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Abstract
Mesenchymal stem cells (MSCs) are well-characterized adult stem cells, recently isolated from human nucleus pulposus of
degenerate and non-degenerate intervertebral disc. The attention to this source is linked to its embryologic history and cells may
conserve a stronger aptitude to neuronal differentiation than other MSCs. Here, MSCs from nucleus pulposus (NP-MSCs) were
successfully isolated and characterized for morphology, proliferation, and expression of selected genes. Subsequently, the
neuronal differentiation was induced by 10 days of culture with a neuronal medium. NP-MSCs subjected to neural differentiation
media (NP-MSCs-N) showed a morphological and biochemical modifications. NP-MSCs-N displayed elongated shape with
protrusion, intermediate filaments, microtubules, and electron dense granules and the ability to form neurospheres. Even if they
expressed neural markers such as NESTIN, β-TUBULIN III, MAP-2, GAP-43, and ENOLASE-2, the neural differentiated cells
did not show neither spontaneous nor evoked intracellular calcium variations compared to the undifferentiated cells, suggesting
that cells do not have electric functional properties. Further studies are required in order to get a better understanding and
characterization of NP-MSCs and analyzed the molecular mechanisms that regulate their neural differentiation potential.
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Introduction

Mesenchymal stem cells (MSCs) were classified as a hetero-
geneous non-hematopoietic, plastic-adherent population of
cells that can be differentiated in vitro into cells of osteogenic,
chondrogenic, adipogenic, myogenic, and other lineages
(Ullah et al. 2015).

Originally isolated from bone marrow (Friedenstein et al.
1968), today it is well accepted that almost every adult tissue
has a reserve of stem cells (Bianco et al. 2008; Sagar et al.
2018; Zannettino et al. 2008; Orciani et al. 2015; Lazzarini
et al. 2014; Orciani et al. 2010; Foudah et al. 2014).

Suggested minimal criteria to define human MSC were
published in 2006 by Dominici et al. (2006). These
criteria included that MSCs isolated from different
sources do not express CD45, CD34, and CD14 or the
co-stimulatory molecules CD80, CD86, and CD40,
whereas they express variable levels of CD105 (also
known as endoglin), CD73 (ecto-5′nucleotidase), CD44,
CD90 (THY1), CD71 (transferrin receptor), the ganglio-
side GD2, and CD271 (low-affinity nerve growth factor
receptor), and they are recognized by the monoclonal
antibody STRO-1. The variation observed in the expres-
sion levels of these stem cells markers depends on the
species differences, tissue sources, and culture conditions
(Uccelli et al. 2008).

MSCs have been extensively studied due to their ability of
self-renewal and differentiation into mature cells of mesoder-
mal and non-mesodermal origin (Pittenger et al. 1999). In
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addition, MSCs are able to promote wound healing and regen-
eration of surrounding tissues by modulating immune and
inflammatory responses, promoting angiogenesis and secret-
ing other trophic factors; for these reasons, they have been
used for cell replacement, repair, and regeneration (Madrigal
et al. 2014).

In particular, neurodegenerative and acute neurological pa-
thologies represent a critical issue in clinical research, since no
complete recovery of central nervous system (CNS) function-
ality can be achieved in many diseases. In adults, only restrict-
ed brain areas still house cells competent to generate newborn
neurons (Zhao et al. 2008; Casarosa et al. 2014); the subse-
quent limited neurogenesis does not seem to be sufficient to
enable neuronal regeneration in cases of traumatic, ischemic,
or degenerative damages of the CNS. Interestingly, MSCs
display an intrinsic neuronal potential and ability to differen-
tiate into neural cell phenotypes, both in vitro and in vivo
(Alexanian et al. 2008).

In addition, several studies reveal that implanted MSCs
could incorporate into the injured spinal cord and display the
tendency to migrate toward insulted area raising the hope for
developing new therapeutic strategies for CNS damage repair
(Shyu et al. 2007). Furthermore, in case of injury, MSCs in-
hibit fibrotic remodeling and apoptosis, stimulate endogenous
stem cell recruitment and proliferation, and reduce immune
responses (Uccelli et al. 2011; Trueman et al. 2013).

Recently, Blanco et al. (2010) and Shen et al. (2015) re-
ported the isolation of MSCs from the degenerate and not
degenerated human nucleus pulposus-derived mesenchymal
stem cells (NP-MSCs), respectively.

Compared with BM-MSCs, NP-MSCs show a quite simi-
lar morphology, expansion potential, immunophenotypic and
molecular profile, as well as differentiation ability. The inter-
est about NP-MSCs depends on the hypothesis that these cells
could more easily differentiate toward neuronal lineage: the
nucleus pulposus of the intervertebral discs is a postembryonic
vestige of the notochord that forms during gastrulation and
soon after induces the formation of the neural plate (neurula-
tion), synchronizing the development of the neural tube.

In this work, MSCs were isolated from nucleus pulposus,
characterized, and induced toward neuronal differentiation;
MSCs from amniotic fluid (AF-MSCs), considered as inter-
mediate between embryonic and adults MSCs and for this
reason with higher differentiative potential, were used for
comparative purposes during the characterization.

Material and Methods

Sample Collection

The local Ethics Committee of Università Politecnica delle
Marche approved all procedures performed for the present

work; five samples of nucleus pulposus were collected after
informed consent from patients who underwent to discectomy,
preserving patient anonymity. The nucleus pulposus (NP) tis-
sues were carefully separated from the annulus fibrous using
surgical loupes, in order to avoid contamination by annulus
fibrous or any other tissue. The age of the donors was 54 ± 4,
and the five patients were all male. Human amniotic fluid
samples (AF, no. 3) were obtained from amniocentesis as
previously described (Lazzarini et al. 2014).

Isolation of MSC from NP

NP tissue was both mechanically fragmented and subjected to
enzymatic digestion with 0.2% type II collagenase (Sigma-
Aldrich, Milan, Italy) at 37 °C for 4 h. The partially digested
tissue was cultured in the DMEM F12 (EuroClone, Milan,
Italy) medium, supplemented with 10% fetal bovine serum
(FBS), 1% L-glutamine, and 1% penicillin-streptomycin
(EuroClone, Italy). Twice a week, adherent cells were fed by
complete replacement of the medium. Cells were maintained
in culture until they reached 80% confluence. Cells were used
only when no major abnormalities were revealed by cytoge-
netic analysis. Cell morphology was evaluated by phase-
contrast microscopy (Leica DM IL; Leica Microsystem
GmbH,Wetzlar, Germany). AF-MSCswere isolated and char-
acterized as previously described (Lazzarini et al. 2014). All
the subsequent experiments were performed with cells at third
and sixth passages.

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay and doubling time

Cell viability of AF- and NP-MSCs was evaluated by a (4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as previously described (Mariotti et al. 2015).
Briefly, 2.5 × 103 cells were seeded onto 96-well plates, and
every day up to 6 days, MTT (Sigma-Aldrich, Milan, Italy)
was added. All tests were performed in triplicate and the OD
values were expressed as mean ± SD. The doubling time was
calculated from passage 1 to passage 14 as previously de-
scribed (Mariotti et al. 2015).

Analysis of Cellular Phenotype and Differentiation
Potential of NP-MSCs

For immunophenotyping analysis, NP-MSC cells at third pas-
sage and sixth passage were examined bymultiparameter flow
cytometry (MFC, FACSCanto II BD Biosciences). MFC
immunophenotypic studies were performed with the follow-
ing monoclonal antibody combination: in the first tube:
CD90-FITC, CD105-PE, human leukocyte antigen (HLA)-
DR-PCP, CD34-PECy7, CD14-APC, and CD45-APC-Cy7;
in the other tube: CD73-PE, CD19-PCP, CD13-PECy7, and
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CD11b-APC. In the logarithmic phase of growth, NP-MSCs
were detached and 2.5 × 105 cells/tube used forMFC analysis.
Briefly, cells were washed with PBS, incubated with antibody
for 20 min, in the dark at room temperature. Thereafter, the
cells were rinsed with PBS, centrifuged, and re-suspended
with 200 μl of PBS for flow cytometry analysis (FACSDiva
Software). Cells were analyzed in triplicate for each antigen
phenotype. Differentiation in osteocytes, chondrocytes, and
adipocytes was assessed using StemPro Osteogenesis,
Chondrogenesis, and Adipogenesis kits (GIBCO, Thermo
Fisher, Waltham, MA, USA), respectively. Cells cultured in
DMEM-F12 were used as a negative control. Osteogenic dif-
ferentiation was assessed by von Kossa staining and alkaline
phosphatase (ALP) reaction; adipogenic differentiation was
tested by Oil Red staining. For chondrogenic differentiation,
a pellet culture was employed, and sections were exposed to a
solution of Safranin O and Alcian Blue.

Quantitative PCR (Real-Time PCR)

Total RNA was isolated from NP-MSCs and AF-MSCs at
third and sixth passages using PerfectPure RNA Cell and
Tissue (5 PRIME, Hamburg, Germany) following the manu-
facturer’s instructions. RNA was measured to determine the
260/280-nm absorbance ratio (≥ 1.9) using a spectrophotom-
eter (Nanodrop, EuroClone, Milan, Italy) and treated with
RNase-free DNase prior to reverse transcription into cDNA.
One microgram of total RNA was reverse-transcribed with
GoScript Reverse Transcription System (Promega, Milan,
Italy). Real-time PCR analysis was performed using EVA
Green PCR Master Mix (Bio-Rad, Milan, Italy) and a
Master Cycle (Eppendorf, Milan, Italy) instrument. All sam-
ples were tested in triplicate with the reference genes GAPDH
and β-ACTIN for data normalization. One of the two,
GAPDH, gave the most consistent results and was therefore
used. After amplification, melting curves were acquired. All
primers were synthesized by Sigma Genosis (Sigma-Aldrich,
Milan, Italy). The primer sequences of genes related to
stemness (SOX2, KLF4, NANOG, OCT4) are reported in
Table 1. The mRNA expression levels were calculated by
the 2–ΔΔCt method, Δ (ΔCt) =ΔCt (NP-MSCs) −ΔCt (AF-
MSCs) and Δ (ΔCt) =ΔCt (NP-MSCs) −ΔCt (NP-MSCs-
N).

In addition, the expression of genes specifically expressed
by NP, such as aggrecan (ACAN), collagen type I (COL1A1),
collagen type II (COL2A1), cartilage oligomeric matrix pro-
tein (COMP), SOX6, and SOX9, was analyzed.
Quantification of mRNA expression levels in NP-MSCs was
calculated with the 2−ΔCt method, where Ct is the parameter
threshold cycle, ΔCt = Ct (gene of interest) − Ct (control
genes). Primer sequences are reported in Table 1.

The values of the relative expression of genes of interest are
given as mean ± SD, over three independent experiments.

Neural Differentiation of NP-MSCs

Neural differentiation was induced in cells both at third and
sixth. NP-MSCs were seeded a 1 × 105/ml into six-well cell
culture plates; when the cells achieved 70–80% confluency,
neural medium was added to cells.

Neural medium was prepared using DMEM-F12, supple-
mented with B27 (Gibco, Milan, Italy), 1% penicillin/
streptomycin (EuroClone), 20 ng/ml fibroblast growth
factor-basic (FGF-basic; PeproTech, R&D, Milan, Italy),
20 ng/ml epithelial growth factor (EGF, PeproTech), and
50 ng/ml insulin-like growth factor (IGF, PeproTech). Cells
cultured in control medium (CTRL, DMEM-F12 + 10% FBS)
were used as a negative control.

Cells were cultured for 10 days. Morphological changes,
MTT assay, doubling time, and expression of the genes re-
ferred to stemness, to chondrogenesis, and to neurogenesis
(β-TUBULIN III and NESTIN, primer sequences in
Table 1) were assessed in NP-MSCSs, before and after neural
differentiation (NP-MSCs-N) for comparative analysis. To
better analyze morphological changes after 10 days of neuro-
nal induction, cells were fixed in 4% PFA for 30 min, washed
twice with PBS, and stained with hematoxylin solution for
10 min, then washed with tap water, rinsed in distillated water,
and mounted using a water-based mounting media.

Neurosphere Formation

To test the ability to form neurosphere, NP-MSCs were cul-
tured in a low adherence condition with CTRL medium or
Neuro Basal Medium (Gibco, Milan, Italy), 1% B27
(Gibco), 1% penicillin-streptomycin, 1% L-glutamine,
20 ng/ml FGFb, and 20 ng/ml EGF. Every day, half of the
culture medium was replaced with fresh one avoiding distur-
bance of the floating cells. After 10 days, the spheres were
collected, digested, and re-plated either in low adherence or
glass chamber slide to test the self-renewal and the neural
differentiation capabilities. Images were taken using a Nikon
80i microscope equipped with fluorescence unit and a camera
connection.

Western Blot Analysis

Proteins were extracted from NP-MSCs before and after neu-
ral differentiation. Radio immunoprecipitation assay buffer
[150 mM NaCl, 10 mM Tris (pH 7.2), 0.1% sodium dodecyl
sulfate, 1.0% Triton X-100, and 5 mM ethylenediaminetetra-
acetic acid (pH 8.0)] containing protease inhibitor cocktail
(Roche Applied Science, Indianapolis, IN, USA) was used
for protein extraction. Protein concentration was determined
using Bradford reagent (Sigma-Aldrich). Total protein ex-
tracts (40 μg) were reduced in dithiothreitol (DDT, 0.5 M)
for 10 min at 70 °C and samples run on a 4–12% gradient
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precast NuPAGE Bis–Tris polyacrylamide gel for 1 h at
200 V. Electroblotting was performed using the iBlot Dry
Blotting System (Thermo Fisher, Milan, Italy). Membranes
were incubated overnight with primary antibodies anti-
NESTIN (1:1000, Biorbyt, Cambridge, UK), anti-
ENOLASE-2 (1:1000, Cell Signaling Technology (Danvers,
MA, USA), anti-SNAP25 (1:1000, Serotec Ltd., Oxford,
UK), and anti-VAMP2 (1:1000, Synaptic System,
Goettingen, Germany) followed by incubation with a second-
ary antibody conjugated to horseradish peroxidase (Santa
Cruz Biotechnology, CA, USA) for 1 h at room temperature.
Immunoreactive proteins were visualized using chemilumi-
nescence substrate (Santa Cruz Biotechnology), followed by
densitometric analysis. As loading controls, the membrane
was incubated with anti-β-actin (Santa Cruz Biotechnology).

Confocal Laser Scanning Microscope Analysis (CLSM)

Control and differentiated NP-MSCs cells were grown on
12-mm glass coverslip and fixed for 10 min at room tem-
perature (RT) with 4% of paraformaldehyde in 0.1 M sodi-
um phosphate-buffered saline (PBS), pH 7.4, and perme-
abilized with 0.1% of Triton X-100 in PBS for 10 min,
followed by blocking with 10% goat serum in PBS for
60 min. Samples were incubated overnight at 4 °C with
the following primary mouse antibody: mouse anti-
NESTIN dil. 1:100, mouse anti-β-TUBULIN III (dil.
1:100, Santa Cruz Biotechnology), mouse anti-ENOLASE-
2 (dil. 1:100, Santa Cruz Biotechnology), mouse anti-
microtubule-associated protein 2 (MAP-2) (dil. 1:100,
Santa Cruz Biotechnology), and rabbit anti-GAP-43 (dil.
1:100, Santa Cruz Biotechnology). The secondary antibod-
ies, goat anti-mouse Alexa Fluor 488, and anti-rabbit Alexa
Fluor 568 (Molecular Probes, Life Technologies, Monza,

MI, Italy) were used for green and red emission, respective-
ly. After secondary incubation (2 h, RT), samples were in-
cubated with DAPI (Molecular Probes) diluted 1:100, to
highlight the nuclei. The glass coverslips were placed up-
side down on glass slides and mounted with ProLong
antifade (Molecular Probes) (Caprara et al. 2016).

TEM and SEM

Cells were plated onACLAR and cultured at 1 × 105 cells/cm2

(Ted Pella CA, USA); chips were trimmed to fit into the
multiwell plates. The ACLAR insets were sterilized just be-
fore use. Cells were grown with control and neural medium,
andmediumwas changed every 3 days. After 7 and 10 days of
culture, cells were fixed with glutaraldehyde 2% in 0.1 M
cacodylate buffer pH 7.0, for 1 h at room temperature and
subsequently overnight at 4 °C. For TEM, cells were post-
fixed in 1% osmium tetroxide for one additional hour, then
dehydrated with acetone series and flat embedded in Luft
epoxy resin using a polystyrene capsule. After hardening of
the resin, ACLAR was peeled off and ultrathin sections
(50 nm) obtained.

The sections were stained with uranyl acetate alcoholic
solution and lead citrate then imaged at 80 K volts in a
Philips CM12 electron microscope. For SEM, after fixation,
cells were dehydrated in ethyl alcohol series and then proc-
essed for critical point drying. ACLAR chips mounted on
aluminum stubs were coated with gold and imaged in a
Philips XL20 at 15 K volts microscope.

Measurement of Intracellular Ca2+ in Single Cells

The [Ca2+]i was measured using the dye fluo-4-
acetoxymethyl ester (Fluo-4/AM; Molecular Probes),

Table 1 Primer sequence
Gene Primer forward Primer reverse

NANOG TGAACCTCAGCTACAAACAG CTGGATGTTCTGGGTCTGGT

OCT4 AGCGAACCAGTATCGAGAAC GCCTCAAAATCCTCTCGTTG

SOX2 AGCTACAGCATGATGCAGGA GGTCATGGAGTTGTACTGCA

KLF4 CCCACACAGGTGAGAAACCT ATGTGTAAGGCGAGGTGGTC

ACAN GTGCCTATCAGGACAAGGTCT GTGCCTATCAGGACAAGGTCT

COL1A1 GTGCCTATCAGGACAAGGTCT CAGATCACGTCATCGCACAAC

COL2A1 TGGACGCCATGAAGGTTTTCT TGGACGCCATGAAGGTTTTCT

COMP GATCACGTTCCTGAAAAACACG GATCACGTTCCTGAAAAACACG

SOX6 GGATGCAATGACCCAGGATTT TGAATGGTACTGACAAGTGTTGG

SOX9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG

NESTIN CAATCCCTGCAAAAGGAGAA CAATCCCTGCAAAAGGAGAA

β-TUBULIN III CATGGACAGTGTCCGCTCAG CAGGCAGTCGCAGTTTTCA

β-ACTIN GGACTTCGAGCAAGAGATGG GATGGAGTTGAAGGTAGTTTCG

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
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using an upright Zeiss Axio Examiner (Carl Zeiss, Jena,
Germany) equipped with ×40 0.75NA water immersion
objectives. The microscope is connected by an optical
fiber to a 75-W xenon lamp of galvomonchromator
(OptoScan, Cairn Instrument, England, UK) with sub-
millisecond band-pass and wavelength controls. For the
experiments, the control and differentiated NP-MSCs
were plated on a 25-mm glass coverslip into a six-
well plate (Sigma-Aldrich), and at selected time, the
coverslips were transferred in a 35-mm plastic dish
and incubated with 5 μM Fluo-4/AM for 30 min at
37 °C in normal external solution (NES, in mM: 140
NaCl, 2.8 KCl, 2 CaCl2, 2 MgCl2, 10 glucose, 10 N-2-
hydroxyethilpiperazione-N ′-2-ethanesulfonic acid
(HEPES)-NaOH, pH 7.3) plus 1% (w/v) of bovine se-
rum albumin. Fluo-4/AM-loaded cells were recorded on
NES excited at 488 nm and the emitted fluorescence
was acquired by back-illuminated EMCCD Evolve 512
(Photometrics, Tucson, AZ, USA). Images were cap-
tured at 4 frame/s stored on an interfaced computer
for offline analysis. The temporal analysis was calculat-
ed as mean fluorescence intensity signal in selected cell
areas as F/F0, where F is the fluorescence emission of
a single-loaded cell acquired during a time lapse and F0
is the mean fluorescence intensity value of the same cell
calculated from all images acquired during the first
10 s. To evaluate the effect of depolarization, the cells
were bathed with NES plus 50 mM KCl (Morabito
et al. 2010).

Statistical Analysis

Statistical analysis was performed by using SPSS 19.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). All data are presented
as mean ± SD. Statistical significance was calculated for two-
sample comparisons by Student’s t test using SPSS 17.0 soft-
ware. Statistical significance was analyzed for data from at
least three independent experiments. P values ≤ 0.05 were
defined as significant.

Results

Isolation, Culture, and Characterization of NP-MSCs

NP-MSCs were isolated from five samples; these cells
exhibited the same spindle-shaped morphology, typical
of the mesenchymal stem cells. NP-MSCs maintained a
quite similar morphology from the first passage up to
third and sixth passages (9 and 18 days of culture, respec-
tively (Fig. 1a, b). AF-MSCs, used as a control, maintain
a similar fibroblastoid morphology (passage 3, Fig. 1c).
NP-MSCs at third and sixth passages were analyzed by

flow cytometry and 97% of the tested cells co-expressed
CD105, CD90, CD13, and CD73 but not CD34, CD19,
CD14, CD11b, CD45, and histocompatibility antigen
HLA-DR (major histocompatibility complex class II)
(Fig. 1d). A small portion (3%) of tested cells at third
passage co-expressed CD90 and CD13 but not CD73,
CD34, CD19, CD45, and histocompatibility antigen
HLA-DR; this cell population was no more detectable in
cells at sixth passage. For cell viability, MTT assay was
performed for six consecutive days; DT was calculated
from passage 1 up to passage 14. Growth rate and viabil-
ity of NP-MSCs were comparable to those observed for
AF-MSCs, as shown in Fig. 1e, f.

The expression of the genes related to stemness
(NANOG, SOX2, KLF4, and OCT4) or referred specif-
ically to NP and to chondrogenic tissue (COL1A1,
COL2A2, ACAN, COMP, SOX9, and SOX6) was tested
by RT-PCR in NP-MSCs and AF-MSCs at third and
sixth passages. Since the number of passage did not
affect the expression levels that remain stable, only his-
tograms referred to cells at passage 3 are reported. For
stemness genes, NP-MSCs showed a significant higher
expression of OCT4 than AF-MSCs, while NANOG,
SOX2, and KLF4 were downregulated compared to
AF-MSCs (Fig. 2a). A decrease in their expression
was observed after 10 passages (data not shown). For
genes referred specifically to NP and to chondrogenic
tissue, their expression was glaring in NP-MSCs
(Fig. 2b) and very low or undetectable in AF-MSCs
(data not show).

Under mesenchymal differentiation condition, like ob-
served for AF-MSCs (Lazzarini et al. 2014), NP-MSCs were
able to differentiate in osteogenic (Fig. 2c, d) and
chondrogenic lineages (Fig. 2e, f) but failed to differentiate
into adipocytes (data not shown).

Morphology and Proliferation After Neural
Differentiation

NP-MSCs at passage 3 or 6 were transferred to neural differ-
entiation medium (NP-MSCs-N) and analyzed after 10 days
of culture. NP-MSCs cultured in non-differentiating medium
at the same passage were used as control. Since no differences
were noted between NP-MSCs-N at passage 3 and at passage
6, here only results obtained from NP-MSCs-N cells started at
passage 3 were reported.

After 10 days of differentiation, an increased number
of neural-like cells displaying small oval cell body with
extended protrusion was identified by using an optical
microscope. Undifferentiated NP-MSCs maintained the
fibroblast-like spindle-shaped morphology. Hematoxylin
staining of NP-MSCs-N highlights the morphological
changes of NP-MSCs-N compared to undifferentiated
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NP-MSCs (Fig. 3a). In addition, NP-MSCs cultured in a
low adherence condition were able to form neurospheres
after 10 days of neural induction (Fig. 3b) where undif-
ferentiated NP-MSCs failed (Fig. 3b).

Neural differentiation produced a decrease of the prolifer-
ation rate and viability of NP-MSCs-N with respect to NP-
MSCs, as identified by population doubling time (Fig. 3c) and
MTT test (Fig. 3d).

Analysis by RT-PCR of the Expression of Selected
Genes After Neural Differentiation

For stemness genes, NP-MSCs-N showed an upregulation of
SOX2 and NANOG expression compared to undifferentiated
cells, while no significant differences were identified for
OCT4 and KLF4 genes (Fig. 4a). Among NP-specific genes,
COMP, SOX9, and SOX6 were less expressed in NP-MSCs-
N than NP-MSCs; no differences were identified for the
COL1A1 and ACAN and finally the expression of COL2A1
was higher in NP-MSCs-N than in undifferentiated cells
(Fig. 4b). For genes related to neurogenesis, NESTIN and β-
TUBULIN III were overexpressed by NP-MSCs-N compared
to NP-MSCs cells, but this increase was statistically signifi-
cant only for NESTIN (Fig. 4c).

Analysis by WB of the Expression of NESTIN,
ENOLASE-2, SNAP25, and VAMP2 After Neural
Differentiation

The expression of NESTIN, ENOLASE-2, SNAP25, and
VAMP2was tested byWestern blot followed by densitometric
analysis (Fig. 5). All proteins were detectable in NP-MSCs
both before and after neural induction, while the expression
of NESTIN and ENOLASE-2 was significantly higher in neu-
ral differentiated NP-MSCs than control cells (p < 0.05); the

�Fig. 2 Gene expression and differentiative potential of NP-MSCs. a
Analysis of the expression of genes related to stemness (NANOG,
SOX2, KLF4, OCT4) by real-time PCR in NP-MSCs at passage 3; the
gene expression ratio is reported as fold change respect to AF-MSCs at
the same culture passage (expressed equal to 1). Data reported (mean ±
SEM) are representative of independent experiments performed on three
samples of AF-MSCs and five samples of NP-MSCs; *p < 0.05. AF-
MSCs, mesenchymal stem cells derived from amniotic fluid; NP-
MSCs, mesenchymal stem cells derived from nucleus pulposus. b
Expression level of mRNA related to NP and chondrogenic specific
genes (COL1A1, COL2A2, ACAN, COMP, SOX9, and SOX6). Data
reported (mean ± SEM) are representative of independent experiments
performed on three samples of AF-MSCs and five samples of NP-MSCs.
No expression was detected on AF-MSCs. Lineage differentiation
potential of NP-MSC samples using phase-contrast microscopy:
osteogenic differentiation by von Kossa staining (c; scale bar, 250 μm)
and alkaline phosphatase activity (d; scale bar, 200 μm), chondrogenic
differentiation by Alcian Blue (e; scale bar, 500 μm), and Safranin
staining (f; scale bar, 500 μm). Images are representative of five NP-
MSC samples

�Fig. 1 Morphology, immunophenotype, and proliferation of MSCs
derived from nucleus pulposus (NP-MSCs). Phase-contrast images of
NP-MSCs cells after 9 days (a) and 18 days (b) of culture. AF-MSCs
after 9 days of culture (c). Scale bar 100 μm. d Immunophenotype of NP-
MSCs. Data reported are representative of experiment performed on five
samples of NP-MSCs, at third and sixth passages. No evident differences
were noted among samples. e Doubling time analysis from 1st to 14th
passages of NP-MSCs and AF-MSCs. fMTTassay of AF-MSCs andNP-
MSCs for 6 days. Data reported (mean ± SEM) are representative of
independent experiments performed on three samples of AF-MSCs and
five samples of NP-MSCs. AF-MSCs, mesenchymal stem cells derived
from amniotic fluid; NP-MSCs, mesenchymal stem cells derived from
nucleus pulposus
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increased expression observed for SNAP25 and VAMP2 in
differentiated NP-MSCs does not reach statistical relevance
(p = 0.056). To note that for NESTIN a reactive band of

100 kDa (instead of 270 kDa) was visualized in each sample,
this smaller molecular weight may be due to a cleavage by
lysate cryoconservation (Sana et al. 2011).

Fig. 3 Morphology and
proliferation rate after neural
differentiation. a Representative
images after hematoxylin staining
of NP-MSCs and NP-MSCs-N. b
Phase-contrast images of NP-
MSCs and NP-MSCs-N after
10 days of treatment with
neurosphere formation culture
medium. Images are
representative of three
experiments. c Doubling time
analysis from first to tenth
passages and d proliferation rate
by MTT assay of NP-MSCs and
NP-MSCs-N. Data reported
(mean ± SEM) are representative
of three experiments. NP-MSCs,
mesenchymal stem cells derived
from nucleus pulposus; NP-
MSCs-N, mesenchymal stem
cells derived from nucleus
pulposus after neuronal
differentiation
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Analysis by Confocal Microscopy of the Expression
of Neural and Neuronal-Specific Protein

The presence of neural differentiation markers was eval-
uated by means of confocal microscopy. The control
and the differentiated NP-MSCS-N cells were fixed
and stained after 10 days of culture. Compared with
undifferentiated cells, the differentiation process of NP-
MSCS-N seems to induce increased levels of cytosolic
proteins β-TUBULIN III, MAP-2, GAP-43, and
ENOLASE-2. Interestingly, NESTIN appeared increased
only in a percentage of the analyzed population (Fig. 6).

Analysis by SEM and TEM of the Effects of Neural
Differentiation on the Structure of NP-MSCs

SEM images of NP-MSCs showed a flat morphology and a
homogeneous size (Fig. 7a). In contrast, besides the cells that
maintain the undifferentiated morphology, NP-MSCs-N
showed the presence of small, rounded, and fusiform cells that
form clumps (Fig. 7b, c) resembling to those formed by pri-
mary hippocampal neuron in culture (Ojovan et al. 2014).
TEM analysis identified elongated processes (Fig. 7d) con-
taining orientated cytoskeletal elements. Size of the cytoskel-
etal elements is compatible with microtubules (arrow) and
intermediate filaments (arrowhead) (Fig. 7e). Furthermore,
we noted the presence of dense core vesicles likely ascribed
to lipid droplet or lipofuscin (Fig. 7f).

Analysis of the Intracellular Calcium Variations

NP-MSCs before and after neural differentiation were ana-
lyzed for intracellular calcium homeostasis. At first, cells were
recorded for a period of 300 s (5 min) in absence of extracel-
lular stimuli to verify the presence of spontaneous intracellular
calcium oscillations. As reported in the graphs in Fig. 8a, b,
both undifferentiated (NP-MSCs) and differentiated (NP-
MSCs-N) cells did not show spontaneous intracellular calci-
um oscillation. Moreover, no induction in intracellular calci-
um increase was obtained when the cells were stimulated in
the presence of depolarizing agent such as 50 mM KCl
(Fig. 8c, d).

Discussion

MSCs derived from non-degenerate human NP have been
isolated, characterized, and induced toward neural precursor
differentiation.

The features of MSCs, such as the ability to differentiate
into multiple lineages, to migrate toward injured tissue, and to
secrete factors identified to be important in tissue repair,
attracted the attention of many researches involved in regen-
erative medicine, including a wide range of neurological dis-
eases (Stoltz et al. 2015).

At present, it is unclear whether MSCs isolated from dif-
ferent tissue sources have similar therapeutic potentials, and
so, it is necessary to verify the real ability of mesenchymal
stem cells to give rise to functional adult somatic cells like
neurons (Ikebe and Suzuki 2014; Bara et al. 2014).

Among the numerous adult sources, particular attention has
been given to the nucleus pulposus since it may be considered
a postembryonic vestige of the notochord that drives the neu-
rulation, organizing the sequential events that lead to the de-
velopment of the neural tube. Undifferentiated cells derived

Fig. 4 Gene expression after neural differentiation. Analysis of the
expression of genes related to stemness (NANOG, SOX2, KLF4,
OCT4) (a), to NP and chondrogenic tissue (COL1A1, COL2A2,
ACAN, COMP, SOX9, SOX6) (b) and to neurogenesis (β-
TUBULIN III and NESTIN) (c) in NP-MSCS and NP-MSCS-N
cells. For each marker, the gene expression ratio was represented
as fold change with respect to undifferentiated NP-MSCs
(expressed equal to 1). Data reported (mean ± SEM) are
representative of three experiments; *p < 0.05
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from it may preserve a major aptitude to differentiate toward
neuronal lineage.

This study explored the ability of MSCs, derived from the
non-degenerate nucleus pulposus tissue, to differentiate into
neural-like stem cells and give rise to neural-like precursors.
During the characterization, AF-MSCs were used as a control
and for comparative purpose. NP-MSCs, derived from five

patients, showed a morphology, immunophenotypic pattern,
and growth rate similar to those of AF-MSCs.

Among the expression of stemness genes, NP-MSCs
showed higher level of OCT4 compared with AF-MSCs;
OCT4 constitutes the core regulatory network that suppresses
differentiation-associated genes, thereby maintaining
pluripotency of the cells. This pluripotent factor is a

Fig. 5 Analysis of the expression
of NESTIN, ENOLASE-2,
SNAP25, and VAMP2. Western
blot and densitometric analyses of
NESTIN, ENOLASE-2,
SNAP25, and VAMP2, in a
representative of the three
performed experiments.
Densitometric analyses of the
immunoreactive bands is
quantified as ratio between band
relative to NESTIN, ENOLASE-
2, SNAP25, VAMP2, and β-
ACTIN in corresponding
samples, revealed by arbitrary
units. Data are expressed as a
mean ± SD from analyses
performed on NP-MSCs and NP-
MSCs-N. *p < 0.05
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transcription factor essential to pluripotent and self-renewing
phenotypes (Nichols et al. 1998).

NP-MSCs were able to differentiate into chondrogenic and
osteogenic lineages but failed to differ into adipogenic line-
age. The inability of NP-MSCs to differentiate toward
adipogenic lineage is in accordance with the data previously
reported by Blanco et al. (2010) and Shen et al. (2015). The
age of the patients seems to be the factor that influenced the
adipogenic differentiation potential of MSCs isolated from
NP: cells from cases with the average age lower than 20 years
are able to differentiate into adipocyte (Blanco et al. 2010;
Shen et al. 2015). On the other hand, cells derived from pa-
tients older than 20 years failed the differentiation toward
adipogenic lineage. Since the average age in this case is 54
± 4 years, the failure in adipogenic differentiation is in agree-
ment with the pre-existing literature. The expression of genes
related to chondrogenic tissue was tested; NP-MSCs
expressed detectable levels of COL1A1, COL2A2, ACAN,

COMP, SOX9, and SOX6. The expression, at low level, of
genes specific of the origin tissue is often observed in MSCs
(Secco et al. 2009).

After stemness state identification for isolated cells, NP-
MSCs were induced toward neuronal differentiation for
10 days by using a neural differentiation medium.

Neuronal differentiated NP-MSCs (NP-MSCs-N) changed
their morphology, proliferation rate, and the expression of
selected genes. Indeed, cells exhibit the formation of neurite-
like extension and the proliferation rate decreased; both these
observations suggest a real induction toward differentiated
cells.

Regarding expression profile of genes related to stemness,
NP-MSCs-N overexpressed SOX2 that is one of the critical
factors that control pluripotency, neural differentiation, and
the maintenance of neural progenitor’s stem cells (Graham
et al. 2003; Bylund et al. 2003). Looking to the expression
of genes related to chondrogenesis, COMP, SOX6, and SOX9
were downregulated. COMP and SOX9 are key factors in the
activation of chondrogenesis, and SOX6 is closely related to
the function of SOX9. Their reduction is in line with the in-
duction of the neuronal differentiation. NP-MSCs-N showed
an increase in the expression of COL2A1, compared to the
undifferentiated cells. This effect is probably due to the pres-
ence of IGF1 in the neural medium; IGF1 increased type II
collagen synthesis by a transcriptional control mechanism in-
volving a 715-bp region within the COL2A1 first intron-
specific enhancer (Renard et al. 2012).

Since it is reported that the ability to form neurosphere is
an almost exclusive feature of neural stem/progenitor cells,
this capacity was tested in NP-MSCs-N. Differentiated cells
were able to continuecell divisionandgeneratenon-adherent
spherical clusters of cells, commonly referred to as
neurosphere (Bez et al. 2003). NP-MSCs undergoing to neu-
ronal differentiation lost their original mesenchymal mor-
phology to progressively acquire a neuronal phenotype. To
achieve the new phenotype, proteins involved in the cyto-
skeleton rearrangement for axon guidance and in synaptic
vesicle exocytosis are expressed by differentiating cells. To
address this issue, the expression of selected proteins was
tested.

VAMP2 and SNAP25 are components of soluble N-
ethylmaleimide-sensitive fusion attachment protein receptors
(SNARE) complex which is involved in the vesicle fusion for
the neurotransmitter release. In the developing nervous sys-
tem, they are important for neurite outgrowth and transforma-
tion of the growth cone into the mature synapse (Hepp and
Langley 2001). Their expression was improved after neural
differentiation without reaching a statistically significant in-
crease compared to control cells; this failure may indicate as
our treated cells are initiating the differentiation toward neu-
ronal cells without reaching a mature phenotype characterized
by these markers.

Fig. 6 Confocal microscopy. Representative images of NP-MSCs cells
before (NP-MSCs) and after neuronal differentiation (NP-MSCs-N).
Green fluorescence emission: NESTIN, β-TUBULIN III (β-
TUBULIN), microtubule-associated protein 2 (MAP-2), and neuronal-
specific enolase (ENOLASE-2); red fluorescence: emission growth-
associated protein 43 (GAP-43). All the images are counterstained for
nuclei with DAPI. Magnification ×400
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Fig. 8 Intracellular calcium measurements. Representative traces of
spontaneous intracellular calcium oscillations in undifferentiated NP-
MSCs cells (NP-MSCs) (a) or neuronal differentiated NP-MSC cells

(NP-MSCs-N) (b). Representative recordings of KCl 50 mM depolariza-
tion evoked in control NP-MSCs (c) or neuronal differentiated NP-MSCs
cells (NP-MSCs-N) (d)

Fig. 7 Electron microscopy. SEM images of control NP-MSCs cells (a)
and neuronal differentiated cells (b, c). d TEM images of NP-MSCs-N; at
greater magnification, it is possible to note microtubule and intermediate

filaments (e) and lipidic droplets (f). Images are representative of three
independent experiments
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In addition, the expression of proteins referred to cytoskel-
eton rearrangement, such as NESTIN, β-TUBULIN III,
GAP43, MAP-2, and ENOLASE-2, was evaluated. Results
obtained by Western blot and confocal microscopy revealed
that differentiated NP-MSCs expressed higher level of these
proteins than control cells. In detail, the statistically significant
increase observed at mRNA level for NESTIN was confirmed
at protein level by Western blot. NESTIN is an intermediate
filament protein that is known as a neural stem/progenitor cell
marker. GAP-43 is normally expressed at high levels in neu-
ronal growth cones during development (Rosskothen-Kuhl
and Illing 2014) and is considered a crucial component of
the axon and presynaptic terminal.

β-TUBULIN III is a microtubule element of the tubulin
family found almost exclusively in neurons involved in axon
guidance and maintenance (Avwenagha et al. 2003).

MAP-2 is involved in microtubule assembly, which is an
essential step in neurogenesis, specifically in dendrites, impli-
cating a role in determining and stabilizing dendritic shape
during neuron development (Harada et al. 2002). Finally,
ENOLASE-2 (the neural specific enolase) exerts neurotrophic
activity regulating neuronal growth, differentiation, and
survival.

The overexpression of these proteins correlates with the
results from TEM and SEM, where cells display morpholog-
ical features typical of the neural progenitors, in particular
orientated cytoskeletal elements with a size compatible with
microtubules and intermediate filaments. Even if morpholog-
ical and biochemical analyses seem to indicate that NP-MSCs
acquire a neuronal phenotype, functional analysis failed to
demonstrate the presence of spontaneous intracellular calcium
oscillations or the voltage-dependent channels. This aspect
could be indicative of an incomplete differentiation that in
our experimental conditions activates only a part of the genetic
program able to bring the cells to full neuronal features.

Conclusions

It is possible to isolate MSCs from human NP-MScs that can
be induced toward neural differentiation; after induction, even
if there are morphological and biochemical changes, cells do
not acquire the functionality of mature neurons, indicating an
incomplete differentiation.

Even if further studies will be necessary to elucidate the
exact differentiation protocols, the aptitude of NP-MSCs to
differentiate into neural precursor cells can expand the re-
search focused in the identification of stem cells sources that
are able to differentiate into functional nervous system-
specific cells.
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