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ABSTRACT

Parkinson’s disease (PD) is considered the secondmost frequent and one of the most severe neurode-
generative diseases, with dysfunctions of themotor system andwith nonmotor symptoms such as de-
pression anddementia. Compensation for theprogressive loss of dopaminergic (DA) neurons duringPD
using current pharmacological treatment strategies is limited and remains challenging. Pluripotent
stem cell-based regenerative medicine may offer a promising therapeutic alternative, although the
medical application of human embryonic tissue and pluripotent stem cells is still a matter of ethical
andpractical debate. Addressing these challenges, the present study investigated the potential of adult
human neural crest-derived stem cells derived from the inferior turbinate (ITSCs) transplanted into
a parkinsonian ratmodel. Emphasizing their capability to give rise to nervous tissue, ITSCs isolated from
the adult human nose efficiently differentiated into functionalmature neurons in vitro. Additional suc-
cessful dopaminergic differentiation of ITSCs was subsequently followed by their transplantation into
a unilaterally lesioned 6-hydroxydopamine rat PD model. Transplantation of predifferentiated or un-
differentiated ITSCs led to robust restoration of rotational behavior, accompanied by significant recov-
ery of DAneuronswithin the substantia nigra. ITSCswere further shown tomigrate extensively in loose
streams primarily toward the posterior direction as far as to the midbrain region, at which point they
wereable todifferentiate intoDAneuronswithin the locus ceruleus.Wedemonstrate, for the first time,
thatadulthumanITSCsarecapableof functionally recoveringaPDratmodel. STEMCELLSTRANSLATIONAL

MEDICINE 2015;4:31–43

INTRODUCTION

Parkinson’s disease (PD) is considered one of the
most severe neurodegenerative diseases. PD results
in dysfunctions of the motor system such as resting
tremor, rigidity, and bradykinesia and in nonmotor
symptoms such as depression. Affecting up to 2%
of the population aged .60 years in industrialized
countries and 3%–4% of people aged .80 years
[1, 2], PD is also the secondmost frequent neurode-
generative disease.

Symptoms observed during PD are closely asso-
ciated with a progressive loss of dopamine (DA)
neurons within the substantia nigra (SN) [3]. In this
regard, therapeutic strategies mainly include the
pharmacological administration of levodopa [4] or
deep brain stimulation [5, 6] and the application
of neurotrophic factors [7] or gene therapy [8],
both of which are currently in clinical studies. No-
tably, such therapeutic strategies are still limited
in terms of motor complications (e.g., levodopa-
induced dyskinesias) [9], hallucinations, and reduced

response to pharmacological treatment over
time [10].

Addressing these challenges, cell replacement
therapy aims to restore DA neurons lost during the
diseaserather thansolely fight its symptoms.Besides
fetalDAneuron-basedapproaches[11–14],Kriksand
colleaguesdemonstratedbehavioral recoveryofpar-
kinsonianmice, rats, andmonkeys after transplanta-
tion of predifferentiated human embryonic stem
cells (ESCs) [15]. However, medical applications of
human ESCs are still amatter of ethical and practical
considerations,particularly intermsoftheirpotential
tumorigenicity [16–19].

Contemplating these aspects, stem cells resid-
ing within the adult human body remain a promis-
ing tool for treatingPD.Although restricted in their
differentiation potential, these stem cells possess
the capability to self-renew and give rise to multi-
ple specialized cell types [20], thereby exhibiting
remarkably low tumorigenicity [16, 18, 21, 22].
Another advantage of adult stem cells is that their
application allows autologous cell transplantation,
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avoiding theneed for long-term immunosuppression in thepatient
[23–26].Withrespect toPDtreatmentstrategies, ratmesenchymal
stem cells (MSCs) were recently reported to differentiate into ty-
rosine hydroxylase-positive (TH+) DA neurons in a 6-hydroxydop-
amine (6-OHDA) rat model, accompanied by slight improvement
of motor deficits after 8 weeks [27]. Transferring these promising
findings to the human system, humanMSCswere also proposed to
undergo differentiation into DA neuron-like cells [28, 29]. How-
ever, the functionalityof respectiveneuron-likecells is still amatter
of debate [30].

During the past decade, several neural crest-derived stem
cell (NCSC) sources were identified within craniofacial tissue,
including hair [31–33], hard palate [34], oral mucosa [35, 36],
or periodontal ligament [37, 38] (reviewed in [39]). In 2012, we
reported the successful isolation of NCSCs from the respiratory
mucosa of the human inferior turbinate. In addition to their
high plasticity, NCSCs derived from adult inferior turbinate tissue
(ITSCs) could be easily obtained and efficiently cultivated and
thus potentially used in autologous approaches ([40–42]). Given
these characteristics, ITSCs appear to be promising candidates for
potential autologous cell-replacement therapies.

NCSCs have beenwidely shown to sufficiently undergo differ-
entiation into the ectodermal lineage [32, 36, 43], emphasizing
their potential to treat neurodegenerative disorders. Notably,
NCSCs from mammalian dermis were also shown to give rise to
DA neuron-like cells via application of a synthetic peptide derived
from von Hippel-Lindau protein [44]. Very recently, Sieber-Blum
et al. additionally reported the successful differentiation of hu-
man epidermal NCSCs into functional dopaminergic neurons in
vitro [45].

Extending these promising findings, we assessed the poten-
tial of adult human NCSCs for treating PD using a parkinsonian
rat model. Prior to investigations in vivo, ITSCs were shown to ef-
ficiently undergo differentiation into mature functional neurons
in vitro. To further demonstrate their potential to recover ner-
vous tissue, we achieved successful predopaminergic differentia-
tion of ITSCs by activating the sonic hedgehog (SHH) pathway.
Notably, transplantation of pre- or undifferentiated ITSCs into
the striatum of unilaterally lesioned 6-OHDA rats led to restored
rotational behavior. Behavioral improvement was further shown
to be accompanied by significant recovery of TH-positive DA neu-
ron populations within the SN. Although surviving ITSCs were lo-
cated between the transplantation site and the SN, we also
observed the presence ofDAneurons of humanorigin in the locus
ceruleus. Our findings suggest a beneficial role for ITSCs in the ob-
served behavioral recovery, emphasizing their promising poten-
tial for future treatment of PD.

MATERIALS AND METHODS

Isolation and Cultivation of ITSCs

ITSCs were isolated from adult human inferior turbinate tissue
andprecultivated, as describedpreviously [41]. The cultureswere
grown in serum-free medium consisting of Dulbecco’s modified
Eagle’s medium/Ham F-12 (DMEM/F-12; Biochrom, Berlin,
Germany, http://www.biochrom.de) supplementedwith basic fi-
broblast growth factor-2 (FGF2; 40 ng/ml; made in the labora-
tory), epidermal growth factor (EGF; 20 ng/ml; R&D Systems,
MN, http://www.rndsystems.com), 0.5 U/ml heparin (catalog
no. H3149; Sigma-Aldrich, Schnelldorf, Germany, http://www.

sigmaaldrich.com), and 33 B27 supplement (made in the labora-
tory). Neurospheres were dissociated using collagenase I (NB 4;
0.3 U/ml, 90 minutes at 37°C; Serva Electrophoresis, Heidelberg,
Germany, http://www.serva.de).

Neural Differentiation of ITSCs

ITSCs were cultivated in serum-free medium, as described above,
for 2 days. Neurospheres were dissociated using collagenase I (NB
4;0.3U/ml, 90minutesat37°C; ServaElectrophoresis).Dissociated
cells were resuspended in DMEM high glucose (PAA Laboratories,
Pasching, Austria, http://www.paa.at) containing 200mM L-gluta-
mine (Sigma-Aldrich) and 10% fetal calf serum (FCS; lot 126K3398;
Sigma-Aldrich) and plated at a density of 4 3 105 cells per well
(12-well plate), followed by cultivation at 37°C, 5% CO2 and atmo-
spheric O2 in a humidified incubator (Binder, Tuttlingen, Germany,
http://www.binder-world.com/en/) for at least 2 days. Subse-
quently, themediumwaschangedtoaneuronal inductionmedium
(NIM) containing DMEM high glucose, 200 mM L-glutamine,
10% FCS (lot 126K3398), 500 mM 3-isobutyl-1-methylxanthine,
200 mM indomethacin, 1 mM dexamethasone, and 2 mM insulin
(all from Sigma-Aldrich). After 7 days, maturation of ITSCs was
achieved by adding 0.5 mM retinoic acid (Sigma-Aldrich) and
13 N-2 supplement (Gibco, Darmstadt, Germany, http://www.
invitrogen.com). The medium was changed by removing half of
the medium volume, followed by addition of fresh prewarmed
NIMcontaining13N-2 supplement (LifeTechnologies,Darmstadt,
Germany, http://www.lifetech.com).

Glial Differentiation of ITSCs

For coculture, mouse astrocytes were prepared from cortex of
postnatal day 1 (P1) C57BL/6 mice. Brain tissue was incubated
with 13 trypsin/EDTA (PAA Laboratories) for 15–30 minutes
at 37°C. Astrocytes were washed with prewarmed DMEM
(37°C; Sigma-Aldrich) and transferred to DMEM containing
2 mM L-glutamine, 100 U/ml penicillin and streptomycin, and 10%
FCS (Sigma-Aldrich). Confluent astrocyte cultures were treated
with mitomycin C (10 mg/ml; Sigma-Aldrich) for 2 hours to elim-
inate proliferating cells, followed by replacement of medium to
prewarmed fresh medium for 24 hours. Inactivated astrocytes
were seeded at 80% confluence to 12-well plates containing par-
affin blocks to ensure a noncontact coculture. ITSCs seeded on
glass coverslips (diameter, 18 mm; R. Langenbrinck, Emmendin-
gen, Germany, http://www.langenbrinck.com) at a density of
13105 cellswereplacedon topof paraffinblocks. Cocultureswere
further cultivated in DMEM containing 1% FCS at 37°C and 5%CO2

for 14 days.

Predopaminergic Differentiation

Dissociated secondary neurospheres were resuspended in
serum-free medium consisting of DMEM/F-12 (Biochrom) sup-
plemented with FGF2 (40 ng/ml), EGF (20 ng/ml; R&D Systems),
heparin (2 mg/ml; Sigma-Aldrich), and B27 supplement and
plated on poly-D-lysine/laminin-coated 6-well plates. After 24
hours, different concentrations of purmorphamine (0.1, 0.5, 1,
5, or 10 mM; Enzo Life Sciences GmbH, Lörrach, Germany,
http://www.enzolifesciences.com) or sonic hedgehog (200 ng/ml;
Peprotech, Hamburg, Germany, http://www.peprotech.com)
were added to the medium. After 48 hours, cDNA synthesis fol-
lowed by quantitative polymerase chain reaction (qPCR) was
performed, as described below.
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Dopaminergic Differentiation

ITSCs were cultivated in serum-freemedium, as described above,
for 2 days. Subsequently, neurospheres were dissociated using
collagenase I. For dopaminergic differentiation, the protocol re-
cently described by Sieber-Blum et al. [45] was appliedwith slight
modifications.Moreover, 53 104 cells were seeded on 8-mmun-
coated glass coverslips and cultivated for 12 hours in DMEM high
glucose supplementedwith10%FCS. For induction, cultureswere
exposed to DMEM high glucose supplemented with 1% FCS,
penicillin/streptomycin, b-mercaptoethanol (10 mM), B27 with-
out retinoic acid (13; Life Technologies), purmorphamine
(10 mM; Sigma-Aldrich), FGF8 (100 ng/ml; Peprotech), recombi-
nant human glial cell line-derived neurotrophic factor (GDNF;
5 ng/ml; Peprotech), recombinant human brain-derived neuro-
trophic factor (BDNF; 20 ng/ml; Peprotech), nerve growth factor
(NGF; 20 ng/ml; Peprotech), dibutyryl cAMP (1 mM; Sigma-
Aldrich), ascorbic acid (200 mM; Sigma-Aldrich), SB-431542
(10mM; Sigma-Aldrich), LDN193189 (100 nM;Abcam, Cambridge,
U.K. , http://www.abcam.com), andCHIR99021 (0.5mM;Abcam).
CHIR99021 was removed after 24 hours. On day 4 of differentia-
tion, the WNT inhibitor IWP-4 (Miltenyi Biotec, Bergisch Glad-
bach, Germany, http://www.miltenyibiotec.com) was added to
the media at a concentration of 100 nM, which was increased
to 1 mM at day 6 of differentiation, followed by withdrawal of
FCS at day 7. At day 9, the concentration of purmorphamine
was decreased to 5 mM. Medium was replaced with prewarmed
fresh medium daily.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden,
Germany, http://www.qiagen.com), according to the manufac-
turer’s guidelines. Quality and concentration of isolated RNA
was subsequently investigated by Nanodrop ultraviolet spectro-
photometry. Afterward, cDNA was synthesized using the First
Strand cDNA Synthesis Kit (Fermentas Life Sciences, St. Leon-
Rot, Germany, http://www.fermentas.com). Polymerase chain
reaction (PCR) was performed using the KAPA2G Robust PCR
Kit (Peqlab Biotechnology, Erlangen, Germany, http://www.peqlab.
de/wcms/en/index.php).

qPCR

All qPCRswere performed in triplicate using PlatinumSYBRGreen
qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, http://www.
invitrogen.com; Life Technologies), according to the manufac-
turer’s guidelines, and assayed with a Rotor-Gene 6000 (Qiagen).

Immunocytochemistry

Differentiated ITSCs were fixed in phosphate-buffered 4% para-
formaldehyde (PFA; pH 7.4; 4% wt/vol paraformaldehyde, 100
mMNaH2PO4, 0.4mMCaCl2) for 20minutes at roomtemperature
(RT) followed by 3 wash steps in 13 phosphate-buffered saline
(PBS) for 5 minutes. The cells were permeabilized with 0.02% Tri-
ton X-100 for 30minutes at RT and blocked using 5% of appropri-
ate serum, followed by incubation with primary antibodies for 1
houratRT.Antibodiesusedwereanti-bIII-tubulin (Promega,Man-
nheim, Germany, http://www.promega.com), anti-neurofilament NF200
(Sigma-Aldrich), anti-Map2 (Millipore, Billerica,MA, http://www.
millipore.com), anti-synaptophysin (Millipore), anti-GFAP (BD
Bioscience, Heidelberg, Germany, http://www.bdbiosciences.com),

anti-Pitx3 (Millipore), and anti-TH (Santa Cruz Biotechnology,
Heidelberg, Germany, http://www.scbt.com). The secondary
fluorochrome-conjugated antibodies (Alexa 555 and Alexa
488; Life Technologies) were incubated for 1 hour at RT. Nuclear
counterstaining was performedwith SYTOX green (1:20,000;Mo-
lecular Probes, Göttingen, Germany, http://probes.invitrogen.
com), 49,6-diamidino-2-phenylindole (DAPI; 0.5 mg/ml; Sigma-
Aldrich), or TOTO-3 iodide (642⁄660 nm; Life Technologies). Fluo-
rescence imaging was performed using a confocal laser scanning
microscopy (LSM 510 or LSM 780; Carl Zeiss, Jena, Germany,
http://www.zeiss.com) and analyzed using ZEN software from
the same provider.

Vesicle Recycling

Detection of vesicle recycling was analyzed in directly differenti-
ated and spontaneously differentiated ITSCs using FM 1-43FX
lipophilic styryl dye (Life Technologies, Molecular Probes),
according to the manufacturer’s guidelines. In particular, cells
were washed in Hanks’ balanced saline solution (Sigma-
Aldrich), stimulated with 75 mM KCl, and stained for 90 seconds
with FM 1-43FX dye. Fluorescence imaging was performed using
fluorescence microscopy (Observer D1; Carl Zeiss).

Calcium Imaging

Differentiated ITSCs were loaded with the calcium indicator dye
Fluo-4 AM (Invitrogen) for 30minutes at 37°C. To reduce leakage
of the de-esterified indicator, 1 mM probenecid was added to
the staining solution. Cells were washed 3 times with Ringer’s
solution (made in the laboratory) and incubated 30 minutes at
37°C to allow complete de-esterification of intracellular AM
esters. Cells growing on a glass coverslip were clamped on a
custom-made imaging chamber and rinsedwithRinger’s solution.
Stimulation was achieved by changing the potassium concentra-
tion of the Ringer’s solution to a final concentration of 75 mM
KCl. Ca2+ measurement was performed using detection of Fluo-4
fluorescence using fluorescence microscopy (Observer D1; Carl
Zeiss).

6-OHDA-Lesioned Rats

Female Wistar rats (∼240 g at purchase; Janvier Labs, Saint-
Berthevin Cedex, France, http://www.janvier-labs.com) were
maintained under a 12-hour light/dark cycle with constant tem-
perature and humidity. Food andwaterwere available ad libitum.
All animal work was performed in accordance with regulations
set by the ethical committee for the use of laboratory animals
at Dresden University of Technology in Germany. The ascending
DApathwayson the right sidewere lesionedwith6-OHDA (Sigma-
Aldrich) to generate a stable hemiparkinsonian phenotype [46].
Prior to surgery, animals were anesthetized using isoflurane
and O2. All rats received stereotactic injections unilaterally
into the medial forebrain bundle to target the nigrostriatal
tract. Lesion was achieved with 6-OHDA (3.6 mg/ml in 0.2 mg
ascorbate per milliliter of 0.9% NaCl) using a two-track protocol:
track 1: tooth bar (TB) 22.3, anteroposterior (AP) 24.4, lateral
(L) 21.2, dorsoventral (DV) 27.8; track 2: TB +3.4, AP24.0,
L20.8, DV28.0. The total volume injected per animal was 5.5
ml (2.5 ml in the first track and 3 ml in the second track; 19.8
mg per animal). The rate of injection was 1 ml/minute, and the
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cannula was left in place for 4 minutes before retracting to pre-
vent backflow.

Transplantation Procedure

Well-lesioned animals were divided into three groups to receive
ITSCs cultured in standard medium, ITSCs pretreated with SHH/
FGF8 (SHH 200 ng/ml, FGF8 100 ng/ml for 2 days; Peprotech)
or saline as a sham control. Transplantation was performed 6
weeks after lesioning. Overall, 500,000 cells were stereotactically
implanted into the striatum of anesthetized animals via a 10-ml
Hamilton syringe at the following coordinates in the striatum ip-
silateral to the 6-OHDA lesion: TB 0.0 mm, AP +0.2 mm, L 23.5
mm. Two 2.5-ml deposits were injected at DV 25.0 mm and
24.0 mm, and the needle was kept in place for an additional
4 minutes before it was slowly retracted. Animals received daily
injections of cyclosporin A i.p. for immunosuppression (1 ml/kg
body weight; 5 ml of cyclosporin A dissolved in 20 ml of 0.9% sa-
line; liquid fromNovartis,Nürnberg,Germany, http://www.novartis.
com) until perfusion. To prevent infections, all animals received
Trimetox 240 (sulfadoxine 200 mg/ml, trimethoprim 40 mg/ml;
Veyx Pharma, Schwarzenborn, Germany, http://www.veyx.de/
en/int/veyx-pharma/) daily via the drinking water (50–75
mg/kg body weight).

Amphetamine-Induced Rotational Behavior

Amphetamine-induced rotations were carried out to functionally
assess the DA system [47]. Baseline measures were obtained 4
weeks following 6-OHDA lesioning. Animals received an i.p. injec-
tion of 5.0 mg/kg body weight of amphetamine (Sigma-Aldrich)
dissolved in saline and were placed in cylindrical bowls in which
rotational behavior was observed and quantified by a rotometer
system (Omnitech Electronics, Inc., Columbus, OH, http://www.
omnitech-electronics.com). Rotational behavior was assessed
for 90 minutes after injection. One full rotation was defined as
4 consecutive 90° turns in the same direction [48]. Animals meet-
ing the criterion of $10 turns per minute (averaged over 90
minutes) were assigned to the transplant groups. Behavioral as-
sessment was repeated 4, 8, and 12 weeks after grafting.

Immunohistochemistry

After 12weeks, animals received i.p. injection of Rompun (0.1ml,
20 mg/ml; Bayer-Germany) and ketamine (0.9 ml, 50 mg/ml;
Parke-Davis [India] Ltd., Mumbai, India, , http://www.pfizer.com)
and were transcardiacally perfused with 150 ml PBS followed
by 300 ml PFA (4% in phosphate-buffered saline, pH 7.4). The
brains were carefully removed and stored for 24 hours in PFA
and afterward in 30% sucrose in PBS for cryoprotection. After-
ward, the brainswere frozen at280°C before undergoing further
analysis.

For immunohistochemistry, 40-mm-thick sagittal sections of
rat brains were prepared. The sections were preincubated in
13 Tris-buffered saline (TBS) containing 0.5% Triton-X-100 and
5% respective serum (TBS+) for about 1 hour, followed by incuba-
tion with the primary antibodies in 13 TBS+ overnight at 4°C.
Antibodies used were mouse anti-human STEM121 (StemCells,
Inc., Cambridge, U.K., http://www.stemcellsinc.com), mouse
anti-human nestin (Millipore), rabbit anti-TH (Santa Cruz Biotech-
nology Inc.), rabbit anti-Map2 (Millipore), rabbit anti-GFAP (BD
Bioscience), and rabbit anti-Ki67 (Abcam). The sections were
washed 3 times with 13 TBS for 15 minutes, incubated with

the appropriate secondary fluorochrome-conjugated antibodies
(Alexa 555, Alexa 488; Life Technologies) under exclusion of light
for 2 hours, and washed another 3 times with 13 TBS. Nuclear
counterstaining was performed with DAPI (0.5 mg/ml; Sigma-
Aldrich) for 15 minutes. After staining, sections were washed
2 times, once with TBS and once with double-distilled water, and
finally transferred on microscope slides for further analysis. Fluo-
rescence imaging was carried out using a confocal laser scanning
microscope (LSM 780; Carl Zeiss).

Nissl Staining

The 40-mm-thick sagittal sections of rat brains removed after 12
weeks and treated as described above were applied to 1% cresyl
violet at 60°C for 15 minutes. Dehydration was performed after-
ward using 70%, 90%, and 100% ethanol for 3 minutes each, fol-
lowed by clearing with xylene for 3 minutes. Sections were
embedded in Entellan.

Imaging was done via light microscopy using an AMG EVOS xl
microscope (PeqLab Biotechnology).

Cell Counting and Statistics

Stereologic counting of TH-positive cells was performed with the
optical fractionator method using Stereoinvestigator software
version 5.05.1 (MicroBrightField, Magdeburg, Germany), as de-
scribed previously [49]. Images for counting were acquired using
a 403 oil immersion, 1.3 numerical aperture objective on a Zeiss
Axioplan 2microscope equippedwith a computer-controlledmo-
torized three-dimensional stage (Ludel Electronic Products) and
a video camera (MBF Bioscience CX9000, Williston, USA). Cells
were counted if the upper top of the nucleus could be identified
unequivocally. Statistical analyses were performed using SPSS
software version 21.0 (IBM Corp, Armonk, NY, http://www-01.
ibm.com/software/analytics/spss/). Statistical analysis was
performed using an unpaired two-sided t test (comparing two
groups), one-way analysis of variance (ANOVA) with post hoc
Bonferroni-adjusted t test (comparing multiple groups), or two-
way repeated-measure ANOVA with post hoc Bonferroni-
adjusted t test for thebehavioral data (comparingmultiple groups
over time). We applied various linear and nonlinear regression
analyses, and logarithm function nicely matched the ipsilateral
net rotations at 12 weeks and TH+ cell count and rendered a cor-
relation coefficient (r2) of 0.687. Curve linearization was thus
made by log transformation of results. Correlation analyses to as-
sess the association of behavioral outcome and TH+ DA neuron
counts were performed by Pearson correlation test. If not men-
tioned otherwise, all data are displayed as mean6 SEM. The sig-
nificance level was set at p, .05 (two-sided test).

To quantify fluorescence intensity of TH+ fibers within the
striatum, ImageJwas applied [50], followed by statistical analyses
using GraphPad Prism (GraphPad Software, La Jolla, CA, http://
www.graphpad.com). The p values were calculated by one-way
ANOVA with post hoc Bonferroni-adjusted t test.

RESULTS

Neural Crest-Derived Stem Cells From Human Inferior
Turbinate Are Able to Differentiate Efficiently Into the
Neural Lineage In Vitro

Assessing their potential to give rise to neuronal tissue, we ini-
tially investigated the ability of human inferior turbinate stem
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cells to undergo differentiation into the neural lineage in vitro.
During exposure to a NIM, the cytoplasm of ITSCs was observed
to retract toward the nucleus, followed by an enhanced neurite
outgrowth accompanied by the formation of a dense neuronal
network (Fig. 1A–1C). After 24 days of NIM treatment, immuno-
cytochemical staining revealed expression of bIII-tubulin (100%)
in ITSC-derived neuron-like cells, which also exhibited a neuronal
morphology (70.7% 6 5.1% of bIII-tubulin-positive cells). We
further observed the presence ofmature neuronalmarker neuro-
filament (39% 6 10.3% of ITSCs showing neuronal morphology
andexpressionofbIII-tubulin) aswell asMap2 at theprotein level
(Fig. 1D–1F). A small subpopulation of differentiated ITSCs
expressed bIII-tubulin without possessing a neuronal morphol-
ogy, suggesting them to be early neural progenitors. In addition,
ITSCs cocultured withmouse astrocytes gave rise to 5.2%6 1.0%
of GFAP-positive glial cells (supplemental online Fig. 1), conclu-
sively indicating the ability of ITSCs to differentiate into the neural
lineage, including neurons and glia.

Synaptic Vesicle Recycling and Repeated Calcium
Spiking Suggest Functionality of ITSC-Derived Neurons

In order todetermine their functionality, neurons generated from
ITSCswere analyzed for the release and uptake of neurotransmit-
ters. As a crucial prerequisite for neurotransmitter-mediated sig-
naling, ITSC-derived neurons possessed synaptophysin-positive
synapses (Fig. 2B). Reverse transcription-PCR analyses further

confirmed the expression of synaptophysin in differentiated
ITSCs. Notably, the message for synaptophysin was observed to
be strongly increased in ITSCs exposed toNIM in comparisonwith
FCS control (Fig. 2A).

We further investigated potential recycling of synaptic
vesicles in ITSC-derived neurons. After stimulation with 75 mM
KCl, 33%6 7.8% of the neurons generated from ITSCs showed in-
corporation of the fluorescent dye FM 1-43FX, indicating func-
tional vesicle recycling (Fig. 2C; supplemental online Fig. 2). In
contrast, undifferentiated ITSCs revealed no vesicle-mediated
FM 1-43FX uptake (supplemental online Fig. 2). As a further hall-
mark of neuronal excitability, exocytosis of synaptic vesicles on
depolarization is followed by calcium influx. We investigated po-
tential changes in intracellular calciumconcentration via intensity
of Fluo-4 fluorescence on KCl-dependent stimulation. ITSC-
derived neurons (Fig. 2D) showed repeated calcium spikes after
respective restimulation (Fig. 2E, 2F), again indicating their
functionality.

ITSCs Give Rise to TH+ DA Neurons In Vitro

With respect to their potential application in a parkinsonian rat
model,we initially investigated theabilityof ITSCs toundergopre-
dopaminergic differentiation in vitro prior to transplantation. Be-
ing an essential prerequisite for induction of a DA fate [51, 52],
ITSCs showed activation of the hedgehog pathway in vitro after
treatment with SHH or its agonist purmorphamine (Fig. 3A). In

Figure 1. Adult human neural crest-derived stem cells derived from the inferior turbinate (ITSCs) are able to efficiently differentiate into the
neural lineage. (A): High-cell-density monolayer was cultivated under exposure to a neuronal induction medium. (B): At 7 days after induction,
most cells exhibited a neuronal morphology. (C): By differentiation day 24, cells had built up a dense neuronal network. (D): Immunocytochem-
ical staining showed coexpression of bIII-tubulin and neurofilament (NF200) and (E) bIII-tubulin and Map2 at day 24 of differentiation. (F):
Quantification of immunocytochemical analyses 24 days after induction; bIII-tubulin: 100% of analyzed cells; neuronal morphology: 70.7 6
5.1% of bIII-tubulin-positive cells, NF200: 39%6 10.3% of ITSCs showing neuronal morphology and expression of bIII-tubulin. Abbreviation:
DAI, days after induction.
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order to differentiate ITSCs toward a more mature dopaminergic
phenotype, we applied FGF8 and purmorphamine treatment in
combinationwithdual SMAD inhibition and inhibitedWNTsignal-
ing. In contrast to the FCS-treated control approach, directed
dopaminergic differentiation of ITSCs for 12 days resulted in
a population of 100% Pitx3-positive ITSC-derived dopaminergic
progenitors coexpressing bIII-tubulin (Fig. 3B). Notably, although
spontaneously differentiated ITSCs lacked expression of tyrosine
hydroxylase, ITSCs that differentiated into the dopaminergic phe-
notypewere positive for TH in the perinuclear area (Fig. 3C). ITSCs
further showed expression of TH in the soma and in processes af-
ter dopaminergic differentiation for 20 days, indicating successful
differentiation of ITSCs into DA neurons (Fig. 3D). In addition, we
observed increased expression of Pitx3 in ITSCs after 30 days of

differentiation in comparison with undifferentiated control using
qPCR (Fig. 3E).

Transplantation of ITSCs Into 6-OHDA-Lesioned
Parkinsonian Rats Leads to Behavioral Recovery

In order to assess potential functional effects of ITSCs, a parkinso-
nian rat model was established by unilaterally injecting 6-OHDA
into themedial forebrain bundle. Four weeks after 6-OHDA injec-
tion, undifferentiated or SHH/FGF8-pretreated ITSCs were trans-
planted into the striatum ipsilateral to the lesioned site. Before
transplantation, all rats exhibited severe motor asymmetry that
was induced by amphetamine and that did not improve in sham
control animals over time (Fig. 4). In contrast, rats transplanted

Figure 2. Chemical stimulation of ITSC-derived neurons led to synaptic vesicle recycling and repeated calcium spikes. (A, B): After neuronal
inductionmedium-dependent differentiation, ITSC-derived neuronal cells revealed the presence of synaptophysin at the protein level and at
the mRNA level. Treatment of neuronal culture with retinoic acid led to increased synaptophysin mRNA in contrast to spontaneous differ-
entiationwith FCS. Neurospheres served as a control. (C):After chemical stimulationwith 75mMKCl, cells that had differentiated for 14 days
were able to internalize the fluorescent dye FM 1-43FX by vesicle uptake. Scale bar = 50 mM. (D): Neuronally differentiated cell subjected to
calcium imaging. (E): Cells were subjected for 70 seconds to KCl. Stimulation with 75mMKCl resulted in repeated calcium spikes. After wash-
out of the stimulus and restimulation for 70 seconds, relative fluorescence intensity F/F0was determined in three independent cells. (F): The
sequential series of images of a neuronal cell showed that chemical stimulation induced an increase in fluorescence of the Ca2+-sensitive
indicator. Abbreviations: FCS, fetal calf serum; ITSCs, adult human neural crest-derived stem cells derived from the inferior turbinate;
RA, retinoic acid; s, seconds.
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with undifferentiated ITSCs showed a progressive and strong re-
duction of ipsilateral amphetamine-induced rotations over the
12-week observation period (Fig. 4). The number of rotations
was significantly lower comparedwith the control group at all ob-
servational time points after surgery.We likewise observed up to
∼40% reduced rotations in rats transplanted with SHH/FGF8-
pretreated ITSCs comparedwith the shamgroup,withno relevant
differences to the undifferentiated ITSC-transplanted animal
group (Fig. 4).

Lesioned Substantia Nigra of 6-OHDA-Treated Rats Is
Restored After ITSC Transplantation

Investigating the observed behavioral recovery of 6-OHDA-
lesioned rats in more detail, SN and striata were analyzed by im-
munohistochemistry 12 weeks after ITSC transplantation (Fig. 5).
Hemispheres located contralateral to the site of 6-OHDA injection
and ITSC transplantation were normal, with intact populations of
TH+DA neurons (Fig. 5A, 5D; supplemental online Fig. 3). Notably,

Figure3. Adult humanneural crest-derived stemcells derived fromthe inferior turbinate (ITSCs) give rise toTH+dopaminergic neurons in vitro.
(A): Increased expression of the target genes Gli1, Gli2, and Msx1 after addition of purmorphamine or SHH shows activation of the hedgehog
pathway in ITSCs. (B): In contrast to spontaneous differentiation, dopaminergic differentiation of ITSCs for 12 days resulted in dopaminergic
progenitors coexpressing Pitx3 and bIII-tubulin. (C):Whereas spontaneously differentiated ITSCs lacked TH expression, ITSC-derived dopami-
nergic progenitors expressed TH in the perinuclear area. (D): Expression of TH in the soma and in processes of ITSC-derived dopaminergic neu-
rons after dopaminergic differentiation for 20 days. (E):Quantitative polymerase chain reaction revealed increased expression of Pitx3 in ITSCs
after 30 days of differentiation in comparison with undifferentiated controls. Abbreviations: FCS, fetal calf serum; n.d., no data; TH, tyrosine
hydroxylase.
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only a very small amount of TH+DAneuronswas observable in the
6-OHDA-treated SN of the sham group (Fig. 5A, 5C; supplemental
online Fig. 3). In contrast, transplantation of undifferentiated or
SHH/FGF8-predifferentiated ITSCs into the ipsilateral striatum led
to an increased amount of endogenous TH+ DA neuron popula-
tions in the SN of the ipsilateral site (Fig. 5A, 5C; supplemental
online Fig. 3). Anti-TH immunoreactivity within the striatum
was unilaterally reduced in ipsilateral hemispheres. Remarkably,
a slightly but significantly increased amount of incoming endog-
enous TH+ fibers to the striatum could be observed in trans-
planted animals in contrast to sham controls, indicating
recovered axonal sprouting through the nigrostriatal pathway
or upregulation of TH in existing fibers (Fig. 5B, 5E).

We assessed potential associations of behavioral outcome
measured by amphetamine-induced net rotationswith ipsilateral
and contralateral TH+ DA neuron counts (Fig. 5F, 5G). No signifi-
cant differences between undifferentiated and SHH/FGF8-
predifferentiated ITSCs could be determined. Pearson correlation
tests revealed a correlation with a magnitude.0.5 of ipsilateral
net rotations after 12 weeks in percentage of pregraft rotations
with log-transformed TH+ cell counts on the ipsilateral side (Pear-
son correlation coefficient r = 20.725; p = .027) but not on the
contralateral side (r = 0.371; p = .325).

ITSCs Integrate Into Parkinsonian Rat Brains and Give
Rise to Neurons In Vivo

We assessed the role of ITSCs in recovering behavior and DA neu-
ron populations of 6-OHDA-treated ratsmore closely by determin-
ing their survival in vivo at week 12 after transplantation. Using
STEM121, a marker specific for human cytoplasm, we also

ascertained whether ITSCs were capable of migrating from the
striatal injection site to the lesioned SN. STEM121+ ITSCswerepri-
marily found to survive and migrate in loose streams toward the
posterior direction (Fig. 6A, 6G, 6I). In only 1 of 10 analyzed ani-
mals, STEM121+ ITSCs were clustered directly at the injection tra-
jectory (Fig. 6B). Because of the injury, a large number of
endogenous GFAP+ reactive astrocytes were recruited to the in-
jection site. STEM121/GFAP double immunolabeling exhibited
differentiation of ITSCs into astrocytes in only very few cases
(Fig. 6B). Most of the grafted cells that remained at the injection
site appeared to retain the stem cell phenotype, as demonstrated
by expression of the human-specific neural crest stem cellmarker
nestin (Fig. 6C). Because nestin-positive signals were found exclu-
sively in cells closely located around the injection channel, these
data indicate that grafts that migrated away from the injection
site lost their stem cell characteristics 12 weeks after transplan-
tation. Accordingly, ITSCs located at the respective target sites
of migration lacked expression of Ki67, and we never observed
formation of tumors in transplanted 6-OHDA rats (data not
shown).

Investigating the role of ITSCs in recovering the parkinsonian
phenotype in more detail, STEM121+ ITSCs were shown to be lo-
cated within the corpus callosum (Fig. 6E) and were consistently
present within the midbrain (Fig. 6F–6H). Colabeling with
STEM121 and the neuronal marker Map2 demonstrated the dif-
ferentiation of ITSCs into neurons in vivo (Fig. 6D, 6H). Impor-
tantly, STEM121+/Map2+ ITSCs integrated directly above the
lesioned SN (Fig. 6H). Next, we investigated whether grafted cells
have the ability to adopt the DA phenotype. Interestingly,
STEM121+/TH+ ITSCs were exclusively found within the locus cer-
uleus (Fig. 6I). Although ITSCs that integratedwithin themidbrain
lackedTHexpression, they ameliorated the functional outcome in
parkinsonian rats, suggesting a trophic effect; therefore, they
possess beneficial characteristics for recovering the parkinsonian
phenotype.

DISCUSSION

The present study describes for the first time that adult human
neural crest-derived stem cells are capable of functionally recov-
ering the nigrostriatal pathway of the unilaterally lesioned 6-
OHDAPDratmodel. Although6-OHDAtreatmentdoesnot induce
the formation of Lewy bodies, in particular, the specific degener-
ation of nigral DA neurons and their striatal projections closely
resembles the parkinsonian phenotype [3]. Linked to this neuro-
degenerative effect, unilaterally injected 6-OHDA is commonly
known to cause rotational behavior in rats on administration of
amphetamine [53, 54]. Given this close relation to the parkinso-
nian phenotype, the 6-OHDA rat model remains the state-of-the-
art animal model in terms of evaluating the applicability of stem
cell transplants for PD cell replacement therapy on both the be-
havioral and histological levels. We observed that the 6-OHDA-
induced rotational behavior was significantly recovered by the
intrastriatal transplantation of ITSCs independent of their predif-
ferentiation, notby acquiring aDAphenotypewithin theSNor the
striatumbutmost likely by restoring theendogenousnigrostriatal
DA pathway.

Various rodent, primate, and human stem cell derivatives
were shown to restore amphetamine-induced rotation behavior
of 6-OHDA-lesioned rats by differentiating into DA neurons, such
as pluripotent ESCs [17, 55, 56] and fetal neural progenitor

Figure 4. Transplantation of ITSCs into 6-hydroxydopamine (6-
OHDA)-lesioned parkinsonian rats led to behavioral recovery. Rela-
tive amphetamine-induced rotational behavior of 6-OHDA lesioned
rats at baseline (before engraftment) and at 4, 8, and 12 weeks after
intrastriatal transplantation of ITSCs cultured under standard condi-
tions (n = 7) or pretreated with SHH/FGF8 (n = 8) and in sham-oper-
ated animals (n=5). Baseline valueswere 12.96 1.5 net rotations per
minute for the sham animal group, 13.76 0.5 for the standard-ITSC
group, and 15.9 6 3.8 for the pretreated-ITSC group (F = 2.029;
p = .156, one-way analysis of variance [ANOVA]). Two-way repeated-
measuresANOVAwithposthoc t test andBonferroni adjustmentwith
time after transplantation as within-subject factor and treatment as
between-subjects factor revealed a statistically significant main
effect for time (F[2.155, 38.781] = 10.947, p , .0001; with Green-
house-Geisser correction) and a statistically significant interaction ef-
fect of time and treatment (F[4.309, 38.781] = 3.678, p = .011). p, p,
.05, pp,p, .01,ppp,p, .001when comparedwith pregraft baseline;
+ p , .05, ++ p , .01 when compared with sham control (post hoc
Bonferroni adjusted t tests).
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Figure 5. Lesioned substantia nigra (SN) of rats treated with 6-hydroxydopamine (6-OHDA) is restored after ITSC transplantation. (A): Con-
tralateral hemispheres revealed normal endogenous populations of TH-positive DA neurons in the SN. Although almost no TH-expressing
DA neurons were observable after transplantation of the sham group, populations of DA neurons were observable after transplantation of
undifferentiated or predifferentiated ITSCs. (B): TH expression within the striatum contralateral and ipsilateral to an unilateral striatal 6-OHDA
lesion 12 weeks after lesion. The 6-OHDA lesion affected TH+ fibers only within the ipsilateral hemisphere. In contrast to the sham group, in
transplantedanimals, TH+ fibers are clearly visiblewithin the ipsilateral hemisphere (magnified view). (C,D):Boxplotsof TH+DAneuroncounts in
the SN on ipsilateral (C) and contralateral (D) sides with respect to the transplantation group, as measured by stereological analysis. The plots
show the 10th percentile, 1st quartile, median, 3rd quartile, and 90th percentile for each parameter. Open circles represent the means. The
p values are from one-way ANOVA according to Kruskal-Wallis. (E): Significantly increased amount of incoming endogenous TH+ fibers into
ipsilateral striatum after transplantation of undifferentiated and SHH/FGF8-pretreated ITSCs in contrast to sham control. The p values are cal-
culated by one-way ANOVA with post hoc Bonferroni-adjusted t test. (F, G): Correlations of ipsilateral amphetamine-induced rotations after
12weekswith ipsilateral (F)andcontralateral (G)TH+DAneuron counts. Values aremeans6 SEM.Abbreviations:DA,dopaminergic; ITSCs, adult
human neural crest-derived stem cells derived from the inferior turbinate; TH, tyrosine hydroxylase.
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cells [57]. Notably, ESC-derived DA-precursors even generated
a complete recovery of 6-OHDA-induced rotational behavior 18
weeks after transplantation [15]. Overcoming ethical and practi-
cal considerations in terms of using embryonic tissue [16–18], in-
duced pluripotent stem cells generated from adult somatic cells
have also been described as efficiently generating DA neurons
and restoring motor function after intrastriatal transplantation
in PD animal models [58, 59].

In 2013, Reinhardt et al. showed that human small molecule
neural progenitor cells derived from pluripotent stem cells were
able to integrate into the SN and give rise to midbrain DA neu-
rons in vivo only after predifferentiation with FGF8 and the SHH
agonist purmorphamine [60]. As recently pioneered by Sieber-
Blum and colleagues, treatment of neural crest-derived stem
cells with FGF8 and SHH in combination with dual SMAD inhibi-
tion and inhibitedWNT signaling (after a short activation period
of WNT signaling for 1 day) resulted in their highly efficient dif-
ferentiation into TH+ dopaminergic neurons [45]. Applying the
promising differentiation protocol described by Sieber-Blum
and coworkers, we show successful differentiation of ITSCs into
100% Pitx3-positive dopaminergic progenitors, which further
differentiated into TH+ neurons after 20 days in vitro. However,
ITSCs and their SHH/FGF8-predifferentiated derivatives did not
show the DA phenotype within the striatum or after migration
into themidbrain region near the SNat 12weeks after transplan-
tation. On the contrary, ITSCs acquired a TH+ catecholaminergic
phenotype after migrating into the locus ceruleus. This region is
suggested to be critical in regulating the sensitivity of the nigros-
triatal DA pathway in terms of PD [61]. Consequently, ITSC-
derived DA neurons within the locus ceruleus may contribute
in part to the behavioral recovery observed in this study.

Human MSCs have also been described to efficiently regen-
erate the parkinsonian phenotype in 6-OHDA-treated rats
[62–64]. Notably, the observed recovery of rotational behavior
afterMSC transplantationwas associatedwith secretionof para-
crine factors rather than differentiation of MSCs into TH+ DA
neurons [62, 64, 65]. Linking these promising findings to primate
models, Reymond and colleagues showed that transplantation
of human neural stem cells leads to behavioral recovery of a pri-
mate PD model. Regenerative effects of transplanted neural
stem cells (NSCs) were mainly associated with homeostatic ad-
justment of endogenous nigral DA neurons. In particular, some
NSCs underwent differentiation into astrocyte-like cells express-
ing GDNF [66]. The presence of GDNF has been broadly shown to
promote the recovery of parkinsonian phenotypes in different
animal models [67–69]. Interestingly, human neural crest-
derived stem cells from dental pulp were reported to provide
neuroprotection for dopaminergic neurons in vitro by secreting
various neurotrophic factors including GDNF, NGF, and BDNF
[70]. Cotransplantation of neural crest-derived olfactory
ensheathing cells (OECs) together with fetal ventral mesence-
phalic cells was further shown to restore functional deficits in
a parkinsonian ratmodel. OECs supported the viability of cotrans-
planted fetal ventralmesencephalic cells [71], amatter closely re-
lated to their broadly described expression of neurotrophic
factors like GDNF [72]. Notably, although residing exclusively
within the middle and superior turbinate [73, 74] rather than in
the inferior turbinate of the human nose, OECs are anatomically
closely related to the ITSCs used in the present study [41].

Extending these promising findings on neural crest-derived
cellular therapies in models of central nervous system disorders

includingPD,we showed that solely transplanted ITSCsareable to
functionally recover a 6-OHDA-lesioned parkinsonian rat model.
In accordance with the broad range of paracrine effects of adult
stem cell transplants in terms of regenerating the parkinsonian
phenotype [62, 66], we also observed significantly increased re-
covery of cell bodies of endogenous DA neurons within the SN
and their projections into the striatum. The correlation of SN
DA neuron counts on the ipsilateral side with the rotational be-
havior further indicates the trophic support provided by ITSCs
to mediate the recovery effects of this transplantation approach.
In addition, the site of ITSC migration within the midbrain and
near the lesioned SN suggests an impact on the restoration of
the lesioned substantia nigra via production of trophic factors.
Considering the commonly described expression and secretion
of GDNF, NGF or BDNF by mesenchymal stem cells [65, 75] and
neural-crest-derived stem cells in vivo and in vitro [70, 72, 76],
ITSCs may secrete similar neurotrophic factors to restore endog-
enous DA neuron populations—an interesting matter for more
detailed investigation in future studies. Regarding their potential
cellular source, endogenous TH+ neurons observed after ITSC
transplantationmay be derived either by differentiation of neural
progenitors closely located to the SN, such as ventral midbrain
NSCs [77], via dedifferentiation of resident astrocytes [78] or
by endogenous DAneurons that have not degenerated in the first
place.

Analysis of whole brains in adjacent sections revealed an-
other interesting finding: ITSCs migrate extensively from the in-
jection trajectory in loose streams and primarily toward the
posterior direction as far as the SN and the locus ceruleus. In ac-
cordance with the data presented, NCSCs have been reported
previously as a highly migratory cell population that migrates
in cell streams [79, 80]. However, such migratory properties of
stem cells may also be associated with a potential risk of their
tumorigenicity in clinical applications [81]. Although in 1 of 10
analyzed animals nonmigrating ITSCs located near the injection
site expressed the progenitor marker nestin, we did not observe
proliferating ITSCs at the respective target sites of migration,
suggesting their low tumorigenic potential. In addition, ITSCs
were reported not to form teratomas in immunodeficient SCID
mice [41]. Consistent with these findings, NCSCs derived from
the bulge of hair follicles were also shown not to undergo trans-
formation after transplantation into a mouse model of spinal
cord injury [33]. Accordingly, we never observed any signs of tu-
mor formation in transplanted 6-OHDA-lesioned rats in thepres-
ent study. In future studies, we will analyze transcriptomic
profiles of ITSCs during dopaminergic differentiation. In conclu-
sion, ITSCs seem to be a promising cell source for future thera-
peutic application in PD patients.

CONCLUSION

Our findings demonstrate the functional recovery of a 6-OHDA-
treated PD rat model by transplantation of adult human neural
crest-derived stem cells generated from the inferior turbinate.
Due to their easy accessibility and the resulting possibility of
an autologous transplantation approach, ITSCs represent a
promising cell source for regenerative medicine. Given the ob-
served enhancedmigration capability of ITSCswithin the parkin-
sonian rat brains, future transplantation strategies may also
focus on intraventricular injection of ITSCs rather than their
local application. Our study extends the variety of possible
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applications of NCSCswithin regenerativemedicine, particularly
emphasizing their great potential for future treatment of PD in
the patient.

ACKNOWLEDGMENTS

We thank Jared Sterneckert, GritWeselek, and Andreas Hermann
for helpful discussions on dopaminergic differentiation and quan-
titative histology. We thank Raphael Kurtz for advice on calcium
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Germany. S.H. is currently affiliated with the German Center for
Neurodegenerative Diseases in Tübingen, Germany, and the De-
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