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ABSTRACT 
 

 Synaptic plasticity and functional improvement by dopamine transporter 

internalization after exposure to environmental enrichment  

 

Ji Hea Yu 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

Environmental enrichment (EE) with a complex combination of physical, cognitive 

and social stimulations enhances synaptic plasticity and behavioral function. 

However, the mechanism remains to be elucidated in detail. Therefore, this study 

attempted to investigate the underlying mechanisms associated with long-term 

exposure to EE by evaluating gene expression patterns. After then, this study 

validated the EE-mediated mechanism of synaptic plasticity. For this, six-week-old 

CD-1 mice were randomly assigned to either EE or control to investigate functional 
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outcomes. EE mice were housed in a huge cage (86×76×31 cm3) for 2 mo, whereas 

control mice were housed in standard cages (27×22.5×14 cm3). Motor performances 

were evaluated using the rotarod test and ladder walking test and gene expression 

profile was investigated in the cerebral hemispheres using microarray and gene set 

enrichment analysis (GSEA). Subjects were recruited to evaluate striatal dopamine 

transporter (DAT) using a [18F]FPCIT-PET, surface DAT using biotinylation assay, 

DAT phosphorylation using proximity ligation assay (PLA) and 

immunoprecipitation (IP). In behavioral assessment, EE group showed significantly 

functional improvement in rotarod performance and ladder walking test. Microarray 

analysis revealed that genes associated with neuronal activity were significantly 

altered by EE. GSEA showed that genes involved in synaptic transmission and 

postsynaptic signal transduction were globally upregulated, whereas those 

associated with reuptake by presynaptic neurotransmitter transporters were 

downregulated. In particular, both microarray and GSEA demonstrated that EE 

exposure increased opioid signaling, acetylcholine release cycle, and postsynaptic 

neurotransmitter receptors but decreased Na+/Cl−-dependent neurotransmitter 

transporters, including DAT Slc6a3 in the brain. Since the striatum receives the 

largest dopamine input which involved motor performance in the brain, this study 

investigated that EE-induced functional improvement was related to DAT down-

regulation in the striatum.  In a [18F]FPCIT positron emission tomography scan, 

binding values of striatal DAT were significantly decreased approximately 18% in 

the EE mice relative to the control mice. DAT inhibitor administrated to establish 

the relationship of the DAT down-regulation to the treatment effects also improved 
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rotarod performances, suggesting that DAT inhibition recapitulated EE-mediated 

treatment benefits. Next, EE-induced internalization of DAT was confirmed using a 

surface biotinylation assay. In situ proximity ligation assay and 

immunoprecipitation demonstrated that EE significantly increased the 

phosphorylation of striatal DAT as well as the levels of DAT bound with protein 

kinase C (PKC). In conclusion, EE enhanced motor function through the alteration 

of synaptic activity–regulating genes, improving the efficient use of 

neurotransmitters and synaptic plasticity by the downregulation of presynaptic 

reuptake by neurotransmitter transporters such as DAT. Therefore, this study 

suggests that EE enables phosphorylation of striatal DAT via a PKC-mediated 

pathway and causes DAT internalization.  

 

 

 

 

 

 

 

 

----------------------------------------------------------------------------------------------------- 

Key words : environmental enrichment, functional improvement, dopamine 

transporter,  internalization, phosphorylation, synaptic plasticity 
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Synaptic plasticity and functional improvement by dopamine transporter 

internalization after exposure to environmental enrichment 

 

Ji Hea Yu 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

I. INTRODUCTION 

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

containing novel objects, such as running wheels and social interaction with a 

complex combination of physical, cognitive, and social stimulations.1 The standard 

definition of EE is ‘a combination of complex in animate and social stimulation’.1 

The environment consists of social interactions and stimulation of exploratory and 

motor behaviour with objects, such as toys, ladders, tunnels and a running wheel for 

voluntary physical exercise; items which were routinely changed during the 

experimental period.2,3   
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EE gives rise to biochemical changes and histological improvements such as 

neurogenesis, axonal sprouting, and dendritic branching, even in the adult brain, 

consequently promotes behavioral functions.4,5 EE in normal rodents has several 

important effects on neurogenesis such as increasing the rate of newborn cell 

numbers and their survival and affecting the proportion that differentiate into 

neurons and the proportion that is incorporated into neuronal circuits.6,7 

Concomitant with enhanced neurogenesis, exposure to EE increased levels of 

synaptic protein such as synaptophysin in the hippocampus of old and young rats.8  

EE can affect neural plasticity via overexpression of neurotrophic factor and 

neurotransmitter receptors.9,10 Studies conducted in rodents have convincingly 

demonstrated that EE exposure increases the production of neurotrophins such as 

brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) in the 

cerebral cortex and hippocampus.9,11 Enhanced expression of neurotrophins and 

immediate early genes, changes in neurotransmitter receptors, and the activation of 

cAMP response element–binding protein (CREB) after exposure to EE can affect 

neural plasticity.10,12-14 Neural plasticity is a process by which the brain encodes 

experiences and learns new behaviors and is defined as the modification of existing 

neural networks by addition or modification of synapses in response to changes in 

behavior or environment, which can encompass exercise.1 Neural plasticity includes 

a wide range of structural and physiological mechanisms including synaptogenesis, 

neurogenesis, neuronal sprouting, and potentiation of synaptic strength, all of which 

can lead to the strengthening, repair, or formation of neuronal circuitry.2  
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Importantly, exercise-induced benefits on brain health might help to create the 

optimum milieu needed for neural plasticity to happen in the injured brain.7  

 Likewise, many reports have shown that EE improves various behavioral 

performances, suggesting that the positive effects of EE may introduce potential 

therapeutic strategies for subjects recovering from brain damage.2,15,16 EE as a 

rehabilitation therapy could play a role in therapies, either by itself alone or 

adjuvant to drug treatments or cell transplantation.3,9,11 According to the previous 

study, EE enhanced migration and survival of transplanted stem cells toward the 

injured region after stroke, post-ischemic exercise and EE differentially modulated 

subventricular zone (SVZ) cell genesis. EE increased the number of endogenous 

progenitor cells in the SVZ, suggesting that functional recovery can be augmented 

by environmental factors such as rehabilitation.9,12 Particularly, enhanced 

maturation of newly formed cells was seen with EE, raising the possibility that 

behavioral experience in a complex environment may be used as a rehabilitation 

strategy following ischemic insult.9,13 A recent study also showed that EE enhanced 

endogenous angiogenesis and neurobehavioral functions in chronic hypoxic-

ischemia.17 

As mentioned as the above, EE conditions modify brain plasticity and induce 

changes on a cellular, molecular and behavioral level.18,19 The most interesting thing    

is that an environment affects the dopamine system. Dopamine plays important 

roles in movement, motor learning, reward, motivation, memory and cognition; 

therefore dopamine neurotransmitter plasticity could potentially affect these 

behaviors.20 It has been established that novel and stressful stimuli within the 
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environment can induce dopamine release within the prefrontal cortex (PFC) via 

activation of ventral tegmental area (VTA) neurons.21-23 The function of VTA 

dopaminergic neurons that project to the PFC are altered in rodents exposed to EE; 

namely, stress-induced release of dopamine  in the PFC was reduced in rats raised 

in EE.24 

 Furthermore, dopamine  modifies neuronal activity and synaptic transmission in 

the basal ganglia (BG) in mammals.25,26 Because the striatum receives the largest 

dopamine  input in the BG in mammals,25,27 previous studies have concentrated on 

dopamine  effects on striatal neurons. In particular, the dopamine system is involved 

in motor performance in the BG. 26,28-30  

The previous studies on the relationship between EE and dopamin system have been 

conducted in the PFC. It has been reported that EE enables a more efficient use of 

neurotransmitters including dopamine, and modulates DAT dynamics in the 

PFC.31,32 However, the underlying mechanism of DAT regulation, including 

phosphorylation, remains unclear.33 In particular, the regulation mechanism of DAT 

after exposure to EE, mainly distributed in the striatum, has not yet to be elucidated. 

Therefore, this study aimed to investigate dopamine-related synaptic plasticity 

underlying functional improvements after EE. This study hypothesized that EE may 

play a role in the internalization of striatal DAT by the phosphorylation of DAT via 

a protein kinase C (PKC)-mediated pathway.  
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II. MATERIALS AND METHODS 

 

1. Environmental Enrichment  

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

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

and allowing for social interaction (10 mice/cage) for 2 mo (Figure 1A), whereas 

the control mice were housed for the same duration in standard cages (27 × 22.5 × 

14 cm3) (Figure 1B).34 For all experiments, CD-1 (ICR) mice were housed in a 

facility accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC) and given food and water ad libitum under 

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

experimental procedure was approved by the Institutional Animal Care and Use 

Committee (IACUC) of Yonsei University Health System (permit number: 2013-

0209).  

 

2. Experimental grouping 

In this study, a total of 20 CD-1 (ICR) mice (Orient bio, Gyeonggi-do, South Korea) 

were recruited at 6 wks of age. For behavioral assessment, mice were randomly 

assigned to either EE (n = 10) or standard condition as a control group (n = 10) to 

investigate functional outcomes. Mice were also recruited to evaluate gene 

expression by long-term exposure to EE using a microarray (n = 3 per group). 

Among the subjects, 6 mice were recruited for the PET imaging at 8 wks post-
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treatment (n = 3 per group). A total of 6 mice were also recruited to evaluate surface 

DAT levels using a biotinylation assay (n = 3 per group). For the PLA assay, 8 mice 

were recruited to evaluate phosphorylation of DAT at 8 wks post-treatment (n = 4 

per group). A total of 8 mice were also recruited to confirm phosphorylation of 

DAT using immunoprecipitation (IP) (n = 10 per group). In order to investigate 

whether a DAT inhibitor, JHW0007, mediated inhibition could reverse functional 

outcomes, a total of 20 mice were randomly assigned to either JHW007-treated EE 

group, JHW007-treated control group, saline-treated EE group or saline-treated 

control group (n = 5 per group). A schematic timeline of this experiment during the 

8 wks is provided in Figure 1C.  
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3. Behavioral assessment 

A. Rotarod behavioral test  

A rotarod test was used to assess motor coordination and locomotor function. All 

animals received a pretreatment performance evaluation at 5 to 6 wks of age. For 

this assessment, mice were placed on a rotarod treadmill (Ugo Basile) (Figure 2A), 

and the latency of fall, which is the length of time that the animals remained on the 

rolling rod, was measured. Rotarod tests were then performed at 2-week intervals 

until 8 wks after the commencement of the treatment at an accelerating speed (4-80 

rpm) and a constant speed (64 rpm).34 The latency period was measured twice for 

each test, and individual tests were terminated at a maximum latency of 300 s. To 

avoid any stress related to the tests, we conducted the tests gently.34 

 

B. Ladder walking test  

The ladder rung walking test allows discrimination between subtle disturbances of 

motor function by combining qualitative and quantitative analysis of skilled 

walking.35 The ladder walking test was performed eight wks after the treatment. In 

the ladder walking test, the mice were required to walk a distance of 1 m three times 

on a horizontal ladder with metal rungs (Jeung Do B&P, Gyeonggi-do, South Korea) 

located at differing distances apart (Figure 2B). The number of slips from the 

transverse rungs with each forelimb was measured by videotape analysis.17 A 

comparison between the control and EE groups was calculated as the difference in 

the percentage of slips on the transverse rungs of the ladder relative to the total 

number of steps taken by each forelimb, compared to the control groups.  



Figure 2
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reverse transcribed to cDNA using a T7 oligo (dT) primer. Second strand cDNA 

was synthesized, transcribed in vitro, and labeled with biotin-NTP. After 

purification, the cRNA was quantified using an ND-1000 spectrophotometer 

(NanoDrop, Wilmington, DE, USA). 

 

6. Hybridization and data export 

Next, 750 ng of labeled cRNA samples were hybridized to each mouse-8 expression 

bead array for 16 to 18 hrs at 58 ℃, according to the manufacturer’s instructions 

(Illumina, Inc, San Diego, CA, USA). The detection of array signals was carried out 

using Amersham Fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences, Little 

Chalfont, UK) following the bead array manual. Arrays were scanned with an 

Illumina BeadArray Reader confocal scanner according to the manufacturer’Reader 

confocal 

 

7. Microarray data analysis 

The quality of the hybridization and overall chip performance were monitored by 

visual inspection of both internal quality control checks and the raw scanned data. 

Raw data were extracted using the software provided by the manufacturer (Illumina 

Genome Studio v2009.2, Gene Expression Module v1.5.4). Array data were filtered 

by the detection value of p < 0.05 (similar to signal to noise) in at least 50% of the 

samples (we applied a filtering criterion for data analysis; a higher signal value was 

required to obtain a detection value of p < 0.05). Selected probe signal values were 
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transformed by the logarithm function and normalized by the quantile method. 

Comparative analyses between the test group and control group were carried out 

using the local-pooled-error test and fold change. The false discovery rate was 

controlled by adjusting p values using the Benjamini-Hochberg algorithm. The 

differentially expressed gene probes were filtered with the adjusted p < 0.05 of a 

local-pooled-error test and with fold change ≥ |2|. Hierarchical clustering analyses 

were performed for filtered probes using complete linkage and Euclidean distance 

as measures of similarity. Biological gene ontology (GO) analysis for the filtered 

differentially expressed gene probes was performed using PANTHER 6.1 

(http://www.pantherdb.org/panther/ontologies.jsp). Fisher exact test was applied to 

determine the affected pathways. 

 

8. Gene set enrichment analysis 

To explore the differentially regulated pathways, we performed GSEA using the 

microarray data, as described previously, using a GSEA program 

(http://www.broad.mit.edu/gsea/msigdb/index.jsp).36-38 This study used C2 curated 

gene sets (http://www.broadinstitute.org/gsea/msigdb/collections.jsp#C2, version 3), 

the sizes of which ranged from 10 to 1000 genes. A p value < 0.05 was considered 

significant. 

 

9. Quantitative real-time reverse transcription-polymerase chain reaction 

(qRT-PCR) 
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Differentially expressed genes of interest were selected for the validation of the 

microarray results by qRT-PCR; 1 μg of purified total RNA was used as a template 

to generate the first strand cDNA using a cDNA kit (Invitrogen Life Technologies, 

Carlsbad, California). Then, 2 μL of cDNA in a total volume of 20 μL was used in 

the following reaction. The qRT-PCR was performed in triplicate on a LightCycler 

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

SYBR Green master mix (Roche Applied Science, Mannheim, Germany), and the 

thermocycler conditions were as follows: amplifications were performed starting 

with a 300sec template preincubation step at 95℃, followed by 45 cycles at 95℃ 

for 10 sec, 53℃ for 10 sec, and 72℃ for 10 sec. The melting curve analysis began 

at 95℃ for 5 sec, followed by 1 min at 60℃. The specificity of the produced 

amplification product was confirmed by the examination of a melting curve analysis 

and showed a distinct single sharp peak with the expected Tm for all samples. A 

distinct single peak indicates that a single DNA sequence was amplified during 

qRT-PCR. 

The primers were as follows: mouse Drd1a, 5ted Tm for all samples. A distinct 

single peak indicates that a single DNA sequence was amplified during 

thermocycler conditions were as folwere as folhe thermocycler conditions were as 

folfol was performed using Ppp1r1b, 5′-AGGCCTCTCCACATCAGAGA-3′ and 

5′-CCTGGCT GTCTTCTTCTTCG-3′; mouse P2ry12, 5′-

GAAGGAGAGCACCCTATGGC-3′ and 5′-AGCACCTCAGCATGCTTGTC-
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3llows: moPdyn, 5′-CCATCCCAGAATCCAGAGA A-3′ and 5′-

CCAGGGTAGGGTGCATAAGA-3′; mouse GAPDH, 5′-

AACTTTGGCATTGTGGAAGG-3′ and 5′-ACACATTGGGGGTAGGAACA-3′. 

GAPDH (glycerol dehyde 3-phosphate dehydrogenase) was used as the internal 

control. The expression of each gene of interest was obtained using the 2−ΔΔCt 

method. 

 

10. Western blotting analysis 

To confirm the expression of P2ry12, Drd1a, Slc6a3, Pdyn, and Ppp1r1b 

levels by long-term exposure to EE or control, 50μg of extracted proteins 

were dissolved in a sample buffer, boiled for 10 min, and separated on a 10% 

sodium dodecyl sulfate (SDS) reducing gel. The separated proteins were then 

equally loaded and transferred onto polyvinylidene difluoride membranes 

(Amersham Pharmacia Biotech, Little Chalfont, UK) using a transblot 

system (Bio-Rad, Hercules, California, USA). Blots were blocked for 1 hour 

in Tris-buffered saline (TBS) containing 5% nonfat dry milk (Bio-Rad, 

Hercules, California, USA) at room temperature, washed 3 times with TBS, 

and incubated overnight at 4 nonfat dry milk (Bio-Rad, Hercu: anti-

dopamine receptor D1 antibody (DRD1A, 1:1,000; Abcam, Cambridge, UK), 

anti-DAT antibody (SLC6A3, 1:1,000; Abcam, Cambridge, UK), anti-

DARPP-32 antibody (PPP1R1B, 1:1,000; Cell Signaling Technology, 
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Beverly, MA, USA), anti-P2Y12 antibody (P2RY12, 1:1,000; Abcam, Cambridge, 

UK), antiprodynorphin (anti-PDYN) antibody (PDYN, 1:1,000; Abcam, Cambridge, 

UK), and anti-GAPDH antibody (GAPDH, 1:1,000; Cell Signaling Technology, 

Beverly, MA, USA). The next day, the blots were washed 3 times with TBS plus 

Tween 20 and incubated for 1 hour with horseradish peroxidaselus Tween 20 and 

incubated for 1 hour  with horseradish peroxidasedaseurcubated for 1 hoantibodies 

(1:2,000; Santa Cruz, CA, USA) at room temperature. After being washed 3 times 

with TBS plus Tween 20, the protein was visualized with an enhanced 

chemiluminescence detection system (Amersham Pharmacia Biotech, Little 

Chalfont, UK). 

Next, to confirm the expression of dopamine receptors such as D1 and D2 

receptors by control or EE group (n = 3 each), the striatums were lysed in 500 μl of 

cold RIPA buffer with protease inhibitor cocktail (Sigma). All steps were performed 

as mentioned above. The 50 μg of extracted striatal proteins were dissolved in 

sample buffer (60 mM Tris-HCl, pH 6.8, 14.4 mM β-mercaptoethanol, 25% 

glycerol, 2% SDS, and 0.1% bromophenol blue), boiled at 70°C for 10 min, and 

separated on a 4-12% SDS reducing gel. Separated proteins were transferred onto 

polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, UK) using a 

trans-blot system (Bio-Rad). Blots were blocked for one hour in Tris-buffered saline 

(TBS) (10 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 5% non-fat dry milk 

(Bio-Rad) at room temperature, washed three times with TBS, and incubated at 4°C 

overnight with a D1 and D2 receptors (1:1,000, Santa Cruz Biotechnology, CA, 
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USA) antibodies in TBST (10 mM Tris pH 7.5, 150 mM NaCl, and 0.02% Tween 

20) containing 5% non-fat dry milk. The next day, blots were washed three times 

with TBST and incubated for one hour with horseradish peroxidase-conjugated 

secondary antibodies (1:2,000, Santa Cruz, CA, USA) at room temperature. After 

washing three times with TBST, the protein was visualized with an ECL detection 

system (Amersham Pharmacia Biotech, UK). To confirm the expression of synaptic 

markers pre-synaptic marker, mouse anti-synaptophysin (1:100, abcam, Cambridge, 

UK) by EE or control group (n = 3 each). All steps were performed as mentioned 

above. 

 

11. [18F]FPCIT micro-PET imaging  

[18F]FPCIT was synthesized according to the previously described procedure.39 PET 

scanning was performed with the Siemens Inveon small animal PET scanner 

(Siemens Medical Solutions). The scanner has a peak absolute system sensitivity of 

< 10% for the 250–750 eV energy window, an axial field of view of 12cm and a 

transaxial field of view of 10 cm.40 Anesthesia was induced with 2.5% isoflurane 

and was maintained with 1.5% isoflurane for a 120-min long PET experiment. After 

administration of [18F]FPCIT (4.71 ± 0.94 MBq), mice were positioned in the center 

of gantry. Tracer accumulation in the brain was investigated by dynamic PET scans 

over 120 min after injection of [18F]FPCIT. 

PET data were reconstructed in user-defined time frames and lengths (10 sec x 

6 frames, 30 sec x 8 frames, 300 sec x 5 frames, 1800 sec x 4 frames) with a voxel 

size of 0.861386 x 0.861386 x 0.796000 mm by a 2-dimentional order-subset 
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expectation maximization (OSEM) algorithm (4 iterations and 16 subsets). Image 

files were evaluated by region-of-interest (ROI) analysis using the software 

AsiProVM software (Acquisition Sinogram Image Processing software, CTI 

Concorde Microsystems). ROIs associated with the striatum (Figure 3A) and 

cerebellum (Figure 3B) were drawn on all coronal brain images, guided by 

stereotactic coordinates (Figure 3C,D).41 The decay-corrected time activity curves 

were presented in units of the standard uptake value (SUV), calculated as (% 

injected dose/cm3) x body weight (g) to normalize for the differences in rat weight 

and administered doses and to compare inter-rat and inter-organ data. All SUV 

values in the text are the means of the measurements on three mice. Non-

displaceable binding potential (BPND), commonly used as an indication of receptor 

binding density, is the ratio of the peak values of the specific binding (SUVstriatum - 

SUVcerebellum) divided by the non-specific binding (SUVcerebellum) at the time of the 

peak. The cerebellum was used as the reference region because it contains very few 

dopamine transporters and receptors in adult mice.42,43 If the computed specific 

binding was negative, it was given a null value.   
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12. DAT inhibitor treatment 

The BZT analogue, JHW007 [(N-(n-butyl)-3α-[bis(4′-fluorophenyl) methoxy]-

tropane); Tocris, Bristol, UK], was synthesized as described previously.44,45 The 

purity of the compound was analyzed by magnetic resonance, which exceeded 98%. 

JHW007 was dissolved in 0.9% saline and sonicated until complete solubilization 

was achieved. It was then injected at doses of 15 mg/kg i.p. for 2 mo. 

 

13. Surface biotinylation assay 

In the present study, Sulfo-NHS-biotin (Thermo, MA, USA) was used to isolate 

plasma membrane-associated DAT protein prepared from the striatum region of the 

EE or control conditioned mice. DAT protein was subsequently identified by 

immunoreactivity using a DAT antibody. Larger amounts of striatal protein (400 μg) 

were used to determine NHS-biotin-labeled cell surface DAT.31 Chopped striatum 

proteins were washed with ice-cold PBS containing 1 mM MgCl2 and 0.1 mM 

CaCl2 (PBS++) and incubated with 1 mg/ml EZ-link Sulfo-NHS-SS-Biotin (Thermo, 

MA, USA) in PBS++ for 1 hr at 4°C with gentle shacking. The reaction was 

quenched by washing with 0.1% BSA in 4°C PBS++. The cells were lysed with 100 

μl cold RIPA buffer (50 mM Tris-HCl, pH 7.5, 1% Triton X-100, 150 mM NaCl, 

0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate with a protease 

inhibitor cocktail (Sigma, Darmstadt, Germany). Protein lysates were then 

centrifuged at 13000 rpm at 4°C for 20 min. The supernatant was extracted, and 

incubated with NeutrAvidin agarose resin (Pierce, MA, USA) for 2 hr at 4°C. The 
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resin was washed and the bound proteins were eluted by mixing and incubating with 

2X SDS sample buffer at 70°C for 10 min. The eluted sample was analysed by 

Western blotting.   

 

14. In Situ proximity ligation assay 

The Duolink® kit (Olink Bioscience, Uppsala, Sweden) is based on the use of two 

unique and bi-functional probes called PLA™. Each probe consists of a secondary 

antibody attached to a unique synthetic oligonucleotide that acts as a reporter. After 

exposure for 8 wks to the EE or control condition, the striatum region was stained 

with DAT and phosphoserine primary antibodies over-night at 4°C to detect 

interacting DAT and phosphoserine proteins. After washing, the sections were 

incubated with the secondary oligonucleotide-linked antibodies (PLA probes) 

provided in the kit. The oligonucleotides bound to the antibodies were hybridized, 

ligated, amplified, and detected using a fluorescent probe (Detection Kit 563).46 

Dots were detected by confocal imaging (LSM700, Zeiss, Oberkochen, Germany). 

 

15. Immunoprecipitation 

To identify DAT and its phosphorylation regulated by EE, the striatums were lysed 

in 500 μl of cold RIPA buffer (50 mM Tris-HCl, pH 7.5, 1% Triton X-100, 150 mM 

NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate) with protease 

inhibitor cocktail (Sigma, Darmstadt, Germany). Tissue lysates were then 

centrifuged at 13000 rpm at 4°C for 20 min, the supernatant was extracted and 

protein concentrations were measured using the Bradford method. For co-
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immunoprecipitation experiments, solubilized specific brain regions extracts (1,000 

μg of protein) were incubated in the presence of primary anti-DAT antibodies 

(1:500; Chemicon) for 24 h at 4°C, followed by the addition of 20 μl of protein A/G 

agarose (Santa Cruz Biotechnology) for 3 h at 4°C. Then the solubilized specific 

brain regions extracts with the primary anti-DAT antibodies and protein A/G 

agarose were centrifuged at 3000 rpm at 4°C for 1 min. Beads were washed four 

times in the buffer described above, boiled for 5 min in SDS sample buffer, and 

subjected to Western blot for anti-DAT and anti-phosphoserine. The proteins were 

visualized with enhanced chemiluminescence reagents as described (Amersham 

Biosciences, Little Chalfont, UK).  

To confirm the expression of PKC by control or EE group (n = 3 each), the 

striatum was lysed in 500 μl of cold RIPA buffer with protease inhibitor cocktail 

(Sigma). All steps were performed as mentioned above. After IP and transfer onto a 

membrane, Western blot analysis was used to detect expression of anti-PKCβI 

(1:1,000, Santa Cruz Biotechnology).47 In addition, to validate that the DAT 

inhibition occurs via phosphorylation mechanism, SH-SY5Y neuroblastoma cells 

were treated with the DAT inhibitor (JHW007 15 μg/ml) for 2 min at 37°C.48 Cells 

Larger amounts of cells protein (200 μg) were used to identify DAT and its 

phosphorylation regulated by DAT inhibitor using immunoprecipitation.  

 

16. Immunohistochemistry for location of DAT in striatum 

At 8 wks post-treatment, mice were deeply anaesthetized and perfused 

transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The 
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animals were anesthetized with a mixture of Ketamine (100 mg/kg, Huons, 

Gyeonggi-do, South Korea) and Rumpun (10 mg/kg, Bayer Korea, Gyeonggi-do, 

South Korea). Brains were removed and post-fixed 1h, followed by cryoprotection 

in 30% sucrose in Tris-buffered saline containing 0.02% sodium azide. 

Immunohistochemistry (IHC) was performed at post-treatment 8 wks. The brain 

tissues were frozen and cryosectioned at 16 µm intervals. To confirm location of 

dopamine transporter, the brain sections of the striatum were immunostained with 

the DAT marker, rat  anti-DAT (1:400, chemicon, Pemecula, CA) and pre-synaptic 

marker, mouse anti-synaptophysin (1:100, abcam, Cambridge, UK) or post-synaptic 

marker, rabbit anti-PSD95 (1:400, abcam, Cambridge, UK). Double-labeled 

DAT+/synaptophysin+ cells or DAT+/PSD-95+ cells were then assessed by confocal 

imaging (LSM700, Zeiss, Gottingen, Germany).  

 

17.  Statistical analysis 

All statistical analyses were performed with SPSS Statistics 18.0 (IBM Corp., 

Armonk, NY, USA), and all data are expressed as mean ± SEM. To compare 

continuous variables between groups, independent t-test and one-way ANOVA 

followed by post-hoc multiple comparison with Bonferroni test were used. A p 

value < 0.05 was considered statistically significant. 
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III. RESULTS 

 

1. The rotarod test showed that EE improved locomotor function  

Six-week old CD-1 (ICR) mice were randomly allocated to either EE or standard 

conditions for 2 mo (n = 10 per group) (Figure 1). To determine whether EE 

exposure improves motor function, rotarod tests were performed with accelerating 

(4-80 rpm) and constant (64 rpm) paradigms every 2 wks. In the pretreatment 

evaluation, no statistical differences were seen between the groups. EE-induced 

improvement of rotarod performance relative to controls was significantly evident 

at 2 wks post-treatment. A significant improvement was observed starting at 2 wks 

post-treatment for the accelerating speed condition (192.4 ± 15.1 in EE and 109.9 ± 

13.3 s in control, t = 4.104, p < 0.05; Figure 4A) and for the constant speed 

condition (50.6 ± 20.1 in EE and 7.8 ± 1.9 s in control, t = 2.115, p < 0.05; Figure 

4B). This improved motor function was maintained throughout the study period. 

Finally, 8 wks after the treatment, the mean rotarod latencies of the EE mice 

increased significantly to 182.7 ± 17.9 s for the accelerating speed condition (t = 

3.949, p < 0.05; Figure 4A) and to 122.4 ± 32.0 s for the constant-speed condition (t 

= 3.441, p < 0.05; Figure 4B), compared with the rotarod latencies of the control 

mice (102.6 ± 9.6 and 11.7 ± 3.3 s, respectively). 

 

2. Ladder walking test showed improvement of fine motor function by EE 

To assess fine motor function more thoroughly between the EE and control groups 

(n=10 each), ladder walking tests were performed at pre-treatment and 8 wks after 
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EE (Figure 4C). In the ladder walking test, the percentage of slips on the transverse 

rungs of the ladder relative to the total number of steps by the right and left 

forelimbs were significantly decreased only in the EE mice (0.5 ± 0.2% and 0.2 ± 

0.1%, respectively) compared with the forelimb slip rate (%) of the control mice 

(1.4 ± 0.3% and 1.8 ± 0.4%, respectively) at 8 wks post-treatment (t = 2.528, p < 

0.05 in the right forelimb and t = 3.995, p < 0.05 in the left forelimb). Taken 

together, results in both the rotarod test and the ladder walking test suggest that EE 

can improve motor function. 
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3. Microarray data revealed global changes in gene expression patterns in the 

brain of mice exposed to EE 

To investigate the underlying mechanisms associated with EE-induced behavioral 

improvement, this study performed microarray analyses of total RNA extracts from 

mouse brain hemispheres. Hierarchical clustering using the significantly regulated 

genes showed that the gene expression patterns were similar among samples within 

the same group but were more than 2-fold difference between the groups (Figure 

5A). Hierarchical clustering analysis showed that the gene expressions in the EE 

group were distinct from those of the control group in that 17 genes were 

significantly upregulated and 31 genes were significantly downregulated by more 

than 2-fold in the EE group compared with the control group (p < 0.05; Figure 5B). 

To analyze further differences in gene expression between the groups, next 

categorized genes exhibited significantly altered expression levels after exposure to 

EE according to their biological functions. The analysis using the GO database 

revealed that the expression levels of 11 genes involved in signal transduction; 9 

genes in nucleoside, nucleotide, and nucleic acid metabolism; 9 genes in 

developmental processes; 8 genes in neuronal activities; and 6 genes in transport 

pathways were significantly altered after exposure to EE (Figure 5C). To determine 

the statistical significance of these changes, this study performed Fisher’s exact test. 

“Neuronal activities” was the only category shown to be statistically regulated by 

EE (p < 0.05; Table 1), suggesting that EE may preferentially regulate neuronal 

activity genes in brain tissue. Furthermore, 8 genes involved in neuronal activities 

were found to be differentially regulated. Among these genes, there were significant 
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increases in Drd1 (dopamine receptor D1A, 2.3-fold), Pdyn (PDYN, 2.6-fold), 

Ppp1r1b (protein phosphatase 1, regulatory subunit 1B, 2.1-fold), and P2ry12 

(purinergic receptor P2Y, G protein-coupled 12, 2.9-fold) after EE exposure. In 

contrast, drastic decreases were observed in Slc6a3 (DAT, 7.4-fold) as well as 

Slc6a4 (serotonin transporter, 3.8-fold) after EE exposure, raising the possibility 

that the presynaptic reuptake of these neurotransmitters might be reduced by long-

term exposure to  EE.   
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Table 1. Genes significantly different between EE and control groups as classified 

by biological function.a 

 

 

Biological Process Total Probes (No.) Number p  Value

Carbohydrate metabolism 383 1 1.00

Cell adhesion 337 1 1.00

Cell structure and motility 744 1 1.00

Muscle contraction 114 1 1.00

Phosphate metabolism 68 1 1.00

Sensory perception 202 1 1.00

Amino acid metabolism 161 2 0.48

Immunity and defense 766 2 0.96

Oncogenesis 245 2 0.63

Protein metabolism and modification 1997 2 1.00

Homeostasis 132 3 0.10

Other metabolism 391 3 0.47

Neuronal activities 484 8 0.00

Transport 929 8 0.08

Developmental processes 1332 9 0.16

Nucleoside, nucleotide, and nucleic acid metabolism 2188 9 0.67

Singal transduction 2540 12 0.45

Abbreviations: EE, enriched environment
a.The probes were classified into 17 categories based on the biological functions of the corresponding genes and
the number of probes for differentially regulated expression levels between the EE and control groups with p  <
0.05 and |fold change| > 2.
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4. GSEA showed genes involved in synaptic plasticity are regulated by long-

term exposure to EE 

To determine more thoroughly the pathways selectively regulated by exposure to 

EE compared with the control cages, this study adopted GSEA as previously 

described.36-38 GSEA allowed us to determine the selectively regulated pathways 

among 3,272 gene sets, whereas the GO analysis this study performed used only 17 

categories. Compatible with the GO analysis results, GSEA revealed that several 

pathways associated with synaptic plasticity were significantly altered by EE 

exposure (Figure 6). GSEA showed that the gene sets involved in synaptic plasticity 

were regulated by exposure to EE. Namely, genes associated with transmission 

across chemical synapses, opioid signaling, neurotransmitter receptor binding and 

downstream transmission in the postsynaptic cells, G protein activation, kainate 

receptor activation, and depolarization of the presynaptic terminal triggering the 

opening of calcium channels and the acetylcholine release cycle were upregulated, 

whereas those linked with dopamine neurotransmitter release and Na+/Cl−-

dependent transporters were downregulated. 

The global expression levels of genes associated with the transmission of 

neurotransmitters across chemical synapses were significantly higher in the EE 

group compared with the control group, suggesting that EE may activate the transfer 

of information across chemical synapses (Figure 6A; p < 0.05). In agreement with 

this, genes involved in opioid signaling were globally upregulated in the EE group, 

implying that EE can activate opioid signaling (Figure 6B; p < 0.05). This GSEA 

result of opioid signaling is compatible with previous reports that showed, based on 
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biochemical and functional analyses, that exercise activates opioid production and 

signaling.49-51 In line with this enhanced transmission across chemical synapses, 

genes involved in neurotransmitter receptor binding and downstream transmission 

in postsynaptic cells as well as G protein activation were globally upregulated 

(Figures 6C and 6D; p < 0.05), suggesting that EE exposure may increase 

postsynaptic sensitivity. Compatible with this general postsynaptic receptor 

activation by EE, the global expression levels of genes involved in kainate receptor 

activation were significantly higher in the EE group than in the controls (Figure 6E; 

p < 0.05), suggesting that EE may activate non-NMDA (N-methyl D-aspartate) 

glutamate receptors as well.  

Although EE exposure consistently upregulated genes related to transmission across 

synapses and postsynaptic receptor activation, genes involved in neurotransmitter 

release did not show uniform change after long-term exposure to EE. Genes 

involved in the depolarization of presynaptic terminal triggering, for example, the 

opening of the calcium channel, were significantly, but only marginally, 

upregulated in the EE group compared with the controls (Figure 6F; p < 0.05), 

suggesting that EE exposure may activate the release of some neurotransmitters 

from presynaptic terminals. Genes associated with acetylcholine and dopamine 

release were significantly upregulated and downregulated, respectively (Figure 6G-

H, p < 0.05), suggesting that EE can increase acetylcholine release and reduce 

dopamine release after long-term exposure to it. 

It is interesting to note that genes associated with Na+/Cl−-dependent transporters 

were globally downregulated in the EE group compared with the controls (Figure 6I; 
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p < 0.05). Given that the activity of a neurotransmitter is terminated by reuptake at 

presynaptic neurons, the downregulation of genes associated with Na+/Cl−-

dependent transporters can enhance the activity of neurotransmitters at the synaptic 

level. Leading-edge analysis showed that this global downregulation of Na+/Cl−-

dependent transporters was associated with the selective downregulation of 7 genes, 

especially Slc6a3, which is responsible for the presynaptic reuptake of dopamine 

(Figure 6J). The Slc6a3 gene was also downregulated in the microarray results. 

Taken together, the GSEA results suggested that EE may enhance synaptic activity 

by increasing postsynaptic sensitivity and reducing presynaptic neurotransmitter 

reuptake. 
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Figure 6.  GSEA shows genes involved in synaptic plasticity are regulated by 

exposure to EE. (A-G) GSEA shows significantly upregulated gene sets in EE 

groups compared to control. (H-I) GSEA shows significantly downregulated gene 

sets in EE compared to control. (J) Leading edge analysis of “Na+/Cl- dependent 

neurotransmitter transporters” gene sets shows that seven genes (highlighted in 

yellow), including Slc6a3, comprise the leading edge responsible for the global 

downregulation of the gene set of Na+/Cl-  dependent neurotransmitter transporters. 

GSEA: Gene set enrichment analysis (GSEA). 
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5. Validation of microarray data using qRT-PCR and western blotting 

To validate the microarray data, qRT-PCR and western blotting were used in this 

study. This study performed qRT-PCR on the genes that had a significant change of 

more than 2-fold in the microarray and found that the RT-PCR data were 

compatible with those from the microarray (Figure 7A). The qRT-PCR confirmed 

that dopamine D1 receptor Drd1a, protein phosphatase 1 regulatory subunit 1B 

Ppp1r1b, and endogenous opioid peptide Pdyn significantly increased after long-

term exposure to EE, whereas Na+/Cl- -dependent neurotransmitter transporters 

Slc6a3 and Slc6a4 significantly decreased in a similar pattern to the microarray data 

(Figure 7A). 

This study next determined the protein levels of these genes (Drd1a, Slc6a3, 

Ppp1r1b, P2ry12, and Pdyn) in specific regions of the brain such as the frontal 

cortex, basal ganglia, and hippocampus (Figure 7B). Western blotting showed that 

dopamine receptor DRD1A protein increased in the basal ganglia, whereas 

dopamine transporter SLC6A3 protein decreased in the basal ganglia after exposure 

to EE. It is important that cAMP-regulated neuronal phosphoprotein DARPP32, 

encoded by the Ppp1r1b gene, drastically increased in brain regions including the 

frontal cortex, basal ganglia, and hippocampus by sustained exposure to EE. The 

protein level of G protein-coupled purinergic receptor P2RY12 increased in the 

hippocampus after long-term exposure to EE. The endogenous opioid peptide 

PDYN increased in the cerebral hemisphere, although this increase was not 

significant in the regional analysis. 

  



40

 



41 

Figure 7. Validation of microarray results by quantitative real-time reverse 

transcription-polymerase chain reaction (qRT-PCR) and Western blotting: Total 

RNA (A) and protein (B) were isolated from the brains of mice after an 8-week 

exposure to either EE or control and were subjected to qRT-PCR (A) or Western 

blotting on those genes with a significant change of more than 2-fold in the 

microarray. (A). The qRT-PCR confirmed that Drd1a, Ppp1r1b, Pdyn significantly 

increased after long-term exposure to EE, whereas Na+/Cl−-dependent 

neurotransmitter transporters Slc6a3 and Slc6a4 significantly decreased in a similar 

pattern to the microarray data. (B). Western blotting showed that dopamine receptor 

DRD1A protein increased in the BG, whereas DAT SLC6A3 protein decreased in 

the basal ganglia after exposure to EE. In addition, cAMP-regulated neuronal 

phosphoprotein, DARPP32 (PPP1R1B) increased in all brain regions analyzed. The 

protein level of G protein-coupled purinergic receptor P2RY12 increased in the 

hippocampus after long-term exposure to EE. 
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6. PET image assay showed that EE down-regulated striatal DAT 

This study was performed a [18F]FPCIT PET scan in the mouse brain after EE to 

investigate changes of DAT expression. DAT was mainly expressed in the striatal 

region, but the cerebellum has little DAT expression. Therefore, the expression of 

the cerebellum was used as a negative control. In the time activity curves, cerebellar 

uptakes between EE and control group were similar. However, the striatal uptake of 

EE was lower than that of the control group (Figure 8A). Representative brain PET 

images were captured between 22-45 min, and combined to generate the averaged 

images (Figure 8B) of each EE and control. Binding values of striatal DAT were 

significantly decreased approximately 18% in the EE mice (2.7 ± 0.05 BPND) 

relative to the control mice (3.3 ± 0.2 BPND) at 8 wks post-treatment (t = 2.28, p < 

0.05; Figure 8C). 
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7. Surface biotinylation assay showed that EE induced DAT internalization 

This study considered that these patterns of decreased DAT in PET occurred due to 

internalization after EE. In order to confirm DAT internalization, this study 

performed a biotinylation assay for striatal membrane DAT. EE significantly 

decreased the membrane DAT (0.7 ± 0.1 folds), which was approximately 30% 

lower than that of the control groups (1.0 ± 0.04 folds) at 8 wks post-treatment (t = 

2.930, p < 0.05; Figure 9A), suggesting that a membrane DAT is internalized to the 

intracellular region of the striatum after exposure to EE.  

 

8. DAT phosphorylation increased after exposure to EE  

To investigate DAT internalization by post-translational modification, this study 

evaluated the phosphorylation level of DAT since DAT phosphorylation plays a 

role in DAT recycling and transporter internalization.52 In order to confirm 

phosphorylation of DAT in the striatal region the interaction between endogenous 

DAT and phosphoserine was examined by an in situ proximity ligation assay, which 

enables visualization of the protein-protein interaction in close proximity (< 40 nm) 

through ligation-mediated amplification of a specific oligonucleotide probe. After 

exposure to EE, fluorescent signal area of DAT phosphorylation significantly 

increased in the striatum compared with the control group (t = 3,180, p < 0.05; 

Figure 9B).  

Then this study performed an immunoprecipitation (IP) assay using anti-DAT 

and anti-phosphoserine antibodies to confirm DAT phosphorylation by EE. After 

exposure to EE, DAT phosphorylation significantly increased in the striatum (1.5 ± 
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0.1 folds) relative to the control group (1.0 ± 0.1 folds) (t = 4.073, p < 0.05; Figure 

9C), suggesting that DAT internalization occurred by phosphorylation. In addition, 

this study investigated the interaction between DAT and PKC using IP to study 

whether DAT phosphorylation is controlled by PKC. This study confirmed that 

DAT is bound with PKC, and the PKC levels increased in the striatum after 

exposure to EE (1.3 ± 0.1 folds) relative to the control group (1.0 ± 0.1 folds) (t = 

2.464, p < 0.05, Figure 9C). Taken together, this study suggests that EE enables 

phosphorylation of DAT via the PKC-mediated pathway in the striatum. 
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10. DAT inhibitor treatment improved motor function and increased DAT 

phosphorylation 

To determine whether DAT inhibitor, JHW007, treated groups showed 

improvement on motor function, rotarod tests were performed with accelerating 

paradigms (4-80 rpm) 8 wks after treatment with either JHW007 or saline in the EE 

and control mice (n = 5 per group). In the pretreatment evaluation, no statistical 

differences were seen between the groups. EE and JHW007 treatment (196.8 ± 30.0 

s in the saline-treated EE mice, 176.9 ± 25.5 s in the JHW007-treated EE mice,  and 

176.5 ± 33.8 s in the JHW007-treated control mice) resulted in significantly 

improved rotarod performance relative to the saline-treated controls (88.1 ± 21.0 s) 

at 8 wks post-treatment (F = 3.073 , p < 0.05; Figure 11A). When this study also 

validated the DAT inhibition occurred via phosphorylation mechanism with in vitro 

experiment, DAT inhibitor treatment showed DAT phosphorylation significantly 

increased in SH-SY5Y cells (1.6 ± 0.1 folds) relative to the control (t = 3.357, , p < 

0.05; Figure 11B). 
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12. Distribution of DAT on the coronal slice from mice brain  

To examine the location of DAT existence in multiple regions, mice brain sections 

were stained with anti-DAT antibody. Coronal slices were incubated to label with 

anti-DAT-Nt antibody, followed by secondary antibody conjugated with Alexa 

Fluor 488, or Alexa Fluor 594 respectively. The sections were imaged at low 

magnification using a confocal scanning microscope to assess labeling in the entire 

slice (Figure 13). The immunohistochemstry images showed that DAT mainly 

existed in higher concentration in striatal region such as caudate putamen. 

Dopaminergic neuronal cell bodies existed in SNc and VTA. 
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13. Location of DAT presynaptic and postsynaptic in striatum  

To study the location of DAT existence in striatum, brain sections of the control and 

EE mice were stained with synaptophysin and postsynaptic density protein 95 

(PSD95) (Figure 14A-D). Therefore, these confocal images showed that DAT 

existed in the presynaptic region by antibodies, such as co-localized synaptophysin 

and dopamine transporter. The striatum was stained with the dopamine transporter 

antibody as controls in dopamine transporter knock-out mice (B6N(Cg)-

Slc6a3tm1b(KOMP)Wtsi/J). (Figure 14E-F) 
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Figure 14. Dopamine transporters and synaptophysin co-localize in the striatum of 

control and EE mice. Confocal images showed co-localized DAT (Green) and 

synaptophysin (red) in the Control mice (A) and EE mice (B). However, DAT 

(Green) and PSD-95(red) were not co-localized in the Control mice (C) and EE 

mice (D) Scale bar = 10μm. (E) Genotyping result of DAT knock-out mice. The 

Mutant band was approximately ~ 480 bp, and Wild type was 243 bp. Confocal 

images showed dopamine transporter (Green) in the striatum of wild type and 

transgenic mice (F) Scale bar = 50 μm 
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IV. DISCUSSION  

  Both enhanced physical activity and social interaction provide benefits to the brain; 

physical activity on its own improves cognitive performance due to a range of 

neural changes including synaptic plasticity and neurotransmitter subunit 

expression.53 However, the underlying mechanism remains to be elucidated in detail.  

Therefore, to investigate the novel mechanisms that were regulated by exposure to 

EE, this study interpreted both microarray data and GSEA results. Among the 

biological functions of interest in the microarray data, PDYN, Ppp1r1b, and Slc6a3 

in the neuronal activity category were statistically regulated by EE exposure. These 

genes contributed to the effects on opioid signaling and Na+/Cl−-dependent 

transporters in the GSEA results. The PDYN and Ppp1r1b genes involved in opioid 

signaling were globally upregulated in the EE group.49-51 

Among the genes involved in Na+/Cl−-dependent neurotransmitter transporters, 

the Slc6a3 gene is a DAT that is a member of the Na+/Cl−-dependent 

neurotransmitter transporter family. Slc6a3 is an integral membrane protein that 

removes dopamine from the synaptic cleft and deposits it into surrounding cells, 

thus terminating the signal of the neurotransmitter. The Slc6a3 gene involved in 

Na+/Cl−-dependent neurotransmitter transporters was globally downregulated in the 

EE group; downregulating the expression of Slc6a3 leads to the increased synaptic 

occupancy of dopamine. It is interesting to note that the GSEA results demonstrated 

that dopamine neurotransmitter release was significantly downregulated after long-

term exposure to EE. Among the genes related to dopamine release, tyrosine 

hydroxylase (TH) and dopa decarboxylase (DDC) genes were downregulated by EE. 
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In the intersection of microarray and GSEA results, this study suggest that 

dopamine biosynthesis was reduced and the bioactivity of neurotransmitters in the 

synaptic cleft was increased. 

Rampon et al7 previously described the effects of EE on the gene expression in 

the brain using oligonucleotide microarrays. They found that the expressions of 

genes associated with neuronal structure, synaptic plasticity, and transmission were 

significantly changed by EE exposure. Among the neurotransmitters used in 

previous studies, the role of dopamine as an important neurotransmitter has come to 

light.54-57 Dopamine is responsible for many functions including motor activity and 

movement. Previous studies reported that levodopa could enhance motor recovery 

after stroke patients and experimental stroke.58,59 The dopamine levels in the neural 

synapse are controlled by DAT. DAT is a 12-transmembrane domain protein and a 

member of the SLC6 gene family of Na+/Cl−-dependent neurotransmitter 

transporters that also includes serotonin, GABA, norepinephrine and glycine 

transporters.10 DAT is a pump for dopamine, which takes the neurotransmitter out 

of the synapse back into the presynaptic neural cytosol, and dopamine reuptake via 

DAT controls the concentration of dopamine between presynaptic and postsynaptic 

neurons.60,61 Proper dopaminergic function is dependent on the reuptake activity by 

DAT, which is the primary mechanism responsible for the control of the DA levels 

in the neural synapse.31,32,62  In this way, DAT plays a primary role in terminating 

dopaminergic signaling and maintaining a releasable pool of dopamine.57  

In this study, quantitative real-time PCR was performed to determine DAT 

expression levels in the mouse brain under EE. DAT significantly decreased after 
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long-term exposure to EE, and DAT RNA levels show similar down-regulated 

expression patterns with microarray. In this study, the EE-mediated mechanism of 

synaptic plasticity was further elucidated by internalization of striatal DAT. BG 

circuits in dopamine are thought to promote motor skill acquisition through 

reinforcement learning.63,64 Moreover, dopamine is also involved beyond motor 

learning.26,28-30  

 The EE-induced functional improvement was related to DAT down-regulation 

in striatum which was confirmed by [18F]FPCIT PET image assays and 

administration of a DAT inhibitor. [18F]FPCIT that is a specific radiotracer for DAT 

was predominantly located in the striatum in the DAT-PET image assay. Other 

brain regions had very low radioactivity concentration.65,66 Moreover, the extra-

striatal uptakes in small mouse brain were easily affected by the neighboring 

structure and partial volume effect, causing overestimation. Therefore, there were 

very small differences of radioactivity between extra-striatal brain regions and 

cerebellum. The present study focused on the changes of available DAT in the 

plasma membrane rather than cerebral perfusion. In [18F]FPCIT PET image assay, 

cerebral perfusion effect could be negligible, because reference tissue has little 

DAT and a time activity curve from reference tissue replaced the arterial blood. 

This methodology is previously validated and currently used in the clinical PET 

study for Parkinson's disease.67 

This study confirmed the internalization of striatal DAT using a surface 

biotinylation assay, and focused on DAT regulation mechanisms such as 

internalization and phosphorylation.33,56 This study also validated the DAT 
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inhibition occurred via phosphorylation mechanism with in vitro experiment. 

However, present study did not show that decreased DAT is associated with the 

increment of Drd1 and Drd2 in EE. Previous studies demonstrated that there was no 

evidence that EE influenced D2 receptor density, or the ratio of D2 receptor density 

to other receptor types,68 and destruction of DAT in Parkinsonian animal model did 

not showed statistically significant increment of D2 receptors.69  

DAT phosphorylation by multiple signaling systems causes DAT 

internalization.70,71 It has been reported that changes in DAT activity and cell 

surface expression occur in response to diverse mechanisms including several 

kinases and phosphatases.71-76 In addition, recent studies have shown that DAT and 

other neurotransmitter transporters are phosphoproteins which are regulated by 

protein kinases as a mechanism for maintaining synaptic neurotransmitter levels and 

neural signaling.70-73,77  

DAT is exclusively expressed in dopaminergic neurons.10,23 The cell bodies of 

dopamine neurons are located in the ventral mesencephalic region of the brain 

consisting of the SNc and VTA. From there, dopamine neurons send bundles of 

axons rostrally to the primarily innervate regions involved in controlling locomotion, 

such as dorsal striatum and nucleus accumbens, as well as to the frontal 

cortex.10,14,24 Specially, DAT is present in higher concentrations in striatal axons, 

presynaptic terminals in particular, thus suggesting the existence of a specific 

targeting mechanism, and there is a relatively small endolysosomal pool of DAT, 

which indicates the importance of both nonvesicular lateral membrane movement of 

the transporter, as well as plasma membrane retention mechanisms.14 Previous 
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studies demonstrated that cell surface retention of DAT is controlled by 

juxtamembrane amino acid residues of the DAT-Nt.78  

Animal models have played a major part in the improvement of our 

understanding of the underlying mechanisms of exercise and its effects on 

restoration of motor behavior in the dopamine-depleted brain. Exercise can restore 

important circuits in motor behavior by modulation of dopamine and glutamate 

neurotransmission and also affects general brain health.7  

DAT can participate in the dopamine clearance only when it is present on the 

plasma membrane. DAT plasma membrane expression is regulated by the process 

of endocytosis.10,51,74 DAT is thought to undergo constitutive and regulated 

endocytosis. 10,20 Many Studies indicate that PKC activation leads to endocytosis of 

DAT through clathrin coated pits10,18,19 and accumulation of the transporter in early, 

recycling and late endosomes.10,19,21,22  PKC reduces the rate of DAT plasma 

membrane recycling, further enhancing the level of transporter internalization.33,72 

PKC-dependent phosphorylation of DAT has been demonstrated at sites that appear 

to be the most distal N-terminal serine.52 Present study evaluated DAT bound with 

PKCβ because it has been reported that PKCβ, but not PKCα or PKCγ, was co-

immunoprecipitated with the DAT from striatal membranes.47 

In this study, IP and in situ proximity assay demonstrated that EE increased 

phosphorylation of DAT via a PKC-mediated pathway as a DAT internalization 

mechanism, suggesting that EE caused DAT internalization by phosphorylation. As 

a result of DAT internalization and dopamine reuptake inhibition in the presynaptic 

region, increased levels of dopamine in the neural synapse might lead to functional 
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improvement. After this internalization, DAT undergoes several biological 

processes including degradation and recycling. The internalization process may play 

a key role in the intercellular regulation of DAT. Therefore, this study focused on 

the role of EE in the early steps of DAT trafficking, and showed that EE 

substantially increased DAT phosphorylation.  

Experience-dependent plasticity is thought to involve selective change in pre-

existing brain circuits, involving synaptic plasticity.79 Previous studies showed that 

EE resulted in synaptic plasticity in the visual cortex80 and hippocampus.81,82 Recent 

study reported that EE resulted in increased synaptic proteins such as synaptophysin 

and PSD95 through major brain regions, including the forebrain, hippocampus, 

thalamus, and hypothalamus.79 These results demonstrate that EE results in an 

increase in levels of both pre- and post-synaptic proteins in multiple regions of the 

brain, and it is possible that such changes represent the underlying synaptic 

plasticity occurring in EE.79 

 In this study tested the effects of EE and synaptic protein level via western 

blotting for synaptophysin. Western blotting result demonstrated that EE resulted in 

increased synaptophisin level through frontal cortex region. However, no changes in 

synaptophysin were detected in the striatum. This result showed that EE have 

distinct effects on synaptic alterations in brain region associated to motor function 

such as frontal cortex and striatum. This study suggests that DAT was influenced 

more by EE than dopamine receptor or synaptic protein.  
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V. CONCLUSION 

 This study aimed to investigate dopamine-related synaptic plasticity underlying 

functional improvements after EE. In conclusion, this study focused on the role of 

EE in the early steps of DAT trafficking, and showed that EE substantially 

increased DAT phosphorylation. Taken together, this study suggests that EE 

enables phosphorylation of DAT via a PKC-mediated pathway in the striatum. 
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ABSTRACT (IN KOREAN) 

 

풍요 환경에 의한 도파민 수송자의 내재화에 따른  

시냅스 가소성 및 기능 강화 

 

<지도교수 조성래> 

 

연세대학교 대학원 의과학과 

 

유지혜 

 

물리적, 인지적 그리고 사회적 자극들의 다양한 조합으로 이루어져 

있는 풍요환경(EE)은 시냅스 가소성과 행동학적 기능을 강화시킨다. 

그러나 이러한 강화에 대한 자세한 기전은 밝혀지지 않은 상태이다. 

그래서 이 연구에서는 유전자 발현 패턴을 평가하여 장기적인 풍요 

환경의 노출과 관련된 기전을 밝히고자 하였으며 더 나아가 풍요 환경 

이후 기능 강화에 관련되어 도파민과 연관된 시냅스 가소성을 밝히고자 

하였다. 이를 위해 6 주령의 CD-1 행동학적 기능 결과를 관찰 하기 

위하여 무작위로 풍요 환경과 대조 환경으로 나누어 사육하였다. 

풍요환경 쥐들은 대형 사육장 (86×76×31 cm3) 에서 2 달간 사육하였고 
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반면 대조군은 표준 사육장 (27×22.5×14 cm3)에서 사육하였다.  운동 

기능을 평가하기 위해 로타로드(rotarod)와 사다리 걷기 검사(ladder 

walking test)를 사용하였고 유전자 발현 개요를 밝히기 위해 대뇌 

반구에서 마이크로어레이와 gene set enrichment analysis(GSEA)을 

이용하였다. 바이오티닐(biontinylation) 분석법을 이용하여 표면 

도파민 수송자를, proximity ligation assay(PLA)와 면역침강법을 통해 

도파민 수송자의 인산화를, [18F]FPCIT 양전자방출단층촬영술을 이용하여 

선조체 도파민 수송자를 평가하기 위해 대상들을 모집하였다. 풍요 환경 

8 주 후, 풍요 환경군이 로타로드와 사다리 걷기검사와 같은 행동학적 

기능에서 유의하게 강화되었다. 마이크로어레이 분석에서 풍요 환경에 

의해 신경 활동에 관련된 유전자들이 유의하게 변화된 것이 드러났다. 

GSEA 분석에서 시냅스 간의 전달과 시냅스 후 신호 변환에 관련된 

유전자들이 전반적으로 상향조절 되었지만 시냅스 후 신경전달물질 

수송자에 의한 재흡수는 하향조절 되는 것이 보여졌다. 특히 마이크로 

어레이와 GSEA 에서 풍요 환경 노출에서 오피오이드 신호, 아세트콜린 

분비 순환, 시냅스 후 신경전달물질 수용체가 증가하지만 뇌에서 도파민 

수송자인 Slc6a3 을 포함하는 Na+/Cl− 의존적 신경전달물질 수송자는 

감소하였다. 선조체는 뇌에서 가장 큰 도파민 입력을 받는 곳이며 

도파민 시스템은 운동 수행 같은 움직임을 포함한다.  그래서 이 
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연구에서는 풍요 환경에 의해 유도된 기능 강화가 선조체에서 도파민 

수송자의 하향조절과 관련되었는지 조사하였다.  

[18F]FPCIT 양전자방출단층촬영술에서 선조체 도파민 수송자에 붙는 

수치는 풍요 환경에서 사육된 쥐들이 대조 환경에서 사육된 쥐들에 

대비하여 대략 18% 가 유의성 있게 감소하였다. 도파민 수송자 억제제를 

투여하여 도파민 수송자의 감소로 인한 치료 효과와 로타로드와 같은 

운동 기능 강화의 관계를 밝히고자 하였으며 이는 도파민 수송자의 

억제가 풍요 환경이 영향을 주는 개요를 뒷받침 하였다. 다음으로 

풍요환경이 유도하는 도파민 수송자의 내재화를 표면 

바이오티닐(biotinyl) 분석법을 사용하여 확인하였다. In situ 

proximity ligation assay 와 면역침강법을 이용하여 풍요환경이 선조체 

도파민 수송자의 인산화와 도파민 수송자와 붙는 단백질 인산화 효소 C 

(protein kinase C) 의 양이 유의성 있게 증가된 것을 확인하였다. 

결론적으로 풍요환경은 시냅스후 수용체의 활동의 상향조절에 의한 

시냅스 가소성과 신경전달물질의 효율적인 사용의 향상과 도파민 

수송자와 같은 신경전달물질 수송자에 의한 시냅스전 재흡수의 하향조절 

같은 시냅스 활동 조절에 관련된 유전자들의 변화를 통해 운동기능을 

강화시킨다.  또한 이 연구는 단백질 인산화 효소 C 조절의 경로를 통해 

선조체 도파민 수송자의 인산화를 가능하게 하며 이는 도파민 수송자의 

내재화의 원인이 된다는 것을 제안하였다. 
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