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 Abstract 

 

In vivo imaging and 

evaluation of therapeutic effect of the  

neural stem cell treatment in 

6-OHDA induced mouse model of Parkinson’s disease 

 

 

Hyung-Jun Im 

Department of Molecular Medicine and Biopharmaceutical Science,  

The Graduate School of Convergence Science and Technology,  

Seoul National University 

 

 

Transplantation of neural stem cells (NSCs) has been proposed and shown efficacy in 

animal models of Parkinson’s disease (PD) as a disease course modifying treatment. There are 

two major therapeutic mechanisms of neural stem cell transplantation, which are replacement of 

degenerated dopaminergic neuron and alteration of host environment by paracrine effect. 

However, it is not clear that which one is the major therapeutic mechanism in the 6-

hydroxydopamine (6-OHDA) induced mouse model of PD, because survival of transplanted 

stem cell has not been quantified. Exosome has been emerged as an active component of the 

paracrine effect in stem cell therapy, yet has not been evaluated in PD model. Thus, the purpose 
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of the study was to monitor and quantify the survival of transplanted neural stem cells stably 

expressing the enhanced luciferase gene, and to evaluate therapeutic effect of neural stem cell 

(NSC) and exosome-mimetic nanovesicle (NV) derived from NSC in 6-OHDA induced mouse 

model of PD. 

The mouse model of PD was induced by unilateral injection of 6-OHDA in right striatum. 

The behavioral tests, and positron emission tomography (PET) imaging with [18F]N-(3-

fluoropropyl)-2-beta-carbomethoxy-3-beta-(4-iodophenyl)nortropane ([18F]FP-CIT) were 

conducted. Human fetal-derived immortal neural stem cell line, HB1.F3, is transduced with an 

enhanced firefly luciferase retroviral vector (F3-effLuc cells). F3-effLuc cells or F3-effLuc 

derived exosome-mimetic NV (F3-NV) were injected into the right striatum of mouse model of 

PD. Dead F3-effLuc cells, human foreskin fibroblasts transduced with effLuc (HFF-effLuc cells) 

and PBS are used as controls. In vivo bioluminescence imaging for the cells and fluorescence 

imaging for F3-NV were repeated until the signal remained. Two and four weeks after 

transplantation, behavioral tests were repeated. Mice were sacrificed 1 hour after injection of 

apomorphine at 4 weeks after transplantation. Immunostain for tyrosine hydroxylase (TH), 

dopamine transporter (DAT) and cFOS were done at the level of caudateputamen. Also, gene 

expression microarray was conducted using lesioned striatum after treatment. Quantitative real 

time polymerase chain reaction (RT-PCR) was done to confirm the expression of the target 

genes selected from microarray. 

All 6-OHDA-injected mice showed side biased motor impairment and markedly decreased 

[18F]FP-CIT uptake in the right striatum. After transplantation of F3-effLuc, HFF-effLuc cells in 

PD mice, bioluminescence signals were visualized on the right side of the brain. Quantified 

bioluminescence intensity of the transplanted F3-effLuc and HFF-effLuc cells gradually 

decreased until it was undetectable by 10 days. And there were no bioluminescence signal in 

dead F3-effLuc cell treated or PBS treated mice. Injected Cy7 labeled F3-NVs were visualized 

by in vivo fluorescence imaging at 3 hours after injection, but not visualized at 24 hours after 
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injection. Four weeks after transplantation, there was no significant difference in [18F]FP-CIT 

imaging, TH and DAT stain of PD models regardless of types of treatment (F3-effLuc, F3-NV, 

HFF-effLuc and PBS). At four weeks after transplantation, remained F3-effLuc cells were found 

by microscopic examination, however, the cells showed negative TH stain. The results indicate 

that there was no evidence of dopaminergic neuron replacement by transplanted F3-effLuc cells. 

However, side biased motor impairment was attenuated by F3-effLuc cell transplantation at 4 

weeks after the treatment but not by HFF-effLuc, or PBS. F3-NV treated mice showed a 

tendency of improvement of side biased behavior at 2 weeks after injection, but no significant 

improvement at 4 weeks after the treatment. Striatal cFOS expression which is an indicator of 

supersensitivity was lower in F3-effLuc treated striatum than F3-NV, HFF-effLuc or PBS 

treated one. Microarray and host cell specific quantitative RT-PCR revealed up regulation of 

genes related with immune response, regulation of apoptosis, and neurogenesis in F3-effLuc cell 

treated striatum compare to HFF-effLuc or PBS treated one.  

Survival of transplanted F3-effLuc cell was successfully monitored by in vivo 

bioluminescence imaging. Side biased motor impairment and striatal supersensitivity of PD 

mouse was improved by F3-effLuc transplantation. F3-NV showed tendency of behavioral 

improvement initially however the change was not sustained until 4 weeks after treatment. 

There was no evidence of direct replacement of dopaminergic neuron by transplanted F3-effLuc 

cell. However, genes related to immune response, regulation of apoptosis, neurogenesis were up 

regulated in host striatum after F3-effLuc treatment. Thus, F3-effLuc induced host gene 

alteration might be the mechanism of behavioral improvement. 

 

Key words: Bioluminescence imaging, Parkinson’s disease, Neural stem cell, [18F]FP-CIT, 

Immunomodulation, microarray 

 

Student number: 2009-24118 
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 Introduction 

 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders and is caused 

by extensive loss of dopaminergic neurons in the substantia nigra (1). PD is characterized by 

general motor symptoms such as rigidity, tremor, and bradykinesia. Current treatment options 

for PD include levodopa, enzyme inhibitors, and deep brain stimulation, all of which provide 

symptomatic relief but not reversal of disease progression (2-4). 

 Cell-based therapy, which is thought to have the ability to help in recovery from brain 

injury, has been proposed as a long-term treatment for PD. In early work on cell-based therapy, 

transplantation of fetal ventral mesencephalic (VM) dopaminergic neurons were introduced as 

an experimental treatment (5). The clinical trials have shown mixed effects with side effects 

including off-therapy dyskinesia (6-9). Problems of ethical issue, availability and difficulties in 

standardizing the VM cells emphasized the need for new sources of cell-based therapy. Such 

potential new sources of cell-based therapy include embryonic stem (ES) cells (10,11), neural 

stem cells (NSCs) (12), and induced pluripotent stem cells (13). These cells can be obtained in 

large amounts from sources in vitro; they also have the potential to generate neuronal cells and 

have elicited variable degrees of functional recovery in animal experiments (10-13). 

Transplantation of neural stem cells is favored in terms of a lower risk of tumor formation (4,14). 

HB1.F3 cell line is a stable and well established human fetal-derived immortal neural stem cell 

line which is generated from the human fetal telencephalon (at 15 weeks gestation) using a 

retroviral vector encoding v-myc and has potential to differentiate into cells of neuronal and 

glial lineages (15). By transplantation of the cells, behavioral improvements have been reported 

in rodent and primate model of PD (16,17). And also the cell showed ability to differentiate into 

dopaminergic neuron in vivo (16). Thus we used HB1.F3 cell for treatment of PD model in the 

present study.  
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Monitoring of transplanted cells is crucial for optimizing cell-based therapy in PD 

models. In previous studies of stem cells in PD models, transplanted cells were monitored ex 

vivo using immunohistochemistry after serially sacrificing animals (10-13,17). However, ex 

vivo monitoring has several critical limitations for monitoring transplanted stem cells. First, 

large numbers of animals must be sacrificed in each experiment, and laborious procedures have 

to be repeated at each time point. Second, animals sacrificed at each time point represent neither 

the whole treatment group nor the final outcome of stem cell treatment. Third, estimation of the 

precise survival duration of transplanted cells is impossible. Finally, the quantification of the 

number of transplanted cells is challenging. 

 To accurately determine the characteristics of transplanted stem cells in a PD model, 

the survival duration and/or distribution of transplanted stem cells need to be evaluated. Thus, 

imaging techniques capable of measuring the viability of transplanted stem cells in individual 

animals are required. In vivo imaging techniques such as positron emission tomography (PET), 

magnetic resonance imaging (MRI), fluorescence, and bioluminescence imaging enable 

repeated measurements in a single animal as opposed to serial sacrifice of a large quantity of 

animals. However, half-life of most of the radioisotopes for PET imaging is shorter than few 

hours, few days at most (11C: 20 min, 68Ga: 68 min, 18F: 110 min, 64Cu: 12.7 hours, 124I : 4.2 

days) thus PET is not suitable for long term monitoring of transplanted stem cell. And MRI 

cannot distinguish living cells from dead cells, and fluorescence imaging suffers from non-

specific autofluorescence (18). Fluorescence dye with NIR window and fluorescence molecular 

tomography (FMT) has overcome the autofluorescence problem partially. Also FMT could be a 

robust tool for quantification of optical signal. However, relative lack of fluorescence protein 

with NIR window to label the cell intrinsically is a remaining limitation for long term 

observation of transplanted cells (19,20). Free of such limitations, bioluminescence imaging has 

been shown to be a robust tool for in vivo tracking of viable transplanted cells in recent 

experiments (21,22). Moreover, bioluminescence techniques enable real-time imaging and 
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quantification, which facilitate the comparison of remaining cell numbers at specific time points 

and a more precise assessment of the duration of transplanted cell survival. In addition, 

enhanced version of firefly luciferase was engineered using codon optimization for more 

sensitive detection of transplanted stem cells (23). Thus, in vivo bioluminescence imaging with 

enhanced firefly luciferase can be a superior tool for evaluating transplanted cells in PD models. 

By an initial enthusiasm of cell replacement therapy, it is thought that behavioral 

improvement after stem cell transplantation in PD animal models is caused by differentiation of 

stem cell into functioning neuron. However, many reports showed behavioral improvement 

although majority of transplanted cells did not survive in vivo and small fractions of the cells are 

differentiate into dopaminergic neurons (17,24). Thus, alterations of host tissue environment 

such as immunomodulation, enhancement of neurogenesis, and modulation of autophagy have 

been suggested for the reason of behavior improvement (25,26). Since, stem cells are known to 

excrete variety of neurotrophic factors (27,28), these alterations of host environment could be a 

result of paracrine effect of transplanted stem cell to host neurons and glial cells (29). 

Behavioral improvement by paracrine effect is also supported by that multiple studies that 

showed behavioral improvement by neurotrophic factor injection (30,31) or neurotrophic factor 

secreting glial cell transplantation (32). However, host cell gene alteration by transplanted stem 

cell has not been well evaluated in 6-OHDA induced mouse model of PD.  

Exosomes are vesicles surrounded by a phospholipid bilayer (50~100nm in diameter) 

and released by exocytosis of multivesicular bodies in variety of types of cells (33). Exosomes 

contain mRNA, miRNA, protein, and surface markers of the original cells and thus bring 

biologic effect in neighboring cells by contact to target cell or horizontal delivery of the contents. 

Recently, therapeutic use of exosome has been reported in several disease animal models. Lee et 

al. reported the anti tumor effect of melanoma derived exosome by acting as a vaccine for 

melanoma in melanoma mouse model (34). Alvarez et al. reported siRNA delivery to the mouse 

brain by systemic injection of targeted exosomes (35). Zhuang et al. used exosome containing 



 

 

13 

 

curcumin (exo-cur) to treat inflammatory brain disease. Brain injury was protected by intranasal 

delivery of exo-cur in lipopolysaccharide-induced brain inflammation mouse model (36). Lai et 

al reported that systemically injected conditioned media from mesenchymal stem cell showed 

cardioprotective effect in a rat model of myocardial ischemia and reperfusion injury and found 

that the active component of the conditioned media was exosome (37). Thus exosome has been 

proposed to be an active component of paracrine effect of stem cell.  

  

  



 

 

14 

 

 Purpose 

The purpose of the study was to monitor survival of transplanted NSCs (HB1.F3) transduced 

with enhanced firefly luciferase (effLuc) and to evaluate treatment efficacy of F3-effLuc and 

F3-effLuc derived exosome-mimetic nanovesicle (F3-NV) by behavioral test, in vivo PET 

imaging, immunohistochemistry, and gene expression array in 6-OHDA induced mouse model 

of PD. 
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 Materials and Methods 

 Animals and Experimental Design 

Eight-week-old male C57Bl/6 mice (weight, 20–30 g) were used according to the approved 

guidelines of the Institutional Animal Care and Use Committee of Seoul National University, 

College of Medicine.  

In Part I experiment, the PD model was evaluated by the apomorphine-induced rotation 

test and PET imaging using [18F]FP-CIT which is a dopamine transporter imaging tracer (38). 

[18F]FP-CIT PET and apomorphine induced rotation test were serially done, before 6-OHDA 

injection, 1, 2, 4 weeks after 6-OHDA injection in 4 mice to explore temporal change of the 

mouse model of PD (Fig. 1A).  

Part II experiment was conducted to evaluate feasibility of bioluminescence imaging 

for monitoring of neural stem cell treatment in mouse model of PD. To identify the lower limit 

of cell number for in vivo detection, bioluminescence imaging was performed 3 hours after 

transplantation of F3-effLuc cells in right striatum of normal C57Bl/6 mice (n=3) with the 

number of 5×102, 103, and 2×103. PD model was induced in 15 mice, and 3 mice were used as a 

sham model group. After 4 weeks, 10 PD and 3 sham models were treated with HB1.F3 cells 

transduced with an enhanced firefly luciferase retroviral vector (described below). The 5 

remaining PD mice received control (dead cell injection) treatment. In vivo bioluminescence 

imaging was repeated daily until the signal was no longer detectable. Mice were sacrificed at 4 

weeks after cell transplantation, and brain sections were prepared for immunohistochemical 

analysis. Additionally three PD mice were sacrificed at 4 days after cell transplantation to 

compare histologic finding with that at 4 weeks after cell transplantation (Fig.1B). 

In Part III experiment was done to evaluate treatment efficacy of F3-effLuc cell and 

exosome-mimetic nanovesicle derived from F3-effLuc cell (F3-NV). PD model was induced in 

twenty-five mice and sham model was induced in ten mice. Four weeks after injection of 6-

OHDA for PD model and PBS for sham model, [18F]FP-CIT PET and behavioral test were done. 
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A day after the tests done, F3-effLuc cells (n=8), F3-NV (n=3), HFF-effLuc cells (n=8), PBS 

(n=6) were transplanted in right striatum. Two weeks after transplantation of cells, behavioral 

test was followed up and another two weeks later, behavioral test and [18F]FP-CIT PET imaging 

were done (Fig.1C). 
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A 

 

B 

 

C 

 

FIGURE 1. Brief experimental design 

A. Part I experiment design 

B. Part II experiment design 

C. Part III experiment design 
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 Preparation of Enhanced Firefly Luciferase Transduced Neural Stem Cells and Human 

Fibroblast Cells 

Cells of HB1.F3, a human fetal telencephalon (at 15 weeks gestation) derived immortal neural 

stem cell line (15), were used for treatment. For control treatment human foreskin fibroblast – 1 

(HFF) cell line was purchased from American Type Culture Collection (ATCC, Manassas, VA, 

USA). For bioluminescence imaging, HB1.F3, HFF cells were co-transfected with a retrovirus-

mediated enhanced firefly luciferase (effLuc) vector (23), gag-pol plasmid, and envelope 

plasmid using Lipofectamine Plus reagent (Invitrogen, CA, USA). The effLuc construct (Fig. 3a) 

was kindly provided by Dr. Brian Ravinovich (MD Anderson Cancer Center, TX, USA). After 

48 h, the medium containing retroviruses was collected and filtered using 0.2-μm pore syringe 

filtration. For retroviral transduction, retroviruses were packaged using the Retro-X packaging 

system (BD Biosciences, NJ, USA), and HB1.F3 cells and HFF cells were infected with 

retrovial supernatant in the presence of polybrene (Sigma-Aldrich Co., MO, USA). Infected 

CD90.1-positive cells were collected by magnetic antibody cell sorting (MACS, Miltenyi 

Biotech Ltd., UK) using monoclonal anti-90.1 microbeads. CD90.1 is a reporter gene of effLuc 

vector (21). F3-effluc cells and HFF-effLuc cells were washed using fluorescence activated cell 

sorter (FACS) buffer (phosphate buffered saline (PBS) solution containing 5% fetal bovine 

serum (FBS)) using the phycoerythrin (PE)-labeled monoclonal anti-90.1. The collected F3-

effluc, HFF-effLuc cells after high centrifugation were resuspended with FACS buffer, and these 

cells were incubated for 30 min on ice. Cells were rinsed 2 times in FACS buffer, and prepared 

in 0.4 ml FACS buffer. The purity of CD90.1-positive cells was identified by FACS (BD 

Immunocytometry System, CA, USA) analysis. 

 

 Measurement of Luciferase Activity In vitro 

The cultured F3-effLuc and HFF-effLuc cells were rinsed twice with PBS and treated with 4 mL 

trypsin-EDTA in T75 flasks for 3 min in an incubator set at 37 °C. To stop trypsin-EDTA 
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activity, detached F3-effLuc cells were washed with serum-containing DMEM and PBS. 

Suspended F3-effLuc and HFF-effLuc cells (105) were serially diluted with PBS onto a 96-well 

plate. Also, 1 ~ 3 x 105 cells were seeded in five dishes and detached at 2, 4, 8, 10, and 14 days 

after seeding. Suspended F3-effLuc cells were counted and 105 cells were used for luciferase 

assay. To measure luciferase activity, a D-luciferin substrate (50 μL at 3 μg/μL; Caliper Life 

Sciences, MA, USA) was added to the F3-effLuc cells, and the solution was gently mixed. In 

vitro luciferase activity was monitored using a luminometer (TR717; Applied Biosystems, CA, 

USA) with a 1-s exposure time. All measures are done in triplicate. 

 

 Induction of PD Model 

6-OHDA was prepared at a concentration of 3 μg/μl saline in 0.2% ascorbic acid. And 2 μl of 6-

OHDA was injected into the right striatum, at a rate of 0.5 μL/min using a Hamilton syringe (26 

G) and a stereotaxic apparatus (David Kopf, CA, USA), as described by Iancu et al. [24]. Mice 

were anesthetized by intramuscular injection of 10 μL of 5% zoletil 50 (Virbac, Carros, France) 

and 2% Rompun (Bayer, Leverkusen, Germany) solution (2:1). To prevent oxidation of 6-

OHDA before injection, 6-OHDA was stored in a dark and cool place. Injections were 

administered in the right striatum [anteroposterior (AP) 0.4 mm, mediolateral (ML) 1.8 mm, 

dorsoventral (DV) 3.5 mm from bregma] (39,40). Sham model were injected with equal 

volumes of PBS at the same coordination. 

 

 Stem Cell Transplantation 

In part II experiment, four weeks after 6-OHDA injection, F3-effLuc cells (4 × 105 cells/2.5 µL 

of PBS) were stereotaxically transplanted into the right striatum at a rate of 0.5 μL/min using a 

stereotaxic apparatus (David Kopf, CA, USA) (PD model group, n=15; sham model group, n=3). 

Before transplantation, F3-effLuc cells were tagged with DiI (CellTracker CM-DiI, Invitrogen, 

CA, USA). The transplantation was performed at the following coordinates: AP 0.4 mm, ML 1.8 
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mm, and DV 3.5 mm from bregma. Another group (n = 5) received injections of the same 

number of dead F3-effLuc cells for control treatment. The cells were killed by a freeze-thaw 

cycle regimen and were injected at the same coordinates (41). 

In part III experiment, F3-effLuc cells (4 × 105 cells/2.5 µL of PBS) were stereotaxically 

transplanted into the right striatum 4 weeks after 6-OHDA injection (n = 8). F3-NVs were 

injected into the right striatum 4 weeks after 6-OHDA injection (n = 3). For control treatment, 

same number of HFF-effLuc cells (n = 8) or PBS (n = 6) was transplanted at the same 

coordinate. 

 

 Behavioral Analysis  

Apomorphine-induced Rotation Test 

Apomorphine-induced rotation tests were conducted in mice at 4 weeks post-lesion (before the 

cell/sham treatment) and again at 2 and 4 weeks post-treatment. After injection of apomorphine 

(subcutaneously, 0.5 mg/kg), the rotational movement of animals was observed for 40 min. 

Ipsilateral and contralateral turns were measured by a rotation-measuring device. Results were 

expressed as contralateral net turns/min (contralateral net turns = non-lesion side turns − lesion 

side turns). 

 

Elevated body swing test 

Elevated body swing test (EBST) was done at 4 weeks after 6-OHDA injection and 2, 4 weeks 

after treatment. The test was done according to previous report (42). Briefly, animal positioned 

at the vertical axis inverted about 2 cm from the floor. And count each side body swing over 10 

degree from vertical axis for 1 minute. Result of EBST is expressed in percentage of 

contralateral side swing.  

 

Rotarod test 
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Rotarod test was done at 4 weeks after after 6-OHDA injection according to previously 

described (39). Briefly, animal was pre-trained on the rotarod three sessions for two days for 

120 seconds each time (5 revolution per minute (rpm) in first day, 10 rpm and 15 rpm in second 

day morning and afternoon). The final test (three sessions, each lasting 180 s) was performed on 

the third day at 15 rpm. Between trials, mice were given at least 2 min of rest in order to reduce 

stress and fatigue. 

 

 In vivo Bioluminescence Imaging (BLI) of Transplanted Cells 

The Xenogen-IVIS 100 cooled CCD optical macroscopic imaging system (SC BioScience, 

Japan) was used for BLI. Mice were given an intraperitoneal injection of D-luciferin (150 

mg/kg), and images were acquired for 5 min beginning 10 min after administration. The mice 

were anesthetized 2 minutes before the imaging and during the imaging using isoflurane. 

Medium binning was used. All images were analyzed with Igor (WaveMetrics, OR, USA) and 

Living Image software (Xenogen, CA, USA), and optical signal intensity was expressed as 

photon flux. To quantify the optical signal, we defined regions of interest (ROI) over the 

transplanted area and examined all values with the same size and shape of the ROI. 

Bioluminescence activity was quantified in units of photons per second per cm square per 

steradian (photons/sec/cm2/sr). 

 

 Prepaeration and injection of F3-effLuc derived exosome-mimetic nanovesicle 

Exosome-mimetic nanovesicles were derevied from F3-effLuc cells (F3-NV) according to the 

previous report (43). Briefly, F3-effLuc cells were harvested and serially extruded through a 

serried of polycarbonate membranes with pore sizes of 10, 5, and 1um. F3-NVs were labeled 

with Cy7 and purified from the interface between the 10 and 50 % iodixanol layers in a two step 

OptiPrep density gradient ultracentrifugation. Prepared F3-NVs were injected (3mg in 3µl of 

PBS per mouse) into brain of PD mice (n=3) at coordination of AP 0.4 mm, ML 1.8 mm, and 
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DV 3.5 mm from bregma. 

 

 In vivo fluorescence imaging of F3-effLuc derived exosome-mimetic nanovesicle 

The animal was maintained under general anesthesia following the procedure. Three hours and 

24 hours after injection of F3-NVs, the animal was placed in the Xenogen IVIS Lumina 

(Caliper LifeSciences, Hopkinton, MA) imaging system. Images were obtained with identical 

camera settings using Living Images 2.5 software (Caliper LifeSciences). Animal images were 

obtained using the Cy7 filter (ex = 700 nm, em = 790 nm) with 1-second exposure, binning of 8, 

f-stop of 2, from field of view of 12.5cm. Quantification of fluorescence image was obtained by 

measuring the fluorescence within an equivalent region of interest for each animal using the 

Living Images software. Data are expressed as radiant efficiency (arbitrary units) ± the standard 

deviation (SD).  

 

 [18F]FP-CIT Small Animal PET Scan  

PET scans were performed on a dedicated small animal PET/CT scanner (eXplore VISTA, GE 

Healthcare, WI). Mice were anesthesized 2% isoflurane at 1-1.5 L/min oxygen flow for 5-10 

min. PET scan using [18F] N-(3-fluoropropyl)-2β-carbomethoxy-3β-(4-iodophenyl) nortropane 

(FP-CIT) was done at 1 week post-lesion, before the cell/sham treatment, and performed again 4 

weeks post-treatment. [18F]FP-CIT was purchased from Asan Medical Center, Seoul, Korea. 

[18F]FP-CIT (3.7 MBq/mice) was injected through the tail vein under isoflurane anesthesia. 

Dynamic [18F]FP-CIT PET analysis of a previous report showed a rapid uptake and washout and 

plateau of striatal-specific activity from 40 min after injection (44). Thus, static images for 20 

min were acquired starting 40 min after injection. Emission scans were acquired with the energy 

window 400-700 keV and the images were reconstructed by a 3-dimensional ordered-subsets 

expectation maximum (OSEM) algorithm random and scatter correction. The voxel size was 

0.3875 x 0.3875 x 0.775 mm. Attenuation correction was not done because of the PET machine 
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showed over 1.0 recovery coefficient when all correction added (45). Using 13 normal [18F]FP-

CIT PET images, template [18F]FP-CIT PET image was made. One representative [18F]FP-CIT 

PET image was coregistered manually to MR template of mouse brain (46) using PMOD 

program (PMOD Technologies Ltd., Switzerland). Then, the other images were spatially 

normalized to the coregistered image using nonlinear registration after linear affine 

transformation by Statistical Parametric Mapping (SPM8, University College of London, 

London, UK). After normalization, mean image of the 13 [18F]FP-CIT PET images was used as 

a [18F]FP-CIT PET template. All other [18F]FP-CIT PET images were spatially normalizaed. 

Nondisplaceable binding potential (BPnd) of bilateral striatum was calculated using the 

predefined volume of interest (VOI) which is based on the MR template of mouse brain using 

the PMOD program (PMOD Technologies Ltd., Switzerland) with the cerebellum as a reference 

tissue. Results were expressed as the ratio of lesion side to non-lesion side BPnd of striatum. 

 

 Tissue Preparation and Immunohistochemistry 

At 4 days and 4 weeks post-transplantation, animals were deeply anaesthetized and 

transcardially perfused with PBS followed by 4% paraformaldehyde (PFA). 0.5 mg/kg of 

apomorphine (in 150ul solution) was injected subcutaneously, 1 hour before perfusion. Brains 

were removed, fixed with 4% PFA solution in PBS (USB Co., OH, USA) for 24 h at room 

temperature, and embedded in paraffin. Coronal sections (4 μm) of the region covering the 

striatum (0.5, -0.5 mm from bregma) and substantia nigra (- 3.0 mm from bregma) were 

dewaxed in xylene, and endogenous peroxidase activity was blocked using 0.5% H2O2 in 

methanol for 30 min. Sections were then washed in PBS and blocked with normal goat serum or 

normal horse serum for 30 min at room temperature. 

The tissue sections were incubated with a 1:800 dilution of goat anti-luciferase 

(Millipore Co., MA, USA), 1:500 dilution of rabbit anti tyrosine-hydroxylase (Millipore Co., 

MA, USA), 1:500 dilution of anti dopamine transporter, 1:100 dilution of anti-cFOS and 1:200 
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dilution of mouse anti nestin (Santa Cruz Biotechnology Inc., CA, USA). Slides were incubated 

with primary antibodies overnight at 4 °C before being washed in PBS and incubated with 

fluorescent secondary antibodies (Alexa Fluor® 488, 555, 594, anti-rabbit, anti-mouse, anti-goat; 

Invitrogen, CA, USA) or biotinylated secondary antibodies (anti-mouse IgG for TH and DAT, 

anti-rabbit IgG for cFOS) for 1 h at room temperature. The tissue sections labeled with 

fluorescence antibodies were treated with mounting solution (Vector Laboratories Inc., CA, 

USA) containing 4',6-diamidino-2-phenulindole (DAPI, Invitrogen, CA, USA). The tissue 

sections labeled with biotinylated antibodies, the bound antibodies were visualized using an 

avidin–biotin–peroxidase complex system (Vectastain ABC Elite Kit, Vector), with 3,39-

diaminobenzidine as chromogen. Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay was done using Apoptosis detection kit (ApopTag® Peroxidase In Situ; 

Millipore, MA, USA). 

 

 Quantification of immunohistochemistry staining 

For quantification of TH and DAT staining, the tissue samples were mounted and pictures were 

taken using a microscope with the same camera configuration and light intensity for each slice 

(47). TH and DAT-reactivity in both caudateputamen in all groups (F3-effLuc, F3-NV, HFF-

effLuc, PBS treated PD mice and sham models) was assessed by computer densitometry using 

digital images captured with the camera attached to the microscope. Average densitometric 

values were obtained by using the ImageJ software (http://rsb.info.nih.gov/ij/) from two sections 

between AP: 0.5 ~ -0.5 from bregma for caudateputamen. The measurements were obtained 

inside a 0.27 mm2 square window positioned across the structures of interest. In order to 

evaluate the general TH/DAT-reactivity throughout the caudateputamen we obtained three 

samples per structure. And we used values between groups using ratio of lesioned to intact side 

for comparison between groups. 

Numbers of cFOS stain positive nuclei were counted from two sections between AP: 0.5 ~ -0.5 
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from bregma at caudateputamen. Using 0.27 mm2 square window, three samples per structures 

were analyzed and the counted numbers were averaged. 

  

 RNA preparation for gene expression array 

Immediate after sacrifice the mice 4 weeks after transplantation, brain was extracted and right 

striatum was gently dissected. Total RNA was extracted from the tissue. Representative samples 

from one F3-effLuc treated PD mouse and one HFF-effLuc treated PD mouse were used for 

microarray analysis. The synthesis of target cRNA probes and hybridization were performed 

using Agilent’s Low RNA Input Linear Amplification kit (Agilent Technology, USA) according 

to the manufacturer’s instructions. Briefly, each 1ug total RNA and T7 promoter primer mix and 

incubated at 65oC for 10 min. cDNA master mix (5X First strand buffer, 0.1M DTT, 10mM 

dNTP mix, RNase-Out, and MMLV-RT) was prepared and added to the reaction mixer. The 

samples were incubated at 40oC for 2 hours and then the RT and dsDNA synthesis was 

terminated by incubating at 65oC for 15 min. The transcription master mix was prepared as the 

manufacturer’s protocol (4X Transcription buffer, 0.1M DTT, NTP mix, 50% PEG, RNase-Out, 

Inorganic pyrophosphatase, T7-RNA polymerase, and Cyanine 3-CTP). Transcription of dsDNA 

was performed by adding the transcription master mix to the dsDNA reaction samples and 

incubating at 40oC for 2 hours. Amplified and labeled cRNA was purified on cRNA Cleanup 

Module (Agilent Technology) according to the manufacturer’s protocol. Labeled cRNA target 

was quantified using ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, 

DE). After checking labeling efficiency, fragmentation of cRNA was performed by adding 10X 

blocking agent and 25X fragmentation buffer and incubating at 60oC for 30 min. The 

fragmented cRNA was resuspended with 2X hybridization buffer and directly pipetted onto 

assembled Agilent’s Mouse Oligo Microarray (44K). The arrays hybridized at 65oC for 17 hours 

using Agilent Hybridization oven (Agilent Technology, USA). The hybridized microarrays were 

washed as the manufacturer’s washing protocol (Agilent Technology, USA). 
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 Microarray Data Acquisition and Analysis 

The hybridized images were scanned using Agilent’s DNA microarray scanner and quantified 

with Feature Extraction Software (Agilent Technology, Palo Alto, CA). All data normalization 

and selection of fold-changed genes were performed using GeneSpringGX 7.3 (Agilent 

Technology, USA). The averages of normalized ratios were calculated by dividing the average 

of normalized signal channel intensity by the average of normalized control channel intensity. 

Up-regulated more than 1.5 fold higher or 0.66 fold lower than HFF-effLuc treated striatum 

were considered as significant gene. Using the gene list, gene ontology analysis was done in 

DAVID website. P-value of < 0.01 is considered significant. Interested terms in biological 

process were selected. Gene classification was based on searches done by BioCarta 

(http://www.biocarta.com/), GenMAPP (http://www.genmapp.org/), DAVID 

(http://david.abcc.ncifcrf.gov/), and Medline databases (http://www.ncbi.nlm.nih.gov/). 

 

 mRNA quantification by real-time PCR 

Total RNA was extracted from cell by using TRIzol reagent (Invitrogen, USA). With total RNA, 

reverse transcription was performed using SuperScript II reverse transcriptase (Invitrogen, USA) 

according to the manufacturer’s instructions. cDNA of mRNA was amplified using primer pairs 

as summeraized in Table 1. Real-time PCR was performed on the StepOnePlusTM Real Time 

PCR System (Applied Biosystems, USA) using SYBR Green PCR Kit (Applied Biosystems, 

USA), according to the manufacturer’s instructions. Thermal cycling conditions were 95°C for 

10 min followed by 40 cycles of 95°C for 15 s and 30 s at optimal Tm (59 °C). The data were 

analyzed using the StepOne software v2.2.2 (Applied Biosystems, USA). The expression levels 

of each microRNAs were normalized to an endogenous control β-actin and were calculated 

using the 2-ΔΔCt method. 
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 Statistical Analysis 

Statistical analysis was performed by using the MedCalc for windows (MedCalc Software, 

Belgium) and a P < 0.05 was considered statistically significant. Correlation analysis was done 

to explore correlation between two observations. Unpaired Student’s t tests were done to 

evaluate differences between two data sets. One-way ANOVA, followed by post-hoc test was 

performed to compare means between more than two data sets. Two-way ANOVA followed by 

post-hoc test was performed to compare means between groups when there are more than two 

categorical explanatory variables. 
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 Results 

 

 Part I. Validation of 6-OHDA induced mouse model of PD 

  [18F]FP-CIT PET imaging after 6-OHDA injection 

To examine temporal change of integrity of dopaminergic neuron, [18F]FP-CIT imaging was 

done before and 1, 2, 4 weeks after 6-OHDA injection in 4 mice. Before 6-OHDA injection, all 

mice showed symmetric [18F]FP-CIT uptake at both striatum, and the ratio of BPnd (right/left) 

was 1.02 ± 0.02. One week after 6-OHDA injection, [18F]FP-CIT uptakes of right striatum of all 

mice were decreased and the ratio of BPnd was 0.73 ± 0.12 which is significantly lower 

compared with that of before 6-OHDA injection (P = 0.003). [18F]FP-CIT images of two and 

four weeks after 6-OHDA injection were similar with those of 1 week after 6-OHDA injection 

(Fig. 2A, B). In one way ANOVA test followed post hoc test, ratio of BPnd was significantly 

lower at 1, 2, 4 weeks after 6-OHDA injection compared with before 6-OHDA injection (P < 

0.001, post hoc test; P < 0.01, P < 0.01, P < 0.01, respectively) and there was no significant 

difference between 1, 2, 4 weeks after injection (P = n.s.). 

 

  Apomorphine induced rotation test after 6-OHDA injection 

Apomorphine induced rotation test showed side biased movement from 1 week after 6-OHDA 

injection. Before 6-OHDA injection, contralateral net turn/min was 0.29 ± 0.41. At 1 week after 

6-OHDA, contralateral net turn/min was significantly increased compared to that of before 6-

OHDA injection (4.67 ± 1.53, P = 0.0007). At two and four weeks after 6-OHDA injection, 

contralateral net turn/min showed trend of increase (Fig. 2C). In one way ANOVA followed post 

hoc test, contralateral net turn/min was significantly higher at 1, 2, 4 weeks after 6-OHDA 

injection compared with before 6-OHDA injection (P < 0.01, post hoc test; P < 0.05, P < 0.05, 

P < 0.01, respectively) and there was no significant difference between 1, 2, 4 weeks after 

injection (P = n.s.). 
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  Immunohistochemistry 

Four weeks after injection of 6-OHDA, mice were sacrificed and prepared for 

immunohistochemistry. In tyrosine hydroxylase (TH) stain, markedly decreased 

immunoreactivity at lesioned striatum was found and also number of TH stained cells were 

markedly decrease at right substantia nigra (Fig. 2D). Also in dopamine transporter (DAT) stain, 

immunoreactivity was markedly decreased in lesioned striatum (Fig. 2E). 
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FIGURE 2. Temporal change of [18F]FP-CIT PET imaging and apomorphine induced rotation 

test after 6-OHDA injection 

(A) Representative [18F]FP-CIT PET image at baseline shows symmetric uptake at both striatum. 

1, 2, 4 weeks after 6-OHDA injection, [18F]FP-CIT PET images show significantly decreased 

uptake at right striatum.  

(B) Significant reduction of ratio of BPnd after 1 week after 6-OHDA injection compared to 

baseline (P < 0.05). There was no significant difference between 1, 2, 4 weeks after 6-OHDA 

injection 

(C) Significant side biased rotation behavior was found after 1 week after 6-OHDA injection 

compared to baseline (P < 0.05). There was a trend of aggravation of rotation movement, 

however the difference was not significant statistically between 1, 2, 4 weeks after 6-OHDA 

injection.  

(D) Four weeks after 6-OHDA injection, significantly decreased TH immunoreactivity at right 

caudateputamen (upper) and right substantia nigra (lower) were found.  

(E) Significantly decreased DAT immunoreactivity at right caudateputamen was also found. 

* Asterisks indicate significant difference with value of baseline. 
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 Part II. Imaging of transplanted NSC in mouse model of PD 

   In vitro Luciferase Activity of EffLuc-transduced HB1.F3 Cells 

HB1.F3 cells and HFF cells stably expressing effLuc (F3-effLuc, HFF-effLuc, respectively) 

were established via retroviral transduction (Fig. 3A). Sorted CD90.1-positive cells were 

verified by FACS. Luciferase positive cells were shown as 88.6%, 85.6%, respectively (Fig. 3B, 

C). To check signal intensity of luciferase in F3-effLuc, HFF-effLuc cells, a CCD-based 

macroscopic detector was used to detect in vitro luminescence intensity of various cell numbers 

(103, 104, 105) in the presence of D-luciferin. All data were collected in triplicate. Luciferase 

intensity of F3-effLuc cells was linearly correlated with cell number. (R2 = 0.99, P < 0.0001, R2 

= 0.99, P < 0.0001, Fig. 3D). Same number of F3-effLuc cells (105) showed similar luiferase 

intensity at day 2, 4, 8, 10, 14 after seeding (P = n.s., Fig. 3E). 
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FIGURE 3. Establishment of F3-effLuc and HFF-effLuc cells 

(A) Schematic illustration of the retroviral vector containing effLuc reporter gene and Thy1.1. 

The DNA construct of the retroviral vector included the codon optimized effLuc gene and 

Thy1.1 (a specific marker) linked with an internal ribosomal entry site (IRES) under the control 

of CMV promoter. Ampicilin resistance gene as a selectable marker is also contained in pRV-

effLuc retroviral vector. 

(B) CD90.1-positive cells were identified by FACS analysis as 88.6% in F3-effLuc cell. 

(C) CD90.1-positive cells were identified by FACS analysis as 85.6% in HFF-effLuc cell 

(D) Linear correlation of F3-effLuc and HFF-effLuc cell numbers and bioluminescent intensity 

in vitro (R2 = 0.99, P < 0.0001, R2 = 0.99, P < 0.0001, respectively). 

(E) Luciferase activity was not changed in F3-effLuc during long term in vitro culture for 14 

days (P = n.s) 
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 In vivo Monitoring of Viable Transplanted F3-effLuc Cells  

Transplanted F3-effLuc cells were successfully visualized at the brain in all mice by 

bioluminescence imaging, through the intact skull and scalp. To identify the lower limit of cell 

number for in vivo detection, bioluminescence imaging was performed 3 hours after 

transplantation of F3-effLuc cells in right striatum of normal C57Bl/6 mice (n=3) with the 

number of 5×102, 103, and 2×103. The signal was detected with the cell number of 2×103 and 

was not detected with the cell number of 1×103 (Fig 4). Quantitative measurement of 

bioluminescence signals was conducted in an F3-effLuc-transplanted PD model (n=7) and sham 

model (n=3). Bioluminescence activities were highly variable on the day after transplantation 

(highest, 3.1 × 104 photons/sec/cm2/sr; lowest, 9.1 × 103 photons/sec/cm2/sr; mean ± SD, 1.9 × 

104 ± 8.6 × 103 photons/sec/cm2/sr) but showed similar trends of survival. The bioluminescence 

activity of the transplanted F3-effLuc cells gradually decreased to background level on day 10 

and showed no significant difference between two groups at every time point. Bioluminescence 

activity was not detected in dead F3-effLuc treated mice (Fig. 5). 
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FIGURE 4. Detection limit of in vivo bioluminescence imaging 

Three hours after transplantation of F3-effLuc cells in the right striatum of C57Bl/6 

mice with the number of 0, 5 × 102, 103, and 2 × 103. (A) The signal was detected from the cell 

number of 2 × 103, and was not detected from the cell number of 1 × 103. (B) Bioluminescence 

signal was significantly higher at the cell number of 2 x 103, while there was no significant 

difference between cell number of 0, 5 × 102, and 103. 

* Asterisk indicates statistical significant difference with other three groups (P < 0.05). 

  



 

 

37 

 

 

 

FIGURE 5. In vivo bioluminescence imaging and monitoring of transplanted F3-effLuc 

cells 

(A) Representative in vivo images of transplanted F3-effLuc cells. Focal luminescence activity 

is visualized at the animal brain and gradually decreased.  

(B) Serial monitoring of transplanted F3-effLuc cells in cell-treated PD model (n = 7) and sham 

model (n = 3) and control treated (dead F3-effLuc) PD model (n = 5). Mean of luminescence 

activity of transplanted F3-effLuc cells gradually decreased to ground level by day 10. No 

significant difference was found between PD and sham model group. 
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 Histologic Examination of Transplanted F3-effLuc Cells 

The transplanted F3-effLuc cell mass was observed in sections of the right striatum on 

hematoxylin and eosin (H&E) section both 4 days and 4 weeks after transplantation. On day 4, 

high density of cells was found in the right striatum (Fig. 6A and B), on the other hand, marked 

hyalinization in transplanted site and small number of viable cells were noted on 4 weeks after 

transplantation (Fig. 6C and D). Transplanted cells were well visualized by DiI positivity on day 

4 (Fig. 6E) and only a small fraction of the DiI positive transplanted cells were remained on 4 

weeks after transplantation (Fig. 6F). And TUNEL stain was positive in transplanted cells on 

day 4 (Fig. 6G) but negative on 4 weeks after transplantation (Fig. 6H). Indicating apoptosis 

mediated cell death was occurring from early phase of transplantation and stabilized after most 

of the cells are dead.  
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FIGURE 6. Difference of transplanted F3-effLuc cells between 4 days and 4 weeks after 

transplantation 

On H&E stained section, high cellular density was noted at 4 days after transplantation (A, B). 

However, majority of the cells were hyalinized at 4 weeks after transplantation (C, D). Also, 

high density of DiI-positive cells (pink) was found at 4 days after transplantation (E). DiI-

positive cells (pink) were decreased but remained in the transplanted F3-effLuc cell mass at 4 

weeks after transplantation (F). TUNEL assay showed positivity (brown) in the transplanted 

cells at 4 days after transplantation (G). On the other hand no TUNEL positive cell was found at 

4 weeks after transplantation (H). Nuclei were counterstained by DAPI (blue, E, F), and methyl 

green (light blue, G, H). 
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   Characteristics of transplanted F3-effLuc cells 4 weeks after transplantation 

A small fraction of the remained F3-effLuc cells exhibited specific immunostaining for 

luciferase (Fig. 7A, C). DiI-positive cell mass was identified beneath the right external capsule. 

(Fig. 7B, C, D). TH-positive cells were not found in the transplanted cell mass at 4 weeks after 

transplantation. Instead, the cells were positive for nestin which is a neural stem cell marker 

(Fig. 7E, F). 
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FIGURE 7. Immunohistochemical characteristics of transplanted F3-effLuc cells 

(A) Anti-luciferase (green), (B) DiI-positive cells (pink) were found in the transplanted F3-

effLuc cell mass (C, merged image). (D) Transplanted cell mass (white dotted line) was located 

beneath the right external capsule (red dotted line). DiI-positive cells were shown inside the cell 

mass (pink). (E) TH-positive cell was not found in the transplanted cell mass, but the cells were 

positive for nestin (F, red). Nuclei were visualized by DAPI staining (A-F, blue). 
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 Part III. Evaluation of Effect of NSC and NSC Derived Exosome-mimetic Nanovesicle 

 In vivo Monitoring of Viable Transplanted F3-effLuc and HFF-effLuc Cells 

To explore treatment efficacy of F3-effLuc cell in mouse model of PD, F3-effLuc cell was 

treated in mouse model of PD, and HFF-effLuc cell and PBS was used as control treatments. 

Quantitative measurement of bioluminescence signals was conducted in an F3-effLuc-

transplanted PD animal model (n=8), HFF-effLuc transplanted mice (n=8) and PBS injected 

mice (n=6). Similar with the previous result, the bioluminescence activity of the transplanted 

F3-effLuc cells gradually decreased to background level on day 10. Although, bioluminescence 

activity of HFF-effLuc cells tend to increase at day 4 compared with day 2 (without statistical 

significance), but were not detected on day 10 (Fig. 8A and B). There was no significant 

difference between the groups at every time point. Bioluminescence activity was not detected in 

PBS injected mice. 
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A 

 

 

B 

 

FIGURE 8. In vivo bioluminescence monitoring of F3-effLuc cells and HFF-effLuc cells 

(A) Both transplanted F3-effLuc, and HFF-effLuc cells were visualized at right side of brain 

area by bioluminescence imaging and decreased gradually and were not seen at the day of 10.  

(B) Bioluminescence signals were decreased gradually, and showed no significant difference 

between F3-effLuc and HFF-effLuc treated groups.  
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 In vivo Fluorescence Imaging of F3-NVs 

F3-NVs were injected in the right striatum of PD mice (n=3). Cy7 labeled F3-NVs were 

visualized at 3 hours after injection in PD mice. However, the signal was not detected at 24 

hours after injection, probably because of diffusion of the injected F3-NVs (Fig. 9).  
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FIGURE 9. In vivo fluorescence imaging of F3-NV 

(A) Injected Cy7-labeled F3-NVs were visualized at the right side of brain area by fluorescence 

imaging at 3 hours after injection but not visualized at 24 hours after injection. 

(B) Fluorescence signal of F3-NV injection mice was significantly higher than that of PBS 

injected mice at 3 hours after injection (P < 0.05) but there was no significant difference at 24 

hours after injection. 
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 Evaluation of Behavior and and Post Synaptic Supersentivity 

All mice that received the 6-OHDA injections in the right striatum showed significant side-

biased rotational movement after apomorphine injection. Contralateral net turns/min of PD 

model groups for F3-effLuc cell treatment (n = 8), F3-NV treatment (n=3), HFF-effLuc cell 

treatment (n = 8), and PBS treatment (n = 6) were 5.17 ± 3.60, 5.12 ± 1.25, 5.10 ± 3.20, 5.10 ± 

1.86, respectively, before treatment. F3-effLuc and F3-NV treated PD models showed tendency 

for improvement of side biased rotation movement at 2 weeks after treatment compared to PBS 

and HFF-treated PD mice. However, at 4 weeks after intervention, only F3-effLuc cell-treated 

PD model showed significantly lower contralateral net turns/min than PBS-treated PD group 

(2.21 ± 3.68, 7.13 ± 2.50, P < 0.01), and than HFF-effLuc treated group (2.21 ± 3.68, 5.96 ± 

4.37, P < 0.05) (Fig. 10A). cFOS is an immediate early gene and a marker for neuronal 

activation and thus has been used to show supersensitivity in animal model of PD (48). cFOS 

staining were done in four of F3-effLuc treated, three of F3-NV treated, four of HFF-effLuc 

treated and three of PBS treated PD models and three of sham models. Sham models showed no 

significant difference between both caudateputamen (6.5 ± 1.9 vs. 5.5 ± 1.3, P > 0.05). cFOS 

expression was significantly higher lesioned striatum compare to intact side because of 

supersensitivity of lesioned striatum in F3-NV, HFF-effLuc and PBS treated PD mice (27.7 ± 

6.3 vs. 8.0 ± 2.3 P < 0.05, 30.1 ± 13.8 vs. 9.5 ± 3.1 P < 0.05, 32.2 ± 10.4 vs. 12.1 ± 2.7, P < 0.05, 

respectively). Number of cFOS positive nuclei at lesioned caudateputamen of F3-effLuc treated 

PD group was significantly lower than those of F3-NV treated, HFF-effLuc treated and PBS 

treated mice (One way ANOVA P < 0.005, post hoc test, P < 0.01, P < 0.01, P < 0.01), indicating 

alleviation of supersensitivity (Fig. 11). Although EBST and rotarod test showed significantly 

impaired motor function in PD models, there was no significant difference between treatment 

groups (Fig. 10 B, C). 
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FIGURE 10. Behavioral analysis 

(A) F3-effLuc, F3-NV, HFF-effLuc, PBS treated groups had significant side-biased rotation 

behavior in the apomorphine-induced rotation test compare to sham model. At two weeks after 

the treatement, the F3-effLuc and F3-NV treated mice showed tendency of improvement of 

rotation movement compare to baseline. At four weeks after treatment, only F3-effLuc cell-

treated PD group showed significantly improvement of rotation movement than HFF-effLuc and 

PBS treated group. 

(B) F3-effLuc, F3-NV, HFF-effLuc, PBS treated groups had significant with similar degree of 

contralateral swing frequency in the elevated body swing test compare to sham model. There 

was no significant difference between treatment groups at 2 and 4 weeks after treatment. 

(C) F3-effLuc, F3-NV, HFF-effLuc, PBS treated groups had significant with similar degree of 

latency to fall in the rotarod test compare to sham model. There was no significant difference 

between treatment groups at 2 and 4 weeks after treatment. 

* Asterisks indicate statistical significant difference (P < 0.05). 

† Cross indicates statistically significant difference with other four treatment groups of PD 

models (P < 0.05, respectively). 

‡ Double cross indicates statistically significant difference with HFF-effLuc treated and PBS 

treated PD models (P < 0.05, respectively). 
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FIGURE 11. cFOS stain and quantification at right caudateputamen 

4 weeks after treatment, mice were sacrificed 1 hour after injection of apomorphine. cFOS stain 

was done at level of right caudateputamen (three sections between AP: 0.5 ~ -0.5 from bregma) 

of F3-effLuc treated (A), F3-NV treated (B), HFF-effLuc treated (C), PBS treated (D) PD mice 

and sham model (E). cFOS stain is shown as brown stain on cell nucleus. Right caudateputamen 

of F3-NV (B), HFF-effLuc (C) or PBS treated (D) PD mice showed multiple cFOS stained cells. 

On the other hand, there was almost no cFOS stained cells at right side of caudateputamen in 

F3-effLuc treated PD mouse (A) and sham model (E). (F) cFOS positive cells in F3-NV, HFF-

effLuc or PBS treated mice were significantly higher in right side caudateputamen than right 

caudateputamen of F3-effLuc treated mouse. 

† Cross indicates statistically significant difference with F3-NV, HFF-effluc, PBS treated groups 

of PD models. (P < 0.01, respectively). 
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 [18F]FP-CIT Binding Potential 

Markedly decreased striatal BPnd ratio of [18F]FP-CIT in PD models compare to sham model (P 

< 0.05). There was no significant improvement in the ratio of striatal BPnd after any treatment 

(Fig. 12). Also, quantification of TH and DAT stain showed that there was no significant 

difference between treatment groups (Fig. 13). 
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FIGURE 12. Quantification of [18F]FP-CIT PET image before and after treatment 

Significantly decreased ratio of BPnd was found in PD models before and 4 weeks after 

treatment than sham models. No significant difference between before and 4 weeks after 

treatment in all groups. 

† Cross indicates statistically significant difference with other three treatment groups of PD 

models. (P < 0.05, respectively). 

n.s. indicates no statistical difference (P > 0.05) 
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FIGURE 13. Quantified TH and DAT immunoreactivity in caudateputamen 

Relative optical density (OD) of right caudateputamen to left side is expressed in percentage. 

F3-effLuc, F3-NV, HFF-effLuc, PBS treated PD models were significantly lower relative OD of 

TH than sham models in TH stain (A) and DAT stain (B). There was no significant difference 

between treatment groups in PD models. 

† Cross indicates statistically significant difference with other three treatment groups of PD 

models. (P < 0.05, respectively). 

n.s. indicates no statistical difference (P > 0.05) 
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 Gene Expression Array 

To find relevant gene for behavioral improvement, gene expression array was done. RNA 

samples of right striatum of F3-effLuc treated mouse and HFF-effLuc treated mouse were used 

for microarray. Heat map of ratio of normalized gene expression value showed up-regulation of 

the multiple genes in F3-effLuc treated striatum (Fig. 14). Scatter plot of normalized gene 

expression was visualized in Fig. 15. Each top 50 up and down regulated genes according to 

expression ratio between F3-effLuc and HFF-effLuc treated striatum are listed in Table. 2 and 3. 

Majority of the top 50 up regulated genes are related with inflammation and immune response 

according to gene ontology terms (Table 4). On the other hand, majority of top 50 down 

regulated genes are related with aging, cell death, apoptosis and cell proliferation (Table 4). 

Using significantly up (430 genes) or down regulated genes (272 genes) in F3-effLuc treated 

striatum (more than 1.5 fold higher or 0.66 fold lower than HFF), significant gene ontology 

terms of biologic process (P < 0.01) are derived by functional gene analysis in DAVID website 

(http://david.abcc.ncifcrf.gov/)(49). Significant terms in biologic process in up regulated genes, 

are ‘immune response’, ‘inflammatory response’, regulation of apoptosis’, ‘positive regulation 

of immune response’, locomotory behavior’, ‘neuron development’, ‘T cell differentiation’, and 

‘negative regulation of immune response’. Percentage and list of included genes in each term 

were shown in Fig 16, and table 5. There was no significant term of biologic process using 

down regulated genes. The sequences of target gene used in microarray are mouse specific thus 

the alteration is caused by host cell, not because of transplanted cells because F3 and HFF cells 

are human origin. 
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FIGURE 14. Ratio of normalized gene expression level between F3-effLuc, and HFF-

effLuc treated striatum 

Red and green color indicate higher and lower expression at F3-effLuc cell treated striatum than 

HFF-effLuc treated one, respectively. 69% of evaluated genes showed higher expression in F3-

effLuc cell treated striatum and 2.2% showed more than 1.5 fold higher change. 
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FIGURE 15. Scatter plot of normalized gene expression of F3-effLuc, HFF-effLuc treated 

striatum 

Scatter plot shows overall similarity of global gene expression between F3-effLuc treated and 

HFF-effLuc treated striatum (R2 = 0.99). X and Y axis indicate normalized expression level of 

F3-effLuc and HFF-effLuc treated striatum, respectively. Blue dot indicate each gene. Blue dots 

lie above red dotted line indicate more than 1.5 fold higher expression in F3-effLuc treated 

striatum (430 genes) and blue dots below green dotted line indicate lower than 0.66 fold 

expression in F3-effLuc treated striatum (272 genes).  
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FIGURE 16. Significant biologic process terms of up regulated genes and percentage of 

included genes by gene ontology analysis 
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 Quantitative RT PCR of Representative Genes 

We performed quantitative RT PCR to validate target genes are up-regulated in F3-effLuc 

treated mice. We obtained RNA samples from right striatum of F3-effLuc treated PD models 

(n=4) and HFF-effLuc treated PD models (n=4), PBS treated PD models (n=3) and sham 

models (n=3). Further quantitative RT-PCR analysis was done using representative genes which 

are included in significant terms. Gene expression was compared in the four groups which are 

F3-effLuc treated, HFF-effLuc treated, PBS treated striatum of PD modes and striatum of sham 

model. In immune response category, H2-EB1, H2-AB1, Ccl5, CD74, C3, CD74, H2-Q2, H2-

AA, Prprc, Serping1, Il20rb, and Fcgr2b were selected for PCR analysis, and most of the genes 

were up regulated in F3-effLuc treated striatum (One way ANOVA, P < 0.005, post hoc test P < 

0.01, 0.01, 0.01) than the other three groups except H2-Q2, Serping1, and IL20RB (Fig. 17). In 

regulation of apoptosis category, CD74, SPN, Ptprc, NeuroD1, Syngap1 were selected for 

quantitative RT-PCR analysis, and most of the genes were up regulated (One way ANOVA, P < 

0.001, post hoc test P < 0.05, 0.05, 0.05) than the other three groups except Syngap1 (Fig. 18). 

In category of neuron development, Dcx, NeuroD2, Emx, Robo3, Syngap1 and TH were 

selected for quantitative RT-PCR (50-54), and NeuroD2, Emx were up regulated than the other 

three groups. Dcx expression was significantly higher in F3-effLuc treated PD model than HFF 

and PBS treated PD models (One way ANOVA, P < 0.05, post hoc test P < 0.05, 0.05). Robo3 

gene was significantly up regulated in F3-effLuc and HFF-effLuc treated PD models than PBS 

treated and sham model (One way ANOVA, P < 0.01, post hoc test P < 0.05, 0.01). Syngap1 

gene was not significantly different between four groups. TH gene was down regulated in three 

PD model groups than sham model which is consistent with immunostain result (Fig. 19). The 

primers for target gene used in RT PCR are mouse specific thus the alteration is caused by host 

cell, not because of transplanted cells, since F3 and HFF cells are human origin. 
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FIGURE 17. Quantitative RT PCR results of selected genes in immune response category 

In immune response category, H2-EB1, H2-AB1, Ccl5, CD74, C3, CD74, H2-AA, Prprc, and 

Fcgr2b significantly were up regulated in F3-effLuc treated striatum (One way ANOVA, P < 

0.01, post hoc test P < 0.05, 0.05, 0.05) than the other three groups.  

† Cross indicates statistically significant difference with other three groups. (P < 0.05, 

respectively). 
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FIGURE 18. Quantitative RT PCR results of selected genes in regulation of apoptosis 

category 

CD74, SPN, Ptprc, NeuroD1 were up regulated than the other three groups. (One way ANOVA, 

P < 0.01, post hoc test P < 0.05, 0.05, 0.05). 

† Cross indicates statistically significant difference with other three groups. (P < 0.05, 

respectively). 

 

 

  



 

 

62 

 

 

FIGURE 19. Quantitative RT PCR results of selected genes in neuron development 

category 

NeuroD2, Emx were up regulated than the other three groups (One way ANOVA, P < 0.005, 

post hoc test P < 0.01, 0.01, 0.01). Dcx expression was significantly higher in F3-effLuc treated 

PD model than HFF and PBS treated PD models (One way ANOVA, P < 0.05, post hoc test P < 

0.05, 0.05). Robo3 gene was significantly up regulated in F3-effLuc and HFF-effLuc treated PD 

models than PBS treated and sham model (One way ANOVA, P < 0.01, post hoc test P < 0.05, 

0.05). Syngap1 gene was not significantly different between four groups. TH gene was down 

regulated in three PD model groups than sham model which is consistent with immunostain 

result (One way ANOVA, P < 0.01, post hoc test P < 0.05, 0.05, 0.05). 

* Asterisks indicate statistical significant difference (P < 0.05). 

† Cross indicates statistically significant difference with other three groups. (P < 0.05, 

respectively). 
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 Discussion 

In vivo monitoring of the viable cell fraction of transplanted cells is crucial for evaluating 

therapeutic mechanism, identifying the most effective stem cell source and optimizing stem 

cell-based therapy. We showed that transplanted F3-effLuc cells in a PD model can be clearly 

detected in the brain, and we have analyzed the detection limit and time course of survival of 

transplanted HB1.F3 cells in the PD model. After validation of the time course of degeneration 

in 6-OHDA induced mouse model of PD by [18F]FP-CIT and apomorphine induced rotation test, 

we showed that F3-effLuc treatment could alleviate post synaptic supersensitivity, and thus side 

biased rotation movement. Meanwhile, we observed that F3-NV had treatment effect on side 

biased rotation movement initially, but the effect did not sustained. 

6-hydroxydopamine (6-OHDA) induced neurodegeneration animal model is one of the 

most well characterized experimental model of PD. 6-OHDA can be injected to substantia nigra 

to degenerate dopaminergic neurons. Also, 6-OHDA can be injected to striatum or medial 

forebrain bundle (MFB) to induce nigral degeneration because 6-OHDA is selectively 

transported into neurons by dopamine transporters and induce retrograde neurodegeneration. 

Behavior abnormality and immunohistochemistry of striatal 6-OHDA mouse model is well 

characterized (58). Lundblad et al. reported that striatal 6-OHDA injection produces more 

resembling dopaminergic neuron loss that seen in PD patients than MFB injection because 6-

OHDA lesion in the MFB produced a widespread DA denervation extending to 

mesocorticolimbic projections (59).  

In the present study, the PD model was validated using dopamine transporter imaging 

and a behavioral test. When 6-OHDA is injected into the striatum, dopaminergic neurons take 

up 6-OHDA presynaptically via the dopamine transporters, and retrograde degeneration of 

nigro-striatal neurons occurs as a result (60). After unilateral reduction of dopaminergic neurons, 

motor function in the contralateral limb is altered. These changes were stably induced in our PD 

model; we showed DAT reduction by [18F]FP-CIT and retardation of contralateral motor 
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function by the apomorphine-induced rotation test. Also to confirm time course and stability of 

the mouse model of PD, [18F]FP-CIT and apomorphine induced rotation test was serially done at 

1, 2, 4 weeks after 6-OHDA injection. This mouse model of PD showed reduction of 

dopaminergic neuron and side biased movement 1 week after 6-OHDA injection and the 

alteration was stable until 4 weeks after 6-OHDA injection. The result is consistent with 

previous report that showed rapid loss of dopaminergic neuron fiber at striatum from 3 hours 

after 6-OHDA injection and showed similar finding between 3 days and 12 days after 6-OHDA 

injection (61). 

 We established effLuc transduced F3 cell line (F3-effLuc) to visualize viable neural 

stem cell in vivo. Previously, to exclude possibility of alteration in neural stem cell property of 

F3 cell by effLuc transduction, we compared stem cell marker (CD44, Nestin, SOX1, and SOX2) 

and Ki-67 expression between F3 and F3-effLuc cell lines by FACs analysis, and found that 

there was no significant difference (56). We could assume that the bioluminescence activity 

could reflect the amount of transplanted F3-effLuc cell survival, after excluding several possible 

confounding factors as follows. Firstly, we could easily exclude possibility of bioluminescent 

signal from dead F3-effLuc cell by examining no bioluminescent signal in every dead F3-effLuc 

cell injected mice. Second, neural stem cell could have been migrated to other place in brain, 

resulting in decreased bioluminescence activity. However, we could not find any DiI positive 

cell in other place outside the transplanted site in all section of brain 4 weeks after 

transplantation. Secondly, hypoxic condition can cause decreased bioluminescence activity 

despite of large number of viable cells, because oxygen is required to produce light by luciferase. 

However, hypoxia is not reported in 6-OHDA model of PD and moreover we could not observe 

any difference of bioluminescence activity of transplanted cells between PD model and control. 

Third, restoration of blood-brain barrier (BBB) after transplantation can affect bioluminescence 

activity because of alteration of diffusion efficiency of D-luciferin into brain. However D-

luciferin can easily cross BBB (57), so influence of BBB state may be minimal. Moreover we 
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could not observe bioluminescence activity in prolonged bioluminescence imaging up to 40 

minute after D-luciferin injection when there is no bioluminescence activity in first 15 minutes. 

Lastly, the level of luciferase expression of transplanted F3-effLuc cells could have been 

changed in the brain. Thus we performed luciferase assay at different time point with same 

number of cell from 2 days to 14 days after seeding of the cells, and found that the signal 

intensity was consistent. However to exclude the possibility of confounding due to alteration of 

luciferase expression in vivo, further study is warranted, that is, correlation analysis between 

anti luciferase positive cell number in brain section and in vivo bioluminescence activity at the 

same time point. 

Luminescence activity of transplanted F3-effLuc gradually decreased and disappeared 

by day 10. This result indicates that transplanted F3-effLuc cells spontaneously regress in the 

injured striatum in the PD model, most likely due to inflammation or rejection. Spontaneous 

regression of majority of transplanted stem cells is consistently observed in previous studies of 

stem cell transplantation in animal models, not only in xenograft (21) but also in allograft 

(14,22,55). Also, Yasuhara et al. reported that rejection after transplantation of HB1.F3 cell 

occurred despite of immune suppression with cyclosporine A regimen (17). 

  Our immunohistochemistry data showed that transplanted F3-effLuc cells were 

present at 4 weeks post transplantation, although bioluminescence signals emitted from F3-

effLuc cells were not found in PD mice. This discrepancy might be due to the limited sensitivity 

of in vivo BLI, since BLI also suffer from attenuation problem, although BLI with effLuc is 

better than the other bioluminescence or fluorescence imaging (18,23). Considering the in vivo 

detection limitation (cell number of 2×103), we could speculate that less than 2×103 F3-effLuc 

cells (0.5% of transplanted) survived at the end of our experiment. The survival rate in our 

experiment is relevant because less than 1% of HB1.F3 cell survived 4 weeks after 

transplantation in a previous report (17). We could not find any TH-positive cells in the 

transplanted cell mass. This result is also in accordance with a previous report (17). Yasuhara et 
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al. reported that HB1.F3 cell did not differentiate into dopaminergic neuron in vivo until 4 

weeks after transplantation. However considering dopaminergic differentiation of HB1.F3 cell 

was found at 4 months after transplantation in primate PD model (16), TH-positive cell might 

not have been found due to short duration of observation after transplantation in the present 

study. 

 cFOS is a well known neuronal activation marker (62) and activated in striatal neurons 

with dopamine receptor by dopaminergic agonists (63,64). Thus, cFOS stain after apomorphine 

injection has been widely used for evaluation of post synaptic supersensitivity in animal model 

of PD (48,65). We used cFOS staining after apomorphine injection to evaluate post synaptic 

supersensitivity. We assumed that the cFOS positive cells were not transplanted cells. Because, 

fibroblast (HFF) does not have dopamine receptor (66) and cFOS expression was also increased 

in PBS or F3-NV treated mice. In addition, even distribution of cFOS stained cells independent 

of cell treated core supports that the cFOS activation occurred in host neurons.  

The striatal 6-OHDA animal model showed characteristic behavior of side biased 

rotation movement after injection of amphetamine or apomorphine. The side biased rotation 

movement is known to be caused by post synaptic supersensitivity in lesioned striatum (67). 

The supersensitivity has been evaluated by autoradiography, PET and fMRI. Increased cerebral 

blood flow was detected in lesioned striatum (68) and increased D2 receptor in the lesioned 

striatum was identified using autoradiography (69,70). Post synaptic supersensitivity can be 

alleviated by intrastriatal stem cell treatment (71). Nakao et al. speculated that improved 

supersensitivity is because of the replacement of the function of dopaminergic neuron by 

transplanted stem cells. Also, in the present study, supersensitivity and behavior were improved 

by F3-effLuc treatment. However, most of the transplanted stem cells were died and remained 

transplanted F3-effLuc cell showed negative TH stain in the present study. Thus, improvement 

of supersensitivity and behavior are not likely to be caused by functional replacement of 

dopaminergic neuron.  
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Behavioral improvement after transplantation of the cells is consistently observed in 

the previous studies. Transplantation of F3 cell with transduction of tyrosine hydroxylase 

showed functional improvement in a rat model of PD (72). Moreover, transplanted HB1.F3 

without any supporting factor or genetic modification also provided functional repair in a rat 

model of PD (17). However, in the previous reports, survival of transplanted neural stem cell is 

not well quantified by in vivo imaging modality. The present study has an advantage of showing 

behavioral improvement with clear visualization of transplanted cell survival and rejection by in 

vivo bioluminescence imaging. 

Growing evidence indicates that paracrine effect of stem cell induce functional 

improvement in various diseases (29). Paracrine effect of the stem cell has been evaluated using 

conditioned media. In conditioned media of stem cell, a broad spectrum of cytokines, 

chemokines, and growth factors were identified which can affect tissue regeneration, and 

immunomodulation (29). Ionescu et al. reported that mesenchymal stem cell (MSC) conditioned 

medium improved acute lung injury in mice (73). Chen et al. reported that MSC conditioned 

media enhanced wound healing in mice (74). Timmers et al. also reported that MSC conditioned 

media reduced myocardial infarct size in pig model (75). However, in brain disease model, it is 

hard to introduce treatment using conditioned media because injection volume to brain is 

limited especially in rodent models. In a previous report, although trophic factors such as brain 

derived neurotrophic factor (BDNF) and stem cell factor (SCF) was found in the conditioned 

media from NSC and SCF exerted neuroprotective ability in in vitro model of PD, but the 

conditioned media showed no in vivo treatment efficacy. In the experiment, only 3 µl of 

conditioned media (from total of 2ml with 106 cells) could be injected in the brain (17). Lai et al. 

observed therapeutic efficacy of MSC conditioned media and found that exosome was the active 

component by size-exclusion fractionation on a high-performance liquid chromatography 

(HPLC) of the conditioned media (37). Also, exosome-mimetic nanovesicles can be obtained 

with a high concentration of 2 μg/μl by the method of Jang et al. (43). Thus, exosome-mimetic 
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nanovesicles are an attractive therapeutic candidate for degenerative brain disease. In the 

present study, exosome-mimetic nanovesicle derived from neural stem cell was used for 

treatment of mouse model of PD for the first time. In the result, exosome-mimetic nanovesicle 

treated PD mice showed trend of behavioral improvement initially, however, at 4 weeks after 

treatment, there was no significant behavioral improvement unlike F3-effLuc treated mice. It is 

speculated that continuous paracrine effect is needed for sustained effect. 

It is well known that neurodegenerative disease and acute brain injuries are associated 

with inflammatory process (76,77). Also, in cell based treatment in PD, immune reaction is 

usually considered as a deleterious process. There is a study with quantitative analysis of 

survival of transplanted neural stem cell using in vivo bioluminescence imaging in normal 

mouse (14). They showed very similar survival duration of transplanted neural stem cell with 

the present study in normal mouse. In the report, they doubted efficacy of neural stem cell 

treatment because of rapid apoptosis of the transplanted cells and immune response after neural 

stem cell transplantation (14). Transplanted cells are most likely rejected by microglial 

activation and following pro inflammatory reaction (14,78,79). Also in the early clinical trials, 

immune reaction around the graft was found in post mortem study and immune rejection after 

discontinuation of cyclosporine was suggested as a reason of limited benefit of transplantation 

(8). Also, Toriumi et al. reported that behavioral improvement was not sustained without 

immunosuppressive treatment at 8 weeks after treatment, although, there was initial behavioral 

improvement regardless of immunosuppressive treatment in mouse model of PD (80). Thus, 

immune suppressive treatment is recommended in cell-based therapy. However, Immune and 

inflammatory process could be a two edged sword in central nervous system. Immune response 

also has a central role in neuroprotection, neural plasticity and neurogenesis (77,81). It is well 

known that delivery of neural stem cell occurs immune responses in host tissue (14) and the 

immune modulatory action of neural stem cell is thought to be one of the key treatment 

mechanism of neural stem cells (82,83). 
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In microarray data, major category of overexpressed genes were inflammatory, 

immune response in F3-effLuc treated striatum compared to HFF-effLuc treated one. Over 

expression of genes related to inflammation and immune response in F3-effLuc treated could be 

reason of the transplanted cell rejection. However, since gene expression was compared with 

HFF-effLuc treated striatum, which showed similar course of cell rejection, the difference might 

be caused by sustained immune modulatory action of transplanted F3-effLuc cells, not a mere 

rejection process. And in quantitative RT-PCR result, CD74 showed higher expression in F3-

effLuc treated striatum than HFF-effLuc treated or PBS treated PD models. CD74 is known to 

be related with anti inflammation and neural stem cell survival and proliferation (84). Also, 

CD74 is thought to be related with neurogenesis effect of curcumin treatement (85). There were 

also many genes related to anti inflammatory process among up regulated genes related to 

inflammatory and immune response category, anti inflammatory cytokine and receptor genes 

such as IL-4, IL-4 receptor, IL10, IL-10 receptor while well known pro inflammatory cytokines 

such as IL-1, TNF-alpha and their receptors were not up regulated (86). Among top 50 up-

regulated genes, Lcn2 also has anti inflammatory function (87).  

In F3-effLuc treated striatum, there were significantly up regulated genes in 

neurogenesis category, and among them NeuroD2, Emx and Dcx are confirmed in quantitative 

RT PCR study, which are famous neurogenesis markers. NeuroD2 and Dcx are important for 

adult neurogenesis and survival of neuronal progenitors (88,89). Adult neurogenesis is impaired 

in PD patient (90) and also in 6-OHDA induced animal model of PD (91,92). Impaired adult 

neurogenesis is related with both motor and non motor symptom in PD and can be restored by 

dopaminergic treatement (93,94). Thus, positive effect of the immune response after F3-effLuc 

transplantation in the present study might induce neurogenesis in the host tissue and eventually 

behavioral improvement. 

Present research has several limitations. Small fraction of remaining F3-effLuc cells 

could not be detected by in vivo bioluminescence imaging in the present study. This is 
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problematic because remaining small fraction of transplanted F3-effLuc cells might induce the 

therapeutic efficacy. Thus, sensitivity of in vivo imaging of transplanted stem cell should be 

enhanced. Sensitivity can be enhanced by removing hair (95), injection of D-luciferin before 

anesthesia, using high concentration of D-luciferin (96), and transduction of more efficient 

luciferase gene to stem cells. Although 6-OHDA induced mouse PD model is a relatively well 

established model of PD, there are several limitations. Degeneration of the dopaminergic neuron 

is not well predicted because of the small target especially in mouse model (39). Acute nature of 

6-OHDA induced PD model does not mimic the slow progressive nature of dopaminergic 

neuron degeneration as in PD patients (97). Also pathologically, 6-OHDA model does not affect 

other brain regions unlike PD patients and does not form Lewy body which is a pathologic hall 

mark of PD (98). Another limitation of the present study is that only apomorphine induced 

rotation test showed improvement after NSC treatment. Although immune suppression was not 

done, behavioral improvement was observed in the present study until 4 weeks after 

transplantation. Since multiple studies indicate that immune rejection is deleterious for cell 

based treatment in PD, immune suppression should be considered to obtain long term treatment 

efficacy (80). 
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 Conclusion 

 

Transplanted F3-effLuc cells were successfully monitored by an in vivo 

bioluminescence imaging system. F3-NV showed transient tendency of behavioral improvement 

but the effect was not sustained until 4 weeks after the treatment. There was no evidence of 

direct replacement of damaged dopaminergic system with transplanted F3-effLuc. However, 

genes related to immune response, regulation of apoptosis and neurogenesis were up regulated 

in F3-effLuc treated host striatum. Thus, host gene alteration induced by F3-effLuc 

transplantation might be the mechanism of behavioral improvement. 
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Table 1. Target gene description and primer sequence for RT PCR 

 

Gene 

symbol 

Microarray 

probe region 

Accession No. Forward (5’ -> 3’) Reverse (5’ -> 3’) Description 

H2-Eb1 1,069~1,138bp NM_010382.2 GACAGAGGCCCCACTCTTCA GGCTCAGAAGTGCCAGACAA histocompatibility 2, class II antigen E beta 

H2-Ab1 936~1,020bp NM_207105 TCTGCTCCGAATTCCTGACT GAGCTGAGGTGGTGGATACA histocompatibility 2, class II antigen A, beta 1 

Ccl5 433~502bp NM_013653 CACTCGGTCCTGGGAAAATG TGCTGATTTCTTGGGTTTGC Chemokine (C-C motif) ligand 5 

CD74 1,179~1,241bp NM_001042605.1 GGCTTGAGACTGGTGTCTGT AGCGTCCTCCTTCTGTTCTG CD74 antigen 

C3 4,634~4,708bp NM_009778 CCGGTGTGCTGAAGAGAACT GCCTTGTCTAGCCGGACATT complement component 3 

H2-Q2 435~514bp NM_010392.2 CGCCCTGAATGAGGATCTGA CAGCCTGCTCCAACTTGCTT histocompatibility 2, Q region locus 2 

H2-Aa 343~412bp NM_023145 CTCCTCAAGCGACTGTGTTC ACAAAGCAGATGAGGGTGTT histocompatibility 2, class II antigen A, alpha 

Ptprc 3,873~3,947bp NM_001111316.2 ACATGCTGCCAATGGTTCTG CTGCGTTGTCCCACATGACT Protein tyrosine phosphatase, receptor type, C 

Serping1 1,602~1,671bp NM_009776.3 GTTGAGACAGGCTTGGGTAA AGGCAGTGGCAAGGAAATAA serpin peptidase inhibitor, clade G (C1 inhibitor), 
member 1 

ll20rb 2,108~2,182bp NM_001033543 CCAGCCAGACAAGGGTAGAG TTGGCATCTGTGCTGAAGAC Interleukin 20 receptor, beta subunit 

Fcgr2b 762~831bp NM_001077189 GCTGTCGCAGCCATTGTTAT GGAGAGCTGGAACCTGCTTT Fc receptor, IgG, low affinity IIb 
 

Spn 3,261~3,345bp NM_009259.5 GAATGAGGCATTGGCAGATA CCATGATCTCTGCTCCACTT sialophorin 

Neurod2 1,724~1,803bp NM_010895.3 CTGCTGAGTCTCGGGATAGT TGGGAAGCTCTGTGTCTGTT Neurogenic differentiation factor 2 

Emx1 640~714bp NM_010131 CGGAGGACAAAATACAAACG GTGGGAACCCTTCTTCTTCT Empty Spiracles Homeobox 1 

Robo3 3,230~3,304bp NM_001164767 ACAGCACCATTGACCCAGTA GGTCCCCAGAAGAGTGTTGA roundabout, axon guidance receptor, homolog 3 

Dcx 3,049~3,108bp NM_001110222 CCTAGAGCCCCCTTGATAAA GCTGAACCAAAAGCAAAAAT Doublecortin transcript variant 1 

TH 1,676~1,735bp NM_009377 CCTCCACTGCTTCTCAACCA CATGAAGGGCAGGAGGAATG Tyrosine hydroxylase 

Syngap1 3,725~3,784bp NM_001281491 GCAGAGTGAGAAGCGCTTGA CCTGCCAATGATGCTCTTGA Synaptic Ras GTPase activating protein 1 
homolog 

NeuroD1 924~983bp NM_010894 CCCAGCTTAATGCCATCTTT CCCAGCTTAATGCCATCTTT Neurogenic differentiation 1 

β-actin 1,197~1,269bp NM_007393 AGTGCTTCTAGGCGGACTGTTA TTTCTGCGCAAGTTAGGTTTT Beta actin 
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Table 2. Top 50 up-regulated genes in microarray result 

 

Agilent no. Gene symbol Description Fold change 

A_51_P284608 Cd74 
Mus musculus CD74 antigen (invariant polypeptide of major 
histocompatibility complex, class II antigen-associated) (Cd74), 
transcript variant 1, mRNA [NM_001042605] 

21.909159 

A_55_P1962747 H2-Ab1 
Mus musculus histocompatibility 2, class II antigen A, beta 1 (H2-
Ab1), mRNA [NM_207105] 

18.857233 

A_52_P343306 H2-Aa 
Mus musculus histocompatibility 2, class II antigen A, alpha (H2-Aa), 
mRNA [NM_010378] 

18.580864 

A_55_P2070869 Lcn2 Mus musculus lipocalin 2 (Lcn2), mRNA [NM_008491] 14.946039 

A_55_P2156731 H2-Eb1 
Mus musculus histocompatibility 2, class II antigen E beta (H2-Eb1), 
mRNA [NM_010382] 

14.780703 

A_52_P638459 Ccl5 
Mus musculus chemokine (C-C motif) ligand 5 (Ccl5), mRNA 
[NM_013653] 

14.655974 

A_51_P449325 H2-Oa 
Mus musculus histocompatibility 2, O region alpha locus (H2-Oa), 
mRNA [NM_008206] 

12.070229 

A_51_P112355 Igtp 
Mus musculus interferon gamma induced GTPase (Igtp), mRNA 
[NM_018738] 

10.603052 

A_55_P2016462 Cxcl10 
Mus musculus chemokine (C-X-C motif) ligand 10 (Cxcl10), mRNA 
[NM_021274] 

10.446413 

A_55_P2133195 Gm4951 
Mus musculus predicted gene 4951 (Gm4951), mRNA 
[NM_001033767] 

8.995941 

A_55_P1978465 H2-Q8 
Mus musculus histocompatibility 2, Q region locus 8 (H2-Q8), mRNA 
[NM_023124] 

8.649444 

A_51_P137419 Cst7 Mus musculus cystatin F (leukocystatin) (Cst7), mRNA [NM_009977] 8.352922 

A_55_P2016034 Nlrc5 
Mus musculus NLR family, CARD domain containing 5 (Nlrc5), 
mRNA [NM_001033207] 

8.102826 

A_51_P203955 Gbp2 
Mus musculus guanylate binding protein 2 (Gbp2), mRNA 
[NM_010260] 

7.5899515 

A_55_P2137611 Irgm2 
Mus musculus immunity-related GTPase family M member 2 (Irgm2), 
mRNA [NM_019440] 

6.7225337 

A_55_P2062246 Tgtp2 
Mus musculus T-cell specific GTPase 2 (Tgtp2), mRNA 
[NM_001145164] 

6.7209706 

A_55_P2060333 S100a5 
Mus musculus S100 calcium binding protein A5 (S100a5), mRNA 
[NM_011312] 

6.6824536 

A_51_P110301 C3 Mus musculus complement component 3 (C3), mRNA [NM_009778] 6.5130363 

A_51_P464703 Ccl8 
Mus musculus chemokine (C-C motif) ligand 8 (Ccl8), mRNA 
[NM_021443] 

6.451402 

A_51_P262171 Irgm1 
Mus musculus immunity-related GTPase family M member 1 (Irgm1), 
mRNA [NM_008326] 

5.934519 

A_51_P248666 Cd274 Mus musculus CD274 antigen (Cd274), mRNA [NM_021893] 5.8631086 

A_51_P369803 Psmb9 
Mus musculus proteasome (prosome, macropain) subunit, beta type 9 
(large multifunctional peptidase 2) (Psmb9), mRNA [NM_013585] 

5.8174586 

A_51_P345367 Psmb8 
Mus musculus proteasome (prosome, macropain) subunit, beta type 8 
(large multifunctional peptidase 7) (Psmb8), mRNA [NM_010724] 

5.3047857 

A_55_P1978511 H2-Q7 
Mus musculus histocompatibility 2, Q region locus 7 (H2-Q7), mRNA 
[NM_010394] 

5.1209455 

A_55_P1975560 Ifi204 
Mus musculus interferon activated gene 204 (Ifi204), mRNA 
[NM_008329] 

5.0499034 

A_51_P326191 Serpina3g 
Mus musculus serine (or cysteine) peptidase inhibitor, clade A, member 
3G (Serpina3g), mRNA [NM_009251] 

5.0132666 

A_55_P2034033 Il12rb1 
Mus musculus interleukin 12 receptor, beta 1 (Il12rb1), mRNA 
[NM_008353] 

5.0059047 

A_55_P2029528 LOC100044874 
PREDICTED: Mus musculus similar to MHC H2-K 24 polypeptide, 
transcript variant 1 (LOC100044874), mRNA [XM_001473540] 

4.9958634 

A_65_P19395 H2-D1 
Mus musculus histocompatibility 2, D region locus 1 (H2-D1), mRNA 
[NM_010380] 

4.956506 

A_51_P198434 H2-K1 
Mus musculus histocompatibility 2, K1, K region (H2-K1), transcript 
variant 1, mRNA [NM_001001892] 

4.866029 

A_51_P502456 Gm7035 
Mus musculus predicted pseudogene 7035 (Gm7035), non-coding RNA 
[NR_004446] 

4.807926 

A_55_P2100824 LOC676689 
PREDICTED: Mus musculus similar to H-2 class I histocompatibility 
antigen, L-D alpha chain precursor (LOC676689), mRNA 
[XM_992161] 

4.804357 
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A_55_P2102181 LOC675328 
PREDICTED: Mus musculus similar to MHC H2-TL-T10-b 
(LOC675328), misc RNA [XR_033777] 

4.7704496 

A_55_P2011031 Cdk5rap1 
Mus musculus CDK5 regulatory subunit associated protein 1 
(Cdk5rap1), mRNA [NM_025876] 

4.7221227 

A_55_P1981494 LOC677149 
PREDICTED: Mus musculus similar to H2-Bl protein (LOC677149), 
mRNA [XM_001000983] 

4.6854496 

A_55_P2042813 Gbp11 
Mus musculus guanylate binding protein 11 (Gbp11), mRNA 
[NM_001039647] 

4.250416 

A_55_P1978506 H2-Q6 
Mus musculus histocompatibility 2, Q region locus 6 (H2-Q6), mRNA 
[NM_207648] 

4.1933317 

A_51_P165182 Batf2 
Mus musculus basic leucine zipper transcription factor, ATF-like 2 
(Batf2), mRNA [NM_028967] 

4.1765633 

A_55_P2103837 Gbp4 
Mus musculus guanylate binding protein 4 (Gbp4), mRNA 
[NM_008620] 

4.1593533 

A_51_P400752 H2-Q5 
Mus musculus histocompatibility 2, Q region locus 5 (H2-Q5), mRNA 
[NM_010393] 

4.1286383 

A_51_P219789 H2-Q2 
Mus musculus histocompatibility 2, Q region locus 2 (H2-Q2), mRNA 
[NM_010392] 

4.120713 

A_51_P237754 H2-T23 
Mus musculus histocompatibility 2, T region locus 23 (H2-T23), 
mRNA [NM_010398] 

4.058871 

A_55_P1998416 Ifi47 
Mus musculus interferon gamma inducible protein 47 (Ifi47), mRNA 
[NM_008330] 

4.0574646 

A_51_P151126 Cd52 Mus musculus CD52 antigen (Cd52), mRNA [NM_013706] 4.016262 

A_55_P2108483 LOC630285 
PREDICTED: Mus musculus similar to human leucocyte antigen B 
(LOC630285), misc RNA [XR_031378] 

3.9646418 

A_52_P327664 Gbp5 
Mus musculus guanylate binding protein 5 (Gbp5), mRNA 
[NM_153564] 

3.9184496 

A_55_P2472435 Gbp3 
Mus musculus guanylate binding protein 3 (Gbp3), mRNA 
[NM_018734] 

3.900553 

A_55_P1966660 LOC547349 
Mus musculus similar to MHC class I antigen precursor (LOC547349), 
mRNA [NM_001025208] 

3.8859255 

A_51_P387123 Oasl2 
Mus musculus 2'-5' oligoadenylate synthetase-like 2 (Oasl2), mRNA 
[NM_011854] 

3.8441498 

A_55_P1980548 LOC100047388 
PREDICTED: Mus musculus similar to H2-T18 protein 
(LOC100047388), mRNA [XM_001478042] 

3.8347154 
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Table 3. Top 50 down-regulated genes in microarray result 
 

Agilent no. Gene symbol Description Fold change 

A_65_P19832 Ttr Mus musculus transthyretin (Ttr), mRNA [NM_013697] 0.0905314 

A_55_P1979242 Kcne2 
Mus musculus potassium voltage-gated channel, Isk-related subfamily, 
gene 2 (Kcne2), mRNA [NM_134110] 

0.0926168 

A_55_P1977792 Folr1 Mus musculus folate receptor 1 (adult) (Folr1), mRNA [NM_008034] 0.1017872 

A_55_P1953341 Wfdc2 
Mus musculus WAP four-disulfide core domain 2 (Wfdc2), mRNA 
[NM_026323] 

0.1120082 

A_55_P2158121 Sostdc1 
Mus musculus sclerostin domain containing 1 (Sostdc1), mRNA 
[NM_025312] 

0.114055 

A_51_P404463 1500015O10Rik 
Mus musculus RIKEN cDNA 1500015O10 gene (1500015O10Rik), 
mRNA [NM_024283] 

0.1151213 

A_55_P2016166 Wfdc2 
Mus musculus WAP four-disulfide core domain 2 (Wfdc2), mRNA 
[NM_026323] 

0.1175238 

A_66_P139387 Prlr Mus musculus prolactin receptor (Prlr), mRNA [NM_011169] 0.1302774 

A_51_P403814 Slc4a5 
Mus musculus solute carrier family 4, sodium bicarbonate 
cotransporter, member 5 (Slc4a5), mRNA [NM_001166067] 

0.1317901 

A_55_P1982962 Gm412 
PREDICTED: Mus musculus gene model 412, (NCBI) (Gm412), 
mRNA [XM_889797] 

0.1327732 

A_55_P2045427 Olfr206 Mus musculus olfactory receptor 206 (Olfr206), mRNA [NM_146991] 0.1362432 

A_55_P2151388 Sostdc1 
Mus musculus sclerostin domain containing 1 (Sostdc1), mRNA 
[NM_025312] 

0.1396067 

A_51_P317254 Defb11 Mus musculus defensin beta 11 (Defb11), mRNA [NM_139221] 0.1553711 

A_55_P2081050 Kcnj13 
Mus musculus potassium inwardly-rectifying channel, subfamily J, 
member 13 (Kcnj13), mRNA [NM_001110227] 

0.1642007 

A_55_P2037783 LOC100039807 
PREDICTED: Mus musculus hypothetical protein LOC100039807 
(LOC100039807), mRNA [XM_001473559] 

0.1680203 

A_52_P439358 Kl Mus musculus klotho (Kl), mRNA [NM_013823] 0.1692088 

A_55_P2016586 LOC100048200 
PREDICTED: Mus musculus hypothetical protein LOC100048200 
(LOC100048200), mRNA [XM_001479620] 

0.1704918 

A_51_P125205 Aqp1 Mus musculus aquaporin 1 (Aqp1), mRNA [NM_007472] 0.1715563 

A_51_P484158 Steap1 
Mus musculus six transmembrane epithelial antigen of the prostate 1 
(Steap1), mRNA [NM_027399] 

0.1828957 

A_55_P1973120 AI507597 
Mus musculus expressed sequence AI507597 (AI507597), non-coding 
RNA [NR_033566] 

0.1847172 

A_51_P321734 Bhmt2 
Mus musculus betaine-homocysteine methyltransferase 2 (Bhmt2), 
mRNA [NM_022884] 

0.1850901 

A_52_P584335 Folr1 Mus musculus folate receptor 1 (adult) (Folr1), mRNA [NM_008034] 0.187926 

A_55_P2076545 F5 Mus musculus coagulation factor V (F5), mRNA [NM_007976] 0.1897658 

A_51_P231549 Mill2 
Mus musculus MHC I like leukocyte 2 (Mill2), transcript variant 1, 
mRNA [NM_153761] 

0.196473 

A_55_P2091592 Bnipl 
Mus musculus BCL2/adenovirus E1B 19kD interacting protein like 
(Bnipl), transcript variant 2, mRNA [NM_001168356] 

0.2017867 

A_55_P1978571 Otx2 
Mus musculus orthodenticle homolog 2 (Drosophila) (Otx2), mRNA 
[NM_144841] 

0.2032051 

A_66_P128079 Gm5604 
PREDICTED: Mus musculus similar to Keratin 8 (LOC675884), misc 
RNA [XR_004919] 

0.2034955 

A_51_P324814 Krt18 Mus musculus keratin 18 (Krt18), mRNA [NM_010664] 0.2037906 

A_55_P2066878 Kcnj13 
Mus musculus potassium inwardly-rectifying channel, subfamily J, 
member 13 (Kcnj13), mRNA [NM_001110227] 

0.2068633 

A_51_P477481 1110059M19Rik 
Mus musculus RIKEN cDNA 1110059M19 gene (1110059M19Rik), 
mRNA [NM_026841] 

0.2097681 

A_51_P479548 Gpr150 
Mus musculus G protein-coupled receptor 150 (Gpr150), mRNA 
[NM_175495] 

0.2211078 

A_52_P367760 Calml4 
Mus musculus calmodulin-like 4 (Calml4), transcript variant 1, mRNA 
[NM_138304] 

0.2251773 

A_52_P302544 Col8a2 
Mus musculus collagen, type VIII, alpha 2 (Col8a2), mRNA 
[NM_199473] 

0.2299294 

A_52_P817257 Gm5480 PREDICTED: Mus musculus predicted gene, EG432995 (EG432995), 0.2340977 
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mRNA [XM_488763] 

A_55_P1960148 Igh-VJ558 
Ig alpha chain C region  [Source:UniProtKB/Swiss-Prot;Acc:P01878] 
[ENSMUST00000103412] 

0.2344781 

A_55_P2172678 Tm4sf19 
Mus musculus transmembrane 4 L six family member 19 (Tm4sf19), 
mRNA [NM_001160402] 

0.2361549 

A_55_P2200466 BC002195 
Mus musculus cDNA sequence BC002195, mRNA (cDNA clone 
MGC:7427 IMAGE:3489024), complete cds. [BC002195] 

0.2465884 

A_51_P509679 Igh-VJ558 
Ig alpha chain C region  [Source:UniProtKB/Swiss-Prot;Acc:P01878] 
[ENSMUST00000103412] 

0.2469386 

A_52_P373065 Adam26a 
Mus musculus a disintegrin and metallopeptidase domain 26A (testase 
3) (Adam26a), mRNA [NM_010085] 

0.2520773 

A_52_P588881 Iqgap3 
Mus musculus IQ motif containing GTPase activating protein 3 
(Iqgap3), mRNA [NM_001033484] 

0.2525902 

A_51_P282211 Ltb4r2 
Mus musculus leukotriene B4 receptor 2 (Ltb4r2), mRNA 
[NM_020490] 

0.2602118 

A_51_P139678 Sprr1a 
Mus musculus small proline-rich protein 1A (Sprr1a), mRNA 
[NM_009264] 

0.2644851 

A_51_P372456 Wdr86 
Mus musculus WD repeat domain 86 (Wdr86), mRNA 
[NM_001081441] 

0.269838 

A_55_P2413069 4933427I22Rik 
Mus musculus adult male testis cDNA, RIKEN full-length enriched 
library, clone:4933427I22 product:unclassifiable, full insert sequence. 
[AK016955] 

0.2767067 

A_55_P2156515 LOC100047866 
PREDICTED: Mus musculus hypothetical protein LOC100047866 
(LOC100047866), mRNA [XM_001479031] 

0.2792957 

A_51_P128696 Slc16a8 
Mus musculus solute carrier family 16 (monocarboxylic acid 
transporters), member 8 (Slc16a8), mRNA [NM_020516] 

0.2816216 

A_55_P2146034 Abca4 
Mus musculus ATP-binding cassette, sub-family A (ABC1), member 4 
(Abca4), mRNA [NM_007378] 

0.2928185 

A_55_P1981224 Il24 Mus musculus interleukin 24 (Il24), mRNA [NM_053095] 0.2984033 

A_55_P2075692 Trpm3 
Mus musculus transient receptor potential cation channel, subfamily 
M, member 3 (Trpm3), transcript variant 8, mRNA [NM_001035245] 

0.3000691 

A_55_P1957942 Apeg3 
Mus musculus antisense transcript gene of Peg3 (Apeg3), antisense 
RNA [NR_023846] 

0.3041189 
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Table 4. Classification of top 50 up and down regulated genes according to gene ontology terms 

 

Category Up regulated gene Down regulated genes 

Aging  1500015O10Rik, Kl 

Angiogenesis Ccl5, Cxcl10, C3 Aqp1, Col8a2 

Apoptosis  Aqp1, Bnipl, Krt18, Il24 

Cell cycle  1500015O10Rik, Iqgap3 

Cell death  Aqp1, Bnipl, Krt18, Il24 

Cell migration  Aqp1, Ltb4r2, Il24 

Cell differentiation Cd74, H2-Ab1, H2-Aa, Ccl5, 

H2-Oa, Psmb8, Ifi204 

Prlr, Otx2, Adam26a, Sprr1a 

Cell proliferation Cd74, H2-Ab1, H2-Aa, Ccl5 

Cxcl10, Cd274, Il12rb1 

Aqp1, Bnipl, Col8a2, Iqgap3, Il24 

Immune response Cd74, H2-Ab1, H2-Aa, Lcn2, 

H2-Eb1, Ccl5, Cxcl10, Nlrc5, Gbp2, 

Irgm2, C3, Ccl8, Irgm1, H2-Q7, 

Il12rb1, H2-D1, H2-K1, Gbp4, H2-

T23, Gbp5, Gbp3 

 

Inflammatory response Ccl5, Cxcl10, C3, Ccl8  

Secretion Cd74, H2-Eb1, Ccl5, Cxcl10 Prlr, Aqp1 
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Table 5. Significant biologic process terms and included genes among up-regulated genes 

 
GO number Term % Genes 

GO:0006955 immune response 13.77483 ADORA3, TLR1, TLR2, C1QC, CXCL10, B2M, C1RA, C1RB, OASL2, 
OASL1, GBP10, ERAP1, IL1B, MPA2L, RAB27A, LOC100044874, 
GBP6, GBP5, NCF1, C4B, GBP9, H2-DMB1, SERPING1, CLEC4N, 
C1QA, C1QB, CCR7, UNC13D, H2-OA, LILRB3, H2-OB, LILRB4, 
CD300LF, OAS1A, OAS1F, GBP4, GBP3, GBP2, IFIH1, CCL2, ACP5, 
CCL8, SP110, OAS2, CCL5, CD74, CCL7, CCL6, SLC11A1, 
LOC547349, FCER1G, H2-T10, DHX58, H2-Q2, TLR12, H2-Q5, 
MYO1F, H2-Q6, H2-Q7, VAV1, FCGR1, H2-Q8, PSMB8, FCGR3, 
PSMB9, DDX58, BTLA, LAT, GM5077, H2-EB1, CD79B, H2-T23, 
TGTP2, CD79A, CLEC7A, LY86, H2-D1, CD1D1, TMEM173, LTB, 
DAF2, H2-K1, PRG4, IL18BP, TNFSF13B, IL20RB, GM8909, 
SERPINA3G, H2-T9, H2-AA, LCP1, C3, IL4RA, C1S, TAP2, BCL3, C2, 
CD7, PTPRC, IRGM1, H2-Q10, H2-M3, LOC676689, SAMHD1, CCL19, 
H2-AB1, LOC677644, CCL12, FCGR2B, IRF8, H2-DMA 
 

GO:0006954 inflammatory response 5.298013 ADORA3, CCL2, C3, LY86, TLR1, TLR2, CCL8, ITGB2, C1S, CCL5, 
C1QC, CCL7, CXCL10, PLAA, C1RA, SLC11A1, C1RB, CD44, 
PYCARD, IL1B, C2, DAF2, TLR12, SELP, C4B, NCF1, SPHK1, CCL19, 
CHI3L3, SERPING1, FCGR1, FCGR3, C1QA, C1QB, CCL12, LAT, 
GM5077, SERPINA3N, UNC13D, IL20RB, CLEC7A 
 

GO:0042981 regulation of apoptosis 5.165563 TRAF1, IFIH1, ZBTB16, NLRP1B, SP110, CD74, VDR, CASP4, TGM2, 
PYCARD, FCER1G, BCL3, CASP1, CD5, LTB, SPN, RAB27A, PTPRC, 
IL2RB, SPHK1, PIM1, IGF1, HGF, BIRC3, FCGR1, FCGR3, CARD11, 
BCL2A1D, CARD14, BCL2A1C, TNFRSF10B, UNC13D, TNFSF13B, 
CASP12, RIPK3, NEUROD1, FOXC2, SYNGAP1, IFI204 
 

GO:0007626 locomotory behavior 3.443709 
 

CCL2, S100A8, TH, S100A9, CCL8, ITGB2, FPR2, TRH, CCL5, CCL7, 
CCL6, ESPN, CXCL10, DOCK2, RAC2, IL1B, FCER1G, ROBO3, 
CCL19, GM4223, FCGR3, LSP1, CCL12, CCR7, CXCL16, CACNA1C 
 

GO:0045580 regulation of T cell 
differentiation 

1.324503 CARD11, PTPRC, IKZF1, H2-OA, IL4RA, H2-AA, IL2RG, CD1D1, H2-
DMA, CD74 

GO:0048666 neuron development 2.093023 SLITRK2, GDF7, TH, VAX1, ROBO3, DCX, SYNGAP1, Emx1, NeuroD2 

GO:0050777 negative regulation of 
immune response 

0.662252 PTPRC, IL20RB, FCGR2B, SERPING1, SPN 

  



 

 

79 

 

References 

 

1. Hornykiewicz O. Parkinson's disease: from brain homogenate to treatment. Fed Proc. 

1973;32:183-190. 

2. Lang AE, Lozano AM. Parkinson's disease. Second of two parts. N Engl J Med. 

1998;339:1130-1143. 

3. Lang AE, Lozano AM. Parkinson's disease. First of two parts. N Engl J Med. 1998;339:1044-

1053. 

4. Lindvall O, Kokaia Z. Prospects of stem cell therapy for replacing dopamine neurons in 

Parkinson's disease. Trends Pharmacol Sci. 2009;30:260-267. 

5. Nikkhah G, Cunningham MG, Cenci MA, McKay RD, Bjorklund A. Dopaminergic 

microtransplants into the substantia nigra of neonatal rats with bilateral 6-OHDA lesions. I. 

Evidence for anatomical reconstruction of the nigrostriatal pathway. J Neurosci. 

1995;15:3548-3561. 

6. Fischbach GD, McKhann GM. Cell therapy for Parkinson's disease. N Engl J Med. 

2001;344:763-765. 

7. Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S, Winfield H, 

Culver S, Trojanowski JQ, Eidelberg D, Fahn S. Transplantation of embryonic dopamine 

neurons for severe Parkinson's disease. N Engl J Med. 2001;344:710-719. 

8. Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, Shannon KM, Nauert 

GM, Perl DP, Godbold J, Freeman TB. A double-blind controlled trial of bilateral fetal nigral 

transplantation in Parkinson's disease. Ann Neurol. 2003;54:403-414. 

9. Winkler C, Kirik D, Bjorklund A, Dunnett SB. Transplantation in the rat model of Parkinson's 

disease: ectopic versus homotopic graft placement. Prog Brain Res. 2000;127:233-265. 

10. Kim JH, Auerbach JM, Rodriguez-Gomez JA, Velasco I, Gavin D, Lumelsky N, Lee SH, 

Nguyen J, Sanchez-Pernaute R, Bankiewicz K, McKay R. Dopamine neurons derived from 

embryonic stem cells function in an animal model of Parkinson's disease. Nature. 

2002;418:50-56. 

11. Roy NS, Cleren C, Singh SK, Yang L, Beal MF, Goldman SA. Functional engraftment of 

human ES cell-derived dopaminergic neurons enriched by coculture with telomerase-

immortalized midbrain astrocytes. Nat Med. 2006;12:1259-1268. 

12. Sanchez-Pernaute R, Studer L, Bankiewicz KS, Major EO, McKay RD. In vitro generation 

and transplantation of precursor-derived human dopamine neurons. J Neurosci Res. 

2001;65:284-288. 

13. Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu D, Soldner F, Broccoli V, Constantine-Paton M, 



 

 

80 

 

Isacson O, Jaenisch R. Neurons derived from reprogrammed fibroblasts functionally integrate 

into the fetal brain and improve symptoms of rats with Parkinson's disease. Proc Natl Acad 

Sci U S A. 2008;105:5856-5861. 

14. Reekmans K, De Vocht N, Praet J, Fransen E, Le Blon D, Hoornaert C, Daans J, Goossens H, 

Van der Linden A, Berneman Z, Ponsaerts P. Spatiotemporal evolution of early innate 

immune responses triggered by neural stem cell grafting. Stem Cell Res Ther. 2012;3:56. 

15. Kim SU, Nagai A, Nakagawa E, Choi HB, Bang JH, Lee HJ, Lee MA, Lee YB, Park IH. 

Production and characterization of immortal human neural stem cell line with multipotent 

differentiation property. Methods Mol Biol. 2008;438:103-121. 

16. Redmond DE, Jr., Bjugstad KB, Teng YD, Ourednik V, Ourednik J, Wakeman DR, Parsons 

XH, Gonzalez R, Blanchard BC, Kim SU, Gu Z, Lipton SA, Markakis EA, Roth RH, 

Elsworth JD, Sladek JR, Jr., Sidman RL, Snyder EY. Behavioral improvement in a primate 

Parkinson's model is associated with multiple homeostatic effects of human neural stem cells. 

Proc Natl Acad Sci U S A. 2007;104:12175-12180. 

17. Yasuhara T, Matsukawa N, Hara K, Yu G, Xu L, Maki M, Kim SU, Borlongan CV. 

Transplantation of human neural stem cells exerts neuroprotection in a rat model of 

Parkinson's disease. J Neurosci. 2006;26:12497-12511. 

18. Tsien RY. Imagining imaging's future. Nat Rev Mol Cell Biol. 2003;Suppl:SS16-21. 

19. Ntziachristos V. Fluorescence molecular imaging. Annu Rev Biomed Eng. 2006;8:1-33. 

20. Sutton EJ, Henning TD, Pichler BJ, Bremer C, Daldrup-Link HE. Cell tracking with optical 

imaging. Eur Radiol. 2008;18:2021-2032. 

21. Bai X, Yan Y, Coleman M, Wu G, Rabinovich B, Seidensticker M, Alt E. Tracking Long-

Term Survival of Intramyocardially Delivered Human Adipose Tissue-Derived Stem Cells 

Using Bioluminescence Imaging. Mol Imaging Biol. 2010. 

22. Kim DE, Tsuji K, Kim YR, Mueller FJ, Eom HS, Snyder EY, Lo EH, Weissleder R, 

Schellingerhout D. Neural stem cell transplant survival in brains of mice: assessing the effect 

of immunity and ischemia by using real-time bioluminescent imaging. Radiology. 

2006;241:822-830. 

23. Rabinovich BA, Ye Y, Etto T, Chen JQ, Levitsky HI, Overwijk WW, Cooper LJ, Gelovani J, 

Hwu P. Visualizing fewer than 10 mouse T cells with an enhanced firefly luciferase in 

immunocompetent mouse models of cancer. Proc Natl Acad Sci U S A. 2008;105:14342-

14346. 

24. Park HJ, Lee PH, Bang OY, Lee G, Ahn YH. Mesenchymal stem cells therapy exerts 

neuroprotection in a progressive animal model of Parkinson's disease. J Neurochem. 

2008;107:141-151. 



 

 

81 

 

25. Park HJ, Shin JY, Kim HN, Oh SH, Lee PH. Neuroprotective effects of mesenchymal stem 

cells through autophagy modulation in a parkinsonian model. Neurobiol Aging. 2014. 

26. Park HJ, Shin JY, Lee BR, Kim HO, Lee PH. Mesenchymal stem cells augment neurogenesis 

in the subventricular zone and enhance differentiation of neural precursor cells into 

dopaminergic neurons in the substantia nigra of a parkinsonian model. Cell Transplant. 

2012;21:1629-1640. 

27. Lu P, Jones LL, Snyder EY, Tuszynski MH. Neural stem cells constitutively secrete 

neurotrophic factors and promote extensive host axonal growth after spinal cord injury. Exp 

Neurol. 2003;181:115-129. 

28. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators. J Cell Biochem. 

2006;98:1076-1084. 

29. Baraniak PR, McDevitt TC. Stem cell paracrine actions and tissue regeneration. Regen Med. 

2010;5:121-143. 

30. Kirschner PB, Jenkins BG, Schulz JB, Finkelstein SP, Matthews RT, Rosen BR, Beal MF. 

NGF, BDNF and NT-5, but not NT-3 protect against MPP+ toxicity and oxidative stress in 

neonatal animals. Brain Res. 1996;713:178-185. 

31. Allen SJ, Watson JJ, Shoemark DK, Barua NU, Patel NK. GDNF, NGF and BDNF as 

therapeutic options for neurodegeneration. Pharmacol Ther. 2013;138:155-175. 

32. Proschel C, Stripay JL, Shih CH, Munger JC, Noble MD. Delayed transplantation of 

precursor cell-derived astrocytes provides multiple benefits in a rat model of Parkinsons. 

EMBO Mol Med. 2014;6:504-518. 

33. Gyorgy B, Szabo TG, Pasztoi M, Pal Z, Misjak P, Aradi B, Laszlo V, Pallinger E, Pap E, 

Kittel A, Nagy G, Falus A, Buzas EI. Membrane vesicles, current state-of-the-art: emerging 

role of extracellular vesicles. Cell Mol Life Sci. 2011;68:2667-2688. 

34. Lee EY, Park KS, Yoon YJ, Lee J, Moon HG, Jang SC, Choi KH, Kim YK, Gho YS. 

Therapeutic effects of autologous tumor-derived nanovesicles on melanoma growth and 

metastasis. PLoS One. 2012;7:e33330. 

35. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of siRNA to the 

mouse brain by systemic injection of targeted exosomes. Nat Biotechnol. 2011;29:341-345. 

36. Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC, Ju S, Mu J, Zhang L, Steinman L, 

Miller D, Zhang HG. Treatment of brain inflammatory diseases by delivering exosome 

encapsulated anti-inflammatory drugs from the nasal region to the brain. Mol Ther. 

2011;19:1769-1779. 

37. Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, Salto-Tellez M, Timmers L, Lee CN, 

El Oakley RM, Pasterkamp G, de Kleijn DP, Lim SK. Exosome secreted by MSC reduces 



 

 

82 

 

myocardial ischemia/reperfusion injury. Stem Cell Res. 2010;4:214-222. 

38. Jin S, Oh M, Oh S, Oh J, Lee S, Chung S, Lee C, Kim J. Differential Diagnosis of 

Parkinsonism Using Dual-Phase F-18 FP-CIT PET Imaging. Nuclear Medicine and 

Molecular Imaging. 2013;47:44-51. 

39. Iancu R, Mohapel P, Brundin P, Paul G. Behavioral characterization of a unilateral 6-OHDA-

lesion model of Parkinson's disease in mice. Behav Brain Res. 2005;162:1-10. 

40. Lal S, Lacroix M, Tofilon P, Fuller GN, Sawaya R, Lang FF. An implantable guide-screw 

system for brain tumor studies in small animals. J Neurosurg. 2000;92:326-333. 

41. Modo M, Stroemer RP, Tang E, Patel S, Hodges H. Effects of implantation site of dead stem 

cells in rats with stroke damage. Neuroreport. 2003;14:39-42. 

42. Borlongan CV, Sanberg PR. Elevated body swing test: a new behavioral parameter for rats 

with 6-hydroxydopamine-induced hemiparkinsonism. J Neurosci. 1995;15:5372-5378. 

43. Jang SC, Kim OY, Yoon CM, Choi DS, Roh TY, Park J, Nilsson J, Lotvall J, Kim YK, Gho 

YS. Bioinspired exosome-mimetic nanovesicles for targeted delivery of chemotherapeutics to 

malignant tumors. ACS Nano. 2013;7:7698-7710. 

44. Shin K-H, Park S-A, Kim S-Y, Lee S, Oh S, Kim J. Effect of Animal Condition and 

Fluvoxamine on the Result of [18F]N-3-Fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl) 

Nortropane ([18F]FP-CIT) PET Study in Mice. Nuclear Medicine and Molecular Imaging. 

2012;46:27-33. 

45. Alf MF, Wyss MT, Buck A, Weber B, Schibli R, Kramer SD. Quantification of brain glucose 

metabolism by 18F-FDG PET with real-time arterial and image-derived input function in 

mice. J Nucl Med. 2013;54:132-138. 

46. Mirrione MM, Schiffer WK, Fowler JS, Alexoff DL, Dewey SL, Tsirka SE. A novel approach 

for imaging brain-behavior relationships in mice reveals unexpected metabolic patterns 

during seizures in the absence of tissue plasminogen activator. Neuroimage. 2007;38:34-42. 

47. Yadav AP, Fuentes R, Zhang H, Vinholo T, Wang CH, Freire MA, Nicolelis MA. Chronic 

spinal cord electrical stimulation protects against 6-hydroxydopamine lesions. Sci Rep. 

2014;4:3839. 

48. Cenci MA, Kalen P, Mandel RJ, Wictorin K, Bjorklund A. Dopaminergic transplants 

normalize amphetamine- and apomorphine-induced Fos expression in the 6-

hydroxydopamine-lesioned striatum. Neuroscience. 1992;46:943-957. 

49. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene 

lists using DAVID bioinformatics resources. Nat Protoc. 2009;4:44-57. 

50. Couttas TA, Kain N, Daniels B, Lim XY, Shepherd C, Kril J, Pickford R, Li H, Garner B, Don 

AS. Loss of the neuroprotective factor Sphingosine 1-phosphate early in Alzheimer's disease 



 

 

83 

 

pathogenesis. Acta Neuropathol Commun. 2014;2:9. 

51. Walker TL, Yasuda T, Adams DJ, Bartlett PF. The doublecortin-expressing population in the 

developing and adult brain contains multipotential precursors in addition to neuronal-lineage 

cells. J Neurosci. 2007;27:3734-3742. 

52. Kim JH, Lee HK, Takamiya K, Huganir RL. The role of synaptic GTPase-activating protein 

in neuronal development and synaptic plasticity. J Neurosci. 2003;23:1119-1124. 

53. Boutin C, Hardt O, de Chevigny A, Core N, Goebbels S, Seidenfaden R, Bosio A, Cremer H. 

NeuroD1 induces terminal neuronal differentiation in olfactory neurogenesis. Proc Natl Acad 

Sci U S A. 2010;107:1201-1206. 

54. Wang W, Sun M, Li H, Wang W, Yan M. The delivery of tyrosine hydroxylase accelerates the 

neurorestoration of Macaca Rhesus model of Parkinson's disease provided by Neurturin. 

Neurosci Lett. 2012;524:10-15. 

55. Okada S, Ishii K, Yamane J, Iwanami A, Ikegami T, Katoh H, Iwamoto Y, Nakamura M, 

Miyoshi H, Okano HJ, Contag CH, Toyama Y, Okano H. In vivo imaging of engrafted neural 

stem cells: its application in evaluating the optimal timing of transplantation for spinal cord 

injury. FASEB J. 2005;19:1839-1841. 

56. Hwang do W, Jin Y, Lee do H, Kim HY, Cho HN, Chung HJ, Park Y, Youn H, Lee SJ, Lee HJ, 

Kim SU, Wang KC, Lee DS. In vivo bioluminescence imaging for prolonged survival of 

transplanted human neural stem cells using 3D biocompatible scaffold in corticectomized rat 

model. PLoS One. 2014;9:e105129. 

57. Collaco AM, Geusz ME. Monitoring immediate-early gene expression through firefly 

luciferase imaging of HRS/J hairless mice. BMC Physiol. 2003;3:8. 

58. Alvarez-Fischer D, Henze C, Strenzke C, Westrich J, Ferger B, Hoglinger GU, Oertel WH, 

Hartmann A. Characterization of the striatal 6-OHDA model of Parkinson's disease in wild 

type and alpha-synuclein-deleted mice. Exp Neurol. 2008;210:182-193. 

59. Lundblad M, Picconi B, Lindgren H, Cenci MA. A model of L-DOPA-induced dyskinesia in 

6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal 

function. Neurobiol Dis. 2004;16:110-123. 

60. Sauer H, Oertel WH. Progressive degeneration of nigrostriatal dopamine neurons following 

intrastriatal terminal lesions with 6-hydroxydopamine: a combined retrograde tracing and 

immunocytochemical study in the rat. Neuroscience. 1994;59:401-415. 

61. Stott SR, Barker RA. Time course of dopamine neuron loss and glial response in the 6-OHDA 

striatal mouse model of Parkinson's disease. Eur J Neurosci. 2014;39:1042-1056. 

62. Gao YJ, Ji RR. c-Fos and pERK, which is a better marker for neuronal activation and central 

sensitization after noxious stimulation and tissue injury? Open Pain J. 2009;2:11-17. 



 

 

84 

 

63. Robertson HA, Peterson MR, Murphy K, Robertson GS. D1-dopamine receptor agonists 

selectively activate striatal c-fos independent of rotational behaviour. Brain Res. 

1989;503:346-349. 

64. Graybiel AM, Moratalla R, Robertson HA. Amphetamine and cocaine induce drug-specific 

activation of the c-fos gene in striosome-matrix compartments and limbic subdivisions of the 

striatum. Proc Natl Acad Sci U S A. 1990;87:6912-6916. 

65. Cenci MA, Bjorklund A. Transection of corticostriatal afferents reduces amphetamine- and 

apomorphine-induced striatal Fos expression and turning behaviour in unilaterally 6-

hydroxydopamine-lesioned rats. Eur J Neurosci. 1993;5:1062-1070. 

66. Caiazzo M, Dell'Anno MT, Dvoretskova E, Lazarevic D, Taverna S, Leo D, Sotnikova TD, 

Menegon A, Roncaglia P, Colciago G, Russo G, Carninci P, Pezzoli G, Gainetdinov RR, 

Gustincich S, Dityatev A, Broccoli V. Direct generation of functional dopaminergic neurons 

from mouse and human fibroblasts. Nature. 2011;476:224-227. 

67. Nguyen TV, Brownell AL, Iris Chen YC, Livni E, Coyle JT, Rosen BR, Cavagna F, Jenkins 

BG. Detection of the effects of dopamine receptor supersensitivity using pharmacological 

MRI and correlations with PET. Synapse. 2000;36:57-65. 

68. Lindvall O, Ingvar M, Stenevi U. Effects of methamphetamine on blood flow in the caudate-

putamen after lesions of the nigrostriatal dopaminergic bundle in the rat. Brain Res. 

1981;211:211-216. 

69. Trugman JM, Wooten GF. Selective D1 and D2 dopamine agonists differentially alter basal 

ganglia glucose utilization in rats with unilateral 6-hydroxydopamine substantia nigra lesions. 

J Neurosci. 1987;7:2927-2935. 

70. Engber TM, Marin C, Susel Z, Chase TN. Differential effects of chronic dopamine D1 and D2 

receptor agonists on rotational behavior and dopamine receptor binding. Eur J Pharmacol. 

1993;236:385-393. 

71. Nakao N, Ogura M, Nakai K, Itakura T. Intrastriatal mesencephalic grafts affect neuronal 

activity in basal ganglia nuclei and their target structures in a rat model of Parkinson's disease. 

J Neurosci. 1998;18:1806-1817. 

72. Kim SU, Park IH, Kim TH, Kim KS, Choi HB, Hong SH, Bang JH, Lee MA, Joo IS, Lee CS, 

Kim YS. Brain transplantation of human neural stem cells transduced with tyrosine 

hydroxylase and GTP cyclohydrolase 1 provides functional improvement in animal models of 

Parkinson disease. Neuropathology. 2006;26:129-140. 

73. Ionescu L, Byrne RN, van Haaften T, Vadivel A, Alphonse RS, Rey-Parra GJ, Weissmann G, 

Hall A, Eaton F, Thébaud B. Stem cell conditioned medium improves acute lung injury in 

mice: in vivo evidence for stem cell paracrine action. American Journal of Physiology - Lung 



 

 

85 

 

Cellular and Molecular Physiology. 2012;303:L967-L977. 

74. Chen L, Xu Y, Zhao J, Zhang Z, Yang R, Xie J, Liu X, Qi S. Conditioned medium from 

hypoxic bone marrow-derived mesenchymal stem cells enhances wound healing in mice. 

PLoS One. 2014;9:e96161. 

75. Timmers L, Lim SK, Arslan F, Armstrong JS, Hoefer IE, Doevendans PA, Piek JJ, El Oakley 

RM, Choo A, Lee CN, Pasterkamp G, de Kleijn DPV. Reduction of myocardial infarct size by 

human mesenchymal stem cell conditioned medium. Stem Cell Research. 2008;1:129-137. 

76. Frank-Cannon TC, Alto LT, McAlpine FE, Tansey MG. Does neuroinflammation fan the 

flame in neurodegenerative diseases? Mol Neurodegener. 2009;4:47. 

77. Ceulemans AG, Zgavc T, Kooijman R, Hachimi-Idrissi S, Sarre S, Michotte Y. The dual role 

of the neuroinflammatory response after ischemic stroke: modulatory effects of hypothermia. 

J Neuroinflammation. 2010;7:74. 

78. Czeh M, Gressens P, Kaindl AM. The yin and yang of microglia. Dev Neurosci. 2011;33:199-

209. 

79. De Vocht N, Lin D, Praet J, Hoornaert C, Reekmans K, Le Blon D, Daans J, Pauwels P, 

Goossens H, Hens N, Berneman Z, Van der Linden A, Ponsaerts P. Quantitative and 

phenotypic analysis of mesenchymal stromal cell graft survival and recognition by microglia 

and astrocytes in mouse brain. Immunobiology. 2013;218:696-705. 

80. Toriumi H, Yoshikawa M, Matsuda R, Nishimura F, Yamada S, Hirabayashi H, Nakase H, 

Nonaka J, Ouji Y, Ishizaka S, Sakaki T. Treatment of Parkinson's disease model mice with 

allogeneic embryonic stem cells: necessity of immunosuppressive treatment for sustained 

improvement. Neurol Res. 2009;31:220-227. 

81. Yirmiya R, Goshen I. Immune modulation of learning, memory, neural plasticity and 

neurogenesis. Brain Behav Immun. 2011;25:181-213. 

82. Kokaia Z, Martino G, Schwartz M, Lindvall O. Cross-talk between neural stem cells and 

immune cells: the key to better brain repair? Nat Neurosci. 2012;15:1078-1087. 

83. Martino G, Pluchino S, Bonfanti L, Schwartz M. Brain regeneration in physiology and 

pathology: the immune signature driving therapeutic plasticity of neural stem cells. Physiol 

Rev. 2011;91:1281-1304. 

84. Ohta S, Misawa A, Fukaya R, Inoue S, Kanemura Y, Okano H, Kawakami Y, Toda M. 

Macrophage migration inhibitory factor (MIF) promotes cell survival and proliferation of 

neural stem/progenitor cells. J Cell Sci. 2012;125:3210-3220. 

85. Dong S, Zeng Q, Mitchell ES, Xiu J, Duan Y, Li C, Tiwari JK, Hu Y, Cao X, Zhao Z. 

Curcumin enhances neurogenesis and cognition in aged rats: implications for transcriptional 

interactions related to growth and synaptic plasticity. PLoS One. 2012;7:e31211. 



 

 

86 

 

86. Opal SM, DePalo VA. Anti-inflammatory cytokines. Chest. 2000;117:1162-1172. 

87. Liu Y. The roles of Lcn2 in the inflammatory lung and liver [M.S.]. Ann Arbor, Iowa State 

University; 2007. 

88. Kuwabara T, Hsieh J, Muotri A, Yeo G, Warashina M, Lie DC, Moore L, Nakashima K, 

Asashima M, Gage FH. Wnt-mediated activation of NeuroD1 and retro-elements during adult 

neurogenesis. Nat Neurosci. 2009;12:1097-1105. 

89. Couillard-Despres S, Winner B, Schaubeck S, Aigner R, Vroemen M, Weidner N, Bogdahn U, 

Winkler J, Kuhn HG, Aigner L. Doublecortin expression levels in adult brain reflect 

neurogenesis. Eur J Neurosci. 2005;21:1-14. 

90. Hoglinger GU, Rizk P, Muriel MP, Duyckaerts C, Oertel WH, Caille I, Hirsch EC. Dopamine 

depletion impairs precursor cell proliferation in Parkinson disease. Nat Neurosci. 2004;7:726-

735. 

91. Freundlieb N, Francois C, Tande D, Oertel WH, Hirsch EC, Hoglinger GU. Dopaminergic 

substantia nigra neurons project topographically organized to the subventricular zone and 

stimulate precursor cell proliferation in aged primates. J Neurosci. 2006;26:2321-2325. 

92. Schober A. Classic toxin-induced animal models of Parkinson's disease: 6-OHDA and MPTP. 

Cell Tissue Res. 2004;318:215-224. 

93. Marxreiter F, Regensburger M, Winkler J. Adult neurogenesis in Parkinson's disease. Cell Mol 

Life Sci. 2013;70:459-473. 

94. O'Keeffe GC, Tyers P, Aarsland D, Dalley JW, Barker RA, Caldwell MA. Dopamine-induced 

proliferation of adult neural precursor cells in the mammalian subventricular zone is mediated 

through EGF. Proc Natl Acad Sci U S A. 2009;106:8754-8759. 

95. Im HJ, Hwang do W, Lee HK, Jang J, Lee S, Youn H, Jin Y, Kim SU, Kim EE, Kim YS, Lee 

DS. In vivo visualization and monitoring of viable neural stem cells using noninvasive 

bioluminescence imaging in the 6-hydroxydopamine-induced mouse model of Parkinson 

disease. Mol Imaging. 2013;12:224-234. 

96. Aswendt M, Adamczak J, Couillard-Despres S, Hoehn M. Boosting bioluminescence 

neuroimaging: an optimized protocol for brain studies. PLoS One. 2013;8:e55662. 

97. Tolwani RJ, Jakowec MW, Petzinger GM, Green S, Waggie K. Experimental models of 

Parkinson's disease: insights from many models. Lab Anim Sci. 1999;49:363-371. 

98. Shimohama S, Sawada H, Kitamura Y, Taniguchi T. Disease model: Parkinson's disease. 

Trends Mol Med. 2003;9:360-365. 

 

 

  



 

 

87 

 

 국    

 

6-OHDA  도  킨슨병 

마우스 모델에  신경  포 료에   

체내 상 추  찰  료 효과  평가 

 

임  

 

울 학  

합과학 학원 분자 학  이 약학과 

 

 신경  포 (Neural stem cell, NSC) 이식 료는 킨슨 

병(Parkinson’s disease, PD)  료에 안 고 있고 여러 PD 동  모델에  효과가 

있 이 보고 고 있다. NSC   가지 주  료 효과   NSC 가 분 하여 

손상  도 민  뉴런  체하는 것과 NSC  주변 분  효과에 한 피이식체 경  

변 이다. 그러나 아직 지 이식   포  생존이 생체 내에  량  지 

않았  에, 6-하이드 시도 민(6-hydroxydopamine, 6-OHDA)  도  

마우스 킨슨 병 모델  주요 료 커니즘   에 어느 쪽인지 분명하게  

있지 않다. 엑소좀(exosome)   포 료  주변 분  효과를 내는 주요 

분  알 지고 있 나 아직 PD 모델에 는 료 효과가 평가 지 않았다. 라 , 

이 연구  목  체내 학 상  통하여 향상  루시퍼라 (enhanced firefly 

lciferase, effLuc)를 하는 이식  NSC  생존  량  하고, 6-OHDA 도 
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마우스 모델 에  NSC  NSC 부  얻어진 엑소좀-미 틱 나노베지클(exosome-

mimetic nanovesicle)  료 효과를 평가 하는 것이다. 

PD 마우스 모델  른쪽 조체(striatum)에 6-OHDA  주입하여 도 

었다. 행동 검사  [18F] N-(3-플루  프 필)-2-베타-카르보 -3-베타-(4-요

도 페닐)nortropane([18F]FP-CIT) 양 자 출 단  (PET) 상  모델  검

증하 다. 인간 태아 래 신경  불멸 포주인 HB1.F3 에 effLuc gene  트

이러스 벡  질 도입하여 상 가능한 포주를 립하 다(F3-effLuc). F3-

effLuc 포 또는 F3-effLuc 래 엑소좀-미 틱 나노베지클(F3-NV)  PD  마우

스 모델  른쪽 조체 에 주입 하 다. 죽  F3-effLuc 포, 인간 포피 아

포(HFF-effLuc)  인산염 충액(phosphate buffer solution, PBS)이 조 군  

사용 었다. 포  F3-NV  료한 동 에  학 신 가 나타나지 않  지 

학 상  복 하 다. 이식 4 주 뒤에 [18F]FP-CIT  행동 시험  복하 다. 

마우스는 이식 후 4주에 아포모르핀(apomorphine) 주사 후 1 시간 뒤 희생시 , 도

민 송체 (dopamdopam transporter, DAT)  티 신 히드 실라 (tyrosin 

hydroxylase, TH), cFOS  면역염색  미상핵-과핵(caudateputamen)  단면에  시

행하 다. 또한, 자  마이크  어 이를 포 료 4 주 후 조체 조직  얻어 

행하 다. 량 실시간 합 효소 연쇄 (qRT-PCR)  마이크  어 이에  택

  자  인 하  해 행 하 다. 

 모든 6-OHDA 주입 마우스는 편  회  운동 이상  보이고 른쪽 조체 

에  [18F]FP-CIT  취가 히 감소 었다. F3-effLuc, HFF-effLuc 포  

이식 후, 생   신 는 뇌  른쪽에 보 다. 이는 10 일 후 찰이 지 않  

지 F3-effLuc HFF-effLuc 포  생체 생   강도는 히 감소했다. 

그리고 죽  F3-effLuc 포  PBS 료 군에 는 생체 생   신 가 없었다. 

Cy7  염색  F3-NV  주입 후 3 시간 뒤에 생체  상에  보 지만, 주사 
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후 24 시간에는 보이지 않았다. 이식 4 주 후 료  종  (F3-effLuc, F3-NV, 

HFF-effLuc  PBS)에 계 없이 PD 모델  [18F]FP-CIT 상, TH  DAT 면역 

염색 도에  한 차이는 없었다. 이식 후 4 주에 F3-effLuc 포는 일부 남아 

있었 나, TH 염색  지 않았다. 이 결과는 이식  F3-effLuc 포에 한 도 민 

신경 포 체  증거가 없  나타낸다. 그러나, 편  회  운동 이상  HFF-

effLuc, 또는 PBS 료 군에 하여 F3-effLuc 포 이식 군에  었다. F3-NV 

료 군에 는 료 2 주 뒤에는 는 양상  보 나 4 주째에 한  

보이지 않았다. 시냅스 후부 과민  지 인 cFOS 염색 도 또한 F3-effLuc 

료 군에  F3-NV, HFF-effLuc, PBS 료 군보다  낮았다. 마이크  어 이  

qRT-PCR  통하여 F3-effLuc 포 료 조체 (striatum)에  면역 , 포 

사멸 조   신경 달  자  이 다른 료 군에 하여  증가함이 

다. 

 F3-effLuc 이식 포  생존 여부는 공  생체 내 생   상  

통하여 찰 었다. PD 모델에  편  회  운동 이상과 PD 마우스  조체 시냅스 

후부 과민  F3-effLuc 이식  었다. F3-NV 료 군에 는 처 에는 

행동 개  경향  보 나 4 주 째 지 지속 지 않았다. 이식 F3-effLuc 포에 

한 도 민  포 능  직  인 체  증거는 없었다. 그러나, 면역 , 포 

사멸  조 , 신경 달에  자  이 F3-effLuc 료 후 조체에  

증가하 다. 라 , 본 실험 에  찰  PD 마우스 모델  증상  원인  F3-

effLuc 에 해  피이식체  자  변  일 가능 이 있다. 

 

주요어: 생   상, 킨슨 병, 신경  포, [18F]FP-CIT, 마이크  어 이  
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