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Abstract There is variety of stem cell sources but problems
in ethical issues, contamination, and normal karyotype cause
many limitations in obtaining and using these cells. The cells
in Wharton’s jelly region of umbilical cord are abundant and
available stem cells with low immunological incompatibility,
which could be considered for cell replacement therapy. Small
molecules have been presented as less expensive biologically
active compounds that can regulate different developmental
process. Purmorphamine (PMA) is a small molecule that, ac-
cording to some studies, possesses certain differentiation ef-
fects. In this study, we investigated the effect of the PMA on

Wharton’s jelly mesenchymal stem cell (WJ-MSC) differenti-
ation into motor neuronal lineages instead of sonic hedgehog
(Shh) on PCL scaffold. After exposing to induction media for
15 days, the cells were characterized for expression of motor
neuron markers including PAX6, NF-H, Islet1, HB9, and cho-
line acetyl transferase (ChAT) by quantitative reverse tran-
scription (PCR) and immunocytochemistry. Our results dem-
onstrated that inducedWJ-MSCswith PMA could significant-
ly express motor neuron markers in RNA and protein levels
15 days post induction. These results suggested that WJ-
MSCs can differentiate to motor neuron-like cells with PMA
on PCL scaffold and might provide a potential source in cell
therapy for nervous system.
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Introduction

Neuronal cell loss is common feature for large numbers
of neurodegenerative diseases such as Parkinson’s dis-
ease, spinal cord injury, stroke, and Huntington’s disease
(HD) that are associated with loss of function and dis-
abilities [1–3]. There are many limitations in injured re-
gions in the CNS, and this problem greatly limits effec-
tive therapeutic possibilities [4]. Cell replacement thera-
py for injured regions has provided powerful new thera-
peutic strategies for human neurological diseases [1, 5].
There are many sources of stem cells that are used for
neural differentiation [6, 7]. Embryonic stem cells
(ESCs) and adult stem cells have been differentiated into
neural cells that are used for repairing of neurodegener-
ative diseases [8–12]. For clinical application, it is im-
portant that these cells have the relative ease of isolating

* Somayeh Ebrahimi-Barough
Ebrahimi_s@sina.tums.ac.ir

1 Oral and Maxillofacial Surgery Department, School of Dentistry,
Tehran University of Medical Sciences, Tehran, Iran

2 Craniomaxillofacial Research Center, Tehran University of Medical
Sciences, Tehran, Iran

3 Iranian Tissue Bank and Research Center, Tehran University of
Medical Sciences, Tehran, Iran

4 Virology Research Center, National Research Institute of
Tuberculosis and Lung Diseases (NRITLD), Shahid Beheshti
University of Medical Sciences, Tehran, Iran

5 Department of Biotechnology, School of Advanced Technologies in
Medicine, Shahid Beheshti University of Medical Sciences,
Tehran, Iran

6 Biomedical Engineering Division, Life Science Engineering
Department, Faculty of New Sciences and Technologies, University
of Tehran, North Karegar Ave, P.O. Box 14395-1561, Tehran, Iran

7 Wilmer Eye Institute, Johns Hopkins University School of Medicine,
Baltimore, MD, USA

8 Department of Tissue Engineering and Applied Cell Sciences,
School of Advanced Technologies inMedicine, Tehran University of
Medical Sciences, Tehran, Iran

Mol Neurobiol (2017) 54:5668–5675
DOI 10.1007/s12035-016-0090-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-016-0090-1&domain=pdf


and expanding process [13]. Conversely, mesenchymal
stem cells derived from Wharton’s jelly mesenchymal
stem cells (WJ-MSCs) within the umbilical cord are easy
to be obtained and do not give rise to any ethical issues,
not tumorigenic, and preserve their normal karyotype af-
ter several passages [14–18]. Previously, the differentia-
tion potential of this source of cells into many types of
cells such as osteoblast, adipocyte, and neural cells has
been studied [16, 19, 20]. Thus, human umbilical cord
mesenchymal stem cells may serve as an alternative
source of multipotent stem cells for replacement therapy
[16]. It is previously shown that WJ-MSCs can be dif-
ferentiated to motor neurons by applying retinoic acid
(RA) and sonic hedgehog (Shh) [16, 18]. In the present
study, we also discovered that motor neuron differentia-
tion from WJ-MSCs can be achieved by using a small
molecule, purmorphamine, instead of Shh. Recently, the
effect of a small molecule termed 2,6,9-trisubstituted pu-
rine or purmorphamine has investigated on osteogenesis
and neurogenesis by activation of the hedgehog signaling
pathway [21–24]. Upregulation of Gli-1 transcription fac-
tor is important for neural differentiation that can be
occurred by activation of Shh signaling pathway by
purmorphamine [25]. Identification of small molecules
that selectively induce neural differentiation from MSCs
would provide useful chemical tools to study the molec-
ular mechanisms of neural differentiation and ultimately
might lead to useful therapeutic agents for the treatment
of neurodegenerative diseases [26].

Tissue engineering is a new potential approach to enhance
cell survival and differentiation using materials. A variety of
natural and synthetic polymers for nerve tissue engineering
have been investigated by variety of studies such as
polycaprolactone (PCL), poly(L-lactide-co-glycolide)
(PLGA), collagen, and gelatin [16, 27]. PCL has good me-
chanical properties, biodegradability, and biocompatibility,
which has been shown to be suitable for constructing scaffold
for differentiation of stem cells to different types of cells such
as neural cells [16, 27]. Among different methods for scaffold
fabrication, electrospinning has drawn attention because it is
an easy, cost-effective technique and provides a proper matrix
with high surface area to volume ratio and fiber diameters in
the range of nanometer with sufficient pores to encourage
mesenchymal stem cell (MSC) adhesion, proliferation, and
differentiation [28].

In the present study, we investigated the directed differen-
tiation of human WJ-MSCs cultured on PCL nanofibrous
scaffold into motor neuron-like cells in the presence of
purmorphamine as an agonist of Shh signaling. PCL
nanofibrous scaffold was fabricated by electrospinning tech-
nique, and then differentiation ofWJ-MSCs intomotor neuron
cells on PCL scaffold was characterized by investigating their
morphology and specific gene expression.

Material and Methods

Mesenchymal Stem Cell Isolation from Wharton’s Jelly

Human WJ-MSCs were obtained by our previous study pro-
tocol [17]. Briefly, the sample of human umbilical cords
(hUCs) was collected after filling consent forms by the new-
borns’ parent. Cord was rinsed with PBS to remove blood in
excess and was processed within 2–4 h of the births. After
that, hUC was cut into 3–5-cm pieces, and cord vessels were
removed to avoid endothelial cell contamination. Wharton’s
jelly parts were digested with collagenase I (1 mg/ml; Sigma-
Aldrich, USA) for 3 h at 37 °C and further digested with
dispase enzyme at 37 °C for 1 h and then centrifuged at
1500 rpm for 5 min at 4 °C. After discarding the liquid, iso-
lated cells were cultured in Dulbecco’s modified Eagle
medium/F12 (DMEM/F12; Invitrogen, USA), 10 % fetal bo-
vine serum (Invitrogen USA), 100 U/ml penicillin/
streptomycin (Sigma, USA) and plated into a 25-cm2 flask
and maintained at 37 °C in a 5 % CO incubator. Medium
was renewed every 3 days, and adherent cells were serially
passaged at 80–90 % confluence at 1:3 ratio. WJ-MSCs were
characterized using flow cytometry for cell surface markers
including CD90, CD105, CD73, CD45, and CD34 [17].

Fabrication of Electrospun PCL

To obtain nanofibrous scaffolds, PCL polymer (10%w/v; Mw
80,000 g/mol, Sigma-Aldrich, USA) was dissolved in mixture
of dichloromethane (DCM), N,N-dimethylformamide (DMF)
at the ratio of 1:3 and stirred for 24 h at room temperature. The
polymer solution was placed into a 5-ml plastic syringe at
room temperature. Applied voltage was 15 kVand the feeding
rates were kept constant at 1.3 ml/h. As grounded collector, a
piece of aluminum foil was placed toward the tip at the dis-
tance of 12 cm.

Cell Seeding on PCL Scaffolds

WJ-MSCs were cultured in DMEM/F12 (Gibco, USA)
supplemented with 10 % FBS. When the confluence of cells
reached 85–90 % at passage 3, the cells were used for seeding
on scaffolds. The scaffolds were cut to the size of a well from a
24-well plate (16mm) using a punch. Scaffolds were sterilized
by exposing to UV radiation for 1 h and incubated in
DMEM/F12 containing 10 % FBS for 2 h before cell seeding.
The cells were dropped onto the top of the scaffolds with a
final seeding density of 5 × 104 cells/cm2 of scaffold in 24-
well plates and incubated for 2 h to allow cells to attach onto
the surface of the scaffold. New medium was then added for
further incubation.
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Scanning Electron Microscopy

The average of fiber diameter and diameter distribution of the
fibers were measured by analyzing of SEM micrographs by
using the Image J software from 50 fibers per condition. To
SEM of WJ-MSCs cultured on nanofibrous scaffolds for
5 days, cell-containing scaffolds were fixed with 2.5 % glu-
taraldehyde for 1 h and dehydrated in series of sequentially
increasing concentration of ethanol solutions (30, 50, 70, 80,
90, and 100 %) for 10 min per each concentration. Critical
point-dried samples were sputter-coated with gold and exam-
ined using a scanning electron microscope (model Philips XL-
30, Netherland), operated at 15 kV.

Cell Viability and Proliferation Assay

The 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to measure metabolic activity
of theWJ-MSCs cultured on the electrospun PCL nanofibrous
scaffolds. Cells were seeded at a density of 5 × 104 cells/scaf-
fold in 24-well plates and incubated at 37 °C under 5 % CO2

for 1, 3, 5, and 7 days. For this assay, 400 μl of 5 mg/ml MTT
solution was added to eachwell and incubated at 37 °C for 4 h.
The medium was removed, the formazan crystals were dis-
solved in DMSO, and absorbance at 570 nm was measured
using an ELIZA reader (Asys Hitch, Ec Austria).

Induction of WJ-MSCs into Motor Neuron-Like Cells
with purmorphamine

For motor neuron-like cell induction, WJ-MSCs were
seeded at 5000 cells/cm2 on PCL scaffolds as 3D cul-
ture and 24-well tissue culture polystyrene (TCP). The
cells were incubated with DMEM/F12 medium supple-
mented with 10 % FBS, 100 U/ml penicillin, and
1 mg/ml streptomycin for 24 h. Differentiation of cells
was induced by exposing the cells to preinduction me-
dium composed of DMEM/F12 (1:1), 20 % FBS, 2 %
B27, 10 ng/ml fibroblast growth factor 2 (FGF2),
250 μM isobutylmethylxanthin, and 100 μM 2-
metcaptoethanol and incubated for 24 h at 37 °C and
5 % CO2. The treated cells were then cultured in induc-
tion media containing DMEM/F12 (1:1), 0.2 % B27,
1 μM of purmorphamine (PMA), and 0.01 ng/ml
retinoic acid (RA) for 1 week. Then, the induced media
was replaced with a medium composed of DMEM/F12
(1:1), 0.2 % B27, and 200 ng/ml brain-derived neuro-
trophic factor (BDNF) for another 1 week. As a control,
a group of WJSCs was cultured on the 3D cultures or
2D cultures in the absence of differentiation factors for
15 days. The medium was changed every 3 days.

Immunofluorescence Analysis

After induction to motor neuron cells, cells were fixed with 4 %
paraformaldehyde (PFA; Sigma-Aldrich) and permeabilizedwith
0.1%TX-100 inTBS.The cellswere blocked for 30min at room
temperature with 5 % BSA; incubated with primary antibodies
against NF-H(SMI-32) (mouse monoclonal antihuman; Abcam,
USA, 1:200), beta-tubulin III (mouse monoclonal antihuman;
Abcam,1:200),cholineacetyltransferase(Chat) (mousemonoclo-
nal antihuman; Abcam,1:200), and Islet-1 (mouse monoclonal
antihuman;Abcam, 1:200); and diluted in 5%BSA inPBSover-
night.Secondaryantibodies includedAlexafluor488donkeyanti-
mouse (1:500; Gibco, A-11058) or Alexa Fluor 594 donkey anti-
rabbit (1:700; Gibco, A-21207), and the nuclei were counter-
stained with DAPI (Sigma-Aldrich, D8417). For negative con-
trols, only the secondary antibodies were used. To quantify the
numberofpositivecells for eachantibody, at least tenmicroscopic
fields per well were counted randomly and reported in relative to
whole DAPI-stained nuclei as percentage.

Molecular Analysis Using Real-Time-PCR

Quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR) was used for the mRNA expression patterns of neu-
ronal markers in treatment groups. Total RNAwas extracted by
usingRNeasy PlusMini kit (Qiagen,USA, 74134), and comple-
mentary DNA (cDNA) synthesis from 1 μg of RNAwas per-
formed by Revert Aid First Strand cDNA Synthesis kit (Takara,
USA,K1632).qRT-PCRreactionswerecarriedout in the48-well
optical reaction plates on StepOneTMReal-Time PCRmachine.
In each PCR reaction, 30 ng synthesized cDNAwas used to PCR
by mixing with 10 μl of Power SYBER Green master mix (2×,
Applied Biosystems), 0.5 μMof each primer (Table 1) in a total
volumeof20μl at theannealing temperature.ThecomparativeCt
method, 2−DDCt,wasused for relativegeneexpressionanalysis.

Statistical Analysis

The data were presented as means ± standard deviation of the
means (n = 3). Statistical analysis was carried out using one-
way ANOVA, and difference between groups was considered
statistically significant if P > 0.05.

Results

Isolation and Identification of Human MSCs Derived
from Wharton’s Jelly

Flow cytometry analysis which was published in our previous
report (17) showed that CD90+ (93.6), CD105+ (90.7), and
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CD73+(89.8)werehighlyexpressedinhWJ-MSCsandcellswere
negative for CD34 andCD4 (hematopoietic lineagemarkers).

Fabrication of PCL Electrospun Nanofibrous Scaffolds

PCL nanofibers fabricated by electrospining technique were
used in this study. Electrospinning of PCL nanofibers was
homogeneous without any bead and branching. Scanning
electron microscopy micrographs showed that the average di-
ameter of fibers was 100 nm as shown in Fig. 1a, b. The
morphology and the interaction between cells and PCL
electrospun scaffold were scanned at 3 days after cell seeding.
Images demonstrated that cells attached, grew, and spread on
the PCL nanofibrous scaffolds (Fig. 1a, b).

Assessment of Cell Adhesion and Viability

MTT assay was performed to investigate the viability of cells
cultured on PCL scaffolds as 3D group and TCP as 2D cul-
ture, at 1, 3, 5, and 7 days. As shown in Fig. 1c, until day 3, the
WJ-MSCs cultured on TCP and PCL scaffold showed higher
viability than cells cultured on the PCL scaffold but was not
statistically significant. However, in days 5 and 7, the viability
ofWJ-MSCs cultured on PCL scaffold significantly enhanced
relative to cells cultured on 2D control group (Fig. 2). The
results obtained from MTT assay showed that PCL
nanofibrous scaffolds were suitable substrates than TCPs in
relation to cell attachment and proliferation.

Evaluation of WJ-MSC Differentiation into Motor
Neuron-Like Cell by PMA

To confirm motor neuron-like cell differentiation, expression
of neural markers including NF-H, Chat, and Islet-1 was

investigated by immunofluorescence staining at day 15.
Figure 3 shows that the random field counting of immunoflu-
orescence images shows the percentage. Our results showed a
higher expression of NF-H, choline acetyltransferase (Chat),
and Islet-1 in two groups. Neuronal cell marker expression in
TCP group was compared with PCL group. The expression of
NF-H (50 %), Chat (78 %), and Islet-1 (82 %) in the PCL
group was higher than the expression of NF-H (42 %), Chat
(61 %), and Islet-1 (76 %) in the TCP group, but the expres-
sion of Chat in the PCL group in comparison with the TCP
group was statistically significant (Fig. 3). The mRNA expres-
sion of neural specific genes was observed during WJ-MSC
differentiation by qRT-PCR at day 15 of induction for TCP
and PCL scaffold groups. The expression of nestin, Pax6,
Islet-1, Chat, NF-H, and HB9 mRNAs was compared in
TCP and PCL groups vs undifferentiated WJ-MSCs as a con-
trol group. According to our results, while the expression of
Islet-1, Chat, NF-H, and HB9 increased significantly during
differentiation, the expression of nestin and Pax6 was down-
regulated following induction. The comparison results be-
tween TCP and PCL groups showed that in the PCL group,
the expression of Islet-1(P > 0.01), Chat (P > 0.05), NF-H
(P > 0.05), and HB9 (P > 0.01) was higher than in the PCL
group and was statistically significant as shown in Fig. 4.
These results confirmed that treatment with PMA could in-
duce differentiation of WJ-MSCs into motor neuron-like cells
and PCL nanofibrous provides a suitable condition to cell
differentiation.

Discussion

The main goal of this study was to indicate the capability of
cultured WJ-MSCs on PCL nanofibrous scaffold to differen-
tiate into motor neuron-like cells in the presence of PMA as a
small molecule that mimics Shh protein. In this study, we
found that stimulation of hedgehog signaling pathway by
means of PMA leads to promotion ofWJ-MSC differentiation
to motor neuron-like cells. Expression of specific markers
such as beta-tubulin III, Chat, Islet-1, NF-H, HB9, Pax6, and
nestin in protein and mRNA levels was analyzed using real-
time PCR and immunocytochemistry, respectively.

The results of immunocytochemistry and real-time PCR
represented the higher amount of differentiation to motor
neuron-like cells in cultured cells on PCL scaffold relative to
those on a TPC surface (2D control group).

It has been demonstrated that biomaterials are designed to
create a niche that provides the appropriate microenvironment
to enhance cell survival [29–32]. In line with previous studies,
our MTT assay results showed that the viability of WJ-MSCs
cultured on PCL scaffold highly increased relative to cells
cultured on TPC surface.

Table 1 Primers used for real-time RT-PCR

Gene Primer sequence(5′–3′) Annealing (°C)

Nestin F AAAGTTCCAGCTGGCTGTGG 55

R TCCAGCTTGGGGTCCTGAAA

Pax-6 F CGGTTTCCTCCTTCACAT 50

R ATCATAACTCCGCCCATT

Islet 1 F ATATCAGGTTGTACGGGTCAAAT 56

R CACGCATCACGAAGTCGTTC

Chat F GCAGGAGAAGACAGCCAACT 55

R AAACCTCAGCTGGTCAT

NF-H F CAGAGCTGGAGGCACTGAAA 55

R CTGCTGAATGGCTTCCTGGT

Hb9 FAGCACCAGTTCAAGCTCAACA 55

R ACCAAATCTTCACCTGGGTCTC

GAPDH F TCGCCAGCCGAGCCA 55

R CCTTGACGGTGCCATGGAAT
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Importantly, for those kinds of neurological disorders
[33–35] that motor neurons are affected [36], the generated
neurons may need to contain a large population of motor neu-
rons that can enhance therapeutic efficacy [37]. Thus, signal-
ing pathways that induce differentiation of motor neurons,
such as Shh, can potentially improve the efficiency of cell
transplants, as overall, fewer cells need to be injected because
of a higher motor neuronal yield [38, 39].

Shh is known to promote MSC differentiation into motor
neuron-like cells [10, 17]. The previous studies have demon-
strated that Shh signaling pathway plays a critical role in de-
velopment and generation of motor neuron in embryo [40].

Enhancing of neuronal differentiation can be obtained by
using chemical factors that stimulate signaling pathways con-
trolling the development of neurons [41]. Moreover, these
factors present an opportunity to provide more control over

Fig. 1 Scaffold characterization analysis. a Scanning electron
micrographs showing PCL scaffolds with and without cells. The fibers
of PCL scaffold were randomly entangled to form a flexible and porous
3D matrix (scale bar 20 and 5 μm). Plated cells on PCL scaffold that
grew on PCL scaffold 5 days after seeding (scale bar 20 mm). b

Histogram shows diameters of the PCL nanofibers. The average of fiber
diameter and diameter distribution of the fibers was measured by
analyzing SEM micrographs by measuring 50 fibers per condition
using the ImageJ software

Fig. 2 MTT assay. Formosan
absorbance expressed as a
measure of cell viability from the
cell cultured on TCP (2D) and
PCL (3D) nanofibrous scaffolds
for 7 days
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the neuronal fate of transplanted cells [42]. PMA, a synthetic
small molecule, may also improve neuronal differentiation
[21, 43] through activation of the smoothened receptor, which
directly acts on the same signaling pathway as Shh [44]. One
great advantage of small synthetic molecules, such as PMA,
compared with naturally occurring molecules, such as Shh, is
their stability [45]. PMA acts on the SMO receptor, binding of
PMA to this receptor lead to increase of Gli1 expression,
which is downstream of the Hedgehog pathway [43, 46].
Moreover, it has been demonstrated that Gli1 also has a neu-
roprotective effect on dopaminergic neurons in experimental

models of neurodegenerative diseases [47]. Additionally,
there is also a growing body of evidence about the activation
of pro-survival signaling pathways such as autophagy under
control of Shh pathway [47, 48]. Autophagy pathway plays a
critical role in maintenance of neural precursor cells [49].
Thus, activation of Shh pathway by means of PMA may lead
to an increase of cellular viability during differentiation ofWJ-
MSCs into motor neuron-like cells.

Indeed, action of PMA on the Hedgehog pathway through
SMO is necessary to induce neuronal differentiation [50, 51].
Furthermore, it has shown that PMA not only increased

Fig. 3 Immunofluorescence staining of differentiated cells on TCP and
PCL scaffolds after 15 days post induction for motor neuron markers
including Chat, Islet-1, and NF-H. Scale bar 50 μm. Expression (ratio

of positive cells, %) of motor neuron markers after 15 days induction.
Data are expressed as mean ± SD; three wells (ten fields per well) in each
group. *P < 0.05 vs TCP group and PCL group

Fig. 4 Quantitative mRNA
expression analysis of motor
neuron-like cells derived from
WJ-MSCs seeded on PCL
scaffold after 15 days. The result
of mRNA expression on TCP and
PCL compared to undifferentiated
WJ-MSCs. *P > 0.05, **P > 0.01
vs control (n = 3 biological
samples, mean ± SEM)
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neuronal differentiation but also increased the speed of differ-
entiation [37]. In accordance with previous achievements, our
results showed that PMA dramatically promotes differentia-
tion of WJ-MSCs into motor neuron-like cells.

Conclusion

In conclusion, the results of this study appear that PMA can be
used for MSC differentiation towards a motor neuron pheno-
type. Expression of motor neuron markers such as Chat, Islet-
1, and NF-H in RNA and protein levels by real-time PCR and
immunocytochemistry showed that PMA, a synthetic small
molecule, promotes differentiation of WJ-MSCs into motor
neuron-like cells cultured on PCL scaffold. Therefore, our
achievements lead to a novel strategy for motor neuron deri-
vation form WJ-MSCs in vitro and hence would provide an
enabling tool for stem cell-based therapy of neurological dis-
orders in the future.
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