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Abstract
Achieving safe and readily accessible sources for cell replacement therapy in Parkinson’s disease (PD) is still a challenging
unresolved issue. Recently, a primitive neural crest stem cell population (hOMSC) was isolated from the adult human oral
mucosa and characterized in vitro and in vivo. In this study we assessed hOMSC ability to differentiate into dopaminesecreting cells with a neuronal-dopaminergic phenotype in vitro in response to dopaminergic developmental cues and
tested their therapeutic potential in the hemi-Parkinsonian rat model. We found that hOMSC express constitutively a
repertoire of neuronal and dopaminergic markers and pivotal transcription factors. Soluble developmental factors induced a
reproducible neuronal-like morphology in the majority of hOMSC, downregulated stem cells markers, upregulated the
expression of the neuronal and dopaminergic markers that resulted in dopamine release capabilities. Transplantation of
these dopaminergic-induced hOMSC into the striatum of hemi-Parkinsonian rats improved their behavioral deficits as
determined by amphetamine-induced rotational behavior, motor asymmetry and motor coordination tests. Human TH
expressing cells and increased levels of dopamine in the transplanted hemispheres were observed 10 weeks after
transplantation. These results demonstrate for the first time that soluble factors involved in the development of DA neurons,
induced a DA phenotype in hOMSC in vitro that significantly improved the motor function of hemiparkinsonian rats. Based
on their neural-related origin, their niche accessibility by minimal-invasive procedures and their propensity for DA
differentiation, hOMSC emerge as an attractive tool for autologous cell replacement therapy in PD.
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myriad of SC populations have been explored in the search for
new DA neuron sources including embryonic [7], mesenchymal
[8], neural progenitors [9], induced pluripotent SC (iPS) [10] as
well as the newly reported induced neuronal cells [11] which are
generated directly by fibroblast reprogramming.
To achieve clinical translation, safe and readily accessible
sources of SC endowed with a high propensity to differentiate into
DA neurons are being intensively sought. In this regard,
autologous adult SC are a safe alternative devoid of the
immunologic, ethical and safety concerns that might be associated
with embryonic, fetal and iPS cells. The lamina propria of the
adult oral mucosa is a readily accessible site. The embryonic origin
of its cell population is from the neural crest (NC) that develops in
the mesencephalic region. The NC is a transient neuroectodermal
structure that develops from the neural plate of the vertebrate
embryo. During its embryonic existence, the NC gives rise to
migratory multipotent SC (NCSC) characterized by the expression
of markers as p75, Snail2, Sox10, Twist and Notch 1 [12–14].
NCSC colonize various primordial tissues, where they differentiate
into neural lineages and lineages of a mesenchymal phenotype

Introduction
Parkinson’s disease (PD) is characterized by the selective loss of
a specific subset of brain neuronal cells - A9 dopaminergic neurons
located in pars compacta of the substantia nigra. Loss of these
neurons results in reduced dopaminergic secretion in the striatum
and consequent motor dysfunction and cognitive insufficiency in
advanced cases of the disease. Even though treatment with the
drug L-3,4-dihydoroxyphenylalanine (L-dopa) improves motor
function, in the long term the drug effect decreases. Replacement
of lost dopaminergic (DA) neurons by postmitotic dopaminergic
neurons derived from the fetal ventral mesencephalon demonstrated improvement of motor symptoms in part of PD patients
[1–5]. Several obstacles have prevented the widespread application of these therapeutic modality in PD therapy [6]. Even though
the achievements of these studies were limited, they provided proof
of principle for cell replacement therapy in PD. The progress
made in stem cell (SC) biology has enabled the development of
new approaches aimed at coaxing various SC to differentiate into
DA neurons. These include genetic manipulation and exposure to
a variety of morphogenetic factors or chemical compounds. A
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unless otherwise specified. hOMSC cultures maintained only in
serum free medium, served as controls for the experiments
described below. hOMSC were differentiated into osteoblastic-like
cells described elsewhere [13], serving as differentiation controls
for immunofluorescence studies.

termed ectomesenchyme or mesectoderm [15,16]. Some of these
NCSC remain in a relative undifferentiated state in the adult with
a propensity for neural differentiation in vitro even in tissues of
mesenchymal origin such as dermis and bone marrow [17,18].
However, the frequency of these cells is low, reaching levels below
1% of the total population [18]. Recent data indicate that oralfacial adult tissues comprise higher numbers of NCSC
[12,14,15,18]. Marynka-Kalmani et al. have recently isolated
from the lamina propria of the adult human oral mucosa a NCSClike population that was termed human oral mucosa derived-stem
cells (hOMSC) (14). Forty to 60% of hOMSC are positive for the
pluripotency associated transcription factors Oct4, Nanog and
Sox2. Sixty to 70% of hOMSC express constitutively nestin, b-III
tubulin and FoxA2 (14). FoxA2 has been recently identified as a
pivotal transcription factor in the specification and final differentiation of the DA phenotype [19,20] and the differentiation of
human ESC into DA neurons [21]. Based on this knowledge we
hypothesized that soluble factors involved in the development of
the DA-neuron phenotype might coax the hOMSC population to
differentiate along this lineage. In the present study, we describe
the differentiation of hOMSC into DA-like neurons by developmental soluble factors, which improve motor parameters associated with a rat PD model following their intra-striatal transplantation.

Midbrain Mouse Primary Culture
Mouse mesencephalic primary cultures were generated as
described elsewhere [22] using four days old mice. 250,000 cells
were seeded in 24 well plates and examined for dopaminergic
neurons markers analysis after fixation with 4% paraformaldehyde
(PFA).

Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEF) were isolated from mice
embryos on embryonic day 14.5. Internal organs, eyes, and spinal
cord were carefully removed as described elsewhere [23]. MEFs
were passaged at least three times before seeded in 24 well plates,
fixed with 4% PFA and examined for dopaminergic neurons
markers.

Real-time PCR
Total RNA from four donors were isolated by TRI reagent
(Invitrogen, Carlsbad, CA, USA) according to the supplier’s
recommendations. 2 mg of RNA was used for reverse transcription
performed with random primers and SuperScriptIII (Invitrogen,
Carlsbad, CA, USA). Real-time PCR of the genes of interest was
performed in an ABI Prism 7700 sequence detection system
(Applied Biosystems) by using PlatinumR SYBRR Green qPCR
SuperMix UDG with ROX (Invitrogen, Carlsbad, CA, USA).
PCR amplification was performed by 40 cycles (program: 2 min at
50uC; 2 min at 95uC; 40 repeats of 15 s at 95uC and 30 s at 60uC).
Data were quantified by using the DDCt method, normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene and using the DCt of undifferentiated cultures as baseline.
Data are presented as the mean 6 standard deviation (SD) change
from the baseline. Primers’ sequences used for RT-PCR analysis of
pluripotency, neuronal and dopaminergic markers are shown in
Table S1.

Materials and Methods
All the protocols used in this manuscript were approved by the
Institutional Helsinki Committee at the Baruch Padeh Medical
Center, Poria and Tel Aviv University, Israel.

hOMSC Culture
hOMSC were obtained from oral mucosa biopsies from four
different healthy donors 20, 24, 29 and 35 years old after obtaining
written informed consent from the donors and the approval of the
Institutional Helsinki Committee at the Baruch Padeh Medical
Center, Poria, Israel. hOMSC were generated and expanded in
medium consisting of low-glucose Dulbecco’s modified Eagle’s
medium supplemented with 100 mg/ml streptomycin, 100 U/ml
penicillin, (Biological Industries, Beit-Haemek, Israel), glutamine
2 mM (Invitrogen, Carlsbad, CA, USA) and 10% fetal calf serum
(FCS) (Gibco) as described by Marynka-Kalmani et al 2010 [13].
Briefly, biopsies were incubated at 4uC overnight in dispase
(Sigma, Israel). Then, the epithelial layer was separated from the
lamina propria and the last was minced into pieces of about
0.5 mm3. The pieces were placed on the floor of 35 mm culture
dishes (Nunc). The above mentioned expansion medium was
added gently to the explants to allow their attachment to the floor
of the dish. Cells that emigrated from the explant to the culture
dishes were harvested with 0.25% Trypsin (Biological Industries,
Beit-Haemek, Israel) and seeded at a cell density of 46104 cells/
1 cm2. Cells were passaged at 70–80% confluence. hOMSC at
passages 4–20 were used in the below described experiments.

Immunofluorescence
Cells obtained from two donors (24 and 35 years old) were fixed
in 4% PFA-PBS and pre-incubated for 60 min in blocking solution
(5% goat serum, 1% BSA, 0.05% Triton-X in PBS). Primary
antibodies were diluted in the blocking solution and applied
overnight at 4uC. The following primary antibodies were used, bIII-Tubulin (1:200, AB7751, abcam), Map2 (1:200, AB5622,
Chemicon, Temecula, CA, USA), synapsin (1:200, AB1543,
Millipore, Billerica, MA, USA), tyrosine hydroxylase (1:200,
B152, Sigma, Israel), Lmx1A (1:200, MB369, Chemicon,
Temecula, CA, USA), Pitx3 (1:200, AB5722, Chemicon, Temecula, CA, USA) and Nurr1 (1:200, AB5778, Millipore, Billerica,
MA, USA). Primary antibodies were detected with fluorescentlabeled secondary antibodies Alexa 488 and 568 (1:500, Molecular
Probes) for 1 h at room temperature. Nuclear DNA was stained
using 4,6-diamino-2-phenylindole (DAPI) (1:1000, Sigma, Israel).
Cells that were incubated overnight with the blocking solution and
then incubated only with the secondary antibodies served as
negative controls and for determining the photography exposure
settings (Fig. S1). Midbrain primary cultures served as positive
controls for dopaminergic markers; mouse embryonic fibroblasts
and hOMSC-derived osteoblastic cultures (Marynka-Kalmani et
al.) served as negative controls. To quantify the number of cells

Dopaminergic Differentiation of hOMSC
hOMSC were cultured in serum free medium supplemented
with N2 (GIBCO), basic fibroblast growth factor 2 (bFGF) (R&D
Systems, Minneapolis, MN, USA) and epidermal growth factor
(EGF) (R&D Systems, Minneapolis, MN, USA), each at a final
concentration of 20 ng/ml for 48 hr. Thereafter, the cultures were
incubated for 15 days in Neurobasal medium supplemented with
0.5% B27, 250 ng/mL Sonic Hedgehog (Shh), 100 ng/mL of
Wnt-1 and FGF-8, 50 ng/mL of BDNF and bFGF and 200 mM of
ascorbic acid. All factors were obtained from Peprotech Asia
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and saline, respectively. The animals were anesthetized with
ketamine and xylazine (60 mg/kg and 10 mg/kg, respectively).
The DA denervation was induced by stereotactic injections of 6 ml
of 6OHDA (at a concentration of 2.5 mg/ml in normal saline
supplemented with 0.02% ascorbic acid into the medial forebrain
bundle (MFB) (anterior 24.0 mm; lateral 21.3 mm; ventral 2
7.7 mm, as determined from the bregma and the skull surface).
Only animals that exhibited an amphetamine-induced rotational
behavior (.2 rotations/min) were selected for further experimentation. DA-differentiated and naı̈ve hOMSC were labeled with
PKH26 (Sigma, Israel), harvested and resuspended at a concentration of 16105 cells/ml of saline, and maintained on ice until
transplantation. Four ml of cell suspension were injected at each of
two different coordinates (AP 20.8 ML 24.2 DV 25.5, AP 0.0
ML 22.8 DV 24.6). Tripan blue staining was performed in
parallel aliquots to ascertain 99% cell viability. The following
motor function assays were performed:

positive for dopaminergic or neuronal markers and the number of
cells co-expressing both types of markers captures of immunostained cultures derived from 2 different donors were obtained
with a fluorescence Olympus IX70-S8F2 microscope (excitation
wavelength, 330–385 nm; barrier filter, 420 nm) and a U-MNU
filter cube (Olympus, Center Valley, PA). Cell counts for single or
double-labeled specimens were performed on three non-overlapping randomly selected fields in cultures obtained from each of the
donors. The results were expressed as Mean 6 SEM.

Western Blot
Cells were lysed in buffer containing PBS, 1%SDS, complete
protease inhibitor (Sigma, Israel) and loaded into SDS-PAGE
12%. Three cell cultures from each condition were used as
biological replicates. Gels were transferred using liquid transference (300 mA, 1.15 hs) and membranes were blocked using PBS
buffer 5% milk for 2 hours at room temperature. The membranes
were probed with anti-TH (Sigma, Israel), anti-Pitx3 (Chemicon,
Temecula, CA, USA), anti-Lmx1A (MB369, Chemicon, Temecula, CA, USA), anti-Nurr1 (AB5778, Millipore, Billerica, MA,
USA), anti-emerin (06-1052, Millipore, Billerica, MA, USA) and
anti-actin (Chemicon, Temecula, CA, USA), followed by IRDye
(680, 800 nm) conjugated secondary antibody (LI-COR, Nebraska, USA). The membranes were analyzed and bands
quantified with Odyssey infrared imaging systems (LI-COR,
Nebraska, USA).

i)

Dopamine Quantification

ii)

Cellular dopamine release determination was performed by
reverse-phase HPLC, using three independent cell cultures for
each condition. Media of differentiated and naı̈ve cell cultures
were replaced first with HBSS buffer for 35 minutes at 37uC.
Then, the HBSS buffer was replaced with new HBSS buffer
supplemented with 56 mM KCl to induce membrane depolarization for another 35 minutes at 37uC. The supernatant was
collected and stabilized with 4 mM sodium meta-bisulfite (Sigma,
Israel) and 1 mM EDTA (Sigma, Israel), and stored at 280uC.
Dopamine was extracted by aluminum adsorption and analyzed
by injection (20 ml) into a HPLC system (Waters, Milford, MA,
USA) equipped with a C18 reverse phase, 3 mm LUNA column
(100 mm62 mm; Phenomenex, Torrance, CA, USA). Samples
were eluted by 25 mM NaH2PO4, 50 mM Na-citrate, 0.03 mM
EDTA, 10 mM diethylamine HCl, and 2.2 mm sodium octyl
sulfate (pH 3.2), 30 ml/L methanol and 22 ml/L dimethylacetamide at a flow rate of 0.4 ml/min. Dopamine peak was
determined by electrochemical detection at a potential of 0.6 V.
The dopamine content was calculated by extrapolating the peak
area from a standard curve (range 1–200 pg of dopamine)
constructed under the same conditions during each run by the
Maxima Workstation (Waters). Dopamine concentration is
expressed as Mean 6 SEM of dopamine content/1 million cells.

iii)

Brain Tissue Analysis
The brains of transplanted and control (saline-treated) animals
were analyzed for: i) the identification of the transplanted cells
within the striatum and for their capacity to express tyrosine
hydroxylase by immunofluorescence; ii) the expression of tyrosine
hydroxylase within the substantia nigra by immunohistochemistry;
and iii) the level of dopamine in the healthy and affected
hemispheres by HPLC. Four animals of each group were used for
the immunochemistry and immunofluorescence assessment.
Tyrosine hydroxylase expression. Rats were anesthetized
and perfused with PFA 4%. Brains were dissected, embedded in
OCT and sectioned (10 mm) using a cryostat. Antigen retrieval
was performed by boiling the slides in 10 Mm citrate buffer for
10 min. Sections were blocked in 5% goat serum, 1% BSA, 0.05%
Triton-X in PBS for 2 hr and incubated with primary antibodies

The Hemiparkinsonian Rat Model, Cell Transplantation
and Behavioral Analysis
Eight-week-old male Sprague-Dawley rats (Harlan, Israel),
weighing 230–250 g, were maintained under 12-hour-light/12hour-dark conditions and grown in individually ventilated cages
(IVC) with ad libitum access to food and water. All experimental
protocols were approved by the Tel Aviv University Committee of
Animal Use for Research and Education. Thirty animals were
divided into 3 groups, 10 animals in each. Animals in the first,
second and third group were allocated for transplantation with
hOMSC subjected to dopaminergic differentiation, naı̈ve hOMSC
PLOS ONE | www.plosone.org

Amphetamine induced-rotations test: The effect of subcutaneous amphetamine injections (2.5 mg/kg, Sigma, Israel) on
the number of rotations was measured for 60 min using an
automated Rotameter device (San Diego Instruments, CA,
USA). The net ipsilateral rotations were measured 2 weeks
after 6OHDA injection. This time point was considered time
0. Only rats with two or more rotations/min were
transplanted 24 hours after the rotation test as described
above. The effect of cell transplantation on animal rotations
was determined at 1, 4 and 8 weeks post-transplantation.
Cylinder test: Motor asymmetry was measured by the
cylinder test three weeks after cell transplantation as
previously described elsewhere[24–26] Briefly, the number
of wall contacts with each forelimb when rearing in at least
15 rearing cycles was computed. Animals that did not meet
this criterion were excluded from this assay. The cylinder test
score was determined as follows: (use of the affected forepaw
(contralateral) – intact forepaw (ipsilateral)/total (contralateral + ipsilateral + both).
Rotarod test: Motor activity was assessed by the rotarod test
using the San Diego Instrument, Rotor-Rod (San Diego
Instruments, CA, USA) (0–25 RPM). Hemiparkinsonian
animals were tested 2 days before cell transplantation to
determine baseline values. Then, they were tested 2 days
after the amphetamine induced rotation test, that is 9, 16 and
30 days after cell transplantation. Each test consisted of 3
consecutive measurements of the time each animal remained
on the rod without falling. The results were expressed as the
percentage of change from the baseline.
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RT-PCR analysis of differentiated cultures derived from 4
different donors revealed a significant decrease in the expression of
the pluripotency markers Oct4, Sox2 and Nanog at the end of the
differentiation processes as well as an increase in the neuronal
marker b-III tubulin and NCAM1 (Fig. 2B). The transcript levels
for the dopaminergic markers Otx2, Lmx1A/B, FoxA1, FoxA2,
Nurr1, Pitx3, and DAT, were significantly increased compared to
baseline (Fig. 2B). RNA-transcripts corresponding to the late stages
of dopaminergic differentiation exhibited the highest increase in
expression compared to baseline (Fig. 2B).
Naı̈ve and DA-differentiated hOMSC were evaluated for
presence and cellular localization of three transcription factors
involved in DA differentiation, Lmx1a, Nurr1 and Pitx3 (Fig. 3).
In contrast to the localization of these proteins in the cytoplasm of
naı̈ve hOMSC, they were mainly identified in the nuclei of
hOMSC-DA (Fig. 3A). In order to verify the specificity of the
staining,
western blot analysis of naı̈ve and differentiated hOMSC using
the Lmx1A and Nurr1 antibodies revealed specific staining in both
cases, whereas fibroblasts lysate failed to show any immunoreactivity (Fig. S2). To finally confirm the staining specificity, mouse
midbrain primary cultures, consisting of neurons and glia, served
as a positive control demonstrating positive staining in the nuclei
of a number of cells. As negative controls, hOMSC differentiated
into osteoblast-like cells and mouse fibroblasts were also evaluated
and found to be negative (Fig. 3A). Positive cell quantification
revealed that: i) Pitx3 was expressed in 3.667%60.8819 and
48.00%64.359 of the cells before and after differentiation,
respectively; ii) Nurr1 was expressed in 63.33%62.906 and
71.67%65.239 of the cells before and after differentiation
respectively; and iii) Lmx1a was expressed in 82.77%62.282
and 90.17%62.010 of the cells before and after differentiation
respectively (Fig. 3B). Analysis of nuclear localization of these
markers indicated that naı̈ve cells did not showed any nuclear
staining, whereas in DA-differentiated cells Lmx1a, Nurr1 and
Pitx3 were observed in the nuclei of 46.33%63.844,
50.33%64.055 and 36.30%62.779 of the cells, respectively
(Fig. 3B).
Immunofluorescence analysis of general neuronal and specific
DA markers of naı̈ve and differentiated hOMSC showed that
81.00%64.933 and 92.67%62.028 of the cells were positive for
bIII-tubulin, respectively; 36.00%64.583 and 77.00%63.215 of
the cells were positive for MAP2, respectively; and 35.67%64.702
and 82.67%64.978 were positive for tyrosine hydroxylase (TH)
respectively (Fig. 4A). Double staining analysis for neuronal and
DA markers revealed an increase in the number of cells coexpressing both types of markers: the number of cells positive for
TH+/bIII-tubulin+, TH+/Map2+, TH+/Pitx3+, and Map2+/
FoxA2+ increased by 4, 9, 8 and 4 fold, respectively after
differentiation (Fig. 4A). These data indicate that 83% of the
differentiated hOMSC that were positive for b-III tubulin were
also positive for tyrosine hydroxylase. Thus, these double-labeled
cells represented 77% of the total population of differentiated
hOMSC. Complete evaluation of naı̈ve, differentiated hOMSC
and fibroblasts regarding neuronal and DA marker expression can
be seen in supplemental figure S3.
Western blot analysis confirmed that the protein levels of the
end-stage transcription factor Pitx3 and of the characteristic
dopaminergic marker TH, were enhanced in the differentiated
hOMSC-DA cultures by 5- and 10-fold, respectively, compared to
naı̈ve hOMSC control cultures (Fig. 4B). To test to what extent the
expression of TH, the rate limiting enzyme in the synthesis of
dopamine, is translated into dopamine release, naı̈ve hOMSC and
hOMSC-DA were challenged with the non-specific membrane

overnight at 4uC. For immunofluorescence, sections were incubated with conjugated secondary antibodies.For immunohistochemistry the DAB (3-39 diaminobenzidine) peroxidase kit (Vector
Laboratories, Burlingame, CA, USA) was used to visualize the
primary antibody according to the manufacturer’s instructions.
Sections incubated overnight with blocking solution and then only
with the secondary antibodies or with DAB, served as negative
controls and for determining the photography exposure settings
(supplemental figure S1). Sections from the same animals were
used for immunochemistry and immunofluorescence. Six slides/
animal were used for immunodetection.
Dopamine content. To determine dopamine levels, brains of
4 animals of each of the 3 groups were used. Brains of rats
sacrificed by CO2, were quickly removed and kept on ice. The
control and treated hemispheres were separated, homogenized in
ice cold 0.1 perchloric acid, centrifuged and supernatants were
analyzed for dopamine content by HPLC as described above.

Statistical Analysis
Results are expressed as mean 6 SEM. All analyses were
performed using SPSS version 19 software. Differences between
two groups were statistically analyzed by T test, while One Way
ANOVA analyzed comparisons between three groups. For the cell
transplantation in vivo experiment, Two Way ANOVA was
performed. Tukeys multiple comparison posthoc test was used to
evidence specific differences between groups. Significance levels
are as follows: *p,0.05, **p,0.01, ***p,0.001.

Results
Dopaminergic Differentiation of Naı̈ve Homsc
For the purpose of this investigation hOMSC were generated
from the lamina propria of the oral mucosa of 4 young healthy
donors (See Materials and Methods) and analyzed by flow
cytometry to verify that their marker profile fulfills the criteria
determined for this hOMSC population. These criteria previously
published by us [13] were determined by characterizing and
determining the range of the percentage of positive cells for a
number of markers. The data is based on hOMSC separate
cultures generated from 25 different donors. According to these
criteria, 60%–70% of hOMSC cultures at 10–15 cumulative
population doublings express Oct4, Sox2 and nestin and more
than 95% of the cells are positive for CD29, CD73 and CD105.
In the present study it was found that naı̈ve hOMSC fulfilling
these criteria and cultured in expansion medium (low glucose
DMEM+10% FCS) expressed constitutively the neural markers bIII tubulin (TUJ1), MAP2 and synapsin as well as the characteristic dopaminergic neurons transcription factors FoxA2, Lmx1A
and Nurr1 (Fig. 1). Whereas FoxA2 was located mainly in the
nuclei, Lmx1A and Nurr1 were identified mainly in the cytoplasm
(Fig. 1D–F). Dopaminergic differentiation of naı̈ve hOMSC into
dopaminergic-like cells (hOMSC-DA) was achieved by subjecting
naı̈ve hOMSC cultures to a cocktail of growth and differentiation
factors found to be involved in neuronal growth, dopaminergic
specification and maturation in vivo or known to induce the
differentiation of ESC along the dopaminergic lineage in vitro.
Morphological changes in the spindle shape of naı̈ve hOMSC
appeared by the 3rd day of differentiation and peaked by day 17th
when the majority of the cells assumed a bipolar or multipolar
appearance with cellular processes extending from cell bodies
(Fig. 2A). At this stage, cultures were analyzed for the expression of
dopaminergic markers by RT-PCR, quantitative immunofluorescence and western blots.
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Figure 1. Naive hOMSC express constitutively neuronal and dopaminergic markers. Immunofluorescence of neuronal (A–C) and
dopaminergic (D–F) markers in naı̈ve hOMSC, scale bars 100 mM.
doi:10.1371/journal.pone.0100445.g001

Motor asymmetry was assessed by the cylinder test three weeks
after transplantation. In this test, the level of motor asymmetry is
examined by determining the frequency of use of the ipsilateral
(unaffected) and contralateral (affected) forelimbs during rearing
and landing in a transparent cylinder. The more frequent use of
the ipsilateral forelimb (unaffected) was evident in all the evaluated
groups. No differences were observed between saline- or naı̈ve
hOMSC-treated rats in this respect (Fig. 5B). hOMSC-DA treated
rats showed a significant reduction of 38% in motor asymmetry in
comparison to the other two tested groups (p = 0.0009). These data
point to an increase in the use of the contralateral forelimb
(affected) in the hOMSC-DA transplanted animals compare to the
animals in the other two groups.
General motor coordination was assessed by the rotarod test at
9, 16 and 30 days after cell transplantation (Fig. 5C). Motor
coordination was assessed by determining the time that an animal
can remain without falling on a rotating rod of the rotarod
machine. At 1 day after cell transplantation the animals of all 3
groups exhibited an average drop of 40% (p = 0.0086) in the time
they remained on the rotarod machine without falling. At 9 days
post-transplantation, no significant recovery was observed in the
saline or naı̈ve hOMSC treated rats (62.7%69.4 and 69.8%64.8
of the values before the administration of 6OHDA, respectively).
Animals treated with hOMSC-DA fully recovered, reaching
99.4%65.1 of their performance before the administration of
6OHDA (Fig. 5C). At 16 and 30 days after transplantation, the
animals in all groups displayed an improvement in their
performance possibly due to a learning curve. At 30 days posttransplantation, hOMSC-DA treated animals performed by 25%
higher than those treated with naı̈ve hOMSC or saline. At this
point the test was terminated.

depolarization agent KCl [27] for 30 min and the medium was
tested for dopamine content by HPLC. The amount of dopamine
released by the hOMSC-DA was by 10 folds higher than that
released by naı̈ve hOMSC (0.8 vs. 0.08 nM/16106 cells/30 min)
pointing to the possible therapeutic benefit of hOMSC-DA in PD
(Fig. 4C).

hOMSC-DA Transplantation and Engraftment in the
Hemiparkinsonian Rat Model
The hemiparkinsonian rat model was generated by inducing a
chemical lesion in the nigrostriatal pathway by injecting 6hydroxy-dopamine (6OHDA) into the medial forebrain bundle.
Animals exhibiting nigrostriatal pathway deficit in one hemisphere
(see Materials and Methods), rotate in the contralateral direction
of the lesioned side after being injected with amphetamine. The
number of rotations following amphetamine stimulation of
hemiparkinsonian animals indicates the severity of the disease,
namely the higher the number of rotations the more severe is the
nigrostriatal lesion. hOMSC-DA and naı̈ve hOMSC were labeled
with the red-fluorescent dye PKH26 for tracing purposes. Then,
diagnosed hemiparkinsonian rats were transplanted at 2 sites of
the ipsilateral striatum with either 86105 hOMSC-DA (n = 9 rats)
or with naı̈ve hOMSC (n = 8 rats) or injected with saline (n = 8
rats). A significant reduction of 54%, 40% and 47% in the number
of rotations of hOMSC-DA transplanted animals compared to the
saline treated group was observed at 1, 4 and 8 weeks posttransplantation, respectively (p,0.05) (Fig. 5A). Even though to a
lesser extent, a similar significant reduction in the number of
induced rotations was observed in the hOMSC-DA treated rats
compared to the naı̈ve hOMSC treated ones (p,0.05). A trend of
reduction in the induced rotation was observed in animals treated
with naı̈ve hOMSC that reached statistical significance compared
to saline-treated animals at week 8 (p,0.05).
PLOS ONE | www.plosone.org
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Figure 2. hOMSC developed neuronal-like morphology and gene expression after DA differentiation protocol. Bright field microscopy
of hOMSC cultured in serum free medium for 17 days and of hOMSC-DA (A–B), scale bar 200 mM. Real time PCR analysis of differentiated hOMSC-DA
from four different donors (C), showing a reduction in the expression of Nanog, Oct4 and Sox2 and a concomitant increased expression of the
neuronal markers b-III tubulin and NCAM1 compared to the naı̈ve hOMSC which served as baseline (relative value = 1). Differentiated hOMSC also
showed increased expression of genes related to dopaminergic differentiation and mature dopaminergic neurons. Data is expressed as Mean 6 SEM.
Significance levels: *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0100445.g002

detected in the striatum of these hemispheres in rats treated with
either naı̈ve hOMSC or saline (Fig. 6A). TH expression was
significantly reduced in the affected substantia nigra of the 6OHDA
injected hemispheres of the 3 groups of rats. TH was localized in
PKH26 positive cells, indicating that hOMSC-DA cells express
TH, while no colocalization was achieved in the other groups
(Fig. 6A).
HPLC analysis of dopamine levels in the healthy and injured
hemisphere pointed to a reduction in the dopamine levels in all the
injured hemispheres compared to those in the healthy ones
(11.863.0 mg, 3.862.2 mg and 3.461.8 mg in the hOMSC-DA,
naı̈ve hOMSC and saline treated hemispheres, respectively vs.

hOMSC-DA-like Neurons Express TH Ten Weeks after
Intra-striatal Transplantation
Ten weeks after cell transplantation, rats of the 3 groups were
sacrificed. PKH26 positive cells were identified in the striatum of
naı̈ve hOMSC and in hOMSC-DA treated animals by immunostaining (Fig. 6A). No tumor formation was detected in any of the
implanted sites. Detection of TH by immunofluorescence and
immunochemistry revealed strong reactivity in the healthy
substantia nigra and striatum of the hemispheres that were not
injected with 6OHDA in animals of the 3 groups (Fig. 6A). TH
was detected to a lower extent in the striatum of 6OHDA-injected
hemispheres of animals treated with hOMSC-DA and was barely
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Figure 3. Increased expression and nuclear translocation of dopaminergic transcription factors was observed in hOMSC-DA.
Immunofluorescent detection of Pitx3, Lmx1A and Nurr1 evaluated in naı̈ve and differentiated hOMSC, midbrain primary culture, hOMSC-derived
osteoblast-like cells and mouse embryonic fibroblasts (A). Arrows point to the nuclear localization of these transcription factors in the hOMSCdifferentiated and midbrain DA cells. Scale bar = 50 mM. Quantification of cells expressing the evaluated transcription factors in the whole cell (nuclei+
cytoplasm) or only in the nuclei before and after DA-differentiation (B).
doi:10.1371/journal.pone.0100445.g003

38.263.2 mg in the healthy hemispheres) (Fig. 6B). However, the
dopamine level in the hOMSC-DA treated injured hemispheres
was 3-fold higher than in the other 2 groups of injured
hemispheres. HPLC analysis of serotonin (5HT) revealed similar
levels in all the hemispheres (Fig. 6B) indicating that the changes
observed in the dopamine levels were specific.

expression of dopaminergic and neuronal genes and at the cellular
level by determining the increase in the number of differentiated
hOMSC that exhibited nuclear localization of dopaminergic
transcription factors.
Notably, in contrast to LmxA1 and Nurr1, Foxa2, which is
considered a pivotal transcription factor for dopaminergic
specification, was localized only to the nucleus of naı̈ve hOMSC
[19]. To the best of our knowledge this transcription factor is not
expressed constitutively by other adult mesenchymal derived stem
cells. As Foxa2 plays a role in the development of the ventral
midbrain and since the lamina propria of the oral mucosa
originates from the mesencephalic neural crest [36] the constitutive nuclear expression and localization of Foxa2 in hOMSC
might suggest a certain level of epigenetic memory that render this
population more prone to differentiate along the dopaminergic
lineage. The design of our differentiation protocol was based on
these findings and on the previous characterization of hOMSC as
a primitive neural crest stem cell population [13]. FoxA2 is a
marker of the neural floor plate and a key transcription factor that
controls the specification and differentiation of DA neurons [19].
The designed protocol includes the use of Shh, Wnt-1, FGF-8 and
ascorbic acid. The selection of these soluble factors was based on
the following data: i) in FoxA2 positive cells, Shh enhances Lmx1A
[21], an important transcription factor in the development of the
DA phenotype [37–41]; ii) Wnt1 is involved in DA progenitor
specification and final differentiation. Moreover, Lmx1A in
combination with Wnt-1 induce the expression of Pitx3 and
Nurr1 that are involved in the final differentiation and function of

Discussion
In this study we describe for the first time the differentiation of
hOMSC- neural crest-like SC isolated from the lamina propria of
the human adult oral mucosa into dopamine-secreting cells
capable of engrafting in the striatum and improving the symptoms
in a rat model of PD. hOMSC are a recently described SC
population that exhibits a primitive NCSC-like phenotype [13]. In
the present study, we demonstrated that hOMSC respond to
developmental cues by differentiating into dopamine-secreting
cells with a dopaminergic-like phenotype.
Similarly to other cell types [28–31], naive hOMSC were
positive for neuronal and dopaminergic markers. Some of these
markers as for example Nurr1 and Lmx1A were localized within
the cytoplasm of these naı̈ve cells. Several recent studies have
shown that the cytoplasmic localization of transcription factors in
non-dopaminergic cells is associated with cellular functions (e.g.
migration and proliferation) that are unrelated to the development
and maintenance of the dopaminergic phenotype [32–35]. Since
the majority of the naı̈ve hOMSC were positive for dopaminergic
markers, the efficiency of the differentiation protocol was
evaluated at the molecular level by testing the change in the
PLOS ONE | www.plosone.org
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Figure 4. Induced hOMSC show a mature dopaminergic-like phenotype in vitro. Immunofluorescence analysis and cell positive counts of
neuronal and DA markers in naı̈ve, DA-hOMSC and fibroblasts before and after differentiation, scale bar = 50 mM (A). Complete evaluation of naı̈ve,
differentiated hOMSC and fibroblasts marker expression can be seen in supplemental figure S2. Evaluation of Pitx3 and Tyrosine hydroxylase (TH)
expression levels by western blot and band densitography, showing increased protein expression after differentiation (B). Medium dopamine content
evaluation in naı̈ve or hOMSC-DA in presence or absence of the non-specific membrane depolarizer agent KCl, showing increased levels of dopamine
after membrane depolarization of differentiated hOMSC (C). Data is presented as Mean6SEM. Significance levels: *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0100445.g004

the DA phenotype [36,42–46]; and iii) FGF-8 acts synergistically
with Shh to strengthen the DA phenotype in Nurr1 positive cells
[47] and FGF-8 and ascorbic acid, reinforce the generation of TH
positive cells during ESC dopaminergic differentiation [48].
This differentiation protocol induced in the differentiated
hOMSC changes at the molecular and protein levels as evidenced
by: i) a decrease in the pluripotency associated factors; ii) an
increase in the expression of neuronal and early and late
dopaminergic genes as assessed by quantitative RT-PCR; iii) an
increase in the nuclear localization of dopaminergic transcription
factors as detected by quantitative immunofluorescence; and iv) a
substantial increase in the number of cells positive for both
neuronal and dopaminergic markers.
The differentiation process rendered 77% of differentiated
hOMSC positive for both bIII-tubulin and tyrosine hydroxylase
indicating that the large majority of the population was neuronal
and dopaminergic-like in nature. The finding that this population
release dopamine upon KCl challenging indicates that this
transmitter is synthesized in induced hOMSC. Dopamine release
by KCl is an accepted method for evaluating dopamine synthesis
in vitro. This release is likely to occur due to depolarization of the
PLOS ONE | www.plosone.org

membrane and consequent calcium entry caused by the activation
of voltage dependent calcium channels, since inhibitors of this
channels block dopamine release [49]. This approach has been
used for demonstrating dopamine release of striatal primary
cultured cells [50] and PC12 cells [49] or following dopaminergic
differentiation of several SC sources such as embryonic SC [24],
mesenchymal SC [51], mesencephalic precursors [52], iPS [53]
and induced DA neurons [11]. In the context of these studies, KCl
induced-dopamine release by hOMSC-DA demonstrates that
these cells are able to synthesize and release dopamine, and
therefore they may be endowed with therapeutic activity.
To test this hypothesis the functional and therapeutic potential
of hOMSC-DA were tested in the model of 6OHDA hemiparkinsonian rat [54–58]. The reduction (approximately 50%) in
amphetamine-induced rotations obtained with hOMSC-DA
during the experimental period are in the range of those obtained
by transplantation of DA neurons derived from reprogramed
fibroblasts [10], ESC [59] or IPS derived from PD patients [60]. A
trend in rotation reduction was observed in rats treated with naı̈ve
hOMSC. This trend reached statistical significance compared to
the group of rats treated with saline only at 8 weeks after
8
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Figure 5. Induced hOMSC-DA show sustained therapeutic effect in a PD rat model after transplantation. Amphetamine-induced
rotations (A), rotorod (B) and cylinder (C) test evaluation of 6-OHDA affected rats, following intra-striatal transplantation of saline, naive and hOMSCDA. Data is presented as Mean6SEM. Significance levels: *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0100445.g005

population might serve for future cell therapy in PD. When treated
with dexamethasone and implanted as aggregates on fibrin
membranes under the skin, hOMSC develop into a teratomalike structure consisting of tissues derived from the NC [13].
However, in spite of this safety concern, when dexamethasone
treatment is omitted or the cells are implanted as cell suspensions,
no such teratoma-like structures ever developed [13,61]. Within
the limitations of the present study, tumor formation was not
observed in any of the transplanted brains, suggesting that
intracranial transplantation of naı̈ve or differentiated hOMSC
might be safe as far as tumorogenesis is concerned. Moreover, to
achieve the endeavor of hOMSC therapy in PD a number of issues
remain to be elucidated in further studies: i) it is unknown for how
long the dopaminergic phenotype of hOMSC-DA will remain
stable at the implantation site; ii) the hOMSC used in the present
study were obtained from relatively young and healthy donors.
Our preliminary results (data not shown) indicate that donor age
does not affect neuronal differentiation. It was recently shown that
dopaminergic cells derived from iPS generated from sporadic PD
patients, but not familial PD patients, exhibited comparable results
regarding differentiation and therapeutic potential [60,62]. Nevertheless, it is unknown whether hOMSC derived from familial
and sporadic PD patients would be endowed with the same
propensity to differentiate into DA-like neurons and maintain their
phenotype in vivo as do the hOMSC-DA derived from young and
healthy donors; and iii) hOMSC were transplanted into and

transplantation. This modest improvement in the rotation test
might be explained by the constitutive capacity of naı̈ve hOMSC
to secrete neurotrophic factors such as FGF-2, VEGF, EGF and
NGF [13]. Since administration of 6OHDA in the medial forebrain
bundle causes gradual death of dopaminergic neurons [58], it is
conceivable that neurotrophic factors secretion into the striatum,
specifically in the proximity of axon terminals, could lead by
retrograde transport to the survival signaling cascade in damaged,
but not dead, DA neurons of the substantia nigra.
HPLC analysis demonstrates an increase in the dopamine
content of injured hemispheres transplanted with hOMSC-DA as
compared to the hemispheres treated with saline or naı̈ve
hOMSC. As the HPLC assay does not differentiate between
intracellular and extracellular dopamine, the level of dopamine in
the hOMSC-DA treated hemispheres does not prove that
dopamine is released into the striatum by hOMSC-DA. However,
considering the relative higher level of dopamine in the hOMSCDA treated hemispheres and the significant improvement in the
motor function of the hOMSC-DA treated animals compared to
the animals in the control groups, it is conceivable to assume that
dopamine is released into the striatum of the experimental
animals. The mechanisms responsible for this possible release
remains to be elucidated in future studies.
Taken together, the results of the present study and the fact that
oral mucosa is a readily accessible source for the generation of
trillions of hOMSC [13] point to the possibility that hOMSC
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Figure 6. Transplanted cells engrafted the injured hemisphere and increased dopamine levels. Ten weeks post-transplantation TH
immunostaining (A) show decreased levels of TH in injured striatum and substantia nigra compared to healthy ones. TH striatal expression, analyzed
by TH-DAB immunochemistry was detected in hOMSC-DA transplanted hemispheres, while saline or naı̈ve hOMSC transplanted hemispheres showed
significant reduced levels (black arrows indicate TH expressing cells). Injured hemispheres transplantated with hOMSC contain PKH26 (red) labeled
cells. In hOMSC-DA transplanted hemispheres analyzed by immunofluorescence, TH expression (green) and PKH26 were found in the same cell
clusters. Scale bar = 50 mm. (B) Whole hemisphere dopamine and serotonin HPLC quantification from healthy, and 6-OHDA rats treated with saline,
naive and hOMSC-DA. Data is presented as Mean6SEM. Significance levels: *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0100445.g006

Alexa 488 were used as secondary antibodies in all the
immunofluorescence assays. Panels A and C illustrate b-III tubulin
stained with mouse anti-human primary antibodies and the
negative control stained with goat anti-mouse secondary antibodies, respectively; panels B and D illustrate Lmx1A stained with
rabbit anti-human primary antibodies and the negative control
stained with goat anti-rabbit secondary antibodies, respectively.
Cells were stained with DAPI for nuclear detection. Tissue sections
from 6-OHDA lesioned rats were stained for TH and developed
with DAB (E–F). TH immunodetection was performed by using
monoclonal anti-TH antibodies and futher incubated with biotin
anti-mouse secondary antibody and streptavidin conjugated
horseradish peroxidase (E). Negative control incubated only with
anti-mouse secondary antibody and streptavidin conjugated
horseradish peroxidase (F).

maintained their phenotype in the striatum of relative young
animals. The majority of PD patients are elderly. Thus, it remains
to be established how the age of the host and a ‘‘hostile’’
environment affects the function of hOMSC-DA in vivo. Based on
hOMSC embryonic origin, their constitutive capacity to express
dopaminergic markers, the expression level of which is augmented
by developmental soluble factors, the fact that their transplantation significantly improve Parkinsonian-like symptoms in rats, and
their readily-accessible niche, our study propose hOMSC as a
potential therapeutic source for cell replacement therapy for PD.

Supporting Information
Figure S1 Negative controls for immunofluorescence
and immunochemistry. Goat anti-mouse antibodies conjugated to Alexa 568 and goat anti-rabbit antibodies conjugated to
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Table S1 Primer sequences used for RT-PCR analysis
of pluripotency, neuronal and dopaminergic markers.
(DOCX)

(TIF)
Western blot analysis showing antibodystaining specificity. Western blot analysis of fibroblasts, naı̈ve
and differentiated hOMSC using the Lmx1A (A) and Nurr1 (B)
antibodies. The obtained results show a unique band at the
expected molecular weight for each respective protein (Lmx1A
50 KDa and Nurr1 67 KDa). For internal control purposes the
anti-emerin antibody was used (emerin 35 KDa), showing similar
total protein levels.
(TIF)

Figure S2

Acknowledgments
The work was performed in partial fulfillment of the requirements for a
Ph.D. degree of J.G, Sackler Faculty of Medicine, Tel Aviv University,
Israel. The authors would like to thank MSc. Veronica Silva for her
editorial assistance.

Author Contributions

Figure S3 Induced hOMSC show mature dopaminergiclike phenotype, complete figure. Immunofluorescence analysis and cell positive counts of neuronal and DA markers in naı̈ve,
DA-hOMSC and fibroblasts before and after differentiation, scale
bar = 50 mm.
(TIF)

Conceived and designed the experiments: JG S. Pitaru DO. Performed the
experiments: JG IA SB TBZ YB. Analyzed the data: JG S. Pitaru DO.
Contributed reagents/materials/analysis tools: S. Pour S. Pitaru SA. Wrote
the paper: JG S. Pitaru DO.

References
20. Kittappa R, Chang WW, Awatramani RB, McKay RD (2007) The foxa2 gene
controls the birth and spontaneous degeneration of dopamine neurons in old
age. PLoS Biol 5: e325.
21. Kriks S, Shim JW, Piao J, Ganat YM, Wakeman DR, et al. (2011) Dopamine
neurons derived from human ES cells efficiently engraft in animal models of
Parkinson’s disease. Nature 480: 547–551.
22. Fasano C, Thibault D, Trudeau LE (2008) Culture of postnatal mesencephalic
dopamine neurons on an astrocyte monolayer. Curr Protoc Neurosci Chapter 3:
Unit 3 21.
23. Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Sudhof TC, et al. (2010)
Direct conversion of fibroblasts to functional neurons by defined factors. Nature
463: 1035–1041.
24. Kim JH, Auerbach JM, Rodriguez-Gomez JA, Velasco I, Gavin D, et al. (2002)
Dopamine neurons derived from embryonic stem cells function in an animal
model of Parkinson’s disease. Nature 418: 50–56.
25. Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST (2000) CNS
plasticity and assessment of forelimb sensorimotor outcome in unilateral rat
models of stroke, cortical ablation, parkinsonism and spinal cord injury.
Neuropharmacology 39: 777–787.
26. Torres EM, Dowd E, Dunnett SB (2008) Recovery of functional deficits
following early donor age ventral mesencephalic grafts in a rat model of
Parkinson’s disease. Neuroscience 154: 631–640.
27. Massas R, Pitaru S, Weinreb MM (1993) The effects of titanium and
hydroxyapatite on osteoblastic expression and proliferation in rat parietal bone
cultures. J Dent Res 72: 1005–1008.
28. Datta I, Mishra S, Mohanty L, Pulikkot S, Joshi PG (2011) Neuronal plasticity of
human Wharton’s jelly mesenchymal stromal cells to the dopaminergic cell type
compared with human bone marrow mesenchymal stromal cells. Cytotherapy
13: 918–932.
29. Montzka K, Lassonczyk N, Tschoke B, Neuss S, Fuhrmann T, et al. (2009)
Neural differentiation potential of human bone marrow-derived mesenchymal
stromal cells: misleading marker gene expression. BMC Neurosci 10: 16.
30. Tondreau T, Lagneaux L, Dejeneffe M, Massy M, Mortier C, et al. (2004) Bone
marrow-derived mesenchymal stem cells already express specific neural proteins
before any differentiation. Differentiation 72: 319–326.
31. Blondheim NR, Levy YS, Ben-Zur T, Burshtein A, Cherlow T, et al. (2006)
Human mesenchymal stem cells express neural genes, suggesting a neural
predisposition. Stem Cells Dev 15: 141–164.
32. Inamoto T, Czerniak BA, Dinney CP, Kamat AM (2010) Cytoplasmic
mislocalization of the orphan nuclear receptor Nurr1 is a prognostic factor in
bladder cancer. Cancer 116: 340–346.
33. Boldingh Debernard KA, Mathisen GH, Paulsen RE (2012) Differences in
NGFI-B, Nurr1, and NOR-1 expression and nucleocytoplasmic translocation in
glutamate-treated neurons. Neurochem Int 61: 79–88.
34. O’Kane M, Markham T, McEvoy AN, Fearon U, Veale DJ, et al. (2008)
Increased expression of the orphan nuclear receptor NURR1 in psoriasis and
modulation following TNF-alpha inhibition. J Invest Dermatol 128: 300–310.
35. Maijenburg MW, Gilissen C, Melief SM, Kleijer M, Weijer K, et al. (2012)
Nuclear receptors Nur77 and Nurr1 modulate mesenchymal stromal cell
migration. Stem Cells Dev 21: 228–238.
36. Prakash N, Wurst W (2006) Genetic networks controlling the development of
midbrain dopaminergic neurons. J Physiol 575: 403–410.
37. Barzilay R, Ben-Zur T, Bulvik S, Melamed E, Offen D (2009) Lentiviral delivery
of LMX1a enhances dopaminergic phenotype in differentiated human bone
marrow mesenchymal stem cells. Stem Cells Dev 18: 591–601.
38. Cai J, Donaldson A, Yang M, German MS, Enikolopov G, et al. (2009) The role
of Lmx1a in the differentiation of human embryonic stem cells into midbrain

1. Madrazo I, Drucker-Colin R, Diaz V, Martinez-Mata J, Torres C, et al. (1987)
Open microsurgical autograft of adrenal medulla to the right caudate nucleus in
two patients with intractable Parkinson’s disease. N Engl J Med 316: 831–834.
2. Freed CR, Breeze RE, Rosenberg NL, Schneck SA, Kriek E, et al. (1992)
Survival of implanted fetal dopamine cells and neurologic improvement 12 to 46
months after transplantation for Parkinson’s disease. N Engl J Med 327: 1549–
1555.
3. Freed WJ, Morihisa JM, Spoor E, Hoffer BJ, Olson L, et al. (1981) Transplanted
adrenal chromaffin cells in rat brain reduce lesion-induced rotational behaviour.
Nature 292: 351–352.
4. Backlund EO, Granberg PO, Hamberger B, Knutsson E, Martensson A, et al.
(1985) Transplantation of adrenal medullary tissue to striatum in parkinsonism.
First clinical trials. J Neurosurg 62: 169–173.
5. Bartold PM, McCulloch CA, Narayanan AS, Pitaru S (2000) Tissue engineering:
a new paradigm for periodontal regeneration based on molecular and cell
biology. Periodontol 2000 24: 253–269.
6. Ganz J, Lev N, Melamed E, Offen D (2011) Cell replacement therapy for
Parkinson’s disease: how close are we to the clinic? Expert Rev Neurother 11:
1325–1339.
7. Kim DS, Kim JY, Kang M, Cho MS, Kim DW (2007) Derivation of functional
dopamine neurons from embryonic stem cells. Cell Transplant 16: 117–123.
8. Levy YS, Bahat-Stroomza M, Barzilay R, Burshtein A, Bulvik S, et al. (2008)
Regenerative effect of neural-induced human mesenchymal stromal cells in rat
models of Parkinson’s disease. Cytotherapy 10: 340–352.
9. Svendsen CN, Caldwell MA, Shen J, ter Borg MG, Rosser AE, et al. (1997)
Long-term survival of human central nervous system progenitor cells
transplanted into a rat model of Parkinson’s disease. Exp Neurol 148: 135–146.
10. Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu D, et al. (2008) Neurons derived
from reprogrammed fibroblasts functionally integrate into the fetal brain and
improve symptoms of rats with Parkinson’s disease. Proc Natl Acad Sci U S A
105: 5856–5861.
11. Caiazzo M, Dell’Anno MT, Dvoretskova E, Lazarevic D, Taverna S, et al.
(2011) Direct generation of functional dopaminergic neurons from mouse and
human fibroblasts. Nature 476: 224–227.
12. Davies LC, Locke M, Webb RD, Roberts JT, Langley M, et al. (2010) A
multipotent neural crest-derived progenitor cell population is resident within the
oral mucosa lamina propria. Stem Cells Dev 19: 819–830.
13. Marynka-Kalmani K, Treves S, Yafee M, Rachima H, Gafni Y, et al. (2010)
The lamina propria of adult human oral mucosa harbors a novel stem cell
population. Stem Cells 28: 984–995.
14. Widera D, Zander C, Heidbreder M, Kasperek Y, Noll T, et al. (2009) Adult
palatum as a novel source of neural crest-related stem cells. Stem Cells 27: 1899–
1910.
15. Bronner ME, LeDouarin NM (2012) Development and evolution of the neural
crest: an overview. Dev Biol 366: 2–9.
16. Widera D, Heimann P, Zander C, Imielski Y, Heidbreder M, et al. (2011)
Schwann cells can be reprogrammed to multipotency by culture. Stem Cells Dev
20: 2053–2064.
17. Wong CE, Paratore C, Dours-Zimmermann MT, Rochat A, Pietri T, et al.
(2006) Neural crest-derived cells with stem cell features can be traced back to
multiple lineages in the adult skin. J Cell Biol 175: 1005–1015.
18. Nagoshi N, Shibata S, Kubota Y, Nakamura M, Nagai Y, et al. (2008) Ontogeny
and multipotency of neural crest-derived stem cells in mouse bone marrow,
dorsal root ganglia, and whisker pad. Cell Stem Cell 2: 392–403.
19. Arenas E (2008) Foxa2: the rise and fall of dopamine neurons. Cell Stem Cell 2:
110–112.

PLOS ONE | www.plosone.org

11

June 2014 | Volume 9 | Issue 6 | e100445

Oral Mucosa Stem Cells for Parkinson’s Disease

39.

40.
41.

42.

43.

44.

45.

46.
47.

48.

49.
50.
51.

dopamine neurons in culture and after transplantation into a Parkinson’s disease
model. Stem Cells 27: 220–229.
Nakatani T, Kumai M, Mizuhara E, Minaki Y, Ono Y (2010) Lmx1a and
Lmx1b cooperate with Foxa2 to coordinate the specification of dopaminergic
neurons and control of floor plate cell differentiation in the developing
mesencephalon. Dev Biol 339: 101–113.
Wallen A, Perlmann T (2003) Transcriptional control of dopamine neuron
development. Ann N Y Acad Sci 991: 48–60.
Yan CH, Levesque M, Claxton S, Johnson RL, Ang SL (2011) Lmx1a and
lmx1b function cooperatively to regulate proliferation, specification, and
differentiation of midbrain dopaminergic progenitors. J Neurosci 31: 12413–
12425.
Prakash N, Brodski C, Naserke T, Puelles E, Gogoi R, et al. (2006) A Wnt1regulated genetic network controls the identity and fate of midbraindopaminergic progenitors in vivo. Development 133: 89–98.
Chung S, Leung A, Han BS, Chang MY, Moon JI, et al. (2009) Wnt1-lmx1a
forms a novel autoregulatory loop and controls midbrain dopaminergic
differentiation synergistically with the SHH-FoxA2 pathway. Cell Stem Cell 5:
646–658.
Papanikolaou T, Amano T, Lennington J, Sink K, Farrar AM, et al. (2009) Invitro analysis of Pitx3 in mesodiencephalic dopaminergic neuron maturation.
Eur J Neurosci 29: 2264–2275.
Smidt MP, Burbach JP (2009) Terminal differentiation ofmesodiencephalic
dopaminergic neurons: the role of Nurr1 and Pitx3. Adv Exp Med Biol 651: 47–
57.
Smits SM, Smidt MP (2006) The role of Pitx3 in survival of midbrain
dopaminergic neurons. J Neural Transm Suppl: 57–60.
Kim TE, Lee HS, Lee YB, Hong SH, Lee YS, et al. (2003) Sonic hedgehog and
FGF8 collaborate to induce dopaminergic phenotypes in the Nurr1-overexpressing neural stem cell. Biochem Biophys Res Commun 305: 1040–1048.
Lee SH, Lumelsky N, Studer L, Auerbach JM, McKay RD (2000) Efficient
generation of midbrain and hindbrain neurons from mouse embryonic stem
cells. Nat Biotechnol 18: 675–679.
Ritchie AK (1979) Catecholamine secretion in a rat pheochromocytoma cell
line: two pathways for calcium entry. J Physiol 286: 541–561.
Snape BM, Holman RB (1985) The release of endogenous dopamine from rat
striatum during incubation in vitro. J Neurosci Methods 14: 53–64.
Trzaska KA, Kuzhikandathil EV, Rameshwar P (2007) Specification of a
dopaminergic phenotype from adult human mesenchymal stem cells. Stem Cells
25: 2797–2808.

PLOS ONE | www.plosone.org

52. Studer L, Tabar V, McKay RD (1998) Transplantation of expanded
mesencephalic precursors leads to recovery in parkinsonian rats. Nat Neurosci
1: 290–295.
53. Chang YL, Chen SJ, Kao CL, Hung SC, Ding DC, et al. (2011)
Docosahexaenoic Acid Promotes Dopaminergic Differentiation in Induced
Pluripotent Stem Cells and Inhibits Teratoma Formation in Rats with
Parkinson-like Pathology. Cell Transplant.
54. Schwarting RK, Huston JP (1996) The unilateral 6-hydroxydopamine lesion
model in behavioral brain research. Analysis of functional deficits, recovery and
treatments. Prog Neurobiol 50: 275–331.
55. Iancu R, Mohapel P, Brundin P, Paul G (2005) Behavioral characterization of a
unilateral 6-OHDA-lesion model of Parkinson’s disease in mice. Behav Brain
Res 162: 1–10.
56. Whishaw IQ, Woodward NC, Miklyaeva E, Pellis SM (1997) Analysis of limb
use by control rats and unilateral DA-depleted rats in the Montoya staircase test:
movements, impairments and compensatory strategies. Behav Brain Res 89:
167–177.
57. Rozas G, Labandeira Garcia JL (1997) Drug-free evaluation of rat models of
parkinsonism and nigral grafts using a new automated rotarod test. Brain Res
749: 188–199.
58. Kirik D, Rosenblad C, Bjorklund A (1998) Characterization of behavioral and
neurodegenerative changes following partial lesions of the nigrostriatal
dopamine system induced by intrastriatal 6-hydroxydopamine in the rat. Exp
Neurol 152: 259–277.
59. Chung S, Moon JI, Leung A, Aldrich D, Lukianov S, et al. (2011) ES cellderived renewable and functional midbrain dopaminergic progenitors. Proc Natl
Acad Sci U S A 108: 9703–9708.
60. Hargus G, Cooper O, Deleidi M, Levy A, Lee K, et al. (2010) Differentiated
Parkinson patient-derived induced pluripotent stem cells grow in the adult
rodent brain and reduce motor asymmetry in Parkinsonian rats. Proc Natl Acad
Sci U S A 107: 15921–15926.
61. Treves-Manusevitz S, Hoz L, Rachima H, Montoya G, Tzur E, et al. (2013)
Stem cells of the lamina propria of human oral mucosa and gingiva develop into
mineralized tissues in vivo. J Clin Periodontol 40: 73–81.
62. Nishimura K, Takahashi J (2013) Therapeutic Application of Stem Cell
Technology toward the Treatment of Parkinson’s Disease. Biol Pharm Bull 36:
171–175.

12

June 2014 | Volume 9 | Issue 6 | e100445

