저작자표시-비영리-변경금지 2.0 대한민국
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게
l

이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.

다음과 같은 조건을 따라야 합니다:

저작자표시. 귀하는 원저작자를 표시하여야 합니다.

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다.

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다.

l
l

귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.
저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다.
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.
Disclaimer

의학박사 학위논문

In vivo imaging and
evaluation of therapeutic effect of the
neural stem cell treatment in
6-OHDA induced mouse model of Parkinson’s disease

6-OHDA 로 유도된 파킨슨병
마우스 모델에서 신경 줄기 세포 치료에서의
체내 영상 추적 관찰 및 치료 효과의 평가

2015 년 2 월

서울대학교 융합과학기술대학원
분자의학 및 바이오제약학과

임 형 준

In vivo imaging and
evaluation of therapeutic effect of the
neural stem cell treatment in
6-OHDA induced mouse model of
Parkinson’s disease
지도교수 이 동 수

이 논문을 의학박사 학위논문으로 제출함
2014년 11월

서울대학교 융합과학기술대학원
분자의학 및 바이오제약학과

임 형 준
임형준의 의학박사 학위논문을 인준함
2014년 12월
위 원 장

(인)

부위원장

(인)

위

원

(인)

위

원

(인)

위

원

(인)

Contents

Contents ............................................................................................................ 1
Abstract ............................................................................................................ 3
List of tables...................................................................................................... 6
List of figures .................................................................................................... 7
List of abbreviations ......................................................................................... 9
Introduction .................................................................................................... 10
Purpose ........................................................................................................... 14
Materials and Methods .................................................................................. 15
Animals and Experimental Design ....................................................................................... 15
Preparation of Enhanced Firefly Luciferase Transduced NSC and HFF ................................ 18
Measurement of Luciferase Activity In vitro ........................................................................ 18
Induction of PD Model ........................................................................................................ 19
Stem Cell Transplantation .................................................................................................... 19
Behavioral Analysis ............................................................................................................. 20
In vivo Bioluminescence Imaging (BLI) of Transplanted Cells ............................................ 21
Prepaeration and Injection of F3-effLuc Derived Exosome-mimetic Nanovesicles................ 21
In vivo Fluorescence Imaging of F3-effLuc Derived Exosome-mimetic Nanovesicles .......... 22
[18F]FP-CIT Small Animal PET Scan................................................................................... 22
Tissue Preparation and Immunohistochemistry .................................................................... 23
Quantification of Immunohistochemistry Staining................................................................ 24
RNA Preparation for Gene Expression Array ....................................................................... 25
Microarray Data Acquisition and Analysis ........................................................................... 26
mRNA Quantification by Real-time PCR ............................................................................. 26
Statistical Analysis .............................................................................................................. 27
1

Results ............................................................................................................. 28
Part I. Validation of 6-OHDA Induced Mouse Model of PD................................................. 28
[18F]FP-CIT PET Imaging after 6-OHDA Injection ................................................ 28
Apomorphine Induced Rotation Test after 6-OHDA Injection ................................ 28
Immunohistochemistry........................................................................................... 29
Part II. Imaging of Transplanted NSC in Mouse Model of PD .............................................. 32
In vitro Luciferase Activity of EffLuc-transduced HB1.F3 Cells ............................ 32
In vivo Monitoring of Viable Transplanted F3-effLuc Cells .................................... 35
Histologic Examination of Transplanted F3-effLuc Cells ....................................... 38
Characteristics of Transplanted F3-effLuc Cells 4 weeks after Transplantation ....... 41
Part III. Evaluation of Effect of NSC and NSC Derived Exosome-mimetic Nanovesicle ....... 43
In vivo Monitoring of Viable Transplanted F3-effLuc and HFF-effLuc Cells .......... 43
In vivo Imaging of F3-NV ...................................................................................... 45
Evaluation of Behavior and and Post Synaptic Supersentivity ................................ 47
[18F]FP-CIT Binding Potential ............................................................................... 52
Gene Expression Array .......................................................................................... 55
Quantitative RT PCR of Representative Genes ....................................................... 59

Discussion ....................................................................................................... 63
Conclusion ...................................................................................................... 71
국 문 초 록 .................................................................................................... 87

2

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 6hydroxydopamine (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
3

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-(3fluoropropyl)-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
4

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
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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,

F: 110 min, 64Cu: 12.7 hours,

18

124

I : 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 nonspecific 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
12

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.
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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 6OHDA for PD model and PBS for sham model, [18F]FP-CIT PET and behavioral test were done.
15

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 retrovirusmediated 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 F3effluc, 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
18

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 6OHDA 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 6OHDA 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
19

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
20

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]FPCIT 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 3,39diaminobenzidine 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, HFFeffLuc, 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 6OHDA 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 pRVeffLuc 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).
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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). DiIpositive 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).

41

FIGURE 7. Immunohistochemical characteristics of transplanted F3-effLuc cells
(A) Anti-luciferase (green), (B) DiI-positive cells (pink) were found in the transplanted F3effLuc 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-effLuctransplanted 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 sidebiased 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 celltreated 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, HFFeffLuc 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).

51

[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 HFFeffLuc 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 F3effLuc 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, H2AA, 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).
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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 6OHDA 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 Dluciferin 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 F3effLuc 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 F3effLuc 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 upregulated 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).

70

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

Microarray

Accession No.

Forward (5’ -> 3’)

Reverse (5’ -> 3’)

Description

symbol

probe region

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

ll20rb

2,108~2,182bp

NM_001033543

CCAGCCAGACAAGGGTAGAG

TTGGCATCTGTGCTGAAGAC

serpin peptidase inhibitor, clade G (C1 inhibitor),
member 1
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

NeuroD1

924~983bp

NM_010894

CCCAGCTTAATGCCATCTTT

CCCAGCTTAATGCCATCTTT

Synaptic Ras GTPase activating protein 1
homolog
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

A_51_P284608

Cd74

A_55_P1962747

H2-Ab1

A_52_P343306

H2-Aa

A_55_P2070869

Lcn2

A_55_P2156731

H2-Eb1

A_52_P638459

Ccl5

A_51_P449325

H2-Oa

A_51_P112355

Igtp

A_55_P2016462

Cxcl10

A_55_P2133195

Gm4951

A_55_P1978465

H2-Q8

A_51_P137419

Cst7

A_55_P2016034

Nlrc5

A_51_P203955

Gbp2

A_55_P2137611

Irgm2

A_55_P2062246

Tgtp2

A_55_P2060333

S100a5

A_51_P110301

C3

A_51_P464703

Ccl8

A_51_P262171

Irgm1

A_51_P248666

Cd274

A_51_P369803

Psmb9

A_51_P345367

Psmb8

A_55_P1978511

H2-Q7

A_55_P1975560

Ifi204

A_51_P326191

Serpina3g

A_55_P2034033

Il12rb1

A_55_P2029528

LOC100044874

A_65_P19395

H2-D1

A_51_P198434

H2-K1

A_51_P502456

Gm7035

A_55_P2100824

LOC676689

Description
Mus musculus CD74 antigen (invariant polypeptide of major
histocompatibility complex, class II antigen-associated) (Cd74),
transcript variant 1, mRNA [NM_001042605]
Mus musculus histocompatibility 2, class II antigen A, beta 1 (H2Ab1), mRNA [NM_207105]
Mus musculus histocompatibility 2, class II antigen A, alpha (H2-Aa),
mRNA [NM_010378]
Mus musculus lipocalin 2 (Lcn2), mRNA [NM_008491]
Mus musculus histocompatibility 2, class II antigen E beta (H2-Eb1),
mRNA [NM_010382]
Mus musculus chemokine (C-C motif) ligand 5 (Ccl5), mRNA
[NM_013653]
Mus musculus histocompatibility 2, O region alpha locus (H2-Oa),
mRNA [NM_008206]
Mus musculus interferon gamma induced GTPase (Igtp), mRNA
[NM_018738]
Mus musculus chemokine (C-X-C motif) ligand 10 (Cxcl10), mRNA
[NM_021274]
Mus musculus predicted gene 4951 (Gm4951), mRNA
[NM_001033767]
Mus musculus histocompatibility 2, Q region locus 8 (H2-Q8), mRNA
[NM_023124]
Mus musculus cystatin F (leukocystatin) (Cst7), mRNA [NM_009977]
Mus musculus NLR family, CARD domain containing 5 (Nlrc5),
mRNA [NM_001033207]
Mus musculus guanylate binding protein 2 (Gbp2), mRNA
[NM_010260]
Mus musculus immunity-related GTPase family M member 2 (Irgm2),
mRNA [NM_019440]
Mus musculus T-cell specific GTPase 2 (Tgtp2), mRNA
[NM_001145164]
Mus musculus S100 calcium binding protein A5 (S100a5), mRNA
[NM_011312]
Mus musculus complement component 3 (C3), mRNA [NM_009778]
Mus musculus chemokine (C-C motif) ligand 8 (Ccl8), mRNA
[NM_021443]
Mus musculus immunity-related GTPase family M member 1 (Irgm1),
mRNA [NM_008326]
Mus musculus CD274 antigen (Cd274), mRNA [NM_021893]
Mus musculus proteasome (prosome, macropain) subunit, beta type 9
(large multifunctional peptidase 2) (Psmb9), mRNA [NM_013585]
Mus musculus proteasome (prosome, macropain) subunit, beta type 8
(large multifunctional peptidase 7) (Psmb8), mRNA [NM_010724]
Mus musculus histocompatibility 2, Q region locus 7 (H2-Q7), mRNA
[NM_010394]
Mus musculus interferon activated gene 204 (Ifi204), mRNA
[NM_008329]
Mus musculus serine (or cysteine) peptidase inhibitor, clade A, member
3G (Serpina3g), mRNA [NM_009251]
Mus musculus interleukin 12 receptor, beta 1 (Il12rb1), mRNA
[NM_008353]
PREDICTED: Mus musculus similar to MHC H2-K 24 polypeptide,
transcript variant 1 (LOC100044874), mRNA [XM_001473540]
Mus musculus histocompatibility 2, D region locus 1 (H2-D1), mRNA
[NM_010380]
Mus musculus histocompatibility 2, K1, K region (H2-K1), transcript
variant 1, mRNA [NM_001001892]
Mus musculus predicted pseudogene 7035 (Gm7035), non-coding RNA
[NR_004446]
PREDICTED: Mus musculus similar to H-2 class I histocompatibility
antigen, L-D alpha chain precursor (LOC676689), mRNA
[XM_992161]
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Fold change
21.909159
18.857233
18.580864
14.946039
14.780703
14.655974
12.070229
10.603052
10.446413
8.995941
8.649444
8.352922
8.102826
7.5899515
6.7225337
6.7209706
6.6824536
6.5130363
6.451402
5.934519
5.8631086
5.8174586
5.3047857
5.1209455
5.0499034
5.0132666
5.0059047
4.9958634
4.956506
4.866029
4.807926
4.804357

A_55_P2102181

LOC675328

A_55_P2011031

Cdk5rap1

A_55_P1981494

LOC677149

A_55_P2042813

Gbp11

A_55_P1978506

H2-Q6

A_51_P165182

Batf2

A_55_P2103837

Gbp4

A_51_P400752

H2-Q5

A_51_P219789

H2-Q2

A_51_P237754

H2-T23

A_55_P1998416

Ifi47

A_51_P151126

Cd52

A_55_P2108483

LOC630285

A_52_P327664

Gbp5

A_55_P2472435

Gbp3

A_55_P1966660

LOC547349

A_51_P387123

Oasl2

A_55_P1980548

LOC100047388

PREDICTED: Mus musculus similar to MHC H2-TL-T10-b
(LOC675328), misc RNA [XR_033777]
Mus musculus CDK5 regulatory subunit associated protein 1
(Cdk5rap1), mRNA [NM_025876]
PREDICTED: Mus musculus similar to H2-Bl protein (LOC677149),
mRNA [XM_001000983]
Mus musculus guanylate binding protein 11 (Gbp11), mRNA
[NM_001039647]
Mus musculus histocompatibility 2, Q region locus 6 (H2-Q6), mRNA
[NM_207648]
Mus musculus basic leucine zipper transcription factor, ATF-like 2
(Batf2), mRNA [NM_028967]
Mus musculus guanylate binding protein 4 (Gbp4), mRNA
[NM_008620]
Mus musculus histocompatibility 2, Q region locus 5 (H2-Q5), mRNA
[NM_010393]
Mus musculus histocompatibility 2, Q region locus 2 (H2-Q2), mRNA
[NM_010392]
Mus musculus histocompatibility 2, T region locus 23 (H2-T23),
mRNA [NM_010398]
Mus musculus interferon gamma inducible protein 47 (Ifi47), mRNA
[NM_008330]
Mus musculus CD52 antigen (Cd52), mRNA [NM_013706]
PREDICTED: Mus musculus similar to human leucocyte antigen B
(LOC630285), misc RNA [XR_031378]
Mus musculus guanylate binding protein 5 (Gbp5), mRNA
[NM_153564]
Mus musculus guanylate binding protein 3 (Gbp3), mRNA
[NM_018734]
Mus musculus similar to MHC class I antigen precursor (LOC547349),
mRNA [NM_001025208]
Mus musculus 2'-5' oligoadenylate synthetase-like 2 (Oasl2), mRNA
[NM_011854]
PREDICTED: Mus musculus similar to H2-T18 protein
(LOC100047388), mRNA [XM_001478042]
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4.7704496
4.7221227
4.6854496
4.250416
4.1933317
4.1765633
4.1593533
4.1286383
4.120713
4.058871
4.0574646
4.016262
3.9646418
3.9184496
3.900553
3.8859255
3.8441498
3.8347154

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

Mus musculus WAP four-disulfide core domain 2 (Wfdc2), mRNA
[NM_026323]
Mus musculus sclerostin domain containing 1 (Sostdc1), mRNA
[NM_025312]
Mus musculus RIKEN cDNA 1500015O10 gene (1500015O10Rik),
mRNA [NM_024283]
Mus musculus WAP four-disulfide core domain 2 (Wfdc2), mRNA
[NM_026323]

0.1120082

A_55_P1953341

Wfdc2

A_55_P2158121

Sostdc1

A_51_P404463

1500015O10Rik

A_55_P2016166

Wfdc2

A_66_P139387

Prlr

A_51_P403814

Slc4a5

A_55_P1982962

Gm412

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

Mus musculus prolactin receptor (Prlr), mRNA [NM_011169]
Mus musculus solute carrier family 4, sodium bicarbonate
cotransporter, member 5 (Slc4a5), mRNA [NM_001166067]
PREDICTED: Mus musculus gene model 412, (NCBI) (Gm412),
mRNA [XM_889797]

Mus musculus potassium inwardly-rectifying channel, subfamily J,
member 13 (Kcnj13), mRNA [NM_001110227]
PREDICTED: Mus musculus hypothetical protein LOC100039807
(LOC100039807), mRNA [XM_001473559]

0.114055
0.1151213
0.1175238
0.1302774
0.1317901
0.1327732

0.1642007

A_55_P2081050

Kcnj13

A_55_P2037783

LOC100039807

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

0.1680203

Mus musculus six transmembrane epithelial antigen of the prostate 1
(Steap1), mRNA [NM_027399]
Mus musculus expressed sequence AI507597 (AI507597), non-coding
RNA [NR_033566]
Mus musculus betaine-homocysteine methyltransferase 2 (Bhmt2),
mRNA [NM_022884]

0.1847172

0.1828957

A_51_P484158

Steap1

A_55_P1973120

AI507597

A_51_P321734

Bhmt2

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

A_55_P2091592

Bnipl

A_55_P1978571

Otx2

A_66_P128079

Gm5604

A_51_P324814

Krt18

A_55_P2066878

Kcnj13

A_51_P477481

1110059M19Rik

A_51_P479548

Gpr150

A_52_P367760

Calml4

A_52_P302544

Col8a2

A_52_P817257

Gm5480

Mus musculus MHC I like leukocyte 2 (Mill2), transcript variant 1,
mRNA [NM_153761]
Mus musculus BCL2/adenovirus E1B 19kD interacting protein like
(Bnipl), transcript variant 2, mRNA [NM_001168356]
Mus musculus orthodenticle homolog 2 (Drosophila) (Otx2), mRNA
[NM_144841]
PREDICTED: Mus musculus similar to Keratin 8 (LOC675884), misc
RNA [XR_004919]
Mus musculus keratin 18 (Krt18), mRNA [NM_010664]
Mus musculus potassium inwardly-rectifying channel, subfamily J,
member 13 (Kcnj13), mRNA [NM_001110227]
Mus musculus RIKEN cDNA 1110059M19 gene (1110059M19Rik),
mRNA [NM_026841]
Mus musculus G protein-coupled receptor 150 (Gpr150), mRNA
[NM_175495]
Mus musculus calmodulin-like 4 (Calml4), transcript variant 1, mRNA
[NM_138304]
Mus musculus collagen, type VIII, alpha 2 (Col8a2), mRNA
[NM_199473]
PREDICTED: Mus musculus predicted gene, EG432995 (EG432995),
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0.1850901

0.196473
0.2017867
0.2032051
0.2034955
0.2037906
0.2068633
0.2097681
0.2211078
0.2251773
0.2299294
0.2340977

mRNA [XM_488763]
A_55_P1960148

Igh-VJ558

A_55_P2172678

Tm4sf19

A_55_P2200466

BC002195

A_51_P509679

Igh-VJ558

A_52_P373065

Adam26a

A_52_P588881

Iqgap3

A_51_P282211

Ltb4r2

A_51_P139678

Sprr1a

A_51_P372456

Wdr86

A_55_P2413069

4933427I22Rik

A_55_P2156515

LOC100047866

A_51_P128696

Slc16a8

A_55_P2146034

Abca4

A_55_P1981224

Il24

A_55_P2075692

Trpm3

A_55_P1957942

Apeg3

Ig alpha chain C region [Source:UniProtKB/Swiss-Prot;Acc:P01878]
[ENSMUST00000103412]
Mus musculus transmembrane 4 L six family member 19 (Tm4sf19),
mRNA [NM_001160402]
Mus musculus cDNA sequence BC002195, mRNA (cDNA clone
MGC:7427 IMAGE:3489024), complete cds. [BC002195]
Ig alpha chain C region [Source:UniProtKB/Swiss-Prot;Acc:P01878]
[ENSMUST00000103412]
Mus musculus a disintegrin and metallopeptidase domain 26A (testase
3) (Adam26a), mRNA [NM_010085]
Mus musculus IQ motif containing GTPase activating protein 3
(Iqgap3), mRNA [NM_001033484]
Mus musculus leukotriene B4 receptor 2 (Ltb4r2), mRNA
[NM_020490]
Mus musculus small proline-rich protein 1A (Sprr1a), mRNA
[NM_009264]
Mus musculus WD repeat domain 86 (Wdr86), mRNA
[NM_001081441]
Mus musculus adult male testis cDNA, RIKEN full-length enriched
library, clone:4933427I22 product:unclassifiable, full insert sequence.
[AK016955]
PREDICTED: Mus musculus hypothetical protein LOC100047866
(LOC100047866), mRNA [XM_001479031]
Mus musculus solute carrier family 16 (monocarboxylic acid
transporters), member 8 (Slc16a8), mRNA [NM_020516]
Mus musculus ATP-binding cassette, sub-family A (ABC1), member 4
(Abca4), mRNA [NM_007378]
Mus musculus interleukin 24 (Il24), mRNA [NM_053095]
Mus musculus transient receptor potential cation channel, subfamily
M, member 3 (Trpm3), transcript variant 8, mRNA [NM_001035245]
Mus musculus antisense transcript gene of Peg3 (Apeg3), antisense
RNA [NR_023846]
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0.2344781
0.2361549
0.2465884
0.2469386
0.2520773
0.2525902
0.2602118
0.2644851
0.269838
0.2767067
0.2792957
0.2816216
0.2928185
0.2984033
0.3000691
0.3041189

Table 4. Classification of top 50 up and down regulated genes according to gene ontology terms
Category

Up regulated gene

Aging
Angiogenesis

Down regulated genes
1500015O10Rik, Kl

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,

Prlr, Otx2, Adam26a, Sprr1a

H2-Oa, Psmb8, Ifi204
Cell proliferation

Cd74, H2-Ab1, H2-Aa, Ccl5

Aqp1, Bnipl, Col8a2, Iqgap3, Il24

Cxcl10, Cd274, Il12rb1
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, H2T23, Gbp5, Gbp3

Inflammatory response

Ccl5, Cxcl10, C3, Ccl8

Secretion

Cd74, H2-Eb1, Ccl5, Cxcl10
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Prlr, Aqp1

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
neuron development

1.324503
2.093023

CARD11, PTPRC, IKZF1, H2-OA, IL4RA, H2-AA, IL2RG, CD1D1, H2DMA, CD74
SLITRK2, GDF7, TH, VAX1, ROBO3, DCX, SYNGAP1, Emx1, NeuroD2

negative regulation of
immune response

0.662252

PTPRC, IL20RB, FCGR2B, SERPING1, SPN

GO:0048666
GO:0050777
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국 문 초 록

6-OHDA 로 유도된 파킨슨병
마우스 모델에서 신경 줄기 세포 치료에서의
체내 영상 추적 관찰 및 치료 효과의 평가

임형준

서울대학교
융합과학기술대학원 분자의학 및 바이오제약학과

신경

줄기

세포

(Neural

stem

cell,

NSC)

이식

치료는

파킨슨

병(Parkinson’s disease, PD)의 치료에 제안되고 있고 여러 PD 동물 모델에서 효과가
있음이 보고 되고 있다. NSC 의 두 가지 주된 치료 효과의 기전은 NSC 가 분화하여
손상된 도파민성 뉴런을 대체하는 것과 NSC 의 주변 분비 효과에 의한 피이식체 환경의
변화이다. 그러나 아직까지 이식 된 줄기 세포의 생존이 생체 내에서 정량화 되지
않았기 때문에, 6-하이드록시도파민(6-hydroxydopamine, 6-OHDA) 로 유도 된
마우스 파킨슨 병 모델 의 주요 치료 메커니즘은 둘 중에 어느 쪽인지 분명하게 밝혀져
있지 않다. 엑소좀(exosome)은 줄기 세포 치료 의 주변 분비 효과를 내는 주요
성분으로 알려지고 있으나 아직 PD 모델에서는 치료 효과가 평가되지 않았다. 따라서,
이 연구의 목적은 체내 광학 영상을 통하여 향상된 루시퍼라제(enhanced firefly
lciferase, effLuc)를 발현하는 이식 된 NSC 의 생존을 정량화 하고, 6-OHDA 유도
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마우스 모델 에서 NSC 와 NSC 로부터 얻어진 엑소좀-미메틱 나노베지클(exosomemimetic nanovesicle) 의 치료 효과를 평가 하는 것이다.
PD 마우스 모델은 오른쪽 선조체(striatum)에 6-OHDA 의 주입하여 유도 되
었다. 행동 검사와 [18F] N-(3-플루오로 프로필)-2-베타-카르보메-3-베타-(4-요
오도 페닐)nortropane([18F]FP-CIT) 양전자 방출 단층 촬영(PET)영상으로 모델을 검
증하였다. 인간 태아 유래 신경 줄기 불멸 세포주인 HB1.F3 에 effLuc gene을 레트로
바이러스 벡터로 형질 도입하여 영상 가능한 세포주를 확립하였다(F3-effLuc). F3effLuc 세포 또는 F3-effLuc 유래 엑소좀-미메틱 나노베지클(F3-NV)은 PD 의 마우
스 모델 의 오른쪽 선조체 에 주입 하였다. 죽은 F3-effLuc 세포, 인간 포피 섬유아세
포(HFF-effLuc) 및 인산염 완충액(phosphate buffer solution, PBS)이 대조 군으로
사용 되었다. 세포 및 F3-NV 로 치료한 동물에서 광학 신호가 나타나지 않을 때까지
광학 영상을 반복 하였다. 이식 4 주 뒤에 [18F]FP-CIT 및 행동 시험을 반복하였다.
마우스는 이식 후 4주에 아포모르핀(apomorphine) 주사 후 1 시간 뒤 희생시켜, 도파
민

수송체

(dopamdopam

transporter,

DAT)와

티로신

히드록실라제(tyrosin

hydroxylase, TH), cFOS의 면역염색을 미상핵-과핵(caudateputamen)의 단면에서 시
행하였다. 또한, 유전자 발현 마이크로 어레이를 세포 치료 4 주 후 선조체 조직을 얻어
수행하였다. 정량 실시간 중합 효소 연쇄 반응(qRT-PCR)을 마이크로 어레이에서 선택
된 표적 유전자 발현을 확인 하기 위해 수행 하였다.
모든 6-OHDA 주입 마우스는 편측 회전 운동 이상을 보이고 오른쪽 선조체
에서 [18F]FP-CIT 의 섭취가 현저히 감소되었다. F3-effLuc, HFF-effLuc 세포의
이식 후, 생물 발광 신호는 뇌의 오른쪽에 보였다. 이는 10 일 후 관찰이 되지 않을
때까지 F3-effLuc HFF-effLuc 세포의 생체 생물 발광 강도는 서서히 감소했다.
그리고 죽은 F3-effLuc 세포 혹은 PBS 치료 군에서는 생체 생물 발광 신호가 없었다.
Cy7 으로 염색된 F3-NV 은 주입 후 3 시간 뒤에 생체 형광 영상에서 보였지만, 주사
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후 24 시간에는 보이지 않았다. 이식 4 주 후 치료의 종류 (F3-effLuc, F3-NV,
HFF-effLuc 와 PBS)에 관계 없이 PD 모델의 [18F]FP-CIT 영상, TH 및 DAT 면역
염색 정도에 유의 한 차이는 없었다. 이식 후 4 주에 F3-effLuc 세포는 일부 남아
있었으나, TH 염색은 되지 않았다. 이 결과는 이식된 F3-effLuc 세포에 의한 도파민
신경 세포 대체의 증거가 없음을 나타낸다. 그러나, 편측 회전 운동 이상은 HFFeffLuc, 또는 PBS 치료 군에 비하여 F3-effLuc 세포 이식 군에서 호전되었다. F3-NV
치료 군에서는 치료 2 주 뒤에는 호전되는 양상을 보였으나 4 주째에 유의한 호전을
보이지 않았다. 시냅스 후부 과민 반응의 지표인 cFOS 염색 정도 또한 F3-effLuc
치료 군에서 F3-NV, HFF-effLuc, PBS 치료 군보다 더 낮았다. 마이크로 어레이와
qRT-PCR 을 통하여 F3-effLuc 세포 치료 선조체 (striatum)에서 면역 반응, 세포
사멸 조절 및 신경 발달 관련 유전자의 발현이 다른 치료 군에 비하여 더 증가함이
밝혀졌다.
F3-effLuc 이식 세포의 생존 여부는 성공적으로 생체 내 생물 발광 영상을
통하여 관찰되었다. PD 모델에서 편측 회전 운동 이상과 PD 마우스의 선조체 시냅스
후부 과민 반응은 F3-effLuc 이식으로 호전되었다. F3-NV 치료 군에서는 처음에는
행동 개선의 경향을 보였으나 4 주 째 까지 지속되지 않았다. 이식 F3-effLuc 세포에
의한 도파민성 세포 기능의 직접 적인 대체의 증거는 없었다. 그러나, 면역 반응, 세포
사멸의 조절, 신경 발달에 관련된 유전자의 발현이 F3-effLuc 치료 후 선조체에서
증가하였다. 따라서, 본 실험 에서 관찰된 PD 마우스 모델의 증상 호전의 원인은 F3effLuc 에 의해 유발된 피이식체의 유전자 발현의 변화 때문일 가능성이 있다.

주요어: 생물 발광 영상, 파킨슨 병, 신경 줄기 세포, [18F]FP-CIT, 마이크로 어레이
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