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Abstract Mesenchymal stem cells have been extensively used for cell-based therapies
especially in neuronal diseases. Studies still continue to delineate mechanisms in-
volved in differentiating mesenchymal stem cells into neuronal cells under experimen-
tal conditions as they have low mortality rate and hence, the number of cells available
for experiments is much more limited. Culturing and differentiating of neuronal cell is
more challenging as they do not undergo cell division thus, bringing them to
differentiate proves to be a difficult task. Here, the aim of this study is to investigate
whether Juglans regia L. (walnut oil) differentiates multipotent, C3H10T1/2 cells, a
murine mesenchymal stem cell line, into neuronal cells. A simple treatment protocol
induced C3H10T1/2 cells to exhibit a neuronal phenotype. With this optimal differ-
entiation protocol, almost all cells exhibited neuronal morphology. The cell bodies
extended long processes. C3H10T1/2 cells were plated and treated with walnut oil
post 24 h of plating. The treatment was given (with walnut oil treated cultures with or
without control cultures) at different concentrations. The cultured cells were then
stained with cresyl violet acetate solution which was used to stain the Nissl substance
in the cytoplasm of the induced neuronal culture. The results indicated that the
C3H10T1/2 cells differentiated into neuronal-like cells with long outgrowths of
axon-like structures able to take up the cresyl violet acetate stain indicating their
preliminary differentiation into neuronal-like morphology with walnut oil treatment.
Treating the mesenchymal stem cells can in future establish a cultured mesenchymal
stem cell line as neuronal differentiating cell line model.

Keywords Neurons . Chemical induction .Walnut oil . Neurodegeneration . Brain

Appl Biochem Biotechnol (2017) 183:385–395
DOI 10.1007/s12010-017-2452-1

* Varsha Singh
varsha_sh@hotmail.com

1 Chitkara School of Health Sciences, Chitkara University, Patiala, Punjab, India
2 Department of Pathology, Sikkim Manipal Institute of Medical Science, Gangtok, Sikkim, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-017-2452-1&domain=pdf


Introduction

Embryonic stem (ES) cells can be cultured to retain their ability contributing to all cell
lineages. This implies that the cells can generate signals necessary to differentiate into various
cell types. ES cells renew and differentiate indefinitely under appropriate conditions, and give
rise to a wide range of mature cell types. Embryonic-derived mesenchymal stem cells (MSCs)
constitute an unlimited source of differentiated cells, which can be used in pharmacological
studies and medicine. MSCs, being multipotent cells, have the ability to self-renew, proliferate,
and differentiate into a variety of cell types such as adipose tissue, tendon, stroma, osteocytes,
and cartilages [1]. Having the ability to differentiate into various specialized cells, stem cells
can be of great value under physiological or experimental conditions [2], and can overcome
their commitment to differentiate into neuronal, cardiac, hepatocytes, and skeletal cells [3].
MSCs are relatively easily separated and grown in culture by many folds without losing their
stem cell characteristics provided they are cultured under specific experimental conditions.
MSCs are, therefore, of great importance in stem cell therapy with wide tissue distribution and
multipotent differentiation. These properties suggest their critical role in injury healing espe-
cially when MSCs have the ability to differentiate into neural-like cells under in vitro and
in vivo conditions [4–8]. MSCs being one of the two predominant non-hematopoietic stem cell
types, display tremendous therapeutic properties including regenerative therapy for neurode-
generative disorders [9, 10]. The mesodermal MSCs are progenitors committed to differentiate
into mesodermal lineage [11] and have also been induced using collagen scaffolds [12].
However, in addition to their differentiation to mesodermal lineage, their differentiation to
neuro-ectodermal lineage elucidates their crucial role in neurogenesis [13, 14].

Since MSCs, have been given chemical induction using β-mercaptoethanol (BME), DMSO
and butylated hydroxyanisole (BHA), growth factors, and 5-Aza-C [15], no study shows
whether natural extracts have the capability to induce neuronal-like morphology in MSCs. The
ability to produce in vitro cultures of neuronal cells is difficult and a fundamental task to
understand the functioning of the nervous system. Their culturing is particularly challenging
since mature neurons do not undergo cell division, and neuronal cell lines are difficult to
culture and require utmost care. Many neuronal induction media can be used to differentiate
and study neuronal cells. Preliminary evidence does highlight the ability of ES cells to
differentiate into neuronal-like cells in vitro [16, 17]. However, it still remains enigmatic
whether these cells can differentiate into the whole spectrum of functional neurons and glial
cells.

Walnuts are the most widespread tree nuts in the world [18]. Being rich in α-linolenic acid
(ALA; 18:3n23) and linoleic acid (LA; 18:2n26) as well as other polyphenolics, phytosterols,
and micronutrients [19], walnuts play an important role in reducing inflammation and oxida-
tive stress in the aging brain [20]. High compositions of n-3 and n-6 omega-3 fatty acids make
walnuts as important nutritional factors for brain health. The extracts of walnut oil (WO)
reduce the antioxidant production, and amyloid beta-protein (Aβ) induced cell death under
in vitro conditions [21]. Neurons being sensitive in nature require neuroprotective effects
against H2O2 production as well [22]. In the present study, we represent a possibility of MSCs
to differentiate into neuronal differentiated cell line model using WO. However, it remains
unclear whether these neuronal-like cells display functional activities which perform similar
tasks to neurons and glial cells. Once differentiated and transplanted into rodent models
exhibiting neuronal diseases, these MSC can be studied to survive, proliferate and migrate
to the site of injury, and observed for their capability of improving functional recovery. Further
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purification of the neuronal cell progeny can be expanded for screening assays and drug
discovery for neurological disorders. Therefore, WO properties and extracts can be used to
provide a unique low-cost experimental model to study early steps of neuronal-like
differentiation.

Materials and Methods

In vitro cell culture studies employing adherent monolayer culture of mouse mesenchymal stem
cells (mMSC), C3H10T1/2, are cultured for continuous 8 days with respective doses of WO, RA
with or without DMSO, and compared to the control (C) culture. Cresyl violet stain and reverse
transcriptase-polymerase chain reaction (RT-PCR) analysis is used to further establish the differ-
entiation of neuronal-like cells. All images are taken at×40/×10 with phase contrast microscope.

Cell Culture

C3H10T1/2 cells (National Centre for Cell Science, Pune) are cultured in DMEM (Cellgro) with
4.5 g/L glucose supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/
mL penicillin/100 μg/mL streptomycin (Sigma). Cells are kept in incubator at 37 °C and 5%/
95% CO2 /air grown at 37 °C. After attaining 70% confluency, cells are treated for neuronal
induction and further assessed for morphological changes, uptake cresyl violet staining, and
RT-PCR analysis. The MSC characteristics of the cell lines are confirmed by flow cytometry
prior to release by the repository cell.

Neuronal Induction

To induce neuronal differentiation, subconfluent cultures of murine C3H10T1/2 cell line are
maintained and seeded into plastic culture flasks at a density of 50,000 cells/cm2, and
maintained in DMEM/10% FBS. Prior to neuronal induction, fresh media is replaced. To
initiate neuronal differentiation, cells are treated with WO at different concentrations (5, 10,
50 μL) with/without dimethylsulfoxide (DMSO) (Sigma).

Cresyl Violet Staining

Cresyl violet acetate staining is used to stain Nissl substances in the cytoplasm of
neurons formed using formalin solution to identify the formation of neuropil in
neuronal cells. Reagents are prepared with 10% formalin solution in Ca++/Mg++ free
phosphate buffered saline. 0.5% of cresyl violet staining was prepared in 0.6% glacial
acetate solution (further stored in dark bottle for future use). Treated cultured cells are
removed from the incubator and growth medium is aspirated. The monolayer culture
is gently washed twice with PBS. PBS is then aspirated and cells are fixed in
formalin solution for 20 min at room temperature. Enough fixative is used as to
cover the cell monolayer. After 20 min, the fixative is aspirated and the monolayer is
gently washed twice with PBS. After washing, PBS is aspirated and staining solution
is added to the cells. Enough solution is used as to cover the cell monolayer. Cells
are then incubated for 30 min at room temperature. Staining medium is removed, and
the cell monolayer is gently washed three times with PBS. To visualize the cells, cell
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monolayer is covered with PBS and evaluated. The staining results are viewed in
bright field mode at ×10 or ×40 magnifications.

RNA Isolation and RT-PCR

Total RNA is isolated from WO treated C3H10T1/2 using TRIzol reagent (Invitrogen). RT-
PCRs is carried out using SuperScriptIII One-Step RT-PCR kit (Invitrogen) according to
manufacturer’s protocol in Master cycler gradient PCR (Eppendorf) machine. Primers (for-
ward-F and reverse-R) for the respective genes are designed and procured from Genex, India
(Table 1). The thermal cycler is programmed for cDNA synthesis followed by PCR amplifi-
cations. Amplification of murine nestin and β-actin reaction cycle consist of a 2-min denatur-
ation at 95 °C, followed by 36 cycles at 94 °C for 30 s, 56 °C for 30 s, and 68 °C for 30 s.
Amplified products are then resolved following electrophoresis on a 2% gel containing
ethidium bromide (0.5 μg/mL). Results are evaluated by ImageJ (National Institute of
Health, USA).

Statistical Analysis

Statistical analysis is performed using SPSS v14.0 software. Data was presented using
unpaired Student’s t test as per the experimental design. The results were considered statisti-
cally significant at p < 0.05 where ‘*’ represents significance Test (WO) vs. Control (C).

Results

Experimental Procedure and Morphological Changes on Differentiation
of C3H10T1/2 Neuronal Precursor Cell Differentiation

At day 0, C3H10T1/2 cells are plated at low density in a 6-well plate (5 × 103 cells per 10 cm
dish) in DMEM medium containing FBS. Figure 1 shows the experimental model of the
methodology employed. After 24 h, cells are observed to adhere to a monolayer and treated
with WO at concentrations 5, 10, and 50 μL. Observations are made after every 24 h. Cultured
cells are allowed to proliferate and spread progressively to form monolayer of differentiated
cells. RA (positive control) and DMSO (negative control) treated cells show normal morphol-
ogy; however, cells treated with WO show neuronal-like extensions with dendritic shape on
day 3 (Fig. 2). Further, visual examination on the cells is performed. Cells treated with WO
continue to differentiate neuronal phenotype with long neuronal processes till day 7–8 (Fig. 3a,
b). However, the viability of neuronal cells decreases after day 7 where cell death is observed

Table 1 Oligonucleotides used for quantitative RT-PCR analysis

Oligonucleotides Orientation Sequence (5′-3′) Product size

Primers for quantitative PCR
Nestin Forward CTC GAG CAG GAA GTG GTA GG 353
Nestin Reverse TTG GGA CCA GGG ACT GTTAG
β-actin Forward TAC AGC TTC ACC ACC ACA GC 200
β-actin Reverse AAG GAA GGC TGG AAA AGA GC
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at day 9, which may be due to their inability to divide further. Therefore, it is observed that
WO at a concentration of 10 μL exhibits more neuronal-like morphology as compared to the
cells dosed with 5 μL of WO. This confirms that C3H10T1/2 induced with WO showed
neuronal differentiation to which they start to die out after day 8. This further confirms that
WO possesses properties to induce neuronal-like morphology in mouse MSCs.

Fig. 1 Schematic presentation of
the experimental protocol used for
ES differentiation into neuronal
cells

Fig. 2 mMSC neuronal differentiation observation at day 1–3. Undifferentiated mMSC, control cells (C) (a, f,
k); cells treated with DMSO (negative control) (b, g, l); cells treated with RA (c, h,m); cells treated with low and
high dose concentration of WO, 5 μL (d, i, n) and 10 μL (e, j, o). Control cells show normal physiology between
days 1–3, whereas cells treated with WO show formation of long extensive processes like neurons
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Uptake of Cresyl Violet Stain in Differentiated Neuronal Cells

The differentiation of C3H10T1/2 into cells of neuronal lineages is accompanied by striking
changes by day 3 as compared to the control cells with visible formation of dendritic and
axonal-like structures. The differentiation of the neuronal cells is monitored over day 9;
however, perfect morphology is actually observed on day 7. The cells were processed for
cresyl violet acetate staining to observe and stain the presence of Nissl substance in
the cytoplasm of the differentiated neuronal cells to confirm that the cells are indeed

Fig. 3 a mMSC neuronal differentiation observation at day 4–8. Undifferentiated mMSC (C) (a, f, k, p); cells
treated with DMSO (b, g, l, q); cells treated with RA (c, h, m, r); cells treated with low and high dose
concentration of WO, 5 μL (d, i, n, s) and 10 μL (e, j, o, t). Neuronal cells surviving till day 8 of WO treatment
(u, v). Death of neuronal cells on day 9 (x, y). b Detailed comparison of Control (a) vs. WO treated cells on day 7
(b)
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neuronal cells. The staining of the possibly differentiated neuronal-like cells show
nuclei stain a light blue/violet color with Nissl bodies appearing dark violet with
background remaining colorless (Fig. 4). Therefore, the results show uptake of
staining solution by the presence of Nissl bodies in the neuronal-like cells.

Expression Levels of mRNA of Neuronal Specific Gene, Nestin, on Neuronal Cell
Differentiation

In order to observe whether the neuronal-like cells, induced by WO, show expression
of nestin, total RNA is isolated from control and WO induced the primary differen-
tiation of MSCs from day 7. RT-PCR analysis is carried to identify neuronal marker,
nestin, in order to confirm whether MSC’s showed differentiation to neuronal-like
cells. Following reverse transcription, the products are PCR amplified employing
primers specific to mice nestin gene. The electrophoretogram of the amplified prod-
ucts, shown in Fig. 5a demonstrates band intensification corresponding to mice nestin
gene in the differentiated neuronal cells. The level of this amplification is quantified
employing densitometric analysis of the nestin gene over the house keeping gene, β-
actin (Fig. 5b). The results demonstrated that nestin expression was observed in WO
treated cells at 10 μL as compared to the control and DMSO treated cells, which do
not show to express nestin. Therefore, these results demonstrate that WO treatment at

Fig. 4 Phase contrast image of differentiated mMSC into neuronal cells stained with cresyl violet. a Control
cells showing no formation of Nissl granules and fail to uptake the stain. b RA treated cells also show no uptake
of cresyl violet stain. Cells treated with WO show formation of Nissl’s granules after differentiation into neuronal
cells (black arrows) (c, d)
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10 μL significantly differentiated mesenchymal C3H10T1/2 cells into neuronal cells
with nestin biomarker showing detectable mRNA expression levels.

Discussion

In this study, we aimed to investigate whether MSCs derived from mice bone marrow stem
cells, C3H10T1/2, could differentiate into neuronal precursor cells byWO. By using the 10 μL
of WO as alternate to neuronal growth or supplement, this protocol is performed in order to
develop an in vitro cell-based model of neuronal cell lines which otherwise are expensive and
difficult to culture. This experiment is expected to release further information that mice MSCs
can be induced to neuronal cells and further WO properties can initiate gene expressions,
which otherwise remain silent, necessary to induce neuronal differentiation. MSCs have ability
to differentiate into neuronal cells which can be found in all parts of the brain [23]. Human
MSCs have tendency to migrate and survive similarly to mice astrocytes when the cells are
grafted in mice stratum [24]. However, upon grafting, they lose mesenchymal cell markers.
Similarly here, the bone marrow mice mesenchymal stem cells had tendency to convert into
neuronal-like cells upon induction with WO. It may be possible that the WO may be the

Fig. 5 a RT-PCR analysis of neuronal marker, nestin being expressed in WO treated cells confirming mMSC,
C3H10T1/2, differentiated into neuronal-like cells. b Average densitometric quantification of three independent
experiments. Each bar represents the mean ± SEM (n = 3) of the experiment done in duplicate. *p < 0.05, vs. C
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induction medium in expressing gene regulatory network necessary for neuronal differentia-
tion. Hence, the properties of WO can be further tested which stimulate neuronal differenti-
ation. Many attempts have been brought into effect in making bone MSCs differentiate using
RA and brain-derived neurotrophic factors into neurons and astrocytes [25]. Using various
neuronal induction mediums can help produce neurons and study biomarkers to investigate
neuronal differentiation from non-neuronal cell lines and further use them to assess ways to
perform stem cell therapies. However, the mesenchymal stem cells were not able to respond to
RA as neuronal induction medium. The ability of MSCs to differentiate into neuronal cells
gives an advantage towards developing stem cell therapy. Since MSCs can give rise to various
neurons, astroglia, and oligodendroglia, their differentiation through neurotrophic stimulation
factors can significantly activate genes necessary for neuronal differentiations such as nestin,
notch1, MAP2, SOX1, 2 & 9, Vimentin etc. Since characterization of neuronal stem cells and
their isolation is proven to be difficult, in vitro stem cell differentiation can be initiated by synergistic
stimulation by neurotrophic factors such as epidermal and fibroblast growth factor-2 so that these
cells exhibit critical neuron stem cell markers. This study holds dual advantage in highlighting the
role WO in inducing neuronal cell lines from mice MSCs expressing nestin and producing cost-
effective neuronal cell line model for short-term studies. This further highlights potential of WO
properties, and cloning of the neuronal cell lines using this medium of method. Another advantage
of developingWO induced neuronal stem cell model is making drug screening and diagnosis easily
available for studying various neurobiological pathways to study neurodegenerative diseases.
Further subcloning of the differentiated neuronal cells using WO can initiate a pure neuronal stem
cell line, and provide functional stability to the differentiated neurons. This can not only provide a
cost-effective pure neuronal stem cell line, but can also increase their life span to more than 9 days
in vitro. Although 7–8 days survival of WO induced neuronal cells can be used for short-term drug
screening studies, further studies can also be initiated for analysis on their constant survival and
immortalization which can be easily cryopreserved. Hence, this study provides a preliminary
analysis showing potential of WO to have possible properties of inducing neuronal-like cells from
MSCs. This neuronal progeny produced can also be enhanced for long-term culture: however,
further analysis is required to assess their characteristics using electrophysiological measurements.

To make differentiated cells survive for a long duration also becomes one of the
major areas to be studied. The differentiated cells can be made to survive and can be
injected in mice models of neuronal diseases to study their ability to migrate and
survive in the surroundings of the brain. Similar data has shown that bone marrow
cells when injected into mouse peritoneum and these cells migrate to the brain and
differentiate into neurons [26].

In conclusion, this is the first study which shows that WO has properties of inducing MSCs
into neuronal-like cells which survive for almost 7–8 days expressing neuronal marker nestin.
This method represents a renewable source of neurons that may significantly facilitate research
on human neurogenesis and development of clinical neuronal transplantation and study
various neurodegenerative diseases.
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