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bstract

Parkinson’s disease (PD) is a neurodegenerative disorder, caused by a selective loss of dopaminergic neurons in the substantia nigra. In PD,
he best therapeutic modalities cannot halt the degeneration. The selective hallmark pathology and the lack of effective treatment make PD an
ppropriate candidate for cell replacement therapy. Adult autologous bone-marrow-derived mesenchymal stem cells (MSCs) have been investigated
s candidates for cell replacement strategies. Several laboratories, including ours, have induced MSCs into neuron-like cells demonstrating a variety
f neuronal markers including dopaminergic characteristics, such as the expression of tyrosine hydroxylase (TH). This project aimed to induce
SCs into mature dopamine secreting cells and to generate a bioassay to evaluate the induction. For that purpose, we created a reporter vector

ontaining a promoter of TH, the rate-limiting enzyme in the dopamine synthesis and red fluorescent protein DsRed2. Transfection of human
euroblastoma, dopamine synthesizing, SH-SY5Y cells confirmed the reliability of the constructed reporter plasmid. Following dopaminergic
ifferentiation of the transfected human MSCs cells, TH expressing cells were identified and quantified using flow cytometry. Further study

evealed that not only did the differentiated cells activate TH promoter but they also expressed TH protein and secreted dopamine. The reported
esults indicate that MSCs may be primed in vitro towards a dopaminergic fate offering the promise of innovative therapy for currently incurable
uman disorders, including PD.

2007 Elsevier Ireland Ltd. All rights reserved.
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arkinson’s disease (PD) is a neurodegenerative disorder,
ttributed to the degeneration of dopaminergic neurons in the
ubstantia nigra. Although several treatments have been shown
o modify the course of the disease, none successfully halted the
egeneration [1]. Owing to these factors, cell replacement ther-
py to replace the degenerated dopaminergic cells may serve as a
aluable alternative to achieve significant clinical improvement.

Adult autologous bone-marrow-derived mesenchymal stem
ells (MSCs) have been proposed as candidates for cell replace-

ent therapy of neurodegenerative diseases. These cells are

ble to differentiate beyond tissues of mesodermal origin into
euron-like cells, demonstrating a variety of neuronal mark-
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rs and transcription factors [2,3,5,7,12,14,15,18,19]. To our
nowledge, there has been only one published study in which
on-transformed human MSCs were induced in vitro into
ature neuron-like cells showing dopamine synthesis [5]. In the

bove-mentioned study, dopamine production required supple-
entation of tetrahydrobiopterin (BH4), a cofactor for dopamine

ynthesis, potentially limiting the clinical relevance of the
ifferentiated cells. Therefore, the major limiting factor of MSC-
erived replacement therapy of PD is the difficulty in obtaining
ufficient functional dopamine secreting cells.

This project aimed to induce MSCs into mature dopamine
ecreting cells and to generate a bioassay to evaluate the induc-
ion. For this purpose, we successfully generated a vector of red

uorescent protein (RFP) under the promoter of human tyrosine
ydroxylase (TH), the rate-limiting enzyme in the dopamine
ynthesis. Following the induction of dopaminergic differentia-
ion the activation of TH promoter was evaluated and quantified
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tilizing the generated assay. In addition, we addressed the
xpression of TH protein and the secretion of dopamine in the
ifferentiated cells.

TH vector was generated from the promotorless plasmid
DsRed2-1 (Clontech, Palo Alto, CA) and pHGTLI-190 plas-
id (kindly given by Karen L. O’Malley, School of Medicine,
ashington University). The plasmids were cloned, extracted

nd digested with HindIII restriction enzyme (MBI Fermentas,
anover, MD). Human TH promoter 5′-flanking region of about
420 bp, obtained by HindIII digestion of the PHGTLI-190, was
loned directly into multiple cloning site of pDsRed2-1 vector,
igested by HindIII, upstream of the promotorless reporter gene
ncoding a variant of RFP-DsRed2 to generate TH190. TH190
as transformed into competent bacteria and grown on agar
lates with 50 �l/ml Kanamicin antibiotics. Restriction analysis
nd PCR reaction using 22 bases sense primer 5′ tgg gcc ata gag
gg ctg agt g 3′, homological to TH promoter sequence, and 22
ases antisense primer 5′ gtc ccc tcc atg cgc acc ttg a 3′, homo-
ogical to pDsRed2-1 sequence, followed by sequencing verified
he incorporation and the correct orientation of the insert.

Human neuroblastoma cells, SH-SY5Y (ATCC, Manassas,
A), were maintained in Dulbecco’s modified Eagle’s medium

DMEM; Biological Industries, Bet-Haemek, Israel) supple-
ented with 100 �g/ml streptomycin, 100 U/ml penicillin, and

2.5 U/ml nystatin (SPN; Biological Industries), 10% fetal calf
erum (FCS; Biological Industries) and 2 mM l-glutamine (Bio-
ogical Industries). TH190 and pDsRed2-1 (control) plasmids
ere transfected into SH-SY5Y cells with LipofectAMINE Plus

eagent (Invitrogen, Carlsbad, CA). The expression of DsRed2
rotein was observed by Olympus IX70-S8F2 microscope and
ictures were taken by Olympus digital camera (DP50) with
iewfinderLiteTM software (Olympus). Picture analysis was
arried out using StudioLiteTM software (Olympus).

The study was approved by the Helsinki ethical committee
f the Israeli Ministry of Health and Tel-Aviv University, and
ndividual informed consent was obtained from donors. MSCs
ere isolated as previously described [2] and cultured in growth
edium. Growth medium consisted of DMEM supplemented
ith 15% FCS, 2 mM l-glutamine and SPN. The cell cultures
ere maintained at 37 ◦C in a humidified 5% CO2 and 20%
2 incubator. When cells reached 70–90% confluency, cultures
ere harvested with trypsin–EDTA solution (0.25% trypsin

nd EDTA 1:2000 in Puck’s saline) (Biological Industries).
SCs were transfected with TH190 and pDsRed2-1 (con-

rol) plasmids with LipofectAMINE 2000 reagent (Invitrogen).
ollowing transfection, cells were induced into dopaminergic
eurons and the expression of DsRed2 was evaluated by fluores-
ent microscope and fluorescence-activated cell sorting (FACS)
nalysis. For the quantification of cells activating TH promoter,
SCs were transfected with TH190 with LipofectAMINE 2000

eagent followed by G418 sulfate (Calbiochem, La Jolla, CA)
ntibiotics selection and dopaminergic differentiation. DsRed2
xpression was evaluated by fluorescent microscope and quan-

ified by FACS analysis.

Dopaminergic differentiation was induced by a previously
escribed protocol [2]. Briefly, MSCs were cultured for at least
4 days, as described above. Growth medium was replaced
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ith differentiation medium I consisting of DMEM supple-
ented with 10% FCS, 2 mM glutamine, SPN, 10 ng/ml basic
broblast growth factor (bFGF; R&D Systems, Minneapolis,
N), 10 ng/ml epidermal growth factor (EGF; R&D systems)

nd N2 supplement (5 �g/ml insulin, 20 nM progesterone,
00 �M putrescine, 30 nM selenium, 100 �g/ml transferrin).
orty-eight hours later, the medium was replaced with dif-
erentiation medium II containing DMEM supplemented with
PN, 2 mM l-glutamine, N2 supplement, 200 �M butylated
ydroxyanisole (BHA; Sigma, St. Louis, MO), 1 mM dibutyryl
yclic AMP (dbcAMP; Sigma), 3-isobutyl-1-methyl-xanthine
IBMX; Sigma) and 1 �M all-trans-retinoic acid (RA; Sigma)
or 48 h. For high-performance liquid chromatography (HPLC)
nalysis, following 48 h incubation in differentiation medium I,
ells were exposed to differentiation medium II supplemented
ith 10 ng/ml human glial cell line-derived neurotrophic factor

GDNF; R&D systems) for 96 h.
For FACS analysis, the cells were harvested by incubation in

rypsin/EDTA solution resuspended in 0.5 ml PBS and studied
y a FACSCaliburTM flow cytometer utilizing CELLQuestTM
ersion 3.0 software (Becton Dickinson, San Jose, CA). Specific
taining was measured from the cross-point of control curve and
reatment curve.

Protein extraction and Western blotting were prepared as
escribed previously [7]. In short, total protein was extracted by
uspending the harvested cells in lysis buffer containing 10 mM
ris Base (U.S. Biochemical Corporation, Cleveland, OH),
mM EDTA (Merck, Whitehouse Station, NJ), 140 mM sodium
hloride (NaCl; BioLab, Jerusalem, Israel), 10 mM sodium fluo-
ide (NaF; Sigma), 0.5% NP 40 (U.S. Biochemical Corporation)
nd 1 �M phenylmethylsulfonyl fluoride (PMSF; Sigma). Fol-
owing 30 min incubation on ice, the mixture was centrifuged
nd supernatants were collected. Protein content was determined
y BCA protein assay kit (Pierce, Rockford, IL). Twenty-five
icrograms of protein from each sample was subjected to SDS-

AGE (12.5% acrylamide), followed by electrophoretic transfer
o nitrocellulose membrane (Schleicher & Schuell, Dassel, Ger-

any). Membranes were probed by mouse anti-TH (1:10,000)
Sigma) followed by goat anti-mouse horseradish peroxidase
onjugated antibody (1:10,000) (Jackson, West Grove, PA) and
abbit anti-emerin (1:5000) (Santa Cruz, Delaware Avenue, CA),
ollowed by goat anti-rabbit horseradish peroxidase conjugated
econdary antibody (1:10,000) (Sigma). Proteins of interest were
etected using the enhanced Super Signal® chemiluminescent
etection kit (Pierce).

Reverse-phase HPLC coupled with an electrochemical detec-
or (ECD) was used to measure dopamine levels. Briefly, the
onditioned mediums of MSCs (growth medium) and differen-
iated neuron-like cells (differentiation medium) were harvested
nd cells were incubated in KCL depolarization buffer con-
aining 56 mM KCL in Hank’s balanced salt solution (HBSS;
iological Industries) for 30 min. Following the collection all the

amples were stabilized with 0.1 M perchloric acid/metabisulfite

2 mg/ml) (Sigma), and extracted by aluminum adsorption
Bioanalytical Systems, West Lafayette, IN). An aliquot of
ltrate was applied to HPLC/ECD (Bioanalytical Systems)
quipped with a catecholamine C18 column (125 mm × 4.6 mm)
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ig. 1. Transfection of human neuroblastoma cells (SH-SY5Y). SH-SY5Y cell
ith TH190 plasmid (B). Fluorescent microscope detected the appearance of D

Hichrom, Berkshire, UK) and with the electrode poten-
ial set at +0.65 V versus the Ag/AgCl reference electrode.
he mobile phase consisted of a monochloroacetate buffer

150 mM, pH 3) containing 10% methanol, 30 mg/l sodium 1-
ctanesulfonate and 2 mM EDTA. Flow rate was 1.2 ml/min.
-3,4-Dihydroxyphenylalanine (l-dopa) and dopamine were
dentified by retention time and were validated by co-elution
ith cathecolamine standards under varying buffer conditions

nd detector settings.
In order to verify the reporter activity of the constructed

H reporter vector—TH190, TH190 and pDsRed2-1 plasmid
negative control) were transfected into human dopaminergic
euroblastoma cells—SH-SY5Y. Two days following the trans-
ection the expression of the RFP was identified only in the
H190 transfected cells (Fig. 1).

Following the transfection of SH-SY5Y cells, we transfected
SCs with TH190 or pDsRed2-1 plasmid (negative control) in

rder to provide evidence that the RFP expression was not the
utcome of the transfection process itself. The transfected cells

nderwent induced dopaminergic differentiation. FACS analy-
is revealed an increase in the amount of RFP expressing cells
ithin the differentiated cells transfected with TH190 versus

ells transfected with pDsRed2-1 (Fig. 2).

ig. 2. Detection of TH promoter activation in dopaminergic neuron-like cells.
SCs were transfected with TH190 plasmid or pDsRed2-1 plasmid (control)

nd induced to differentiate into dopaminergic neurons. Flow cytometry deter-
ined the expression of DsRed2 in cells transfected with TH190 (red line) or

DsRed-1 (black line). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
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e transfected with promotorless pDsRed2-1 plasmid (negative control) (A) and
color, expressed under the control of TH promoter.

To quantify the elevation in the amount of RFP expressing
ells following induced dopaminergic differentiation of MSCs
e achieved stable transfection of MSCs with TH190 vector.
part of the stably transfected cells underwent dopaminergic

nduction. Fluorescent microscope revealed a small number of
SCs expressing RFP before differentiation (Fig. 3A). Follow-

ng differentiation, we observed a distinct increase in the amount
f the RFP expressing cells (Fig. 3B). FACS analysis indicated
ore specific data: induction of dopaminergic differentiation

esulted in an increase of 31% in the amount of RFP express-
ng cells (Fig. 3C). A repetition of the experiment yielded an
ncrease of 38% in the amount of RFP expressing cells (data not
hown).

Western blot analysis of TH protein expression normal-
zed to the nuclear membrane protein, emerin, showed that

SCs expressed basal levels of TH and raised the TH expres-
ion levels following dopaminergic induction (Fig. 4A). The
xperiment was repeated more than three times. HPLC analy-
is of l-dopa secretion showed that prior to induction, MSCs
ecreted 14.4 pg/ml per 2 × 105 cells before KCL depolariza-
ion and 31.0 pg/ml per 2 × 105 cells after incubation with
6 mM KCL. Following induction, dopaminergic neuron-like
ells secreted 152.2 pg/ml per 2 × 105 cells of l-dopa before
CL induced depolarization and 33.6 pg/ml per 2 × 105 cells

fter depolarization (Fig. 4B). Dopamine was not detectable in
he MSCs medium with or without KCL depolarization. Fol-
owing dopaminergic induction, only the cells incubated with
6 mM KCL, secreted dopamine (123.8 pg/ml per 2 × 105 cells)
Fig. 4C). Additional experiments with MSCs obtained from
everal human donors confirmed the secretion of dopamine
ollowing GDNF enriched dopaminergic induction and KCL
epolarization (data not shown).

In the present study, we generated a reporter plasmid that
xpressed RFP following the activation of the TH promoter.
y using the latter assay we revealed that the dopaminergic

nduction of MSCs resulted in 31% elevation in the number
f cells activating the TH promoter. Further analysis pointed
ut that undifferentiated MSCs express TH protein and produce

elatively small amounts of dopamine precursor—l-dopa. Fol-
owing the in vitro induced dopaminergic differentiation, the
ells elevated the expression levels of TH protein, raised the
mounts of produced l-dopa and secreted dopamine.
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Fig. 3. Quantification of MSCs activating TH promoter following dopaminergic induction. MSCs were stably transfected with TH190 vector and partially induced to
d
(
c

F
d
m

ifferentiate into dopaminergic neurons. DsRed2 expression was revealed by fluoresce
B). Flow cytometry detected the DsRed2 expressing cells (C). Quantification was m
ells graph (red line).

ig. 4. Functional attributes of MSCs following dopaminergic induction. (A) Weste
opaminergic neuron-like cells (Diff.). HPLC analysis of l-dopa (B) and dopamine (C
edium/differentiation medium II) and to the KCL HBSS depolarization buffer.
nt microscope in MSCs (A) and in differentiated dopaminergic neuron-like cells
ade from the cross-point of the MSCs graph (black line) with the differentiated

rn blot analysis of TH and emerin expressions in MSCs and in differentiated
) secreted by MSCs and differentiated cells to the conditioned medium (growth
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TH is the initial and rate-limiting enzyme in the cate-
holamine synthesis pathway, and considered the ‘principal
egulator’ of dopamine biosynthesis in the central nervous sys-
em. TH catalyzes the conversion of tyrosine to the l form of
opa. l-Dopa is converted to dopamine by amino acid decar-
oxylase (AADC). Nagatsu et al. [9] showed that post-mitotic
ifferentiation of dopamine progenitors is marked by the upreg-
lation of mature dopaminergic markers, such as TH. The study
f Sawamoto et al. [13] demonstrated TH expression in the
eveloping dopaminergic neurons of the ventral mesencephalon
n transgenic mice expressing green fluorescent protein (GFP)
nder the control of the rat TH gene promoter. Isolation and
ransplantation of the labeled cells into the rat model of PD
ad beneficial effects on clinical outcomes. Several studies of
opaminergic induction reported TH expression in MSCs after
nduced differentiation [2,3,5,18]. In view of the fact that many
tudies exploit TH expression for the evaluation of dopamin-
rgic differentiation, there is a rising need to label, quantify
nd finally sort the TH positive cells. In this study, we gen-
rated a reporter assay of red fluorescent protein under human
H gene promoter. By using this newly generated system we
iscovered that a small amount of undifferentiated MSCs acti-
ates the TH promoter. These findings correlate with the reported
esults of MSCs expressing neuronal markers [2,16,18]. Fol-
owing the induced differentiation, we detected an elevation of
1% in the number of cells that activated the TH promoter.
estern blot analysis supported our findings showing that not

nly does the dopaminergic differentiation of MSCs elevate the
umber of cells that activate the TH promoter but it also ele-
ates the production of TH protein. Since the expression of TH
s an essential but not a sufficient requirement of dopaminer-
ic differentiation, we explored the functional properties of the
opaminergic cells, mainly the production and the release of
opamine and its precursor l-dopa. Our study reveals, for the
rst time to our knowledge, that undifferentiated MSCs express
H and produce and secrete l-dopa, supporting previously pro-
osed theory of neural predisposition of MSCs [2]. The levels
f the secreted l-dopa did not change significantly before and
fter KCL induced depolarization. In addition, MSCs did not
ecrete any recognizable amounts of dopamine. Following the
nduction of dopaminergic differentiation, elevated levels of l-
opa were detected in the conditioned medium. However, further
CL induced depolarization, reverted the levels of the secreted
-dopa to baseline (i.e. pre-differentiation levels). We hypoth-
size that since the produced l-dopa was released through a
ifferent mechanism than depolarization-dependent mechanism
sed by vesicle-bound neurotransmitters, the incubation time of
0 min was the cause for the low levels of l-dopa recorded in the
epolarization buffer of the differentiated cells. Because l-dopa
s an amino acid, the most probable form of l-dopa release is by
he use of constitutive amino acid transport mechanisms. The
ecretion of dopamine was recorded only after KCL induced
epolarization of the differentiated cells, stressing the termi-

al and functional induction of the MSCs. However, when the
nduction medium did not include GDNF, no dopamine secre-
ion was recorded (data not shown). GDNF is one of the most
otent trophic factors for nigral DA neurons [8], playing a role

[

[

tters 419 (2007) 28–33

n development and survival [4,6,8]. It is not surprising, there-
ore, that GDNF has a major contribution in the dopaminergic
nduction of MSCs into mature dopamine secreting cells.

To conclude, the TH190 reporter vector provides a basic eval-
ation tool that may further be employed in order to investigate
he mechanisms underlying MSC differentiation into dopamine
ecreting neurons and to optimize the induction procedure. In
ddition, our study implies that MSCs may be employed for
utologous therapy of PD, avoiding the risks of obtaining neu-
al stem cells from the brain, the ethical concerns and the issue
f immunological rejection associated with the use of fetal tis-
ues [10,11,17]. Therefore, clinical application of MSC-derived
opaminergic neurons offers numerous advantages and exhibits
broad array of possible applications.
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