < 0.01 ***P < 0.001, versus M83 (α-SynA53T) mouse group by Student’s T-test 

(unpaired). α-Syn: α-Synuclein. 
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Figure 4. At 6-month-old (early stage of PD), Reelin expression levels were 

significantly increased in M83 (α-SynA53T) mouse striatum (STR). Representative 

images and quantifications for Reelin protein expressions in the striatum (A), cortex (B), 

and olfactory bulb (C). Data are Means ± S.E.M (n = 9 for non-Tg; n = 8 for Tg in the 

striatum, n = 3 for non-Tg; n = 6 for Tg in the cortex, n = 3 for olfactory bulb). ***P < 

0.001, versus M83 (α-SynA53T) mouse group by student’s T-test (unpaired). α-Syn: α-

Synuclein. 

  

(A) (B) (C) 
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Figure 5. At 16-month-old (late stage of PD), Reelin expression levels were 

significantly decreased in M83 (α-SynA53T) mouse striatum (STR). Representative 

images and quantifications for Reelin protein expressions in the striatum (A), cortex (B), 

and olfactory bulb (C). Data are Means ± S.E.M (n = 7 for non-Tg; n = 8 for Tg in the 

striatum, n = 3 for cortex and olfactory bulb). ***P < 0.001, versus M83 (α-SynA53T) 

mouse group by student’s T-test (unpaired), α-Syn: α-Synuclein. 

  

(A) (B) (C) 
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Early stage of Parkinson’s disease (6-month-old) 

Result 4. Environmental enrichment prevented olfactory dysfunction, muscle 

strength weakening, and loss of coordination in 6-month-old (early stage of 

Parkinson’s disease) M83 (α-SynA53T) mouse animal model 

Several studies have reported that Parkinson’s disease (PD) is a neurodegenerative 

disease, accompanied by motor and non-motor symptoms such as disturbed smell sense, 

muscle weakness, coordination difficulty and cognitive deficit in PD patients and animal 

model studies 7,9,10,12,72-74. The results implicated that early life exposure to EE prevented 

deterioration of olfactory function, muscle weakness (grip hold), and coordination 

impairment (disturbed reciprocal walking movement) in Tg EE+ group compared to in Tg 

group (α-SynA53T w/o EE) at 6-month-old (early stage of PD) mouse (Fig. 6A-C). There 

was no significant locomotor dysfunction observed with accelerated Rotarod test at 6-

month-old (early stage of PD) Tg group mouse (Fig S5).  
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Figure 6. Early life environmental enrichment averted olfactory dysfunction, 

muscle strength weakening and coordination disturbance at 6-month-old (early 

stage of PD) M83 (α-SynA53T) mouse animal model. (A) Estimated mean time for 

eating hidden small pallet piece of food (n = 13 for non-Tg; n = 28 for Tg; n = 12 for Tg 

EE+; n = 4 for non-Tg EE+). (B) Measured latency time to fall from a thick metallic (n = 29 

for non-Tg; n = 46 for Tg; n = 24 for Tg EE+; n = 4 for non-Tg EE+). The maximum time 

period was 120 seconds (A), 180 seconds (B). (C) The number of reciprocal walking 

steps on the ladder rung was counted (n = 25 for non-Tg; n = 39 for Tg; n = 19 for Tg 

EE+; n = 4 for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 ***P < 0.001, versus M83 

(α-SynA53T) mouse group without EE exposure for 8 weeks by One-way ANOVA 

(Tukey). EE: environmental enrichment, α-Syn: α-Synuclein. 

  

(A) (B) (C) 
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Result 5. Early life environmental enrichment reduced the risk for mild cognitive 

deficit in 6-month-old (early stage of Parkinson’s disease) M83 (α-SynA53T) mouse 

animal model 

Mild cognitive deficit is one of non-motor symptoms on pre-dementia stage of 

cognitive impairment and mild cognitive impairment is often observed condition in early 

stage patients diagnosed with Parkinson’s disease (PD) 8,11,13,75. Behavioral characteristics 

of cognitive impairment were also reported in PD animal models 55,74,76-78. In this study, the 

effect of early life EE exposure on cognitive function was assessed by Y-maze task, passive 

avoidance task (PAT), and novel object recognition (NOR) task at 6-month-old (early stage 

of PD) mouse model of PD. Y-maze task was used to evaluate spatial learning and short-

term memory 61,62. Although spontaneous alternation rate in Y-maze task were significantly 

decreased in both Tg (α-SynA53T w/o EE), and Tg EE+ group (α-SynA53T w/ EE) compared to 

non-Tg group, the alternation rate in Tg EE+ group was significantly higher than in Tg group 

(Fig 7A). Long-term memory was assessed by PAT and NOR task at 24 hours following 

training session and familiarization, respectively. In the PAT, retention latency to the dark 

compartment was reduced in Tg group compared to non-Tg group whereas crossover 

latency of Tg EE+ group was similar to that of non-Tg group (Fig 7B). For the NOR task 

analysis, the time spending on novel object was recorded and the number of nose-point 

entries to the novel object center were counted 63,64. In the result, both shorter time spent 

on and less nose-poke to the novel object were observed in Tg group compared to non-Tg 

group. However, the NOR task analysis indicated that there were no significant differences 
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on long-term memory function between the EE exposed (Tg EE+) group and non-Tg group 

(Fig 7C).  

Taken together, these results imply that EE exposure during early stage of PD could 

affect cognitive deficits in a beneficial way.  
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Figure 7. Early life environmental enrichment prevented cognitive impairment at 

6-month-old (early stage of PD) M83 (α-SynA53T) mouse animal model. (A) Y-maze 

test, Spontaneous alternation and the number of total arm entries were counted (n = 20 

for non-Tg; n = 35 for Tg; n = 15 for Tg EE+; n = 3 for non-Tg EE+). (B) Passive avoidance 

task (PAT), the latency time to enter the dark compartment of PAT apparatus (24-hour 

post training) was recorded (n = 23 for non-Tg; n = 36 for Tg; n = 17 for Tg EE+; n = 4 

for non-Tg EE+). (C) Novel object recognition (NOR) task, exploration time and the 

number of entries to each object were analyze (n = 22 for non-Tg; n = 37 for Tg; n = 16 

for Tg EE+; n = 4 for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 ***P < 0.001, versus 

M83 (α-SynA53T) mouse group without EE exposure for 8 weeks by One-way ANOVA 

(Tukey). EE: environmental enrichment, α-Syn: α-Synuclein. 

  

(B) (A) 

(C) 
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Result 6. Early life environmental enrichment prevented nigrostriatal TH-positive 

(TH+) dopamine neuron degeneration at 6-month-old (early stage of Parkinson’s 

disease) M83 (α-SynA53T) mouse brain 

Environmental enrichment (EE) has been known to have beneficial effects in 

neurodegenerative diseases 25,36,79. To confirm whether exposure to EE in early life has a 

protective effect on dopamine neuron at 6-month-old (early stage of Parkinson’s disease 

(PD)) mouse, TH+ cell fiber density in the striatum (STR) and TH+ cell bodies in the 

substantia nigra pars compacta (SNpc) were analyzed. In the Tg EE+ group (α-SynA53T w/ 

EE), the number of TH+ cell bodies in the SNpc (IHC) and the amount of intensity for TH 

in SN (WB) were almost identical compared to that of TH + cell bodies in non-Tg group 

(w/o EE) (Fig 8). The density of TH+ cell fibers in the STR had no changes between groups, 

analyzed by both IHC and WB (Fig 8).TH+ brain areas were measure in both STR and SNpc. 

There were no significant differences between groups (Fig S5A). 
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Figure 8. Representative images and quantifications for TH+ nigrostriatal 

dopamine neurons at 6-month-old (early stage of PD) M83 (α-SynA53T) mouse brain. 

(A) (upper) Representative images. (B) (below) Optical densities for TH+ fibers were 

measured in the STR. Scale bar 500 ㎛ The number of TH+ cells were counted in the 

SNpc. Scale bar 1 ㎜ (n = 11 for non-Tg; n = 12 for Tg; n = 9 for Tg EE+; n = 3 for non-

Tg EE+). (B) Representative images (upper) and quantifications for TH (below) in the 

STR and the SN (n = 7 for non-Tg; n = 10 for Tg; n = 6 for Tg EE+; n = 3 for non-Tg EE+). 

Data are Means ± S.E.M. *P < 0.05, versus M83 (α-SynA53T) mouse group without EE 

exposure for 8 weeks by One-way ANOVA (Tukey). TH: tyrosine hydroxylase, EE: 

environmental enrichment, STR: striatum, SNpc: substantia nigra pars compacta. 

 

  

(A) 
(B) 
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Result 7. Early life environmental enrichment prevented the augmentation of both 

total α-Synuclein and serine-129-phosphorylated α-Synuclein (α-SynpS129) levels at 6-

month-old (early stage of Parkinson’s disease) M83 (α-SynA53T) mouse brain 

To confirm whether Thioflavin-S-positive (Thio-S+) cells are containing α-Synuclein 

(α-Syn) proteins, brain tissues were co-labeled with Thioflavin-S (green) and α-Synuclein 

(red) in the striatum (STR) and substantia nigra pars compacta (SNpc). Those results 

showed that not only Thio-S+ cells were merged with α-Syn in both STR and SNpc but 

environmental enrichment (EE) therapy also reduced the number of Thio-S+ aggregated 

proteins in Tg EE+ group compared to in Tg group (α-SynA53T w/o EE) STR and SNpc (Fig 

9A-C). Western blot analysis showed that early life EE decreased both total α-Syn and 

toxic phosphorylated α-Syn (α-SynpS129) expression levels in Tg mouse SNpc (Fig 9D, 9E). 

In the striatum, toxic α-SynpS129 was not detected within Triton x-100 soluble and -insoluble 

STR lysate in early stage of PD, EE significantly attenuated α-Syn accumulation in the 

STR.  

These results show that in early stage of PD, EE therapy could protect TH+ dopamine 

neurons in the nigrostriatal pathway and contribute to attenuate aggregated protein 

formation and accumulation in both STR and SN. 
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Figure 9. Early life environmental enrichment protected dopamine neuronal 

degeneration by reducing the level of α-Synuclein and phosphorylated α-SynpS129 

expressions at 6-month-old (early stage of PD) M83 (α-SynA53T) mouse brain. (A, B, 

and D) Representative images for co-labeled Thioflavin-S (green) and α-Synuclein (red) 

(A), for Thioflavin-S (green) only (B) in the STR and SNpc, and for α-Syn and α-SynpS129 

immunoblots (D) in the STR and SN. (C, E) Quantifications for Thioflavin-S (C), α-Syn 

(E), and α-SynpS129 (E) in the STR and the SN (n = 12 (α-Syn) or n = 4 (α-SynpS129) for 

non-Tg; n = 8 (α-Syn) or n = 6 (α-SynpS129) for Tg; n = 6 (α-Syn) or n = 3 (α-SynpS129) 

for Tg EE+; n = 3 for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 **P < 0.01 ***P < 

0.001, versus M83 (α-SynA53T) mouse group without EE exposure for 8 weeks by One-

way ANOVA (Tukey). Scale bar: 15㎛ (A), 50㎛ (B). EE: environmental enrichment, 

STR: striatum, SN: substantia nigra, α-Syn: α-Synuclein, Thio-S: Thioflavin-S. 

  

(B) (A) (D) 

(C) 

(E) 
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Result 8. Early life environmental enrichment normalized protein levels for dopamine 

receptor D1, dopamine receptor D2, and NMDA receptor subunits at 6-month-old 

(early stage of Parkinson’s disease) M83 (α-SynA53T) mouse striatum 

Increasing evidence has demonstrated that disruptions in protein expression level 

including dopamine receptors (DRD1, DRD2) and NMDA receptor subunits (NR1, NR2A, 

NR2B) are associated with symptoms for Parkinson’s disease (PD) 72,80-82. Immunoblot 

analysis indicated that EE exposure in early life altered decreased DRD1 and increased 

DRD2 total protein expression patterns in Tg group (α-SynA53T w/o EE) to the same protein 

levels as non-Tg group (w/o EE) at 6-month-old (early stage of PD) M83 (α-SynA53T) mouse 

STR (Fig 10). Total NR2A and total NR2B protein expression levels were also restored 

following the exposure to EE in Tg EE+ group compared to in Tg group (Fig 11A, 11C, and 

11D). There was no detectable difference between groups with respect to total amount of 

NR1 protein in STR (Fig 11A, 11B).  

Taken together, early life EE exposure not only protects nigrostriatal dopamine 

neurons by preventing phosphorylated α-Synuclein formation but also prevents 

dysregulation of key protein expressions that contributing to PD progression.  
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Figure 10. Early life environmental enrichment maintained normal expression level 

of dopamine receptor D1 and dopamine receptor D2 at 6-month-old (early stage of 

PD) M83 (α-SynA53T) mouse striatum (STR). Representative image (A) and 

quantifications (B) for DRD1 and DRD2 expression levels in M83 (α-SynA53T) mouse 

STR (n = 7 for non-Tg; n = 10 (DRD1) or n = 8 (DRD2) for Tg; n = 5 for Tg EE+; n = 23 

for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05, versus M83 (α-SynA53T) mouse 

group without EE exposure for 8 weeks by One-way ANOVA (Tukey). EE: 

environmental enrichment, STR: striatum, α-Syn: α-Synuclein, DRD1: dopamine 

receptor D1, DRD2: dopamine receptor D2. 

  

(A) (B) 



 

40 

 

 

Figure 11. At 6-month-old (early stage of PD), early life environmental enrichment 

prevented NR2A populations increase and NR2B populations decrease in M83 (α-

SynA53T) mouse striatum (STR). Representative image (A) and quantifications for NR1 

(B), NR2A (C), and NR2B (D) expression levels in M83 (α-SynA53T) mouse STR (n = 5 

(NR1) or n = 9 (NR2A) or n = 8 (NR2B) for non-Tg; n = 10 (NR1) or n = 8 (NR2A) or 

n =9 (NR2B) for Tg; n = 4 (NR1) or n = 5 (NR2A) or n = 7 (NR2B) for Tg EE+; n = 3 for 

non-Tg EE+). Data are Means ± S.E.M. *P < 0.05, versus M83 (α-SynA53T) mouse group 

without EE exposure for 8 weeks by One-way ANOVA (Tukey). EE: environmental 

enrichment, STR: striatum, α-Syn: α-Synuclein, NMDA receptor subunits: NR1, NR2A, 

and NR2B. 

  

(B) 

(A) 

(D) (C) 



 

41 

 

Result 9. Early life environmental enrichment maintained striatal Reelin and LAMP 

1 (late endosome/early lysosome) expression levels at 6-month-old (early stage of 

Parkinson’s disease) M83 (α-SynA53T) mouse brain 

Previous studies have reported that tyrosine hydroxylase-positive (TH+) dopaminergic 

neurons expresses Reelin in brain development periods in mice 41,42. Reelin also selectively 

regulates synaptic vesicle to facilitate neurotransmission in presynaptic terminal through 

vesicle SNARE protein, VAMP7, which is required for correct sorting of early lysosome 

LAMP1 protein 43,83. In addition, several studies have shown that not only lysosomal 

dysfunction and autophagy impairment cause abnormal protein accumulation such as α-

Synuclein but lead to damage to cell organelles, resulting in dopamine neuron degeneration 

in Parkinson’s disease (PD) 19-22,84,85. To evaluate whether early life environmental 

enrichment (EE) exposure could modulate Reelin and LAMP1 protein levels in the striatum 

(STR), we first checked striatal Reelin expression levels by western blot and 

immunohistochemistry analysis (Fig 12). Western blot analysis showed that in early stage 

of PD, EE maintained Reelin protein expressions to the same level of non-Tg group (w/o 

EE) (Fig 12A). Immunohistochemistry result implies that dopamine- and cAMP-regulated 

neuronal phosphoprotein-positive (DARPP32+) medium spiny neurons (MSNs) express 

Reelin proteins as well as early life EE normalized increased levels of striatal Reelin protein 

in Tg group (α-SynA53T w/o EE) to the same level of it in non-Tg group (w/o EE) at 6-

month-old (early stage of PD) M83 (α-SynA53T) mouse (Fig 12B). Next, lysosomal function 

with early endosome/late lysosomal protein marker, LAMP1 were analyzed through 
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protein immunoblot and immunohistochemistry staining in the STR. The result showed 

that decreased LAMP1 in Tg group (α-SynA53T w/o EE) was preserved the same expression 

level as non-Tg group (w/o EE) following early life EE therapy for 8 weeks (Tg EE+ group) 

(Fig 13A, 13B, and 13E). There were no changes on APOER2 (Reelin protein receptor) 

and VAMP7 (Reelin-mediated SNARE protein) levels between groups (Fig 13B-13D).  

These results imply that early life EE promotes lysosome LAMP1 function, resulting 

in nigrostriatal dopamine neurons protection from α-Synuclein accumulation, and then 

striatal Reelin level normalization in the STR.  
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Figure 12. Early life environmental enrichment prevented the expression of Reelin 

protein increase at 6-month-old (early stage of PD) M83 (α-SynA53T) mouse striatum 

(STR). (A) Representative images (upper) and quantifications (below) for Reelin (n = 9 

for non-Tg; n = 8 for Tg; n = 6 for Tg EE+; n = 3 for non-Tg EE+). (B) Representative 

images (left) for DARRP32 (red) and Reelin (green) and quantifications (right) for 

Reelin-positive (Reelin+) and DARPP32-positivie (DARPP32+) medium spiny neurons 

(MSNs) in the STR (n = 3 for each group). Scale bar: 15㎛. Data are Means ± S.E.M. 

*P < 0.05 ***P < 0.001, versus M83 (α-SynA53T) mouse group without EE exposure for 8 

weeks by One-way ANOVA (Tukey). EE: environmental enrichment, STR: striatum, α-

Syn: α-Synuclein, DARPP32: dopamine- and cAMP-regulated neuronal 

phosphoprotein. 

(B) (A) 
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Figure 13. At 6-month-old (early stage of PD), early life environmental enrichment 

prevented the decrease of LAMP 1 expression level in M83 (α-SynA53T) mouse 

striatum (STR). Representative images for immunofluorescence staining for DAPI 

(blue), LAMP1 (green), and VAMP7 (red) (A) and western blot analysis (B) Scale bar: 

(A) 

(B) 

(C) (D) (E) 
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15㎛. (C-E) Quantifications for APOER2 (C), VAMP7 (D) and LAMP1 (E) expression 

levels in M83 (α-SynA53T) mouse STR (n = 6 for non-Tg; n = 8 (APOER2) or n = 7 

(VAMP7) or n = 6 (LAMP1) for Tg; n = 5 (APOER2) or n = 3 (VAMP7) or n = 6 

(LAMP1) for Tg EE+; n = 3 for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 **P < 

0.01, versus M83 (α-SynA53T) mouse group without EE exposure for 8 weeks by One-

way ANOVA (Tukey). EE: environmental enrichment, STR: striatum, α-Syn: α-

Synuclein, APOER2: apolipoprotein receptor 2, VAMP7: vesicle associated membrane 

protein 7, LAMP1: lysosome associated membrane protein 1. 
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Late stage of Parkinson’s disease (16-month-old) 

Result 10. Later life environmental enrichment recovered olfactory function, muscle 

strength, and coordination at 16-month-old (late stage of Parkinson’s disease) M83 

(α-SynA53T) mouse animal model 

Behavioral analysis revealed that later life environmental enrichment (EE) 

significantly recovered deteriorated olfactory function, weaken muscle strength (grip hold), 

and improved loss of reciprocal walking movement (coordination) in Tg EE+ group (α-

SynA53T w/ EE) compared to in Tg group (α-SynA53T w/o EE) at 16-month-old (late stage 

of Parkinson’s disease (PD)) mouse animal model of PD (Fig 14).  

These results indicate that later life EE exposure in late stage of PD have an impact 

on motor-related function recovery such as olfaction, muscle strength and coordination in 

mouse animal model of PD. However, there was no significant locomotor dysfunction 

observed with accelerated Rotarod test at 16-month-old (late stage of PD) Tg group mouse 

(Fig S5).  
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Figure 14. Later life environmental enrichment rehabilitated olfactory dysfunction, 

muscle strength, and imbalanced coordination at 16-month-old (late stage of PD) 

M83 (α-SynA53T) mouse animal model. (A) Estimated mean time for eating hidden 

small pallet piece of food (n = 9 for non-Tg; n = 19 for Tg; n = 10 for Tg EE+; n = 3 for 

non-Tg EE+). (B) Measured latency time to fall from a thick metallic wire (n = 11 for non-

Tg; n = 27 for Tg; n = 10 for Tg EE+; n = 3 for non-Tg EE+). The maximum time period 

was 120 seconds (A), 180 seconds (B). (C) The number of reciprocal walking steps on 

the ladder rung was counted (n = 13 for non-Tg; n = 22 for Tg; n = 10 for Tg EE+; n = 3 

for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 **P < 0.01 ***P < 0.001, versus M83 

(α-SynA53T) mouse group without EE exposure for 8 weeks by One-way ANOVA 

(Tukey). α-Syn: α-Synuclein, EE: environmental enrichment. 
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Result 11. Later life environmental enrichment did not ameliorate the risk for 

cognitive impairment in 16-month-old (late stage of Parkinson’s disease) M83 (α-

SynA53T) mouse animal model 

The effect of later life environmental enrichment (EE) was evaluated at 16-month-old 

(late stage of Parkinson’s disease (PD)) mouse animal model of PD. With regarding to 

spatial learning and short-term memory function, Y-maze task result showed spontaneous 

alternation rate was not efficiently increased in Tg EE+ group (α-SynA53T w/ EE) compared 

to in Tg group (α-SynA53T w/o EE) 16-month-old (late stage of PD) mouse model (Fig 15A). 

PAT result presented attenuated latency time in Tg group did not significantly prolonged 

the time followed by EE in Tg EE+ group (Fig 15B). NOR task results also provided that 

later life exposure to EE did not significantly extend the time spent on and the number of 

nose-pokes to the novel object than to the familiar object Tg EE+ group compared to in Tg 

group (Fig 15C). 

These results suggest that EE exposure during late stage of PD is not as effective as 

early life exposure to EE during early stage of PD in regard to cognitive function recovery 

in M83 (α-SynA53T) mouse animal model of PD. 
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Figure 15. Later life environmental enrichment did not significantly recover 

cognitive function at 16-month-old (late stage of PD) M83 (α-SynA53T) mouse animal 

model. (A) Y-maze test, Spontaneous alternation and the number of total arm entries 

were counted (n = 18 for non-Tg; n = 27 for Tg; n = 11 for Tg EE+; n = 3 for non-Tg EE+). 

(B) Passive avoidance task (PAT), the latency time to enter the dark compartment of 

PAT apparatus (24-hour post training) was recorded (n = 26 for non-Tg; n = 33 for Tg; 

n = 10 for Tg EE+; n = 3 for non-Tg EE+). (C) Novel object recognition (NOR) task, 

exploration time and the number of entries to each object were analyzed (n = 18 for non-

Tg; n = 16 for Tg; n = 8 for Tg EE+; n = 3 for non-Tg EE+). Data are Means ± S.E.M. *P < 

0.05 **P < 0.01 ***P < 0.001, versus M83 (α-SynA53T) mouse group without EE exposure 

for 8 weeks by One-way ANOVA (Tukey). α-Syn: α-Synuclein, EE: environmental 

enrichment. 
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Result 12. Later life environmental enrichment did not restore nigrostriatal TH-

positive (TH+) dopamine neuron levels at 16-month-old (late stage of Parkinson’s 

disease) M83 (α-SynA53T) mouse brain 

Immunohistochemistry staining (IHC) analysis showed that TH+ dopamine neuronal 

fibers were significantly denervated in the striatum (STR) and TH+ dopamine neuronal cell 

bodies were degenerated in the substantia nigra (SN) in Tg group (α-SynA53T w/o EE) 

compared to non-Tg group at 16-month-old (late stage of Parkinson’s disease (PD)) mouse 

(Fig 16A). In western blot, no differences were observed between Tg and Tg EE+ (α-SynA53T 

w/ EE) group with the respect to the level of nigrostriatal dopamine neurons at 16-month-

old (late stage of PD) mouse STR and SN (Fig 16B). TH+ brain areas were measure in both 

STR and SNpc. There were no significant differences between groups (Fig S5B). 

These results indicate that later life exposure to environmental enrichment (EE) failed 

to increase the amount of nigrostriatal dopamine neurons although it alleviated TH+ 

dopamine neuronal degeneration in the STR and SN at 16-month-old mouse animal model 

of PD.  
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Figure 16. Representative images and quantifications for TH+ nigrostriatal 

dopamine neurons at 16-month-old (late stage of PD) M83 (α-SynA53T) mouse brain. 

(A) Representative images (upper) for TH+ dopamine neuron fiber (striatum, STR) and 

cell bodies (substantia nigra pars compacta, SNpc). (below) Optical densities for TH+ 

dopamine neuron fibers and the number of TH+ dopamine neuron cell bodies were 

analyzed in the STR and SNpc, respectively. Scale bar 500 ㎛ for STR, Scale bar 1 ㎜ 

for SNpc (n = 7 for non-Tg; n = 10 for Tg; n = 4 for Tg EE+; n = 1 for non-Tg EE+). (B) 

Representative images (upper) and quantifications for TH (below) in the STR and the 

SN (n = 11 (STR) or n = 9 (SN) for non-Tg; n = 11 (STR) or n = 9 (SN) for Tg; n = 5 

for Tg EE+; n = 3 for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 **P < 0.01 ***P < 

0.001, versus M83 (α-SynA53T) mouse group without EE exposure for 8 weeks by One-

way ANOVA (Tukey). TH: tyrosine hydroxylase, EE: environmental enrichment, STR: 

striatum, SNpc: substantia nigra pars compacta. 

(A) 
(B) 
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Result 13. Later life environmental enrichment neither diminished the number of 

aggregated protein formations nor the levels of both total α-Synuclein and serine-129-

phosphorylated α-Synuclein (α-SynpS129) at 16-month-old (late stage of Parkinson’s 

disease) M83 (α-SynA53T) mouse striatum 

Through immunofluorescence (IF) staining analysis, Thioflavin-S-positive (Thio-S+) 

cells were merged with phosphorylated α-Synuclein (α-SynpS129) at 16-month-old (late 

stage of Parkinson’s disease (PD)) mouse striatum (STR) and substantia nigra pars 

compacta (SNpc) (Fig 17A). Thioflavin-S (Thio-S) staining and western blot analysis 

confirmed that, in Tg EE+ (α-SynA53T w/ EE) group, environmental enrichment (EE) 

significantly reduced the number of Thio-S+ aggregated proteins as well as the levels of 

total α-Syn and toxic α-SynpS129 in the SNpc (Fig 17B-E). However, in the STR, Thio-S 

staining and immunoblot results showed that aggregated proteins (Thio-S+), total α-Syn, 

and toxic α-SynpS129 accumulation in the Tg group were not significantly reversed by later 

life EE exposure in Tg EE+ group at 16-month-old (late stage of PD) mouse STR (Fig 17B-

E).  

These results indicate that later life exposure to environmental enrichment (EE) failed 

to abate not only the levels of total α-Syn, and toxic α-SynpS129 but also the number of 

aggregated proteins (Thio-S+) in the STR, resulting in proceeding nigrostriatal dopamine 

neurons degeneration at 16-month-old mouse animal model of PD.   
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Figure 17. Later life environmental enrichment did not significant decrease α-

Synuclein (α-Syn) and phosphorylated α-Synuclein (α-SynpS129) levels at 16-month-

old (late stage of PD) M83 (α-SynA53T) mouse striatum (STR). (A, B, and D) 

Representative images for co-labeled Thioflavin-S (green) and α-SynpS129 (red) (A), for 

Thioflavin-S (green) only (B) in the STR and SNpc, and for α-Syn and α-SynpS129 

immunoblots (D) in the STR and SN. (C, E) Quantifications for Thioflavin-S (C), α-Syn 

(E), and α-SynpS129 (E) in the STR (n = 10 (α-Syn) or n = 11 (α-SynpS129) for non-Tg; n 

= 14 (α-Syn) or n = 7 (α-SynpS129) for Tg; n = 4 for Tg EE+; n = 3 for non-Tg EE+) and the 

SN (n = 11 (α-Syn) or n = 10 (α-SynpS129) for non-Tg; n = 9 (α-Syn) or n = 8 (α-SynpS129) 

for Tg; n = 4 (α-Syn) or n = 6 (α-SynpS129) for Tg EE+; n = 3 for non-Tg EE+). Data are 

Means ± S.E.M. *P < 0.05 **P < 0.01 ***P < 0.001, versus M83 (α-SynA53T) mouse group 

without EE exposure for 8 weeks by One-way ANOVA (Tukey). Scale bar: 15㎛ (A), 

(D) (B) (A) 

(C) 

(E) 
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50 ㎛  (B). EE: environmental enrichment, STR: striatum, SN: substantia nigra, α-Syn: 

α-Synuclein, Thio-S: Thioflavin-S. 

  



 

55 

 

Result 14. Later life environmental enrichment restored the increased levels of 

dopamine receptor D1, dopamine receptor D2, and NR2A populations to normal 

levels of it at 16-month-old (late stage of Parkinson’s disease) M83 (α-SynA53T) mouse 

striatum 

To confirm whether later life environmental enrichment (EE) rehabilitate dopamine 

receptors (DRD1, DRD2) and NMDA receptor subunits (NR1, NR2A, NR2B), 

immunoblots were proceeded at 16-month-old (late stage of Parkinson’s disease (PD)) 

mouse striatum (STR). The results suggested that both DRD1 and DRD2 were significantly 

augmented in Tg group (α-SynA53T w/o EE) but exposure to EE diminished the levels of 

both proteins prominently in the STR (Fig 18). Later life EE also reduced the augmented 

level of NR2A populations in Tg group to the same NR2A level expression in non-Tg group 

whereas NR1, NR2B populations were not significantly reinstated followed by EE 

exposure compared to non-Tg group at 16-month-old (late stage of PD) mouse striatum 

(Fig 19).  

Taken together, later life EE did restore to normal levels of key protein expressions 

for dopamine neurotransmission but failed to renovate nigrostriatal dopamine neuron 

populations, and to drop the level of serine-129-phosphorylated α-Synuclein (α-SynA53T) at 

16-month-old (late stage of PD) mouse STR.  
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Figure 18. Later life environmental enrichment reduced dopamine receptor D1 and 

dopamine receptor D2 levels at 16-month-old (late stage of PD) M83 (α-SynA53T) 

mouse striatum (STR). Representative images (A) and quantifications (B) for DRD1 

and DRD2 expression levels in M83 (α-SynA53T) mouse STR (n = 8 for non-Tg; n = 4 

for Tg; n = 5 for Tg EE+; n = 3 for non-Tg EE+). Data are Means ± S.E.M. *P < 0.05 **P < 

0.01, versus M83 (α-SynA53T) mouse group without EE exposure for 8 weeks by One-

way ANOVA (Tukey). EE: environmental enrichment, STR: striatum, α-Syn: α-

Synuclein, DRD1: dopamine receptor D1, DRD2: dopamine receptor D2. 

  

(A) 
(B) 
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Figure 19. Later life environmental enrichment significantly reduced NR2A 

populations but failed to elevate NR2B populations at 16-month-old (late stage of 

PD) M83 (α-SynA53T) mouse striatum (STR). Representative images (A) and 

quantifications for NR1 (B), NR2A (C), and NR2B (D) expression levels in M83 (α-

SynA53T) mouse STR (n = 8 (NR1) or n = 3 (NR2A) or n = 5 (NR2B) for non-Tg; n = 6 

(NR1) or n = 3 (NR2A) or n = 5 (NR2B) for Tg; n = 5 for Tg EE+; n = 3 for non-Tg EE+). 

Data are Means ± S.E.M. *P < 0.05 **P < 0.01, versus M83 (α-SynA53T) mouse group 

without EE exposure for 8 weeks by One-way ANOVA (Tukey). EE: environmental 

enrichment, STR: striatum, α-Syn: α-Synuclein, NMDA receptor subunits: NR1, NR2A, 

and NR2B. 

  

(B) 

(A) 

(D) (C) 
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Result 15. Later life environmental enrichment could restore Reelin but not LAMP 1 

(late endosome/early lysosome) expression levels at 16-month-old (late of Parkinson’s 

disease) M83 (α-SynA53T) mouse striatum 

To confirm whether environmental enrichment (EE) exposure in later life affects the 

expression levels of Reelin at 16-month-old (late stage of Parkinson’s disease (PD)) in M83 

(α-SynA53T) Tg group mouse, immunoblot and immunofluorescence (IF) staining were 

conducted. Immunoblot analysis showed that the levels of Reelin protein was decreased 

(~180 kDa) in Tg group (α-SynA53T w/o EE) compared to non-Tg (wild type) group, 

whereas later life EE exposure could significantly increase Reelin expression in Tg EE+ 

group (α-SynA53T w/ EE) compared to in Tg group in the striatum (STR) (Fig 20A). IF 

staining results also confirmed that cAMP-regulated neuronal phosphoprotein-positive 

(DARPP32+) medium spiny neurons (MSNs) expressed Reelin proteins were significantly 

decreased in disease state (Tg group) compare to non-Tg group. However, later life EE 

significantly increased Reelin protein levels to as same levels as in non-Tg group at 16-

month-old (late stage of PD) M83 (α-SynA53T) mouse STR (Fig 20B). For APOER2 and 

VAMP7, increased pattern of APOER2 in Tg group was significantly decreased after EE 

(Tg EE+ group), whereas increased levels of VAMP7 did not, compared to Tg group at 16-

month-old (late stage of PD) mouse STR (Fig 20C). Later life environmental enrichment 

(EE) restored decreased LAMP1 protein levels in Tg group (α-SynA53T w/o EE) to the same 

level as in non-Tg group at 16-month-old (late stage of Parkinson’s disease (PD)) mouse 

STR (Fig 20C).  
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Taken together, although EE significantly ameliorated striatal Reelin levels in late 

stage of PD, it was not sufficient to enhance lysosome LAMP1 functions effectively so as 

to reduce total α-Syn, toxic α-SynA53T, and aggregated protein formations in the STR.   
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Figure 20. Later life environmental enrichment restored Reelin, APOER2 

expression levels but not VAMP7, LAMP1 levels at 16-month-old (late stage of PD) 

M83 (α-SynA53T) mouse striatum (STR). (A-C) Representative images and 

quantifications for Reelin immunoblot (A), for Reelin-positive (green) and DARRP32-

postive (red) medium spiny neurons (MSNs) immunofluorescence staining (B) and 

APOER2, VAMP7, and LAMP1 immunoblots (C) in the STR. Scale bar: 15㎛. Data 

are Means ± S.E.M. (A) n = 7 for non-Tg; n = 8 for Tg; n = 3 for Tg EE+; n = 4 for non-

Tg EE+, (B) n = 3 for each group, (C) n = 8 for non-Tg; n = 5 (APOER2, VAMP7) or n = 

4 (LAMP1) for Tg; n = 5 (APOER2, VAMP7) or n = 3 (LAMP1) for Tg EE+; n = 3 for 

(B) (A) 

(C) 
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non-Tg EE+, *P < 0.05 **P < 0.01, versus M83 (α-SynA53T) mouse group without EE 

exposure for 8 weeks by One-way ANOVA (Tukey). EE: environmental enrichment, 

STR: striatum, α-Syn: α-Synuclein, DARPP32: dopamine- and cAMP-regulated 

neuronal phosphoprotein. 
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Fig. S1. Determine the efficient concentration of Reelin neutralizing antibody, CR-

50, in SH-SY5Y cells. (A) Representative images for phosphorylated DAB1 (pDAB1, 

green) and DAPI (blue) in SH-SY5Y cells. Scale bar 50 ㎛. (n = 83 – 106 cells in each 

group). (B) SH-SY5Y cells were incubated with hReelin (1㎍/㎖) and IgG (4 ㎍/㎖) or 

with hReelin (1㎍/㎖) and CR-50 for 24 hours. The intensity of cells with pDAB1 were 

analyzed. Data are Means ± S.E.M. ***P < 0.001, by One-way ANOVA (Bonferroni post 

hoc comparison). CR-50: anti-Reelin antibody, DAB1: disabled 1, hReelin: recombinant 

human Reelin protein. 

  

(B) 

(A) 
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Fig. S2. Sex-selective behavioral difference comparisons in early stage (6-month-

old) of M83 (α-SynA53T) mouse animal model of Parkinson’s disease. Although (A) 

Olfactory function and (D) locomotor velocity were decreased in female mouse 

(A) (B) (C) 

(D) (E) 

(F) (G) 

(H) 
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compared to male mouse in wild-type group, there were no statistically significant 

differences both in wild-type and in α-SynA53T groups for (A) olfaction, (B) muscle 

strength, (C) coordination, (D, E) locomotor activity, and (F-H) cognition.in a sex-

selective manner. Data are Means ± S.E.M (n = 1~34 mice per group). No significant 

differences by Fisher’s exact test. *P < 0.05, Female versus Male mouse group by 

Student’s T-test (unpaired). 
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Fig. S3. Sex-selective behavioral difference comparisons in late stage (16-month-

old) of M83 (α-SynA53T) mouse animal model of Parkinson’s disease. There were 

no statistically significant behavioral differences both in wild-type and in α-SynA53T 

(A) (B) (C) 

(D) (E) 

(F) (G) 

(H) 



 

66 

 

groups for (A) olfaction, (B) muscle strength, (C) coordination, (D, E) locomotor 

activity, and (F-H) cognition in a sex-selective manner. Data are Means ± S.E.M (n = 

1~25 mice per group). Female versus Male mouse group by Student’s T-test (unpaired).  
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Fig. S4. No significant locomotor dysfunctions were observed both at 6-month-old 

(early stage of Parkinson’s disease) and at 16-month-old (late stage of Parkinson’s 

disease) M83 (α-SynA53T) mouse animal model. Measured latency time to fall off the 

rotarod at 6-month-old (A) and 16-month-old (B). The maximum time period was 300 

seconds. Data are Means ± S.E.M (n ≥ 3 mice per group). No significant differences 

between groups by Student’s T-test (unpaired). EE: environmental enrichment.  

  

(A) (B) 
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Fig. S5. Striatum (STR) and substantia nigra pars compacta (SNpc) area 

comparison at 6-month-old (early stage of Parkinson’s disease) and at 16-month-

old (late stage of Parkinson’s disease) M83 (α-SynA53T) mouse animal model. No 

significant differences were observed between groups in 6-month-old (A) and 16-month-

old (B) animal STR and SNpc. n = 3 for each group. Data are Means ± S.E.M. One-way 

ANOVA (Tukey). EE: environmental enrichment, STR: striatum, α-Syn: α-Synuclein. 

  

(A) (B) 
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Fig. S6. Environmental enrichment reduced monomeric, oliogmeric, and 

phosphorylated α-Syn (α-Syn pS129) levels at 6-month-old (early stage of PD) M83 (α-

SynA53T) mouse cortex. (A-D) Representative images (A) and quantifications for 

monomeric α-Syn (B), for oligomeric α-Syn (C), and α-Syn pS129 (D) immunoblots in the 

cortex. Data are Means ± S.E.M. (B, D) n = 7 for 6-month-old Tg mouse; n = 5 for 6-

month-old Tg EE+mouse; n = 6 for 16-month-old Tg and Tg EE+ mouse, (C) n = 6 for 6-

month-old Tg mouse; n = 5 for 6-month-old Tg EE+mouse; n = 6 for 16-month-old Tg and 

Tg EE+ mouse, **P < 0.01 ***P < 0.001, versus M83 (α-SynA53T) mouse group without EE 

exposure for 8 weeks by Student’s T-test (unpaired). EE: environmental enrichment, α-

Syn: α-Synuclein. 

  

(A) 

(B) 

(A) 

(C) (D) 
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Table 1. List of primary antibodies  

Antibody Cat. No Company Dilution Lot. No 

ApoER2 

[EPR3326] 
ab108208 Abcam 1:1000 GR3213820-5 

α-Syn ab138502 Abcam 1:3000 GR3222269-15 

α-Syn (pS129) ab168381 Abcam 1:3000  

α-Syn (Syn211) #36-008 Millipore 1:1000 2987655 

β-actin (C4) sc-47778 SCBT 1:2000 C1919 

DARPP32 (19A3) 2306S Cell signaling 1:500  

DARPP32 (H-3) sc-271111 SCBT 1:400 J0520 

DAB1 (pTyr232) SAB4504377 Sigma 1:100 117055 

DRD1 Ab20066 Abcam 1:1000  

DRD2 ADR-002 Alomonlabs 1:1000 
ADR020- 

AN0350 

LAMP1 (1D4B) sc-19992 SCBT 1:500 J2620 

NMDAR1 32-0500 Invitrogen 1:1000  

NR2A 07-632 EMDilipore 1:1000 3307791 

NR2B 06-600 EMDilipore 1:1000 3384442 

Reelin (G10) ab78540 Abcam 1:1000 GR3315810-1 

Reelin (E-5) sc-25346 SCBT 1㎍/㎎ L1718F2520 

Reelin (CR-50) D223-3 MBL 1㎍/㎕ 017 

TH Pel-freez P40101 1:2000 Ajo319o 

VAMP7 14811S Cell signaling 1:1000 1 
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Table 2. List of secondary antibodies 

Antibody Cat. No Company Dilution 

Anti-rabbit IgG #2729 Abcam 1:2000 

Anti-mouse HRP sc-516102 SCBT 1:2000 

Anti-rabbit HRP sc-2357 SCBT 1:2000 

Anti-rat HRP sc-2750 SCBT 1:2000 

Anti-rat Alexa flour 488 ab150157 Abcam 1:200 

Anti-rabbit Alexa flour 488 A-11008 Invitrogen 1:200 

Anti-mouse-Alexa flour 488 A-11001 Invitrogen 1:200 

Anti-rabbit Alexa flour 594 Ab150080 Abcam 1:200 

Anti-mouse-Alexa flour 594 Ab150116 Abcam 1:200 

Anti-rabbit-Biotinylated IgG (H+L) BA-1000 Vector Labs 1:200 
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IV. DISCUSSION 

It has been the gold treatment object that determine when and which treatments would 

bring the most effective outcomes for each of patients. Despite the continuous endeavors 

to drug discovery, there are still needs for new treatment to improve both behavior and 

dopaminergic system functions with minimizing the side effects.  

Reelin has been known to be expressed in Tyrosine hydroxylase+ (TH+) dopamine 

neurons in the midbrain and has a pivotal role in functional changes for dopaminergic 

system in schizophrenia pathophysiology statue 41,42,86. In addition, Reelin levels were 

increased in the CSFs of Alzheimer’s disease (AD) and Parkinson’s disease (PD) patient 

46-49. Therefore, recombinant human Reelin protein (hReelin) was used to test whether 

Reelin would be beneficial for PD. Active PFFs were treated with hReelin into 

differentiated SH-SY5Y cells. When cytotoxicity was not changed between groups, 

hReelin significantly attenuated α-Synuclein (α-Syn) aggregation and deposition with 

hReelin treated groups compared to PFF only treated group in vitro. These results imply 

that Reelin might protect neurons from degeneration when cell viability has not changed 

from PFF. To elucidate, the level of Reelin protein was analyzed in the striatum (STR) 

dependent on the disease progress: early stage (6-month-old) and late stage (16-month-old) 

of A53T α-Syn animal model of PD 55,74. The results showed that Reelin was increased in 

the 6-month-old A53T α-Synuclein (α-Syn) mouse STR whereas it was decreased in the 

16-month-old A53T α-Syn mouse STR.  
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PD is a progressive neurodegenerative disease that is primarily described as 

dopamine-related movement disorder with motor symptoms 9,10. Numerous studies have 

reported that cognitive decline is also observed in PD, referring to as non-motor symptom 

(NMS) 5-7,12,75. Thus, in this study, PD progression was evaluated motor and non-motor 

symptoms (NMS). The results showed that there was no significantly reduced locomotor 

activities regardless of either early or late stage of PD 52,55,80. However, muscle strength 

weakness, deteriorated balance, and olfactory impairment were observed in both stages of 

PD. Those symptoms became worse according to the degrees of Thioflavin-S+ aggregated 

α-Syn and phosphorylated α-Syn (α-SynpS129) accumulations in the brain 8,74,78. According 

to the brain analysis at 6-month-old (early stage of PD) A53T α-Syn mouse, TH+ 

dopaminergic neuron fibers were intact and no α-SynpS129 protein was detected in the 

striatum (STR), whereas decreased TH+ dopamine neuronal cell bodies and increased levels 

of α-SynpS129 were observed in the substantia nigra (SN). In the 16-month-old (late stage of 

PD) A53T α-Syn mouse brain, not only both TH+ dopaminergic neuron fiber density and 

cell bodies were degenerated but also the level of α-SynpS129 was significantly increased in 

the STR and the SN. Both dopamine receptor D1 (DRD1) and D2 (DRD2) expression 

patterns were augmented in the 16-month-old while reduced DRD1 and increased DRD2 

were detected in the 6-month-old A53T α-Syn mouse STR. Decreased LAMP1, NR2B and 

increased NR2A levels were observed both stages of PD 18,19,81. The level of NR1 was not 

significantly changed between groups.  
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Environmental enrichment (EE) intervention improved behavioral performances as 

well as normalized protein levels in the STR but TH+ dopamine neuron levels were not 

restored after EE in the 16-month-old (late stage) A53T α-Syn mouse brain. Taken together, 

our current results suggest that Reelin protein expression patterns are altered dependent on 

the stages of PD so that it could be a promising marker to determine stages of disease in 

PD. These results also demonstrate that early intervention to EE would bring improved 

prognosis in behavioral functions and dopamine neuronal protection in early stage of PD 

rather than in late stage of PD. 

In current study, 6- and 16-month-old A53T α-Syn mouse were used to elucidate how 

important EE exposure time point is as a treatment for PD. According to the previous study, 

for 4 weeks of EE exposure is sufficient to have positive effects on cognition in rats but old 

rodents require longer exposure period 53. Thus, for 8 weeks of EE exposure time was 

designed as a therapeutic experimental approach in PD. 

Present study showed that in early stage of A53T α-Syn mouse PD, Reelin level in the 

STR was increased while it was reduced in late stage of PD. EE exposure normalized the 

level of Reelin proteins to normal in both stages. This result suggests that in early stage of 

PD, intact striatal dopamine neurons increase Reelin expression and this also helps 

dopamine neurons to protect themselves as a positive feedback loop at 6-month-old of 

A53T α-Syn mouse STR. Thus, striatal dopamine neurons and dopamine neurotransmitter 

(DA) could be able to keep normal levels in early stage of PD 87,88. Activated Reelin 

signaling restored LAMP1+ endo-lysosomal function, resulting in decreased Thioflavin-S+ 
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total α-Syn levels in the STR. Consistent with the previous studies, DRD2 levels were 

augmented in the STR 81,87. DRD1 expressions were diminished in the STR and it seems to 

be a compensatory effect. There are supportive evidences that L-DOPA levels were raised 

in 6-month-old A53T α-Syn mouse STR 88 and increased L-DOPA level leads to NR2A 

augmentation in PD 89. In alignment with previous studies, total NR2A expressions were 

increased and became normalized after EE at 6-month-old early stage of PD.  

In late stage of PD, striatal dopamine neurons were significantly reduced, Reelin 

expressions became less, and eventually degeneration of dopamine neurons got 

exaggerated in the A53T α-Syn mouse STR. Although later life EE intervention recovered 

LAMP1+ endo-lysosomal function, it was not statistically significant. EE exposure in late 

stage of PD also failed to attenuate the formation of total α-Syn and α-SynpS129 in the STR. 

Tommi et al. revealed decreased both DA concentration and TH immunoreactive optical 

density in the 18-month-old α-Syn Tg mouse striatum by HPLC and 

immunohistochemistry analysis, respectively 90. Therefore, striatal dopamine neuron fiber 

denervation in our animal model implies that highly likely, DA level might be profoundly 

reduced in the 16-month-old A53T α-Syn mouse, which lead to DRD1, DRD2, and NR2A 

augmentation in the STR 91,92. In spite of the beneficial effects of exposure to EE, later life 

intervention did not restore behavioral performances and dopamine neurons in late stage of 

PD mouse STR and SN.  
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In the in vitro model of PD, hReelin prevented dopamine neurons from degeneration 

by reducing total and oligomeric α-Syn levels via increasing LAMP1 levels in PFFs treated 

SH-SY5Y cells. 

Future studies are required to scrutinize the underlying mechanisms of striatal Reelin 

protein on PD by either using Reelin gene (Reln) knock out mice with intrastriatal injection 

of A53T α-Syn (SNCA) overexpression virus or using A53T α-Syn mice with intrastratal 

injection of suppressing Reln expression. Then, Reln -/A53T SNCA + mouse with early EE 

exposure group should be added to elucidate the relationships between Reelin protein and 

early life EE for further study. 

In summary, the present work describes that early EE exposure could prevent 

dopamine neuronal degeneration and improve behavioral disturbances in early stage of 

Parkinson’s disease, indicated by reliable molecular marker, Reelin in the STR of PD.  
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V. CONCLUSION 

Reelin expression was altered by the phase of disease progression in mutant α-

Synuclein (α-SynA53T) induced mouse animal model of Parkinson’s disease (PD): Increased 

Reelin levels in early stage of PD (6-month-old), Decreased Reelin levels in late stage of 

PD (16-month-old). Early life environmental enrichment (EE) exposure at 6-month-old 

mouse model of PD prevented dopamine neuronal degeneration and behavior dysfunctions. 

However, later life EE did not show those beneficial effects at 16-month-old mouse PD 

model compared to 6-month-old mouse model of PD. Therefore, resolving EE exposure 

time point could be critical for PD treatment. This study suggests that the level of Reelin 

protein could be used as a promising biomarker to predict the phase of PD progression and 

early life exposure to EE would significantly delay behavioral symptoms progress rather 

than later life EE exposure in PD.  

. 

  



 

78 

 

REFERENCES 

1. Venda LL, Cragg SJ, Buchman VL, Wade-Martins R. α-Synuclein and dopamine at 
the crossroads of Parkinson's disease. Trends Neurosci 2010;33:559-68. 

2. Lotharius J, Brundin P. Impaired dopamine storage resulting from alpha-synuclein 
mutations may contribute to the pathogenesis of Parkinson's disease. Hum Mol 
Genet 2002;11:2395-407. 

3. Xu L, Pu J. Alpha-Synuclein in Parkinson's Disease: From Pathogenetic Dysfunction 
to Potential Clinical Application. Parkinsons Dis 2016;2016:1720621. 

4. P. Damier ECH, Y. Agid, A. M. Gaybiel. The substantia nigra of the human brain II. 
Patterns of loss of dopmaine-containing neurons in Parkinson's disease. Brain 
1999;122:1437-48. 

5. Aarsland D, Creese B, Politis M, Chaudhuri KR, Ffytche DH, Weintraub D, et al. 
Cognitive decline in Parkinson disease. Nat Rev Neurol 2017;13:217-31. 

6. Magen I, Fleming SM, Zhu C, Garcia EC, Cardiff KM, Dinh D, et al. Cognitive deficits 
in a mouse model of pre-manifest Parkinson's disease. Eur J Neurosci 
2012;35:870-82. 

7. Goldman JG, Vernaleo BA, Camicioli R, Dahodwala N, Dobkin RD, Ellis T, et al. 
Cognitive impairment in Parkinson's disease: a report from a multidisciplinary 
symposium on unmet needs and future directions to maintain cognitive health. 
NPJ Parkinsons Dis 2018;4:19. 

8. Kim I, Shin NY, Yunjin B, Hyu Lee P, Lee SK, Mee Lim S. Early-onset mild cognitive 
impairment in Parkinson's disease: Altered corticopetal cholinergic network. Sci 
Rep 2017;7:2381. 

9. Cano-de-la-Cuerda R, Pérez-de-Heredia M, Miangolarra-Page JC, Muñoz-Hellín E, 
Fernández-de-Las-Peñas C. Is there muscular weakness in Parkinson's disease? 
Am J Phys Med Rehabil 2010;89:70-6. 

10. Jankovic J. Parkinson's disease: clinical features and diagnosis. J Neurol Neurosurg 
Psychiatry 2008;79:368-76. 

11. Hu MT, Szewczyk-Królikowski K, Tomlinson P, Nithi K, Rolinski M, Murray C, et al. 
Predictors of cognitive impairment in an early stage Parkinson's disease cohort. 
Mov Disord 2014;29:351-9. 

12. Watson GS, Leverenz JB. Profile of cognitive impairment in Parkinson's disease. 
Brain Pathol 2010;20:640-5. 

13. Solari N, Bonito-Oliva A, Fisone G, Brambilla R. Understanding cognitive deficits in 
Parkinson's disease: lessons from preclinical animal models. Learn Mem 
2013;20:592-600. 

14. Chandra S, Chen X, Rizo J, Jahn R, Südhof TC. A broken alpha -helix in folded alpha 
-Synuclein. J Biol Chem 2003;278:15313-8. 



 

79 

 

15. Varkey J, Isas JM, Mizuno N, Jensen MB, Bhatia VK, Jao CC, et al. Membrane 
curvature induction and tubulation are common features of synucleins and 
apolipoproteins. J Biol Chem 2010;285:32486-93. 

16. Meade RM, Fairlie DP, Mason JM. Alpha-synuclein structure and Parkinson's 
disease - lessons and emerging principles. Mol Neurodegener 2019;14:29. 

17. Burré J. The Synaptic Function of α-Synuclein. J Parkinsons Dis 2015;5:699-713. 
18. Chu Y, Dodiya H, Aebischer P, Olanow CW, Kordower JH. Alterations in lysosomal 

and proteasomal markers in Parkinson's disease: relationship to alpha-synuclein 
inclusions. Neurobiol Dis 2009;35:385-98. 

19. Dehay B, Bové J, Rodríguez-Muela N, Perier C, Recasens A, Boya P, et al. 
Pathogenic lysosomal depletion in Parkinson's disease. J Neurosci 2010;30:12535-
44. 

20. Dehay B, Martinez-Vicente M, Caldwell GA, Caldwell KA, Yue Z, Cookson MR, et al. 
Lysosomal impairment in Parkinson's disease. Mov Disord 2013;28:725-32. 

21. Xilouri M, Brekk OR, Stefanis L. Autophagy and Alpha-Synuclein: Relevance to 
Parkinson's Disease and Related Synucleopathies. Mov Disord 2016;31:178-92. 

22. Malik BR, Maddison DC, Smith GA, Peters OM. Autophagic and endo-lysosomal 
dysfunction in neurodegenerative disease. Mol Brain 2019;12:100. 

23. Gelfo F, Cutuli D, Foti F, Laricchiuta D, De Bartolo P, Caltagirone C, et al. Enriched 
environment improves motor function and increases neurotrophins in 
hemicerebellar lesioned rats. Neurorehabil Neural Repair 2011;25:243-52. 

24. Nygren J, Wieloch T. Enriched environment enhances recovery of motor function 
after focal ischemia in mice, and downregulates the transcription factor NGFI-A. J 
Cereb Blood Flow Metab 2005;25:1625-33. 

25. Anastasía A, Torre L, de Erausquin GA, Mascó DH. Enriched environment protects 
the nigrostriatal dopaminergic system and induces astroglial reaction in the 6-
OHDA rat model of Parkinson's disease. J Neurochem 2009;109:755-65. 

26. Marcon M, Mocelin R, Benvenutti R, Costa T, Herrmann AP, de Oliveira DL, et al. 
Environmental enrichment modulates the response to chronic stress in zebrafish. 
J Exp Biol 2018;221. 

27. Cechetti F, Worm PV, Lovatel G, Moysés F, Siqueira IR, Netto CA. Environmental 
enrichment prevents behavioral deficits and oxidative stress caused by chronic 
cerebral hypoperfusion in the rat. Life Sci 2012;91:29-36. 

28. Turner CA, Lewis MH. Environmental enrichment: effects on stereotyped 
behavior and neurotrophin levels. Physiol Behav 2003;80:259-66. 

29. Wassouf Z, Schulze-Hentrich JM. Alpha-synuclein at the nexus of genes and 
environment: the impact of environmental enrichment and stress on brain health 
and disease. J Neurochem 2019;150:591-604. 



 

80 

 

30. Livingston-Thomas J, Nelson P, Karthikeyan S, Antonescu S, Jeffers MS, Marzolini 
S, et al. Exercise and Environmental Enrichment as Enablers of Task-Specific 
Neuroplasticity and Stroke Recovery. Neurotherapeutics 2016;13:395-402. 

31. De Giorgio A. The roles of motor activity and environmental enrichment in 
intellectual disability. Somatosens Mot Res 2017;34:34-43. 

32. Niethammer M, Tang CC, Ma Y, Mattis PJ, Ko JH, Dhawan V, et al. Parkinson's 
disease cognitive network correlates with caudate dopamine. Neuroimage 
2013;78:204-9. 

33. Tomlinson CL, Patel S, Meek C, Herd CP, Clarke CE, Stowe R, et al. Physiotherapy 
versus placebo or no intervention in Parkinson's disease. Cochrane Database Syst 
Rev 2013;2013:Cd002817. 

34. Seo TB, Cho HS, Shin MS, Kim CJ, Ji ES, Baek SS. Treadmill exercise improves 
behavioral outcomes and spatial learning memory through up-regulation of reelin 
signaling pathway in autistic rats. J Exerc Rehabil 2013;9:220-9. 

35. Yin MM, Wang W, Sun J, Liu S, Liu XL, Niu YM, et al. Paternal treadmill exercise 
enhances spatial learning and memory related to hippocampus among male 
offspring. Behav Brain Res 2013;253:297-304. 

36. Yuan Z, Wang M, Yan B, Gu P, Jiang X, Yang X, et al. An enriched environment 
improves cognitive performance in mice from the senescence-accelerated prone 
mouse 8 strain: Role of upregulated neurotrophic factor expression in the 
hippocampus. Neural Regen Res 2012;7:1797-804. 

37. Dlugosz P, Nimpf J. The Reelin Receptors Apolipoprotein E receptor 2 (ApoER2) 
and VLDL Receptor. Int J Mol Sci 2018;19. 

38. Rice DS, Curran T. Role of the reelin signaling pathway in central nervous system 
development. Annu Rev Neurosci 2001;24:1005-39. 

39. Niu S, Yabut O, D'Arcangelo G. The Reelin signaling pathway promotes dendritic 
spine development in hippocampal neurons. J Neurosci 2008;28:10339-48. 

40. Rogers JT, Rusiana I, Trotter J, Zhao L, Donaldson E, Pak DT, et al. Reelin 
supplementation enhances cognitive ability, synaptic plasticity, and dendritic 
spine density. Learn Mem 2011;18:558-64. 

41. Arioka Y, Shishido E, Kubo H, Kushima I, Yoshimi A, Kimura H, et al. Single-cell 
trajectory analysis of human homogenous neurons carrying a rare RELN variant. 
Transl Psychiatry 2018;8:129. 

42. Sharaf A, Rahhal B, Spittau B, Roussa E. Localization of reelin signaling pathway 
components in murine midbrain and striatum. Cell Tissue Res 2015;359:393-407. 

43. Bal M, Leitz J, Reese AL, Ramirez DM, Durakoglugil M, Herz J, et al. Reelin 
mobilizes a VAMP7-dependent synaptic vesicle pool and selectively augments 
spontaneous neurotransmission. Neuron 2013;80:934-46. 



 

81 

 

44. Cuchillo-Ibañez I, Mata-Balaguer T, Balmaceda V, Arranz JJ, Nimpf J, Sáez-Valero 
J. The β-amyloid peptide compromises Reelin signaling in Alzheimer's disease. Sci 
Rep 2016;6:31646. 

45. Pujadas L, Rossi D, Andrés R, Teixeira CM, Serra-Vidal B, Parcerisas A, et al. Reelin 
delays amyloid-beta fibril formation and rescues cognitive deficits in a model of 
Alzheimer's disease. Nat Commun 2014;5:3443. 

46. Botella-López A, Burgaya F, Gavín R, García-Ayllón MS, Gómez-Tortosa E, Peña-
Casanova J, et al. Reelin expression and glycosylation patterns are altered in 
Alzheimer's disease. Proc Natl Acad Sci U S A 2006;103:5573-8. 

47. Jesse S, Steinacker P, Lehnert S, Gillardon F, Hengerer B, Otto M. Neurochemical 
approaches in the laboratory diagnosis of Parkinson and Parkinson dementia 
syndromes: a review. CNS Neurosci Ther 2009;15:157-82. 

48. Lidón L, Urrea L, Llorens F, Gil V, Alvarez I, Diez-Fairen M, et al. Disease-Specific 
Changes in Reelin Protein and mRNA in Neurodegenerative Diseases. Cells 2020;9. 

49. Sáez-Valero J, Costell M, Sjögren M, Andreasen N, Blennow K, Luque JM. Altered 
levels of cerebrospinal fluid reelin in frontotemporal dementia and Alzheimer's 
disease. J Neurosci Res 2003;72:132-6. 

50. Gao J, Perera G, Bhadbhade M, Halliday GM, Dzamko N. Autophagy activation 
promotes clearance of α-synuclein inclusions in fibril-seeded human neural cells. 
J Biol Chem 2019;294:14241-56. 

51. Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A, et al. 
Exogenous α-synuclein fibrils induce Lewy body pathology leading to synaptic 
dysfunction and neuron death. Neuron 2011;72:57-71. 

52. Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ, Lee VM. Neuronal alpha-
synucleinopathy with severe movement disorder in mice expressing A53T human 
alpha-synuclein. Neuron 2002;34:521-33. 

53. Sampedro-Piquero P, Begega A. Environmental Enrichment as a Positive 
Behavioral Intervention Across the Lifespan. Curr Neuropharmacol 2017;15:459-
70. 

54. Kim BA-O, Jeong KA-O, Kim JH, Jin M, Kim JH, Lee MG, et al. Pathogenic 
Upregulation of Glial Lipocalin-2 in the Parkinsonian Dopaminergic System. 

55. Paumier KL, Sukoff Rizzo SJ, Berger Z, Chen Y, Gonzales C, Kaftan E, et al. 
Behavioral characterization of A53T mice reveals early and late stage deficits 
related to Parkinson's disease. PLoS One 2013;8:e70274. 

56. Wang XJ, Ma MM, Zhou LB, Jiang XY, Hao MM, Teng RKF, et al. Autonomic 
ganglionic injection of α-synuclein fibrils as a model of pure autonomic failure α-
synucleinopathy. Nat Commun 2020;11:934. 

57. Xu CL, Wang Qz Fau - Sun L-M, Sun Lm Fau - Li X-M, Li Xm Fau - Deng J-M, Deng 
Jm Fau - Li L-F, Li Lf Fau - Zhang J, et al. Asiaticoside: attenuation of neurotoxicity 



 

82 

 

induced by MPTP in a rat model of Parkinsonism via maintaining redox balance 
and up-regulating the ratio of Bcl-2/Bax. 

58. Neureither F, Ziegler K, Pitzer C, Frings S, Möhrlen F. Impaired Motor Coordination 
and Learning in Mice Lacking Anoctamin 2 Calcium-Gated Chloride Channels. 
Cerebellum 2017;16:929-37. 

59. Yang M, Crawley JN. Simple behavioral assessment of mouse olfaction. 
60. Wi S, Lee JW, Kim M, Park CH, Cho SR. An Enriched Environment Ameliorates 

Oxidative Stress and Olfactory Dysfunction in Parkinson's Disease with alpha-
Synucleinopathy. 

61. Deacon RM, Rawlins JN. T-maze alternation in the rodent. Nat Protoc 2006;1:7-
12. 

62. Kraeuter AK, Guest PC, Sarnyai Z. The Y-Maze for Assessment of Spatial Working 
and Reference Memory in Mice. Methods Mol Biol 2019;1916:105-11. 

63. Lueptow LM. Novel Object Recognition Test for the Investigation of Learning and 
Memory in Mice. J Vis Exp 2017. 

64. Leger M, Quiedeville A, Bouet V, Haelewyn B, Boulouard M, Schumann-Bard P, et 
al. Object recognition test in mice. Nat Protoc 2013;8:2531-7. 

65. Moon UY, Park JY, Park R, Cho JY, Hughes LJ, McKenna J, 3rd, et al. Impaired 
Reelin-Dab1 Signaling Contributes to Neuronal Migration Deficits of Tuberous 
Sclerosis Complex. Cell Rep 2015;12:965-78. 

66. Nam JH, Park ES, Won SY, Lee YA, Kim KI, Jeong JY, et al. TRPV1 on astrocytes 
rescues nigral dopamine neurons in Parkinson's disease via CNTF. Brain. 

67. Smith BR, Santos MB, Marshall MS, Cantuti-Castelvetri L, Lopez-Rosas A, Li G, et 
al. Neuronal inclusions of α-synuclein contribute to the pathogenesis of Krabbe 
disease. J Pathol 2014;232:509-21. 

68. Meadowcroft MD, Connor JR, Yang QX. Cortical iron regulation and inflammatory 
response in Alzheimer's disease and APPSWE/PS1ΔE9 mice: a histological 
perspective. Front Neurosci 2015;9:255. 

69. Yun SP, Kam TI, Panicker N, Kim S, Oh Y, Park JS, et al. Block of A1 astrocyte 
conversion by microglia is neuroprotective in models of Parkinson's disease. Nat 
Med 2018;24:931-8. 

70. Nam JH, Leem E, Jeon MT, Jeong KH, Park JW, Jung UJ, et al. Induction of GDNF 
and BDNF by hRheb(S16H) Transduction of SNpc Neurons: Neuroprotective 
Mechanisms of hRheb(S16H) in a Model of Parkinson's Disease. Mol Neurobiol 
2014. 

71. Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated secretory 
phenotype: the dark side of tumor suppression. Annu Rev Pathol 2010;5:99-118. 

72. Graham DR, Sidhu A. Mice expressing the A53T mutant form of human alpha-
synuclein exhibit hyperactivity and reduced anxiety-like behavior. J Neurosci Res 
2010;88:1777-83. 



 

83 

 

73. Chen W, Qiao D, Liu X, Shi K. Treadmill Exercise Improves Motor Dysfunction and 
Hyperactivity of the Corticostriatal Glutamatergic Pathway in Rats with 6-OHDA-
Induced Parkinson's Disease. Neural Plast 2017;2017:2583910. 

74. Magen I, Chesselet MF. Mouse models of cognitive deficits due to alpha-synuclein 
pathology. J Parkinsons Dis 2011;1:217-27. 

75. Wen MC, Chan LL, Tan LCS, Tan EK. Mild cognitive impairment in Parkinson's 
disease: a distinct clinical entity? Transl Neurodegener 2017;6:24. 

76. Singh B, Covelo A, Martell-Martínez H, Nanclares C, Sherman MA, Okematti E, et 
al. Tau is required for progressive synaptic and memory deficits in a transgenic 
mouse model of α-synucleinopathy. Acta Neuropathol 2019;138:551-74. 

77. Teravskis PJ, Covelo A, Miller EC, Singh B, Martell-Martínez HA, Benneyworth MA, 
et al. A53T Mutant Alpha-Synuclein Induces Tau-Dependent Postsynaptic 
Impairment Independently of Neurodegenerative Changes. J Neurosci 
2018;38:9754-67. 

78. Clinton LK, Blurton-Jones M, Myczek K, Trojanowski JQ, LaFerla FM. Synergistic 
Interactions between Abeta, tau, and alpha-synuclein: acceleration of 
neuropathology and cognitive decline. J Neurosci 2010;30:7281-9. 

79. Barak B, Shvarts-Serebro I, Modai S, Gilam A, Okun E, Michaelson DM, et al. 
Opposing actions of environmental enrichment and Alzheimer's disease on the 
expression of hippocampal microRNAs in mouse models. Transl Psychiatry 
2013;3:e304. 

80. Unger EL, Eve DJ, Perez XA, Reichenbach DK, Xu Y, Lee MK, et al. Locomotor 
hyperactivity and alterations in dopamine neurotransmission are associated with 
overexpression of A53T mutant human alpha-synuclein in mice. Neurobiol Dis 
2006;21:431-43. 

81. Rassu M, Del Giudice MG, Sanna S, Taymans JM, Morari M, Brugnoli A, et al. Role 
of LRRK2 in the regulation of dopamine receptor trafficking. PLoS One 
2017;12:e0179082. 

82. Cui Z, Feng R, Jacobs S, Duan Y, Wang H, Cao X, et al. Increased NR2A:NR2B ratio 
compresses long-term depression range and constrains long-term memory. Sci 
Rep 2013;3:1036. 

83. Kent HM, Evans PR, Schäfer IB, Gray SR, Sanderson CM, Luzio JP, et al. Structural 
basis of the intracellular sorting of the SNARE VAMP7 by the AP3 adaptor complex. 
Dev Cell 2012;22:979-88. 

84. Senkevich K, Gan-Or Z. Autophagy lysosomal pathway dysfunction in Parkinson's 
disease; evidence from human genetics. Parkinsonism Relat Disord 2020;73:60-
71. 

85. Ebrahimi-Fakhari D, Wahlster L, McLean PJ. Protein degradation pathways in 
Parkinson's disease: curse or blessing. Acta Neuropathol 2012;124:153-72. 



 

84 

 

86. Sobue A, Kushima I, Nagai T, Shan W, Kohno T, Aleksic B, et al. Genetic and animal 
model analyses reveal the pathogenic role of a novel deletion of RELN in 
schizophrenia. Sci Rep 2018;8:13046. 

87. Kurz A, Double KL, Lastres-Becker I, Tozzi A, Tantucci M, Bockhart V, et al. A53T-
alpha-synuclein overexpression impairs dopamine signaling and striatal synaptic 
plasticity in old mice. PLoS One 2010;5:e11464. 

88. Ramsey CP, Tsika E, Ischiropoulos H, Giasson BI. DJ-1 deficient mice demonstrate 
similar vulnerability to pathogenic Ala53Thr human alpha-syn toxicity. Hum Mol 
Genet 2010;19:1425-37. 

89. Gardoni F, Sgobio C, Pendolino V, Calabresi P, Di Luca M, Picconi B. Targeting 
NR2A-containing NMDA receptors reduces L-DOPA-induced dyskinesias. 
Neurobiol Aging 2012;33:2138-44. 

90. Kilpeläinen T, Julku UH, Svarcbahs R, Myöhänen TT. Behavioural and 
dopaminergic changes in double mutated human A30P*A53T alpha-synuclein 
transgenic mouse model of Parkinson ś disease. Sci Rep 2019;9:17382. 
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ABSTRACT (IN KOREAN) 

 

초기 파킨슨병 동물모델에서 부유 환경에 의한 릴린 매개 LAMP1 발현 량 

복원과 그에 따른 병리학적 알파시누클레인 축적 감소 

 

 

<지도교수 조 성 래> 

 

연세대학교 대학원 의과학과 

조 은 주 

파킨슨병은 중뇌 선조체와 흑질의 도파민 신경세포 사멸. 알파 시누 클레인 

단백질의 응집 및 축적에 따른 루이소체 등의 세포학적 특징과 운동 기능 이상 및 

후각 기능 마비, 우울증, 인지 기능 저하 등의 비 운동성 기능 이상이 행동학적 

특징으로 관찰되는 신경 퇴행성 뇌 질환이다. 많은 노력에도 불구하고 

도파민신경세포 보호 및 행동 증상 완화를 위한 효과적인 치료 방법 및 그 적용 

시기 결정에 대한 연구는 아직 미비하다. 부유 환경은 도파민신경세포 보호와 운동 

및 인지 기능 회복, 릴린 단백질 조절에 관여한다고 알려져 있으며 알츠하이머 

병에서는 릴린 단백질이 아밀로이드 베타 섬유 (fibril)의 형성을 저해한다. 파킨슨 

병 환자의 뇌 척수 액에서 릴린 단백질 발현에 대한 연구가 보고되었으나 

선조체에서 파킨슨 병 진행 시기에 따른 릴린 발현 변화와 부유 환경이 릴린 및 

주변 단백질의 발현에 미치는 영향에 관한 연구는 전무하다. 따라서 본 연구는 

발병 진행 시기에 따라 각각 4 개월 령과 14 개월 령 A53T 알파 시누 클레인 

(A53T α-Syn), 마우스를 8 주간 부유 환경에 노출시킨 후 운동기능, 인지 기능 및 

후각 기능 검사를 실시하였다. 정량적 실시간 중합효소연쇄반응 (Quantitative 
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real time-polymerase chain reaction, qRT-PCR)을 통해 뇌 피질과 선조체에서 

릴린 전사 유전자의 발현을 비교하고, 면역조직염색법 (Immunohistochemistry, 

IHC), 웨스턴블롯 (Western blot, WB)을 통해 도파민신경세포, 도파민신경세포 

수용체 D1 과 D2 (DRD1, DRD2), 릴린 단백질, APOER2 (릴린 단백질 수용체) 및 

NMDA 수용체 소 단위체 (NR1, NR2A, NR2B)의 발현을 확인하였다.  

실험 결과에 따르면, 파킨슨 병 진행 초기에 해당하는 6 개월 령 A53T 알파 

시누 클레인 마우스의 선조체에서 릴린 전사 유전자 및 단백질 발현이 

증가하였으나 부유 환경 노출 후 정상 마우스와 유사한 수준으로 감소하였고, 

관찰된 흑질의 도파민신경세포 감소는 부유 환경 노출 시, 정상 마우스 흑질의 

도파민신경세포의 수와 유사하였다. 부유 환경은 흑질의 도파민신경세포 보호 

효과와 함께 단백질 응집체 (protein aggregation) 및 독성 알파 시누 클레인 

(phosphorylated α-Synulclein, α-SynpS129) 형성을 저해하였다. 8 주 부유 환경 

후에는 선조체의 전체 α-Syn (total α-Syn), 도파민신경세포 수용체 (DRD1, 

DRD2), 그리고 NMDA 수용체 소 단위체 (NR2A, NR2B) 발현이 정상 마우스와 

유사한 수준으로 감소하였다. 뿐만 아니라, 초기 파킨슨 병 진행 동물 (6 개월 령)을 

8 주간 부유 환경에 노출시켰을 때, 후각 기능 장애, 근력 저하, 교차 보행 감소, 

경미 인지 기능 저하 증상에 대한 예방 효과가 관찰되었다. 파킨슨 병 진행 기에 

해당하는 16 개월 령 A53T 알파 시누 클레인 (A53T α-Syn) 마우스는 흑질과 

선조체 모두에서 도파민신경세포가 감소하였고, 8 주 부유 환경 노출 후에도 그 

수가 회복되거나 악화되지 않았다. 선조체의 릴린 전사 유전자 및 단백질 발현이 

감소하였고 부유 환경 노출 후에는 정상 마우스와 유사한 수준으로 증가하였다. 

16 개월 령 마우스의 흑질과 선조체에서 발현된 α-Syn 및 α-SynpS129 형성이 

관찰되었는데 부유 환경 노출 후 흑질의 α-SynpS129형성은 유의하게 감소하였으나 

선조체에서 발현된 전체 α-Syn, 단백질 응집체 (protein aggregation)의 개수, α-

SynpS129의 양은 유의하게 감소하지 않았다. 또한 파킨슨 병 진행 기 동물 (16 개월 
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령)에서 8 주간 부유 환경에 노출했을 때 후각 기능 장애, 근력 약화, 교차 보행 

감소 증상은 정상 마우스와 동일한 수준으로 회복되었으나 과잉 행동, 인지 장애는 

회복되지 않음이 확인되었다. 부유 환경 후, A53T 알파 시누 클레인 (A53T α-

Syn) 마우스의 선조체에서 도파민신경세포 수용체 (DRD1, DRD2), APOER2, 

NR2A 발현이 정상 마우스와 유사한 수준으로 회복되었으나 LAMP1, VAMP7, 

NR1, NR2B 의 발현은 정상 마우스와 비교하여 유의미한 수준으로 회복되지 

않았다. 또한 섬유화 알파시누클레인을 처리한 SH-SY5Y 세포모델에서 릴린 

단백질에 의해 LAMP1 이 증가하여 전체 α-Syn 및 응집 α-Syn 단백질의 생성 

감소에 관여함을 확인하였다. 

본 연구는 파킨슨 병에서 릴린 단백질이 새로운 생물 지표로서의 가능성을 

제시하고 이를 통해 파킨슨 병 진행 시기를 예측하여 그에 따른 효과적인 치료 

방향으로서 부유 환경 개입의 필요성 및 그 적용 시기 결정을 위한 근거를 제시할 

것으로 기대한다. 

 

 

 

 

 

 

 

 

 

 

핵심되는 말: 릴린, 알파 시누 클레인, 부유 환경, 초기 단계  

파킨슨 병, 진행 기 파킨슨 병, Reelin, LAMP1   



 

88 

 

PUBLICATION LIST 

 

Manuscript under review 

1. Eunju Cho, Joonsang Park, Kyungri Kim, Minji Kim, Sung-Rae Cho. (in revision). 

Reelin alleviates patient-derived mesenchymal stem cells and reduced pathological α-

Synuclein expression in an in vitro model of Parkinson’s disease.  

 

Published 

1. Jihyeon Yu, Eunju Cho, Yeon-Gil Choi, You Kyeong Jeong, Yongwoo Na, Jong-Seo 

Kim, Sung-Rae Cho, Jae-Sung Woo, Sangsu Bae. Purification of intact human protein 

overexpressed from its endogenous locus via direct genome engineering. ACS Synth Biol., 

2020;9(7):1591-1598. 

 

2. Baek JY, Jeong JY, Kim KI, Won SY, Chung YC, Nam JH, Cho EJ, Ahn TB, Bok E, 

Shin WH, Jin BK, Inhibition of Microglia-Derived Oxidative Stress by Ciliary 

Neurotrophic Factor Protects Dopamine Neurons in Vivo from MPP⁺ Neurotoxicity., Int J 

Mol Sci., 2018;19(11):3543. 

 

3. Bok E, Cho EJ, Chung ES, Shin WH, Jin BK., Interleukin-4 Contributes to Degeneration 

of Dopamine Neurons in the Lipopolysaccharide-treated Substantia Nigra in vivo., Exp 

Neurobiol., 2018;27(4):309-319. 

 

4. Jung A Kim, Doyoun Kim, Seoung Youn Won, Kyung Ah Han, Dongseok Park, Eunju 

Cho, Nayoung Yun, Hyun Joo An, Ji Won Um, Eunjoon Kim, Jie-Oh Lee, Jaewon Ko, Ho 

Min Kim., Structural Insights into Modulation of Neurexin-Neuroligin Trans-Synaptic 

Adhesion by MDGA1/Neuroligin-2 Complex. Neuron, 2017;94(6):1121-1131. 

 

5. Chung YC, Shin WH, Baek JY, Cho EJ, Baik HH, Kim SR, Won SY, Jin BK., CB2 

receptor activation prevents glial-derived neurotoxic mediator production, BBB leakage 

and peripheral immune cell infiltration and rescues dopamine neurons in the MPTP model 

of Parkinson's disease. Exp Mol Med., 2016;48(1):e205. 

 

6. Jin H Nam, Eun S Park, So-Yoon Won, Yu A Lee, Kyoung I Kim,,Jae Y Jeong,,Jeong Y 

Baek,,Eun J Cho,,Minyoung Jin,,Young C Chung,,Byoung D Lee,,Sung Hyun Kim,,Eung-

Gook Kim,,Kyunghee Byun,,Bonghee Lee,,Dong Ho Woo,,C Justin Lee,,Sang R 

Kim,,Eugene Bok,,Yoon-Seong Kim,,Tae-Beom Ahn,,Hyuk Wan Ko,,Saurav 

https://pubmed.ncbi.nlm.nih.gov/?term=Kim+JA&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+D&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Won+SY&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Han+KA&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Park+D&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Cho+E&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Cho+E&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Yun+N&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=An+HJ&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Um+JW&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+E&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+JO&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Ko+J&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+HM&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+HM&cauthor_id=28641111
https://pubmed.ncbi.nlm.nih.gov/?term=Nam+JH&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Park+ES&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Won+SY&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+YA&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+KI&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Jeong+JY&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Baek+JY&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Baek+JY&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Cho+EJ&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Jin+M&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Chung+YC&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+BD&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+SH&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+EG&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+EG&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Byun+K&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+B&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Woo+DH&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+CJ&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+SR&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+SR&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Bok+E&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+YS&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Ahn+TB&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Ko+HW&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Brahmachari+S&cauthor_id=26490328


 

89 

 

Brahmachari,,Olga Pletinkova,,Juan C Troconso,,Valina L Dawson,,Ted M Dawson,,Byung 

K Jin, TRPV1 on astrocytes rescues nigral dopamine neurons in Parkinson’s disease via 

CNTF. Brain., 2015;138(12):3610-22. 

 

Patents 

Sung-Rae Cho & Eunju Cho, “PREDICTION METHOD OF TREATMENT RESPONSE 

FOR REHABILITATION EXERCISES AND KITS USING THE SAME”, Kr, Patent 

Pending, 10-2020-0088719 (2020). 

 

Sung-Rae Cho & Eunju Cho, “PHARMACEUTICAL COMPOSITION FOR THE 

PREVENTION OR TREATMENT OF NEURODEGENERATIVE DISEASE”, Kr, Patent 

Pending, 10-2019-0086363 (2019). 

https://pubmed.ncbi.nlm.nih.gov/?term=Brahmachari+S&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Pletinkova+O&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Troconso+JC&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Dawson+VL&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Dawson+TM&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Jin+BK&cauthor_id=26490328
https://pubmed.ncbi.nlm.nih.gov/?term=Jin+BK&cauthor_id=26490328

