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a b s t r a c t

Bone marrow stromal cells (BMSCs) could be induced to differentiate into neural cells under certain
conditions, nevertheless, optimal protocols that could be reproducible and reliable in generating trans-
plantable BMSCs in vitro are still not available. We studied for the first time the neural differentiation
of BMSCs induced by coculturing with olfactory ensheathing cells (OECs). BMSCs and OECs were iso-
lated from bone marrow and nasal olfactory lamina propria of adult SD rats respectively, then brought
to coculture with transwell culture dishes. At various time points (0 h, 6 h, 12 h, 24 h, 72 h, 1 week and 2
eural differentiation
lfactory ensheathing cells
tem cells

weeks post-coculture), BMSCs were morphologically observed and processed for immunofluorescence
and reverse transcription-polymerase chain reaction (RT-PCR). The number of cells assuming neural mor-
phology dramatically increased at 1- and 2-week-post-coculture, so as the number of immunoreactive
cells labeled by neural markers NSE, �-III-tubulin, MAP2, GFAP and p75NTR. Our findings demonstrate
that BMSCs can efficiently differentiate into neural cells when coculturing with OECs, and the present
protocol provides an alternative neurogenesis pathway for generating sufficient numbers of neural cells

from BMSCs.

one marrow stromal cells (BMSCs, also named as mesenchymal
tem cells) have been proved to be capable of differentiating into
esenchymal cell lineages such as chondrogenic, adipogenic, and

steogenic lineages [15]. Recently, a few reports have found that
nder certain conditions BMSCs can be induced to overcome their
esenchymal commitment and transdifferentiate towards non-
esenchymal cell lineages including ectodermal and endodermal

ells [6,22]. In vitro transdifferentiation of BMSCs into neuron-like
ells was initially introduced by Woodbury et al. [23] using chem-
cal reagents, sequentially reported by Sanchez-Ramos et al. [18]

ith growth factors and retinoic acid (RA). Since then, administra-
ion of growth factor cocktails, chemical reagents or a combination
f them has become predominant method to induce neural dif-
erentiation of BMSCs in vitro [2,7,17,19,20]. Presently, chemicals
reatments have been debated for their rapid induction process.
ne reasonable explanation for phenotype changes initiated by
hose chemicals was cytotoxicity other than differentiation [10,14].
s for neurotrophic factors treatment, transitory differentiation
ould be reversed as soon as these growth factors were withdrawn.
n addition, an optimal combination of various growth factors to
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generate full neural differentiation of BMSCs was still unknown.
Aforementioned methods for generating neural differentiation of
BMSCs, therefore, have apparent restrictions to obtain applicable
differentiated BMSCs for neurological disease.

Olfactory ensheathing cells (OECs), a population located at olfac-
tory bulb and olfactory lamina propria, share similar phenotypic
properties with both astrocytes and Schwann cells. They are known
to secrete a variety of neurotrophins such as nerve growth fac-
tor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin
(NT)-3 and NT-4, and many produce extracellular matrix molecules
such as laminin, fibronectin, NCAM [11,16]. Some of these neu-
rotrophins and matrix molecules, such as NGF, BDNF and NT-3,
have been successfully utilized to induce neuron or glial cells from
BMSCs in vitro [2,7,19,20].

The hypothesis of the present study is that an appropriate sub-
strate containing various growth factors and matrix molecules
derived from OECs may facilitate the differentiation of BMSCs into
neural-like cells when they are placed in vitro coculture.

All experiments were approved by the animal care and experi-

mentation committee of Wenzhou Medical College. BMSCs were
harvested from femurs of adult Sprague–Dawley rats aged 6–8
weeks by flushing the shaft with �-minimum essential medium
(MEM) (Gibco BRL Co. Ltd., USA) using a syringe with a 26-
gauge needle. The aspirate was washed with Dulbcco’s phosphate

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:lihuiyin1976@126.com
dx.doi.org/10.1016/j.neulet.2010.03.056
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uffered saline (PBS) with 2% fetal bovine serum (Stemcell Tech-
ologies Inc., Canada), then separated by Ficoll (Sigma, USA) density
radient centrifugation to obtain mononuclear cells. Mononuclear
ells were suspended in MSC medium (Cyagen Bioscience Inc.,
hina), then plated in 25 cm2 culture flasks and incubated at
7 ◦C with 5% humidified CO2. After 24 h, nonadherent cells were
emoved, and adherent cells were thoroughly washed twice with
BS. Medium was replaced every 3–4 days. When the primary cul-
ures reached 80–90% confluency, they were rinsed three times
ith PBS and detached with 0.25% trypsin, then subcultured at
density of 2 × 104 cells/cm2. BMSCs were characterized by flow

ytometry and antibodies which include CD45 PE (Invitrogen Cor-
oration, Germany), CD90 FITC (Invitrogen Corporation, Germany),
D34 PE (Santa Cruz Biotechnology, USA), CD73 FITC (BD Bio-
ciences Pharmingen, USA). BMSCs were subcultured three times,
hen brought to coculture with OECs.

OECs were isolated and cultured according to the method pre-
iously by Lu et al. [12]. Briefly, two pieces of olfactory mucosa
ining in posterosuperior part of the nasal septum of SD rats were
issected and immediately placed in ice-cold DMEM/F 12 (Gibco
RL Co. Ltd., USA). After completely removal of epithelium layer,
he pieces of lamina propria were incubated in a 0.25% collage-
ase solution. After centrifugation, the cell pellet was resuspended

n a DMEM/F 12 culture medium. Cells were plated onto poly-l-
ysine treated tissue culture dishes at a density of 5 × 103 cells/cm2.
even days after plating, the cells were detached by trypsin with-
ut purification and concentrated by centrifugation at a density of
pproximately 105/�l. Immunostaining for p75NTR (Gibco BRL Co.
td., USA) was used to confirm the number of OECs.

For cocultures of BMSCs and OECs, transwell culture dishes were
sed to produce a cell culture environment simulating in vivo situa-
ion. BMSCs were cultured in the poly-l-lysine pretreated six-well
ulture plates (NUNC, Danmark), and OECs were cultured in the
nsert (Millipore, Ireland) which had a porous membrane of 0.4 �m
ore size inhibiting migration of cells and direct contact. Cocultured
ells will be maintained for 2 weeks in DMEM/F12 with medium
eing exchanged every 2–3 days. At various time points (0 h, 6 h,
2 h, 24 h, 72 h, 1 week and 2 weeks post-coculture), BMSCs were
rocessed for immunofluorescence and RT-PCR.

Cells were fixed with 4% paraformaldehyde in PBS for 30 min at
oom temperature, permeabilized in 0.5% TritonX-100 for 15 min,
nd then blocked with 1% bovine serum albumin in PBS for 1 h.

rimary antibodies were added at 4 ◦C overnight and included the
ollowing: nestin 1:500 (Pharmingen, USA), NSE 1:10 (Chemicon,
SA), �-III-tubulin 1:100 (Invitrogen Corporation, Germany), MAP2
:800 (Sigma–Aldrich, USA), GFAP 1:100 (Invitrogen Corporation,

able 1
he primers used for reverse transcription-polymerase chain reaction (RT-PCR) analysis.

Accession no. Primer sequence (5′ → 3′)

Nestin NM 012987 F: GGGCAAGTGGAACGTAGA
R: TCCCACCGCTGTTGATTT

NSE NM 139325 F: TGGATGTGGCTGCCTCTG
R: TCCTGGTCGAATGGGTCT

�-III-tubulin NM 139254 F: GCCTGACAACTTTATCTTCG
R: CATTGAGCTGACCAGGGAA

MAP-2 NM 013066 F: GCAAAGTAAGCCTGGTGA
R: ATCTAAGGGAAGAGTGAAA

GFAP NM 017009 F: ACATCGAGATCGCCACCTAC
R: ACATCACATCCTTGTGCTCC

p75NTR NM 012610 F: CGACCAGCAGACCCATAC
R: AAAGGGCATCAAGCGTTG

�-Actin F: GTGGGTATGGGTCAGAAGG
R: AGCGCGTAACCCTCATAGA
tters 475 (2010) 99–103

Germany), p75NTR 1:100 (SantaCruz Biotechnology Inc., USA). The
secondary antibodies were Alex 488-conjugated goat anti-mouse
or goat anti-rabbit IgG 1:300 (Multisciences, China). The nuclei
were stained with 4,6-diamidino-2-phenylindole, dihydrochloride
(Invitrogen Corporation, Germany). The cells were processed the
same immunofluorescent staining but omitting or preabsorbing
the primary and omitting the secondary antibodies serve as con-
trols.

Total RNA was extracted using Trizol reagent (Invitrogen, USA)
according to the manufacturer’s instructions. RNA concentration
was determined by a spectrophotometer at 260 nm. RevertAidTM

First Strand cDNA Synthesis kit (Fermentas Life Science, EU) was
used for reverse transcription (RT; 2 �g total RNA per condition).
For each gene, the RNA primers were derived from different exons
to ensure that the PCR product represents the species. Primers used
are shown in Table 1. Actin was used as the house-keeping gene.
PCR products separated on a 1.5% agarose gel electrophoresis were
visualized by staining with ethidium bromide.

Positively stained cells were counted and compared to total cell
counts in 5 random visual fields per sample, and total six culture
samples from three independent experiments were analyzed. Cells
with positive immunostaining was described as mean ± SD. Statis-
tical analyses were carried out using one-way analysis of variance
(ANOVA) and Student–Newman–Keuls (SNK) with SPSS software
(Version 11.5, SPSS Inc., Chicago, IL, USA). P < 0.05 was considered
as statistically significant.

At low plating densities, BMSCs grew as a monolayer of large
flat cells. As the cells approached confluency, they assumed a more
spindle-shaped, fibroblastic morphology (Fig. 1A). Flow cytometry
showed that isolated BMSCs were negative for hemopoietic mark-
ers: CD34, CD45, but strongly positive for CD73, CD90. Additionally,
immunofluorescence staining demonstrated a very small propor-
tion of these undifferentiated cells weakly positive for nestin and
NSE (1.2 and 0.8%, respectively), whereas negative for other neu-
ral cell markers such as �-III-tubulin, MAP2, GFAP and p75NTR.
Immunostaining demonstrated that about 85% of OECs were posi-
tive for p75NTR.

Within first 72 h, morphological change of cocultured BMSCs
was not apparent. One week after coculture, about 63 ± 12% of
cocultured BMSCs were shown with neural morphological charac-
teristics including retraction of the cytoplasm towards the nucleus,
and formation of spherical and refractile cell bodies with neurite-

like processes (Fig. 1B). In the subsequent week, cocultured BMSCs
exhibited typical neural-like morphologies, including simple bipo-
lar and extensively branched multipolar cells. Furthermore, the
percentage of neural-like cells increased up to 82 ± 13%. These
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ig. 1. Phase-contrast micrographs demonstrate the morphological changes of coc
eeks post-coculture, differentiated BMSCs showing neural morphological charact

eural-like cells were continuously present in the next 2 weeks
nd survived in the culture for longer time.

To confirm the neural differentiation of BMSCs coculturing
ith OECs, a series of markers were used for immunofluorescence

taining (Fig. 2). Our results demonstrated that 6 h after cocultur-
ng, 14 ± 3.2% of cocultured BMSCs expressed low levels of nestin

hich is expressed in neuroepithelial neuronal precursor stem
ells, and decreases with neuronal maturation. The percentage of
estin-positive cells continued to increase at 12 and 24 h, coin-
ided with higher expression of nestin in these cells (Fig. 3A), and
hen decreased at 72 h and dramatically reduction at 1 week, and
lmost undetectable at 2 weeks. The minor expression of NSE had
een observed in minority of undifferentiated BMSCs. The amount
f NSE-positive cells slightly increased at 72 h and dramatically
ncreased at 1 week and 2 weeks after coculture. The expression
f another immature neuronal marker �-III-tubulin was found
t 72 h in a small proportion of cocultured BMSCs (13.2 ± 3.1%),

nd dramatically increased at 1 week and 2 weeks. The apparent
ncreased numbers of cells with expression of neuronal markers
f NSE and �-III-tubulin are consistent with the appearance of
eural-like cells morphology (Fig. 3B and C). One week after cocul-
ure, mature neuronal maker MAP2 was detected in 25.2 ± 4.6%

ig. 2. Bar graph shows the percentage of nestin-, NSE-, �-III-tubulin-, MAP2-, GFAP-
nd p75NTR-positive cells in total cells post-coculture at different time points. Data
re expressed as mean ± SD. *P < 0.05; compared with the group of undifferenti-
ted BMSCs (0 h). BMSCs, bone marrow stromal cells; NSE, neuron-specific enolase;
AP2, microtubule-associated protein 2; GFAP, glial fibrillary acidic protein.
d BMSCs. (A) Undifferentiated BMSCs showing spindle-shaped morphology; (B) 2
s. Bar: 100 �M. BMSCs, bone marrow stromal cells.

of BMSCs, so as the expression of glial marker GFAP and p75NTR

(15 ± 4.3 and 11 ± 2.5%, respectively). At this time point, positively
stained cells also showed distinct neuronal cells morphology. At
2 weeks, the percentage of MAP2, GFAP and p75NTR-positive cells
slightly increased (Fig. 3D–F). All above changes are consistent with
changes in nestin expression in cocultured BMSCs, indicating their
proceeding to mature neural cells.

RT-PCR analysis confirmed the gene expression of neural mark-
ers in the cocultured BMSCs (Fig. 4). Both nestin- and NSE-mRNA
were present in the undifferentiated BMSCs. The expression level
of nestin-mRNA became strong positive at 6, 12 and 24 h, while
NSE and �-III-tubulin became apparent at 72 h, 1 week and 2
weeks. In addition, mRNA expression of MAP2, GFAP, and p75NTR

became apparent at 1 week and 2 weeks. Gene expression analysis
supported the results obtained by morphological observation and
immunofluorescence staining.

Cell transplantation is an important strategy for treatment of
neurological disorders. Recently, autologous BMSCs have been
thought with great potential as a source of transplantation for such
diseases, as they are easy to be isolated and expanded without
ethical and immunological problems. Both undifferentiated and
differentiated BMSCs had been applied for cells transplantation
in neurological diseases, and either reported partly ameliorating
neurological functions [3,5,9,13,24]. The manipulation of BMSCs
in vitro serves two logical purposes [1]. First, pre-differentiation
of BMSCs into more restricted neural cell types could enhance its
ability to anatomically and functionally integrate into particular
parts of CNS lesions. Second, differentiated neural cells are gener-
ally considered to have a lower chance of malignant transformation
compared with actively dividing precursors. Therefore, in vitro dif-
ferentiation prior to transplantation may be necessary for maturing
BMSCs for safe implantation in vivo.

In vitro differentiation of BMSCs towards neural cells has been
tested with a variety of methods. Coculturing BMSCs with glial cells
such as astrocytes and Schwann cells had been introduced by sev-
eral authors [8,18,25]. Joannides et al. [8] showed that sequential

treatment with EGF and FGF-2 followed by postnatal hippocampal
astrocytes conditioned medium significantly promoted the gen-
eration of more NF+/�-tubulin+ cells, as well as less numbers of
GFAP+ cells, from bone marrow precursors. Sanchez-Ramos et al.
[18] demonstrated that a small proportion of human and mouse
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F immunofluorescence staining. (A–F) Cells were labeled with primary antibody against
m ns positively stained cells, red arrow means negatively stained cells. Bar: 20 �M. (For
i to the web version of the article.)
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ig. 3. Representative images of BMSCs-derived neuronal cells characterized by
arkers: nestin; NSE; �-III-tubulin; MAP2; GFAP and p75NTR. White arrow mea

nterpretation of the references to color in this figure legend, the reader is referred

MSC-derived cells differentiated into neuron-like cells express-
ng NeuN and glial cells expressing GFAP when they were cultured

ith rat fetal mesencephalic or striatal cells. Both experiments per-
ormed with direct cell–cell contact cultures, in which cannot rule
ut the possibility of these BMSC-derived neural cells elicited by
ell fusion [21]. In addition, the rate of induction of BMSCs into
eural cells was very low. Zurita et al. [25] cocultured BMSCs with
chwann cells using transwell culture system which excluded the
ossibility of cell contact, and found with higher proportion of neu-
onal as well as glial differentiation.

In the present study, OECs provided with similar characteristics
ith both astrocytes and Schwann cells, were utilized to gener-

te neural cells from cocultured BMSCs. Our results showed that

large number of BMSCs (82 ± 13%) constantly maintained neu-

onal cell morphological characteristics by 2 weeks post-induction.
imultaneously, immunocytochemistry and RT-PCR confirmed that
ocultured BMSCs gradually expressed a series of neuronal markers
t the different stages, including the increase and dramatic decrease
Fig. 4. RT-PCR analysis of cocultured BMSCs using primers of nestin, NSE, �-III-
tubulin, MAP2, GFAP, and p75NTR. �-Actin was used as a house-keeping gene.
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paraplegic rats: functional and morphological outcome one year after trans-
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f nestin expression, as well as steadily increasing expression of
mmature and mature neural cells markers. Therefore, the results
n present study showed that, when coculturing with olfactory

ucosa-derived OECs, neural differentiation of BMSCs do occurred
igorously, and those immature neurons progressed to mature neu-
ons. In addition, the present induction protocol showed many
dvantages. At first, the procedures using a noncontact coculture
ystem was easy to manipulate, and additional administration of
eurotrophic factors was not necessary. Secondly, BMSCs trans-
ifferentiation induced by OECs seems to be a biological process
nd can undergo sequential expression of neural cells marker and
emain biologically stable even after withdrawal of OECs. In con-
rast, differentiated BMSCs cannot be maintained in culture beyond
everal days as after withdrawal of growth factors or chemicals
2,4]. Lastly, BMSCs can efficiently differentiate into neuronal cells
ith a high transdifferentiation rate demonstrated by either mor-
hological observation or biological markers expressing MAP2,
FAP and p75NTR (38.8 ± 3.8, 20.8 ± 4.4 and 16.3 ± 3.5% respectively
t 2 weeks post-coculture). The neural transdifferentiation rate
bserved in this study was more favorable compared with previous
eports using chemicals or neurotrophic factors as inducers [18,23],
nd comparable with results by Zurita et al. [25] using Schwann
ells for coculture.

In vivo experiments showed BMSCs exhibited a site-dependent
ifferentiation. Chopp et al. [3] found BrdU labeled BMSCs
xpressed NeuN, a protein marker for neurons, when transplanted
n injured spinal cord, and similar neural differentiation occurred
n rats following traumatic brain injury [13]. In vitro induction pro-
ocols using astrocytes or Schwann cells for coculture also showed
eural differentiation of BMSCs [8,25]. These results suggest that
icroenvironment play a key role for BMSCs to adopt a neural

ell features. Our experiment using a noncontact culture system
xclude the possibility of direct cell–cell interaction and cell fusion.
t was well known that OECs can secrete a variety of growth factors

hich had been proved to facilitate neural differentiation of BMSCs
2,7,19,20]. We assumed that OECs, in paracrine fashion, secrete
oluble factors which guide uncommitted BMSCs towards neural
ifferentiation. Although precise molecular mechanisms responsi-
le for neuronal differentiation of BMSCs induced by cocultured
ECs remain unclear, our results showed a possible mechanism
ediated by neurotrophic glial signals from OECs.
The present protocol provides an alternative neurogenesis path-

ay and also a simple procedure for generating sufficient numbers
f transplantable neural cells from BMSCs. Ethically, OECs, similar
o BMSCs, can be readily obtained autologously via a simple biopsy
rocedure. The current protocols may provide a new approach to
btain autologous transplantable neural cells for human neuro-
ogical diseases. Nonetheless, additional studies in animal models

ill be required to determine whether these differentiated BMSCs
an survive and migrate after implanted into lesion sites, and
mprove neurological functions. Further experiments with cocul-
ure of human BMSCs and OECs also are necessary to confirm
hether similar neural differentiation can be induced.
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