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Polarized neural stem cells derived from adult bone marrow
stromal cells develop a rosette-like structure
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Abstract Bone marrow stromal cells (BMSCs) were reported
to form floating aggregation of cells with expression of nestin,
a marker for neural stem cells (NSCs). The purpose of this
investigation is to evaluate the morphology and the molecular
markers expressed by NSCs derived from these neurospheres.
The BMSCs were isolated from Sprague Dawley rats and
evaluated for osteogenesis, lipogenesis, and expression of
fibronectin, CD90, CD106, CD31, and Oct4. The BMSCs
were cultured with Dulbecco’s modified Eagle’s medium
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(DMEM)/F12 containing 15% fetal bovine serum, then with
DMEM/F12 containing 2% B27, basic fibroblast growth fac-
tor, and epidermal growth factor. The cell aggregates or
spheres were stained with acridine orange, which showed that
the neurospheres comprised aggregated cells at either
premitotic/postsynthetic (PS), postmitotic/presynthetic (PM)
phases of cell cycle, or a mixture of both. The NSCs harvested
from the neurospheres were polar with eccentric nucleus, and
at either a PS or a PM cell cycle phases, some cells at the latter
phase tended to form rosette-like structures. The cells were
immunostained for molecular markers such as nestin,
neurofilament 68 (NF68), NF160, and NF200 and glial
fibrillary acidic protein (GFAP). Myelin basic protein
(MBP), the pluripotency (Oct4, Nanog, and SOX2), and the
differentiation genes (NeuroD1, Tubb4, and Musashi I) were
also evaluated using reverse transcription polymerase chain
reaction (RT-PCR). Nestin, NF68, NF160, NF200, GFAP, O4,
and N-cadherin were expressed in the NSCs. The percentage
of immunoreactive cells to nestin was significantly higher
than that of the other neuronal markers. MBP was not
expressed in BMSCs, neurospheres, and NSCs. The
neurospheres were immunoreactive to GFAP. RT-PCR
showed the expression of NeuroD1 and Musashi 1. The
pluripotency gene (SOX2) was expressed in NSCs. Oct4
and Nanog were expressed in BMSCs, while Oct4 and
SOX2 were expressed in the neurosphere. This indicates that
a pluripotency regularity network existed during the
transdifferentiation of BMSCs into NSCs. Image processing
of the neurospheres showed that the cells tended to form radial
patterns. The conclusion of this study is that the NSCs gener-
ated from the BMSC-derived neurospheres have the morphol-
ogy and the characteristics of neuroepithelial cells with
tendency to forming rosette-like structures.
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Introduction

Cell therapy is considered an option for treating neurologi-
cal disorders; for instance, neurological tests in the rat stroke
model gave better results after intra-arterial injection of bone
marrow stromal cells (BMSCs) (Li et al. 2001), and similar
results were documented in other disorders. Lu et al. (2001)
reported the benefit of administrating rat BMSCs in treating
traumatic brain injury intravenously. Likewise, BMSCs
therapy improved seizure in epileptic rats (Abdanipour
et al. 2011b).

On the one hand, production of neuronal phenotype
by in vitro induction of BMSCs was reported by
Woodbury et al. (2000), who utilized (-mercaptoethanol
(BME) with 20% fetal bovine serum (FBS) as preinducer
and BME, dimethyl sulfoxide (DMSO), and butylated
hydroxyanisole (BHA) as inducers, while Hung et al.
(2002) combined BME and retinoic acid for the induc-
tion. Alternatively, growth factors such as epidermal
growth factor (EGF) and brain-derived neurotrophic fac-
tor for inducing the BMSCs into neural phenotype were
applied by Sanchez-Ramos et al. (2000); besides, simple
metabolic substances (isobutylmethylxanthine and
dibutyryl cAMP as inducers) and 5-azacytidine, a de-
methylation agent, were used by Deng et al. (2001) and
Kohyama et al. (2001), respectively. Other investigators
employed different combinations of the above agents (Levy
et al. 2003; Croft and Przyborski 2004; Hellmann et al.
2006), whereas coculturing BMSCs with fetal-derived neu-
ral cells resulted in their transdifferentiation into neuronal
phenotype (Dezawa et al. 2004). While induction with sim-
ple compounds (BME, DMSO, and BHA) was described by
Woodbury et al. (2000), Lu et al. (2004) considered the
transdifferentiation by these chemicals as an artifact rather
than actual induction mechanism; a similar view was
adopted by Neuhuber et al. (2004), who suggested that this
mode of transdifferentiation was not optimal for induction.
Croft and Przyborski (2004) disclosed that the expression of
neural markers was not consistent with typical development;
thus, shedding doubts on the transdifferentiation process;
however, Suon et al. (2004) considered that BMSCs
transdifferentiation could occur only transiently. Recently,
Barnabé et al. (2009) reported that the transdifferentiated
cells could have neural markers but they were not functional.

Meanwhile, many of the above chemicals used in the
transdifferentiation were mutagenic, carcinogenic, or teratogen-
ic agents (Ghorbanian et al. 2010). Also, the yield of the
transdifferentiated cells was confirmed to be low; for example,
Woodbury et al. (2000) documented that the maximum

yield was 51%, while Deng et al. (2001) mentioned
13%; it may be caused by high cell death associated
with the transdifferentiation utilizing BME, DMSO, and
BHA (Barnabé et al. 2009). Furthermore, Chen et al.
(2006) suggested that exploring better methods for in
vitro differentiation with better characterization of the
transdifferentiated cells was essential. One of the ap-
proaches was to derive neural phenotypes by producing
neurospheres from bone marrow stromal cells; the gen-
erated cells had the properties of neural progenitor cells
(Hermann et al. 2004). In this study, cellular and mo-
lecular evaluations of primitive neural stem cells
obtained from BMSCs-derived neurosphere have been
investigated, where they generated clusters similar to
rosette-like structures.

Materials and Methods

Cell preparation. The use of the animals in this study
was approved by the Ethical Committee at Tarbiat
Modares University (Tehran, Iran) in accordance to
Helsinki Ethical code about laboratory animal use. The
bone marrow cells were collected aseptically from the
femurs of adult female Sprague Dawley rats weighing
200-250 g, which were anesthetized with ketamine and
xylazine (50/kg and 10 mg/kg, respectively). A drill
hole (2x3 mm) was made in the proximal part of the
femur, and the bone marrow was aspirated using a 21-
gauge needle. The cells were washed three times with
sterile phosphate-buffered saline (PBS), filtered through
a 70-um nylon filter mesh (BD Falcon, Heidelberg,
Germany), cultured in Dulbecco’s modified Eagle’s
medium/F12 (DMEM/F12; GIBCO-BRL, Eggenstein,
Germany) containing 100 U/ml penicillin/streptomycin
(GIBCO-BRL) and 10% heat-inactivated FBS (GIBCO-
BRL), and were incubated at 37°C, 5% CO,, and 95%
relative humidity (RH) for 3 d. The non-adherent cells
were discarded and the medium was replaced. When the
cultures almost reached confluency, the adherent cells
were harvested using 0.05% Trypsin—-EDTA (Invitrogen,
Paisley, Scotland), and they were subcultured at 1x
10 cells/ml, resuspended in 20 ml medium, and
replated onto 75 cm?.

Mesodermal differentiation. The adipogenic differentiation
was done according to Abdanipour et al. (2011a), and the
BMSCs were induced by incubation at the third passage
with adipogenic production medium containing 50 pg/ml
indomethacin, 50 pg/ml ascorbic acid, and 100 nM dexa-
methasone (Sigma-Aldrich, Steinheim, Germany). After
3 wk, the lipid vacuoles were stained with Oil Red O
(Sigma-Aldrich). Also, the osteogenic induction was done
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according to Abdanipour et al. (2011a), and the BMSCs at
the third passage were seeded for 21 d in osteogenic medi-
um containing 10 mM -glycerophosphate, 60 uM ascorbic
acid, and 0.1 pM dexamethasone (Sigma-Aldrich). The
calcium deposits and the osteogenic differentiation were
identified by Alizarin Red S staining (Sigma-Aldrich).

Induction of BMSCs into floating spheres. For inducing the
neurosphere-like structures, the BMSCs at the third passage
were detached by incubation with 0.05% Trypsin/EDTA and
cultured according to a protocol described by Reynolds and
Weiss (1992) with some slight modifications. Briefly, the
cell aliquots were plated (10* cells/cm?) into six wells in
neurosphere production medium consisting of DMEM/F12
supplemented with 20 ng/ml of EGF (Sigma-Aldrich),
20 ng/ml of basic fibroblast growth factor (bFGF;
Chemicon, Hofheim, Germany) and 2% B27 (Invitrogen).

The cell suspension was incubated for 1 wk at 37°C, 5%
CO,, and 95% RH.

Production of neural stem cells from neurospheres. The
floating neurospheres were collected by centrifuging at
1,500 rpm for 5 min, and they were dissociated mechanically
and enzymatically to single cells and suspended in DMEM/F12
supplemented with 2% B27 (Invitrogen) for 1 wk in 6-well
plates containing poly-/-lysine (Sigma-Aldrich) coated cover
slips. Immunohistochemical evaluation was done for CD90,
CD106, CD31, nestin, NF68, NF200, and glial fibrillary acidic
protein (GFAP) on the same cultured slices.

Rosette-like structure formation. The neurospheres were
transferred to an adherent flask containing DMEM/F12
supplemented with 2% B27 (Invitrogen) and 5% FBS
(GIBCO-BRL). Immunocytochemical evaluation was done

Figure 1. The bone marrow stromal cells (BMSCs) differentiated into
osteogenic phenotype with formation of ossicle (arrowhead) stained
with Alizarin Red S (4). B, The lipogenic differentiation of the BMSCs
where several cells have multilocular lipid materials stained with Oil
red stain. C, BMSCs immunostained with anti-fibronectin antibody
(primary antibody), then incubated with secondary antibody conjugat-
ed with FITC, and counterstained with ethidium bromide. D, BMSCs
immunostained with anti-CD90 antibody (primary antibody), then
incubated with secondary antibody conjugated with FITC, and
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counterstained with ethidium bromide (a mesenchymal stem cell mark-
er). £, BMSCs immunostained with anti-CD31 antibody (primary
antibody), then incubated with secondary antibody conjugated with
FITC, and counterstained with ethidium bromide (a specific marker for
endothelial cell). F, BMSCs immunostained with anti-CD106 antibody
(primary antibody), then incubated with secondary antibody conjugat-
ed with FITC, and counterstained with ethidium bromide (a mesen-
chymal stem cell marker) (scale bar: A, B=200 um; C, D, E, F=
75um).
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for CD90, CD106, CD31, nestin, NF68, NF200, and GFAP
on the same cultured slices.

Immunocytochemistry. The cells were fixed for 20 min at
room temperature in 4% paraformaldehyde in 0.1 M phos-
phate buffer solution (pH 7.4). After washing twice in PBS,
the cells were incubated for 20 min at room temperature
(RT) in a blocking solution (2% goat serum, 5% FBS, with
or without 0.3% Triton X-100 in 0.1 M phosphate buffer;
Triton X-100 was used for cytoplasmic markers only). After
an overnight incubation with the following primary anti-
bodies: mouse anti-CD106 monoclonal antibody (1:300;
Chemicon), mouse anti-CD31 monoclonal antibody
(1:200; Chemicon), mouse anti-CD90 monoclonal antibody
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Figure 2. The immunostaining of the bone marrow stromal cells
(BMSCs) and neurospheres (NS). A, Immunostaining of the NSCs
anti-Oct4 (primary antibody); it was incubated with secondary anti-
body. B, A phase contrast image of 4. C, Immunostaining of the NS
with anti-nestin (primary antibody); it was incubated with secondary
antibody and counterstained with ethidium bromide. D, A phase con-
trast image of B. £, The immunostaining of the NS glial fibrillary acid
protein (primary antibody) followed by incubation with secondary
antibody conjugated with FITC and counterstained with ethidium
bromide. F, A phase contrast image of E (scale bar: A, B=100;
C-F=200 pum).

(1:300; Chemicon), rabbit anti-Oct4 polyclonal antibody
(1:250; Bioss Inc., Woburn, MA), mouse anti-nestin mono-
clonal antibody (1:100; Chemicon), mouse anti-NF68
monoclonal antibody (1:200; Chemicon), mouse anti-
NF160 monoclonal antibody (1:300; Chemicon), mouse
anti-NF200 monoclonal antibody (1:400; Chemicon),
mouse anti-N cadherin monoclonal antibody (1:200;
Abcam, Cambridge, UK), mouse anti-GFAP monoclonal
antibody (1:800; Sigma-Aldrich), mouse anti-O4 monoclo-
nal antibody (1:300; Chemicon), mouse anti-Neu N mono-
clonal antibody (1:1,000; Abcam), and rabbit anti-c-Myc
monoclonal antibody (1:300; Abcam), they were incubated
for 2 h (RT) with relevant anti-mouse IgG FITC-conjugated
(secondary antibody 1:100; Chemicon), anti-mouse IgG
Alexa Fluor-conjugated (secondary antibody 1:500;
Abcam), anti-rabbit IgG FITC-conjugated (secondary
1:1,000; Abcam), or anti-rabbit IgG Alexa Fluor-
conjugated (secondary 1:500; Abcam) antibodies, washed
twice in PBS, counterstained with ethidium bromide

Figure 3. The immunostaining of the neural stem cells (NSCs) in
adherent culture. 4, Immunostaining of the NSC anti-nestin (primary
antibody); it was incubated with secondary antibody and
counterstained with ethidium bromide. B, A phase contrast image of
A. C, Immunostaining of the NSCs with anti-glial fibrillary acidic
protein (primary antibody); it was incubated with secondary antibody
and counterstained with ethidium bromide. D, A phase contrast image
of B. E, The immunostaining of the NSCs with anti-O4 (primary
antibody) followed by incubation with secondary antibody conjugated
with FITC and counterstained with ethidium bromide. F, A phase
contrast image of E (scale bar=200 um).
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(10 pg/ml), and were visualized under a fluorescent micro-
scope (Olympus 1x71, Olympus, Tokyo, Japan). The per-
centage of immunoreactive cells was estimated by counting
200 cells in five random fields (using the random number
table).

Viability and neurospheres diameter. The viability test was
determined by trypan blue exclusion assay. The mean
neurosphere diameters at 1, 3, and 6 d of culturing were
also measured on five randomly selected images. The
neurospheres with more than 20 cells were considered in
the study (Ge et al. 2010).

Acridine orange staining. The neurospheres and the
suspended NSCs were seeded in a six-well plate and
incubated at 37°C in 5% CO, for 24 h with 10 pg/ml
of acridine orange (Merck, Darmstadt, Germany)
dissolved in the incubation medium in PBS. After incu-
bation, the neurospheres and the NSCs were harvested,
suspended, washed with PBS, and recentrifuged at
1,000 rpm for 5 min. The supernatant was removed,
and the pellet was resuspended in the incubation medi-
um and 10 pl of the cell suspension was pipetted on a
slide before putting them on a glass slide; within
30 min, the slide was analyzed using a fluorescent
microscope (Olympus 1x71, Olympus). The viable and
the dead cells were counted in a population of 200 cells
(Rao et al. 2012; Vadivelu et al. 2012).

Neurospheres were stained with acridine orange and im-
munostained for N-cadherin, GFAP, and Neu N. The images
were processed using Image J software (NIH, Bethesda,
MD), and the edge of the cells was detected using edge find
command. In another study, neurospheres were stained with
acridine orange followed by ethidium bromide. The images
were processed using Image J software (NIH). The colors of
the images were split into blue, green, and red colors using
split channels command, while the edge of the cells was
detected using edge find command.

RT-PCR. The total cellular RNA was extracted from the
BMSCs, the neurospheres, and NSCs using a high pure
RNA isolation kit (Roche Biochemicals, Mannheim,
Germany); it was followed by treatment with a DNase I
(amplification grade kit; Invitrogen) and cDNA synthesis kit
(MBI Fermentas, Vilnius, Lithuania). Reverse transcription
polymerase chain reaction (RT-PCR) reactions and all of the
procedures were performed in accordance to the instruction
of the kits. The RT-PCR was performed with the following
primers: fibronectin (gene accession number: NM019143,
forward primer: CTGTCCTGTGGCTGTGTCC, backward
primer: CAGTAGTAAAGTGTTGGCATGT, and product
221 bp), Oct4 (gene accession number: NM001009178,
foreword primer: GGCTGTGTCCTTTCCTCT, backward
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Figure 4. Histograms of the viability test, neurosphere diameter, and
the percentage of the immunoreactive cells to different markers of bone
marrow stromal cells (BMSCs) and neural stem cells (NSCs). 4, A
histogram of the percentage of the viable cells in the BMSCs (B) and
NSCs (N) at days 1, 2, 3, and 4 (mean+SEM: N1, N2, N3, and N4,
respectively). Asterisk is significantly higher than the other groups (P<
0.05). Dagger is significantly higher than the other groups except N2
(P<0.05). Greek small letter psi is not significantly different from N4.
B, A histogram of the diameter (mean+SEM) of the neurospheres at
days 1, 3, and 6. Inset represents the nonlinear curve fitting of the
neurosphere diameters against time (days); the growth pattern of the
diameter shows logarithmic increase (y=—55.4+(11 xInx), the standard
error=0.1, and the correlation coefficient=0.99). C, A histogram of the
percentage of the immunoreactive BMSCs (solid white column) and
NSCs (solid black column) to fibronectin (FN), nestin (NT),
neurofilament 68 (NF68), neurofilament 160 (NF160), neurofilament
200 (NF200), and the glial fibrillary acidic protein (GFAP) (all: mean+
SEM). Asterisk is significantly higher than the other cell types (P<
0.05). Dagger nestin is significantly higher than its value the in neural
markers.
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primer: TCTCTTTGTCTACCTCCCTTC, and product
217 bp), nestin (gene accession number: NM012987, fore-
word primer: AAGGCTCAGGAGTTCCAGG, backward
primer: TACGGCTTTATTCAGGGAG, and product
244 bp), Nanog (gene accession number: NM001100781,
foreword primer: TTCAAGACCAGCCTGTACT, backward

200 pm

Figure 5. The acridine orange (AO) staining of the neural stem cells
(NSCs) and the neurospheres (NS). 4, The harvested NSCs stained
with AO at the first hour, where the NSCs either red (at the postmitotic/
presynthetic phase of the cell cycle, PM) or green (at the premitotic—
postsynthetic phase of the cell cycle, PS); the nuclei have green color
in both phases of the cell cycle. Most of the NSCs are polar; arrowhead
represents the clustering of the NSCs into small groups of the same
phase (PM). B, The harvested NSCs stained with AO at the fourth
hour; the NSCs are either red (PM) or green (PS); the nuclei have green
color in both phases of the cell cycle; inset shows higher resolution of
the polar cells with eccentric nuclei. Most of the NSCs are polar;
arrowhead represents the clustering of the NSCs into small groups of
the same phase (PM). C, D The harvested NSCs stained with AO at

primer: GCACTGGTTTATCATGGTAC, and product
219 bp), Tubb4 (gene accession number: NM080882, fore-
word primer: ACACACACACTCCACCTCC, backward
primer: AACACACAGGGACCTATGG, and product
231 bp), Musashi I (gene accession number: NM 148890,
foreword primer: CACTGCTTATGGTCCGATGG,

200 pm

day 1; the NSCs are either red (PM) or green (PS); the nuclei have
green color in both phases of the cell cycle. Most of the NSCs are
polar; solid arrowhead represents clustering of the NSCs into small
groups of the same phase (PM). Arrow represents the clustering of the
three NSC groups forming primitive rosette-like structure. Empty ar-
rowhead represents the clustering of the NSCs into small groups of
mixed phases (PM and PS). E, F, The harvested NSCs stained with AO
at day 4, where the NSCs are either red (PM) or green (PS); the nuclei
have green color in both phases of the cell cycle. Most of the NSCs are
polar; solid arrowhead represents the clustering of the NSCs into small
groups of the same phase (PM). Empty arrowhead represents the
clustering of the NSCs into small groups of mixed phases (both PM
and PS). Asterisks represent fusing neurospheres.
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backward primer: GGTGAAGGCTGTCGCAATC, and prod-
uct 274 bp), GFAP (gene accession number: NM017009,
foreword primer: TAAGCGTCCATCCTGTTTG, backward
primer: GGTTAGCAGAGGTGACAAGG, and product
226 bp), myelin basic protein (MBP; gene accession number:
NM001025294, foreword primer: TTCCAAAG
AGACCCACACTG, backward primer: AAGGTCG
GTCGTTCAGTCAC (reverse; 247 bp)), NeuroD1 (gene ac-
cession number: NMO019218, foreword primer:
CTACTTGTTACCTTTCCCATGC, backward primer:
GCTAAGGCAACGCAATAAC, and product 216 bp),
SOX2 (gene accession number: NM001109181, foreword
primer: CCGTTACAGACAAGGAAGG, backward primer:
CAACGATATCAACCTGCATG, and product 194 bp), and
the endogenous control (housekeeping) gene glyceraldehyde
3-phosphate dehydrogenase (foreword primer:
CAAGGTCATCCATGACAACTTTG, backward primer:
GTCCACCACCCTGTTGCTGTAG, and product 496 bp).

Statistical analysis. All the data in this study were com-
pared by ANOVA, and the comparison among the groups
means was performed by using ad hoc Tukey’s test.

Figure 6. The immunostaining
of the rosette-like structures in
adherent culture. 4,
Immunostaining of the rosette-
like structure with anti-nestin
(primary antibody); it was
incubated with secondary
antibody and counterstained
with ethidium bromide. B, A
phase contrast image of 4. C,
Immunostaining of the rosette-
like structure with anti-
neurofilament 68 (primary
antibody); it was incubated with
secondary antibody and
counterstained with ethidium
bromide. D, A phase contrast
image of B. E, The
immunostaining of the neural
stem cells in the rosette-like
structure with anti-N-cadherin
antibody, which was (primary
antibody) followed by
incubation with secondary
antibody conjugated with FITC
and counterstained with
ethidium bromide. F, A phase
contrast image of £ (scale bar=
500 pm).
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Results

The isolated BMSCs had typical morphology, differentiation
(osteogenic and lipogenic), and markers including fibronectin
(a marker for BMSCs), CD31 (a specific marker for endothe-
lial cells), CD90, and CD106 (both mesenchymal stem cell
markers). The cells were immunoreactive to fibronectin,
CD90, and CD106 (see Fig. 1), while the BMSCs were
immunoreactive to Oct4 (Fig. 24). The neurospheres were
immunoreactive to nestin, and only few cells were positive
to anti-GFAP antibody (Fig. 2C, E, respectively). Figure 3
shows the immunostaining of NSCs with NF68, GFAP, and
O4. The BMSC viability was significantly higher than the
cultured NSCs at days 1, 2, 3, and 4 (Fig. 44), while the
viability of NSCs at day 1 was significantly higher than that
at the fourth day (Fig. 44) (P<0.05). The size of the
neurospheres increased during culturing (days 1, 3, and 6)
which was logarithmic in nature (Fig. 4B). The BMSCs
showed high level of fibronectin expression, while the level
of expression was trivial in the NSCs. The percentages of the
NSCs expressing nestin, NF68, NF160, NF200, and GFAP
were estimated. Nestin expression in the NSCs was
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Figure 7. The immunostaining
of the neurospheres with the
adhesion molecule (N-cadherin).
A, A neurosphere stained with
acridine orange used as a
background for the
immunostaining of N-cadherin.
B, The image in 4 subjected to
image processing including
increase contrast and edge
detection using Image J software
(NIH); the edge of the cells in the
neurosphere shows that the cells
at the margin of the neurosphere
tend to form linear patterns with
an arrangement of radial-like
formation. C, The double staining
of a neurosphere with acridine
orange; it was the labeled with
anti-N-cadherin antibody
(primary antibody) then
incubated with secondary
antibody conjugated with Alexa
Flour (red fluorescence). D, A
phase contrast of 4, B, and C. E,
Staining of the neurospheres with
acridine orange then
immunostained with anti-Neu N
(primary antibody) and it was
incubated with secondary
antibody conjugated with Alexa
Fluor (red). F, Staining of the
neurospheres with acridine
orange then immunostained with
anti-GFAP (primary antibody)
and it was incubated with
secondary antibody conjugated
with Alexa Fluor; arrowhead
indicates the site of
immunoreactive cells (scale bar=
200 um, £ and F).

significantly higher than the other markers. Among the
neurofilaments, the percentage of the cells immunoreactive
to NF68 was significantly higher than that of NF160 and
NF200, and its value in NF160 was significantly higher than
in NF200 (Fig. 4C) (P<0.05). GFAP was significantly lower
than the other neuronal markers except NF200 (P<0.05).
Within 1 d, the cultured cells in the suspension medium
(harvested from the neurospheres) were round with eccen-
tric nuclei and forming typical polarized cells (Fig. 54).
Moreover, staining these cells with acridine orange resulted
in either red color (postmitotic/presynthetic phase of cell
cycle, PM) or green color (premitotic/postsynthetic phase
of cell cycle, PS). Few cells were aggregated forming the
initial neurosphere, and subsequently more cell aggregates
could be seen (4 h) (Fig. 5B). Some of the aggregated cells
had a synchronized phase (all of the cells at the single phase
of the cell cycle), while the others were at mixed phases of
the cell cycle (see Fig. 5C, D, E, F; at days 1, 1, 4, and 4,

B

200 pm

respectively). Few polarized cells were arranged in special
pattern with their nuclei interphasing each other forming a
primitive rosette-like structure, and they synchronized in
their cell cycle (see Fig. 5C, D). Moreover, the neurospheres
were formed from aggregation of the polarized cells, and
when the neurospheres were maintained for a longer time in
the culturing system, they consisted of a mixture of PM and
PS. Some neurospheres were engaged in fusion activity
(Fig. 5F).

When the NSCs in the neurospheres were cultured on
adherent plates, the cells tended to form isolated aggregates
with more cells accumulated at the center of the aggregate in
a pattern similar to a rosette (rosette-like structure), either
single (Fig. 64-D), double (Figs. 5E, F and 6FE, F), or
multiple rosette-like (Fig. 7E, F). Immunostaining of the
cells in the rosette-like structure showed immunoreactivity
to nestin, NF68, and N-cadherin (Fig. 64, C, E). Figure 7
(A-D) represents staining of a neurosphere with acridine
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orange (A: green fluorescence) followed by immunostaining
with N-cadherin. Image processing of the acridine orange
stained image by increasing contrast and edge detection soft-
wares (Image J, NIH) showed that the cells in the submarginal
region tended to align linearly with the outer marginal cells
forming a radiating pattern similar to rosettes; however, the
lumen was not yet formed (Fig. 7B). Most of the cells forming
the neurosphere were immunoreactive to N-cadherin (Fig. 7C).
Figure 8 shows a neurosphere stained with acridine orange
followed by ethidium bromide, the image was processed using
Image J software (NIH), and the image color was spilt into
blue, green, and red colors. The red color showed the nuclei of
the cells at the top of the sphere arranged in a radial-like pattern;
the edge detection of the image showed a consistent pattern.
The neurospheres showed no immunoreactivity to Neu N and
few cells immunoreactivity to GFAP (see Fig. 7E, F, respec-
tively). The molecular profile of the BMSCs, the neurospheres,
and the NSCs using RT-PCR was used in evaluating the
pluripotency genes SOX2, OCT4, and Nanog. The results

Figure 8. Double staining of a
neurosphere with acridine
orange followed by staining
with ethidium bromide; the
image was processed using
image J software (NIH). 4, A
phase image of the neurosphere.
B, A neurosphere stained with
acridine orange followed by
staining with ethidium bromide.
C, The double-stained
neurosphere image processed
with image spilt command, blue
color split; D, E, The green and

show that the BMSCs expressed Oct4 and Nanog; however,
in the neurospheres, Oct4 and SOX2 were expressed but
Nanog was repressed, while in the NSCs, only SOX2 gene
was expressed (see Fig. 9). Another pluripotency gene (c-Myc)
was assessed by immunocytochemistry, and c-Myc protein was
expressed in BMSCs, NS, and NSCs (Fig. 10). The expression
profile of the differentiation genes (NeuroD1, GFAP, fibronec-
tin, tubulin (34, nestin, MBP, and Musashi ) is presented in
Fig. 9.

Discussion

In this study, the suspended NSCs had polar morphology
expressed the pluripotency genes SOX2 and c-Myc and the
neural stem cell genes nestin, NeuroD1, and Musashi I. The
polarized cells formed rosette-like structures when they
were cultured in suspension medium under adherent
condition.

red ones, respectively; inset in
E shows higher resolution
image of red color regions
(nuclei) with tendency to form
linear patterns with an
arrangement of radial-like
formation. /nsets in F shows the
pattern of the cells in edge find
command at a higher
resolution; the cells tend to
form radial pattern toward the
center.
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Bone marrow stromal cells
S2ND OT Ng GP Fn B4 Nt MP MI Nc¢ Ld

Neurospheres

Neural stem cells

Figure 9. Electrophorograms of RT-PCR products for SOX2 (S2),
NeuroD1 (ND), OCT4 (OT), Nanog (Ng), GFAP (GP), fibronectin
(Fn), tubb4 (B4), nestin (Nf), MBP (MP), and Musashi I (M) genes,
using the mRNAs extracted from the bone marrow stromal cells,
neurospheres, and neural stem cells at the upper, middle, and lower
panels, respectively. Nc and Ld represent the negative control and the
ladder, respectively. Arrowhead indicates the bands of the housekeep-
ing gene (internal control): glyceraldehyde 3-phosphate dehydrogenase
496 bp.

The BMSCs were derived from mesodermal lineages, con-
firmed by the lipogenic as well as osteogenic induction and by
the markers of the cells, which is consistent with the findings
of the others (Mohammad-Gharibani et al. 2012). The cells
expressed Oct4, a pluripotency gene. Sterneckert et al. (2012)
reported that introducing Oct4 into cells could result in its
reprogramming and transdifferentiation into another lineage
such as neural phenotype. Warthemann et al. (2012) reported
that the Oct4a was more important variant in the pluripotency
than Oct4b. Octda was reported to be an important stemness
gene in the derivation of neural lineages (Parte et al. 2011). In
this study, the antibody selected was immunoreactive to Oct4a
because the commercial source is important in detecting this
marker (Zuk 2009). Moreover, a decline in Oct4 expression
was noticed with the incubation of BMSCs with combined
EGF/bFGF. Delcroix et al. (2010) reported a decrease in Oct4
and the expression of cell cycle control genes, and increase in
expression of neural differentiation genes. For example, using
a low dose of 5-10 ng/ml (both EGF/bFGF) resulted in
approximately a three-fold increase in the expression of
nestin, which did not show further increase with higher dose
(50 ng/ml). On the one hand, in this study, the cells in the
neurospheres showed positive immunostaining with nestin,
but they were not immunoreactive to Neu N because it is a
differentiated neuron marker (Lu et al. 2003); on the other

hand, the immunostaining of BMSCs-derived NSCs showed
that most of the cells were immunoreactive to nestin, which is
consistent with the percentage of immunoreactive cells to this
marker, while similar results were noticed in immunostaining
with GFAP. Moreover, only few cells in the neurospheres
were immunoreactive to GFAP. The marker of oligodendro-
cyte (O4) showed that few cells had positive reactivity, which
is consistent with a previous finding (Kaka et al. 2012). This
indicated that the BMSCs are multipotent stem cells (Liu et al.
20006).

Acridine orange is a differential nuclear DNA dye, which
stains nuclear DNA green under a fluorescent microscope,
while the RNA in the cytoplasm of the cells engaged in
protein synthesis shows red fluorescent color (Nicolini et al.
1979); at the PS, the color is essentially green (Traganos et
al. 1977). Also, Alam et al. (2004) documented that there is
staining difference between RNA and DNA, the cell cycle
phase either pre-DNA or post-DNA synthesis, which could
be used for analyzing its G1, S, and G2+M progression
(Darzynkiewicz et al. 1976). In our experiment, we used
acridine orange for evaluating the neurosphere-forming cells
and the suspended NSCs at either PS or PM. This staining
showed that the NSCs in the suspension medium were
polarized; the same feature was seen in the developing
embryo (Farkas and Huttner 2008). The interesting result
of the staining with acridine orange was the synchronization
of the NSCs (all of them at PM) into a rosette-like structure,
which may arose from the expression of similar proteins in
the synchronized cells (Uzbekov 2004; Bianchi 2008;
Banfalvi 2011), such as the adhesion molecules (Becker et
al. 1999; Klein et al. 2007); this is consistent with N-
cadherin immunostaining of the neurospheres.

The harvested neurospheres yielded uniform polarized
cells (apical nucleus with apicobasal polarity), which were
documented to differentiate into several types of cells in the
developing central nervous system (Gotz and Huttner 2005).
Cell polarity was described in in vivo studies; for example,
Kumar et al. (2011) denoted that cell polarization had a
feature of geometry-based orientation, which is important
in cell motion during fetal neurogenesis, a major factor in
the nervous system morphogenesis. Moreover, a living im-
aging experiment showed that the cell group polarity is
important for directional migration forming a correct three-
dimensional geometry during the central nervous system
organogenesis resulting in the functional structure (Aman
and Piotrowski 2010). On the one hand, in the developing
nervous system, the polarized neuroepithelial cells contain
neural stem cells, which is essential for generating the
neuroglial cells (Wakamatsu et al. 2007). On the other hand,
the importance of polarity is considered a key feature in the
proliferation/differentiation of the neuroepithelial cells in
the developing rodent neocortex (Farkas and Huttner
2008); this was also reported in the neural tube, where the

@ Springer



648 DARABI ET AL.

apicobasal polarity of neuroepithelium is an important char-
acteristic of the differentiating cells (Wilson and Stice
20006).

In vitro studies on embryonic carcinoma cells showed that
the cells forming the rosette structure had polar morphology
(Finley et al. 1996); in addition, other investigators disclosed
that human embryonic stem cell-derived rosettes were initiat-
ed by polarized cells (Elkabetz et al. 2008). Ma et al. (1998)
defined the rosette-like structure as spreading of the cells from
the edge of the neurosphere attached to an adherent surface,
and the source was fetal neuroepithelium dissected from the
rat embryo. Rosette-like structures were also derived from
adult stem cells such as adipose derived stem cells cultured
for long term without supplementation resulting in spontane-
ous differentiation with rosette-like formation; however, the
neural differentiation efficiency was low with significant cell
death (Qian et al. 2010). In this study, the rosette-like struc-
tures were derived from neurospheres formed from BMSCs
with multiple adherent rosettes-like structures, where the cells
were radiating out of the clusters; similar architecture was
noticed in human embryonic stem cells (Bajpai et al. 2009),
but generation of rosette structures from adult neural tissues
was rarely documented (Podgornyi et al. 2005).

Figure 10. The
immunostaining of bone
marrow stromal cells (BMSCs),
neurosphere (NS), and neural
stem cells (NSCs) with anti-c-
Myc antibody. 4, The
immunostaining of BMSCs
with anti-c-Myc antibody
(primary antibody), which was
followed by incubation with
secondary antibody conjugated
with Alexa Fluor (red
fluorescence). B, A phase
contrast image of 4. C, The
immunostaining of NS with
anti-c-Myc antibody (primary
antibody) which was followed
by incubation with secondary
antibody conjugated with Alexa
Fluor (red fluorescence). D, A
phase contrast image of C. E,
The immunostaining of the
rosette-like structures in the
adherent culture with anti-c-
Myc antibody (primary
antibody), which was followed
by incubation with secondary
antibody conjugated with Alexa
Fluor (red fluorescence). F, A
phase contrast image of E.
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In our investigation, the c-Myc (a pluripotency gene) was
expressed in BMSCs, neurospheres, and NSCs, while other
pluripotency genes showed transcriptional changes, charac-
terized by gene switching, either gradual (decline: Oct4 and
increase: SOX2) or abrupt shut down (Nanog). This may
represent the existence of a defined regulatory network in
BMSC differentiation into NSCs. In the BMSCs, the ex-
pression of Oct4 and Nanog was detected, this is consistent
with the pluripotency gene expression in hESCs and
mESCs, and both Oct4 and Nanog contributed to the ex-
pression of SOX2 (Loh et al. 2006) in NSCs (Plane et al.
2012). Boyer et al. (2005) reported that the pluripotency
genes (Nanog, OCT4, and SOX2) could induce the expres-
sion of NeuroD1, which is an important regulatory factor in
neurogenesis.

The expression of c-Myc was documented in BMSCs
(Kim et al. 2007); neurospheres (Narayanan et al. 2012),
which increased self-renewal in neural progenitor cells
(Kerosuo et al. 2008); and NSCs, where c-Myc acted as a
transcriptional cofactor (Martinez-Cerdefo et al. 2012). The
expression of Oct4 was consistently noticed in BMSCs (Ren
et al. 2006; Cui et al. 2009) and neurospheres (Singh et al.
2009), but not in NSCs (Daadi et al. 2008). Nanog
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expression was confirmed in BMSCs (Esposito et al. 2009),
though its expression in NSCs was not detected (Sundberg et
al. 2011). SOX2 was expressed in neurospheres (Zheng et al.
2011) and NSCs (Plane et al. 2012), but not detected in
BMSCs (Riekstina et al. 2009); SOX2 was universally known
as a marker of neural progenitor and NSCs throughout the
vertebrate CNS (Uwanogho et al. 1995; Graham et al. 2003;
Techawattanawisal et al. 2007). On the one hand, NeuroD1, a
transcription factor in early neuron differentiation (Roybon et
al. 2010), was not expressed in BMSCs but in neurospheres
(Hermann et al. 2004) as well as NSCs (Franklin et al. 2001;
Bertrand et al. 2002). Similar results were noticed with GFAP
(Hermann et al. 2004; Streckfuss-Bomeke et al. 2009). The
reverse was noticed in the expression of fibronectin, a BMSCs
marker (Hermann et al. 2004). On the other hand, MBP,
expressed in myelin sheath-forming oligodendrocytes,
showed results which agree with previous investigations
(Hermann et al. 2004; Fulton et al. 2010; Mekhail et al.
2012), so did Tubb4, a specific marker for differentiated neu-
rons (Hermann et al. 2004; Streckfuss-Bomeke et al. 2009).
Musashi I showed a reverse pattern of expression, where the
gene was expressed in NS and NSCs, which coincides with
previous findings (Sakakibara et al. 1996; Kaneko et al. 2000;
Keyoung et al. 2001). In this study, Musashi I mRNA was also
detected in BMSCs, which is consistent with other investigation
(Okumoto et al. 2005; Valcz et al. 2011).

In our investigation, nestin immunoreactive cells were
noticed in neurospheres and NSCs, as reported by the others
(Mothe et al. 2011; Sun et al. 2011); Bazan et al. (2004)
considered nestin as a key marker in NSCs in both in vitro
and in vitro conditions. However, we detected nestin mRNA
in the BMSCs, while nestin immunostaining was not, which
may be due to a post-transcriptional control which did not
allow the translation of mRNA (Movaghar et al. 2008);
moreover, Binello et al. (2012) considered nestin as a
stemness marker which could be expressed by BMSCs.

Neurosphere-forming cells were immunostained for N-
cadherin; this finding was documented by Kim et al. (2010)
and Lobo et al. (2003). While N-cadherin expression was
noticed in the ESC-generated rosettes, it was observed at the
apical part of the cells surrounding the lumen (Pankratz et al.
2007). Our results show that the cells of the neurosphere were
more uniformly immunostained with N-cadherin but the lumen
was not yet evolved and the cells were inclined to arrange
linearly toward the center (see Fig. 74-D); this may
indicate the tendency of the neurospheres derived from
the BMSCs to form a rosette. The results of N-cadherin
expression in NSCs agree with previous investigations
(Curchoe et al. 2010; Kim et al. 2010). Moreover,
image processing of a double-stained neurosphere with
acridine orange and ethidium bromide showed consistent
arrangement of the ethidium bromide nuclei forming
radial-like patterns.

Conclusions

The NSCs generated from BMSC-derived neurospheres have
the morphology and the characteristics of neuroepithelial cells
with tendency to forming rosette-like structures.
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