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Abstract

In the brain, there are hundreds of types of specialized neurons and to generate one type of them
we need to have neural progenitors for differentiation to specific neuron type. Mesenchymal stem
cells (MSCs) are easily isolated, cultured, manipulated ex vivo, showing great potential for thera-
peutic applications. The adult MSCs have the potential to produce progeny that differentiate into a
variety of cell types such as neurons. This fact suggests that MSCs derived neurons are an impor-
tant cell type and a deep understanding of the molecular characteristics of it would significantly
enhance the advancement of cell therapy for neurological disorders. Therefore, in this study, we
isolated, identified, and studied neural progenitors by measuring expression levels through neu-
rogenesis pathway of three neural differentiation markers nestin (NES), neurofilament (NF-L), and
microtubule association protein (MAP-2) from mouse bone marrow MSCs (mouse bmMSCs) by
using butylated hydroxyanisole (BHA) and diethyl sulfoxide (DMSO) as neural inducers agents.
The results of immunocytochemistry and Real Time-PCR showed that in contrast to MSCs, neural
differentiated cells showed neural progenitor pattern by showing stable increase in NES gene ex-
pression through differentiation process with increasing the protein expression through different
exposures times, while NF-L gene and protein expression start to increased after 48 h but not re-
placed the NES expression completely even when its expression passed NES levels. The maturation
marker Map-2 expression was low during the duration of differentiation period in protein and
gene expression, which prove that these cells are still progenitors and can be redirected into spe-
cific type of neurons by further treatments.
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1. Introduction

Mesenchymal stromal cells or MSCs are a type of widely distributed adult stem cell in connective tissues [1] [2].
They were easy to isolate and propagate and possess the ability to differentiate into many different cell lineages,
including osteoblasts, chondrocytes, adipocytes, hepatocytes, and neuron-like cells since the nineteenth of the
past century [3]-[6]. With these properties, MSCs have been widely applied in regenerative medicine research
and experimental cell therapy for a wide range of disorders such parkinson’s disease (PD) [7], huntington’s dis-
ease [8], amyotrophic lateral sclerosis (ALS) [9], and alzheimer’s disease (AD) [10].

Mesenchymal stem cells are induced to differentiate into neural cells under the appropriate differentiation
media by several researches [11]-[14]. The neural development of MSCs could provide a source to treat specific
neurological deficits because the central nervous system (CNS) has limited capacity for self-repair and the loss
of its cells generally results in permanent tissue damage [15]-[17].

There have been several studies showing that sulfhydryl groups (-SH) in compounds such as g-mercaptoe-
thanol (BME), BHA, DMSO, cysteine, and glutathione (GSH) are essential for neural induction of bone marrow
MSCs [18]-[21]. Exposure of MSCs to agents such as BHA, induces neural morphological features along with
the expression of neural-specific genes such as NEFL, TUBB3 (# Ill-tubulin), and neuron-specific enolase
(NSE). In addition, protein expression levels of nestin, g Ill-tubulin, and tyrosine hydroxylase remarkably in-
creased in differentiated MSCs [22].

The intermediate filament protein (IMF) which is the major stricture of cytoskeletons is classified into several
types, which expressed mostly in nerve cells and brain, such as NES as a type IV which are implicated in the
radial growth of the axon, the nestin-expressing cells are found frequently (though not necessarily exclusively)
in areas of regeneration, where they might function as a reservoir of stem/progenitor cells capable of prolifera-
tion and differentiation [23]. Neurofilaments (such as NF-L) are another type of IMF group, which expressed
predominantly in axonal neurons, peripherin by a subset of neurons [24], also expressed during neurogenesis
process, and play as a biomarker for axonal injury, because of his higher expression in axon [25]. Another neural
marker was MAP-2 that belongs to the microtubule-associated protein family which involved in microtubule
assembly, which is an essential step in neuritogenesis and serves to stabilize microtubules growth by cross link-
ing with intermediate filaments. It expressed in mature neurons such as dendrite cells and perikarya cells, and
transiently expressed in axonal neurites during early neural cytogenesis [26] [27].

The objective of this study was to produce neural progenitor cells from MSCs that can be directed later to
produce specific neuron type for cellular therapy of the nervous system.

2. Materials and Methods

This study was carried out on the Iragi center of cancer and medical genetic research (ICCMGR)/experimental
therapy department between 2012-2014.

2.1. Isolation of MSCs from Mouse Bone Marrow

The bone marrow culture was prepared as described by Freshney [28] by Killing the donor male Swiss Albino
mice by cervical dislocation (3 - 6 weeks old, provided by ICCMGR animal house unite, all the work approved
by the ICCMGR animal care and use committee). Under sterilize conditions, the fur washed with 70% alcohol
femurs and tibias were removed and both collected in a petri dish containing transport media MEM (Minimum
Essential medium) (US Biological, Massachusetts USA) supplemented with five fold antibiotics streptomycin
(Cox Pharmaceutical CO., LTD, UK) and ampicillin (Kontam Pharmaceuticals CO., LTD, China) as 500 mg/ml.
In the laboratory and under sterilize conditions, the femurs and tibias were clean off from remaining muscle tis-
sues with sterile surgical tools and washed few time with normal saline solution phosphate buffer saline (PBS),
holed the femur with forceps and cute off the knee end. The 27G needle which contained MEM media supple-
mented with 20% fetal bovine serum (FBS) (Cellgro Mediatech, USA) and 100 mg/ml for each ampicillin and
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streptomycin as culturing media should fit snugly into the bone cavity, then end of the femur was cut off as close
to the end. The tip of the bone was inserted into a test tube (15 ml) and aspirated and depressed the syringe
plunger several times until all the bone marrow is flushed out of the femur and tibias. The marrow was dispersed
to a suspension by pipetting the large marrow cores through pipetting. Finally the 10-mL aliquots of the cell
suspension were dispensed into 25-cm? tissue culture flasks and the cultures were maintained at 37°C in humidi-
fied 95% air and 5% CO, incubator.

2.2. Culturing and Propagation of MSCs

According to Freshney [28], cells where allowed to adhere overnight and non adherent cells were washed out
with medium changes after 24 h on MEM media with 20% FBS. Then cultures were maintained, and the re-
maining non adherent cells was removed by exchanging of culture medium each 2 - 3 day until the cultures were
get hold of developing colonies of adherent cells (about 5 - 7 days) to form monolayer's cells. After that cells
were recovered (sub cultured) after getting monolayer cells using 0.25% trypsin-EDTA (US Biological, Massa-
chusetts USA). The first passage (P1) cells began to proliferate and formed a monolayer of cells for the next 3 -
5 days. the culturing of P1 of MSCs were ready to used for immunophenotypic analysis.

2.3. Immunophenotypic Analysis of MSCs

The MSCs were re-cultured (P1) in 8-well tissue culture chamber slide (IWKA, Japan) in MEM media supple-
mented with 20% FBS. The cells were allowed to developing a monolayer of adherent cells within 3 - 5 days,
then the medium was aspirated and the multi-well plates washed two times with PBS, fixed with 4% parafor-
maldehyde (diluted in PBS) for 10 minutes, washed with PBS and leaved to dry, these slide were used in im-
munocytochemistry assay as triplicate. Four specific markers for immunocytochemistry analysis were used:
CD90 (1:100; Mouse anti-human antibody, US biological, USA), CD105 (1:100; Mouse anti-human antibody,
US biological, USA), and CD44 (1:100; Rat anti-mouse antibody, US biological, USA) as positive markers and
CD34 (1:100; Goat anti-human antibody, Santa Cruz Biotechnology) as negative markers.

The fixed slides were incubated in a humidified chamber with 1% hydrogen peroxide (H,O,) for 10 minutes,
washed two to three times with PBS, incubated with 1.5% blocking serum for 30 - 40 minute at room tempera-
ture (the kit was ImmunoCruz mouse ABC Staining System from Santa Cruz Biotechnology, Europe). Then the
ICC done according to the manufacture protocol with triplicate replication for each CDs marker. The slides were
stained with DAP (provided in the kit) and Hematoxlin stain (SYRBIO, Syria) mounted with DPX (CDH, India)
then were inspected by using light microscope and photographed by using digital camera.

2.4. Neural Differentiation Induction of MSCs

Subconfluent cultures of P1 MSCs were pretreated for 24 h in MEM media with 20% FBS and 10 ng/ml bFGF
(US biological, USA) as preinduction media. Then neural differentiation (as post induction media) was induced
with MEM media without FBS (serum free media), 2% DMSO (Santa Cruz, USA), and 200 uM BHA (Santa
Cruz Biotechnology, USA) as modified from Woodbury et al. [29]. Then cells were fixed for immunocytoche-
mistry for MSCs and seven different time (25, 27, 29, 48, 96, and 144 h) for each NES, NF-L, and MAP-2 with
triplicate replication for each marker. The cells were fixed for immunocytochemistry study (the kit from Immu-
no Cruz mouse ABC Staining System, Santa Cruz Biotechnology, Europe) at all these different times postinduc-
tion, and stained for NES (1:50; Mouse anti-rat, Santa Cruz Biotechnology, Europe), and NF-L (1:100; Mouse
anti-porcine, US biological, USA) as immature neural cells markers, and for MAP-2 (1:50; Mouse anti-human,
Santa Cruz Biotechnology) as mature neural markers, and the ICC assay was carried out as described above.

2.5. RNA Isolation

Total RNAs were collected using the absolutely RNA miniprep kit (Stratagen Aglient, Germany). Cells before
(MSCs) and after differentiation (neural cells) from different exposure times (25, 27, 29, 48, 96, and 144 h) were
collected by trypsinization of adherent cells. The quality and quantity of total extracted RNA samples were then
examined using minodrop UV-Vis. Spectrophotometer measurements (Quawell, Vietnam), and then the ex-
tracted RNAs were storage at —80°C on deep freezer (Nuve, Turkey) until used.
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2.6. Real Time-PCR

The isolated RNAs reversed transcribed to produce double stranded cDNA via reverse transcriptase polymerase
enzyme (KAPA SYBR FAST One-Step gRT-PCR Kit Universal, KAPA BIOSYSTEMS, South Africa, USA) to
quantify expression of specific 3 genes nestin (forward: 5’-GCACT GGGAAG AGTAGAAGATG-3’, length 22
and the reverse: 5-GGAGTAG AGTCAGGGAGAGTTT-3’, length 22) with fragment size 131bp, NF-L (forward:
5-TGATGTCT GCTCGCTCTTTC-3’, length 20 and the reverse: 5’-CTCAGCTTTCGTA GCCTCAAT-3’,
length 21) with fragment size 95 bp, MAP-2 (forward: 5’-CACAGGGCACCTAT TCAGATAC-3’, length 22
and the reverse: 5’-CAGATACCTCCTCTGCTG TTTC-3’, length 22) with fragment size 87 bp, GAPDH (for-
ward: 5’-GGAGAGT GTTTCCTCGTCCC-3’, length 20 and the reverse: 5’-TTTGC CGTGAGTGGAGTCAT-3’,
length 20) with fragment size 188 bp. These primers were optimized for use with SYBR green and normaliza-
tion with housekeeping gene GAPDH with 50 ng/u concentration. The Real Time-PCR done according to the
manufacturer’s protocol with annealing temperature 62°C and 40 cycle. All primers were designed in house with
the National Center for Biotechnology Information (NCBI) Designer software (http://www.ncbi.nlm.nihgov/)
and synthesized by BIO-Synthesis (Lewisville, TX, USA) for all 3 primers except GAPDH primer from Bio
Corp (North America, USA). Once suitable reference genes (GAPDH) were identified, the mean CT values of
the three candidate genes were calculated for each individual sample (as duplicate replication for each sample)
and used to normalize expression levels using the AACT method described previously [30]-[32].

2.7. cDNA Electrophoresis

All RNAs were running by gel electrophoresis method for MSCs and all different exposure time for each four
primers, and with DNA Ladder (KAPA Express DNA Ladder Kit, KAPA Biosystems, USA) to show the quan-
tity of genes expression studied. The preparations were done according to Maniatis and co-workers [33] and all
reagents and marker were freshly prepared [1]. The gel afterward, removed from the tank and visualized by gel
documentation system specialized with ethidium bromide/UV filter (SCIE-PLAS) and photographed.

2.8. Statistical Analysis

Al ICC (as average percentage means) and Real Time-PCR data (as average means after finding the AACT val-
ues) was statistically analyzed using One Way ANOVA and LSD test in IBM SPSS Statistics Software (version
20) and the difference of means was considered significant at p < 0.05.

3. Results
3.1. Culturing and Propagation of MSCs

The MSCs from mouse bone marrow was cultured in tissue culture flasks in MEM supplemented with 20% FBS.
After 24 h, only a few cells attached to the plastic culture flasks sparsely, and formed adherent cells while the
non-adherent cells were discarded by the first medium change usually after 24 or 48 h (Figure 1(A)). The adhe-
rent cells began to proliferate, as soon as 2 - 3 days after cultivation numerous fibroblast like-cells could be ob-
served, and gradually grow to form small individual colonies displaying fibroblast-like morphology with short
and long processes as well as, a small round cells with a high nuclear to cytoplasmic ratio can also seen (Figure
1(B)). Mesenchymal stem cells are characterized by their ability to form colonies comprising spindle-shaped
cells deriving from a single cell. The number of cellular colonies with different size has obviously increased.
Cells in large colonies were more densely distributed and showed a spindle like shape, as growth of cells con-
tinued, colonies gradually expanded in size with adjacent ones interconnected with each other. When the cells
grow to 80% confluence (which observed through microscopic examination) after 5 - 6 days so they were ready
to passaged (Figure 1(C)). Subculture done by through the media, treating with 0.25% trypsin-EDTA and cell
suspension passed into new tissue culture flasks under the same conditions at a split ratio 1:2 for the first pas-
sage culture. The MSCs began to grow and formed colonies then expanded, and after few days from P1, a ho-
mogeneous layer of fibroblastoid-like cells occupied the whole plastic surface (Figure 1(D)). The cells can re-
seeded in same conditions for the second passage culture, and these adherent cells could be readily expanded in
vitro by successive cycles of trypsinization, seeding and culture every 5 - 7 days without visible morphologic

alteration.
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Figure 1. (A): Morphology characteristics of mouse MSCs cultured in
MEM +20% FBS after 24 h 20x. (B) After 72 h of culturing mouse
MSCs in MEM +20% FBS, note that some of cells adherent and began to
elongated 20x. (C) After 5 - 6 days of culturing (monolayer cells), note
that the colonies interconnected with each other and reaching a confluent
stage 20x. (D): MSCs morphology after the first passage 20x.

3.2. Immunophenotypic Characterization of MSCs

The Immunophenotypic characterization of the cultured MSCs expanded adherent cells revealed that the cells
were stained with blue color and were negative for CD34 (Figure 2(G)). Cells with brown color were positive
for each of CD44, CD90 and CD105 (Figures 2(A)-(F)).

These results demonstrated that the cells turned out to be positive for CD105, CD90 and CD44,which take the
brown color (from DAP stain) indicating that they retain the phenotype of MSCs. And the results showed that
MSCs were negative for CD34 which take the blue color (from Hematoxlin stain), which indicating that these
cells are not from hematopoietic origin but they were MSCs.

3.3. Neural Differentiation Induction of MSCs

In the preinduction media (for 24 h exposure), the MSCs was showed to be more elongated (Figures 3(A)-(G))
without increased the protein expression (Immunocytochemistry assay ICC) for each NES, NF-L, and MAP-2
(Figure 4(A) and Figure 4(B), Figures 4(A)-(G) for each marker). After exposure to BHA for different times as
postinduction differentiation media, the MSCs started to be more elongated and it increased in cells size, then
finally it formed cells branches as the neuron cells with the increased of the NES and NF-L protein expression
with significant difference level at p < 0.05 with the higher proteins expressions in the 144 h compared with the
control (undifferentiating MSCs). Whereas the MAP-2 proteins showed the less expression levels compared
with NES and NF-L with significant difference between different time at level at p < 0.05 compared with control
(undifferentiating MSCs) (as showed in Figure 5). These results indicated the activity of BHA in the neuroge-
nesis stages of MSCs toward the neural differentiation cells.

3.4. Real Time-PCR

The results of RealTime-PCR revealed that the expression of NES gene (as immature differentiation gene) was
considerable in the BHA treated cells and gave rise to a detectable band, which increased with exposure time
started with 29, 48, 96 and 144 h While no gene expression was observed in the control cells (undifferentiated
MSCs). In the first hours 25 and 27 h, the NF-L gene was showed higher expression levels after treated and give
rise to detectable band (as showed in nestin gene) which increased with exposure time started from 29 - 144 h,
compared with the MAP-2 gene (as post maturation gene) which showed low expression levels in all time ex-
posure after treatment compared with control (MSCs). Also the results showed the stability of gene expression
levels of GAPDH gene (as showed in Figure 6). These results indicated that the immature neural markers NES
and NF-L were started to increase their gene expression through the neurogenesis stages of MSCs toward neural
cell differentiation compared with low gene expression levels in the mature neural marker MAP-2 gene which
indicated the affectivity of BHA towards neural cells differentiation.
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Figure 2. Immunophenotypic analysis of MSCs at the first passage revealed under light microscope
show that the MSCs were positive cells which stained with brown color. (A & B): CD44, (C & D):
CD90, (E & F) CD105, note that all CDs showed with 10x and 40x respectively. (G): Immunopheno-
typic analysis of MSCs at the first passage showing that the MSCs were negative for CD34 by cell
stained only with blue color 40x.

24 h.

Figure 3. MSCs after induced differentiation by BHA, which showed the elongation of cells and
branched form towards neural cells as revealed under inverted microscope, all figure showed in 20x.
the Figures 3(A)-(G) were presented (24 - 144 h) exposure time to differentiation media.
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Figure 5. The proteins expression levels of Immunocytochemistry assay for NES, NF-L, and MAP-2 antibodies
after differentiation by BHA. *Refer to significant effect at p < 0.05.
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DNA Ladder (bp) Referencegene (GAPDH) = 188 bp DNA Ladder (bp) Nestin (NES) =131 bp

()

DNA Ladder Microtubule-associated protein 2 (MAP-2 ) = 87 bp

(S))

DNA Ladder (bp) Neurofilament light chin (NF-L ) = 95 bp

Figure 6. mRNA expression levels of Real Time-PCR analysis of NES, NF-L, and MAP-2 genes in mouse MSCs
treated with BHA, there was a high expression levels with significant difference between each NES and NF-L pri-
mer compared with control (MSCs) (p < 0.05) for different exposure times, and low expression levels on MAP-2
with significant difference for different exposure times (p > 0.05). Note that all these 3 primers was normalized
with GAPDH gene (A): Amplification Plot of all primers, (B): Dissociation curve of all primers, (C) Results of
Real Time-PCR, note that these data represents the ACT of mean + SEM. (D-G): Gel electrophoresis analysis of
Real Time-PCR of NES, NF-L, and MAP-2 genes respectively.

4. Discussion

This study showed that after exposure to BHA started from 1 - 5 day can lead to morphological changes in
mouse bone marrow MSCs featuring a neuron-like morphology such as rounded cell bodies and long branching
processes along with the growth of cone-like terminal structures. Many studies demonstrated the differentiation
of human and mice MSCs to neuron-like cells following induction with BME, DMSO and BHA [34]-[40],
which exhibited a neuron-like morphology for few hours after induction which is due to a breakdown of the ac-
tin cytoskeleton and a retraction of the cell edge [40]. Since BHA also contains the sulfhydryl group, it may be
deduced that the neuron-like morphology adopted by the exposed mouse MSCs has the same mechanism and
could be due to the disruption of F-actin and cytoskeleton reorganization.

In the present study, the differentiation process of mouse bone marrow MSCs was followed by monitoring the
MRNA expression (protein expression) of nestin and NF-L genes as the two important neuron-specific markers
(REF). The expression of nestin and NF-L genes increased in MSCs started from 5 hours of exposure to BHA
(29 h treated cells), which could be a sign of differentiation in the treated cells.

Other investigations have studied the expression of a wide range of mRNAs and proteins, including those
normally reported in terminally differentiated neural cells [41]-[43]. Then many studies demonstrated that neural
cells derived from bone marrow MSCs expressed mRNA species encoding many type of genes such as -tubulin
111 (an early neural marker), nestin, neurofilaments (NFs), glial fibrillary acidic protein (GFAP) (as neural cell
markers), and the specific neural markers such as choline acetyltransferase (ChAT), and MAP-2 and many other
markers [22] [42] [44]-[46].

The results showed that nestin protein existed in high levels from first 24 h Until the end of the differentiation
time at 144 h, Nestin expression is transient and does not persist into adulthood and nestin become down regu-
lated and replaced by tissue specific intermediate filament proteins [34]. In our results neurofilament protein ex-
pression start to increase after 48 h but not replaced the nestin expression completely even when its expression
passed nestin levels where the nestin still existed in good levels. Lalonde et al. [46] showed that neurofilament is
necessary to function primarily to provide structural support for the axon and to regulate axon diameter. The
maturation marker Map-2 expression was low during the duration of differentiation period, which prove that
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cells are still progenitors and can be redirected into specific neurons by further treatments [36] [47] [48].

5. Conclusion

The current work spotted the light on the specific expression timing for the differentiation markers (NES, NF-L
and Map-2) to help identify the progenitor status of the induced neurogenesis of the mouse bone marrow me-
senchymal stem cells and the possibility of using them for further maturation into highly specialized specific
functional neuron of many types of neurons present in the nervous system.
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