& Stem Cell

INVESTIGATION

Enrichment of skin-derived neural precursor cells from dermal cell
populations by altering culture conditions

Vahid Bayati'?, Rohoullah Gazor’, Reza Nejatbakhsh®, Fereshteh Negad Dehbashi'

'Cellular and Molecular Research Center, *Department of Anatomical Sciences, School of Medicine, Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran; ‘Department of Anatomy and Cell Biology, Gilan University of Medical Sciences, Rasht, Iran; *Department of Anatomical
Sciences, School of Medicine, Zanjan University of Medical Sciences, Zanjan, Iran

Contributions: (I) Conception and design: V Bayati, R Gazor; (II) Administrative support: V Bayati, R Gazor; (III) Provision of study material
or patients: V Bayati, R Nejatbakhsh; (IV) Collection and assembly of data: V Bayati, R Nejatbakhsh, F Negad Dehbashi; (V) Data analysis and
interpretation: All authors; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Vahid Bayati. Department of Anatomical Sciences, School of Medicine, Ahvaz Jundishapur University of Medical Sciences, Ahvaz,

Iran. Email: bayati-v@ajums.ac.ir; vahid_bayati@yahoo.com.

Background: As stem cells play a critical role in tissue repair, their manipulation for being applied in
regenerative medicine is of great importance. Skin-derived precursors (SKPs) may be good candidates for
use in cell-based therapy as the only neural stem cells which can be isolated from an accessible tissue, skin.
Herein, we presented a simple protocol to enrich neural SKPs by monolayer adherent cultivation to prove
the efficacy of this method.

Methods: To enrich neural SKPs from dermal cell populations, we have found that a monolayer adherent
cultivation helps to increase the numbers of neural precursor cells. Indeed, we have cultured dermal cells
as monolayer under serum-supplemented (control) and serum-supplemented culture, followed by serum
free cultivation (test) and compared. Finally, protein markers of SKPs were assessed and compared in both
experimental groups and differentiation potential was evaluated in enriched culture.

Results: The cells of enriched culture concurrently expressed fibronectin, vimentin and nestin, an
intermediate filament protein expressed in neural and skeletal muscle precursors as compared to control
culture. In addition, they possessed a multipotential capacity to differentiate into neurogenic, glial,
adipogenic, osteogenic and skeletal myogenic cell lineages.

Conclusions: It was concluded that serum-free adherent culture reinforced by growth factors have been
shown to be effective on proliferation of skin-derived neural precursor cells (skin-NPCs) and drive their

selective and rapid expansion.
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Introduction Similar to their potential developmental origin, these skin-

Skin-derived neural precursor cells (skin-NPCs) were NPCs can generate both neural and mesodermal progeny

isolated and characterized as skin-derived precursors
(SKPs) in 2001 (1). SKPs are a distinct population of
skin stem cells which exhibit properties of neural crest
(NC) precursors. These NC-derived precursors migrated
into the skin during embryogenesis and maintained their
multipotency until adulthood like their NC ancestors (2).
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and differentiate into the separate subpopulation of cells
expressing neuronal, glial, smooth muscle, adipocyte, and
osteoblast markers (3). On the basis of the hypothesis that
skin could contain a neural precursor differentiating into
the Merkel cells, SKPs were isolated as neurospheres, the

most common culture form of neural stem cells, for the
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first time (1). In general, two different culture forms can be
used for isolation and expansion of NPCs: non-adherent
spherical clusters of cells or neurospheres and adherent
monolayer cultures (4). Many studies have stated that
culturing NPCs as neurospheres has some disadvantages
such as heterogeneity of cells due to different accessibility
of cells to the growth factor and difficult and uncertain
monitoring of cells under the inverted microscope (5-7).
In recent years, Babu and the colleague created a protocol
to isolate and propagate neural stem cells by adherent
monolayer cultures. They demonstrated that this method
could meet the problems associated with culturing cells as
neurospheres and that it represents a more homogeneous
undifferentiated population of precursor cells (4,8).
Moreover, adherent monolayer culture has been introduced
as an efficient method to isolate neural stem cells of
different parts of rodent brains (8). In the present study, a
novel and simple protocol was designed consisted of serum-
supplemented and serum-free media to increase dermal
neurogenic cell population by monolayer adherent culture.
Finally, the protein markers and the differentiation potential
were examined in isolated and cultured cells. The results
showed that these isolated cells express nestin, fibronectin
and vimentin, markers of SKPs, and have the capacity to
differentiate into the neuronal, glial, adipogenic, osteogenic
and myogenic lineages after being isolated and expanded by
the same culture form.

Methods
Cell isolation

Skin-NPCs were isolated and propagated by a protocol
previously described by Babu ez 4. with some modification
(4,8). It should be mentioned that all experiments were
performed in accordance with the protocols approved by the
Institutional Animal Care and Use Committee and with the
guidelines for care and use of experimental animals required
by Ahvaz Jundishapur University of Medical Sciences
(AJUMS). Skin from adult rat (male Albino Wistar, 8 weeks
and older) was dissected from the dorsum of the animal
and cut into 1x1 cm’ pieces. Skin pieces were incubated
in thermolysin (Sigma, NY, USA) overnight at 4 °C.
The epidermis was manually removed, and the dermis was
minced and incubated in collagenase type 1 (Sigma, NY,
USA) for 50-60 min at 37 °C. The digested tissues were
mechanically dissociated and filtered through a 40 pm
cell strainer (Falcon, BD Biosciences, San Diego, CA).
Dissociated cells were pelleted and cultured as follows.
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In the first step, dissociated cells were plated in
DMEM-F12 (3:1; Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA) until confluence. Afterwards, cells were cultured in
DMEM-F12 containing 2% B27, 20 ng/mL EGF and
40 ng/mL FGF2 (Peprotech, Rocky Hill, NJ). Medium
was changed every 72 h until it reached confluence. Cells
were cultured in 25-cm tissue culture flasks (Falcon, BD
Biosciences, San Diego, CA) in a 37 °C, 5% CO, tissue-
culture incubator. Finally, differentiation potential
and protein markers of isolated cells were evaluated in
cultured cells.

As control, dissociated dermal cells were plated in
DMEM-F12 (3:1; Invitrogen, Carlsbad, CA) supplemented
with 10% FBS (Invitrogen) until the end of the experiments.

Immmunofluorescence

After 14 days of cultivation, cells of both test and control
groups at passage 3 were rinsed with PBS, fixed by 4%
paraformaldehyde (Sigma, NY, USA) for 20 min and
permeabilized with 0.5% Triton X 100 (Merck, NJ, USA)
for 10 min. Thereafter, cells were blocked by 3% Bovine
serum albumin for 2 h (Sigma, NY, USA) and incubated
with the following primary antibodies for 2 h at 4 °C:
monoclonal anti-nestin, monoclonal anti-fibronectin,
monoclonal anti-vimentin, monoclonal anti-BIII tubulin,
monoclonal anti-GFAP, and monoclonal anti-myosin (fast
skeletal, 1:100) (Sigma, NY, USA), Then, cells were rinsed
with PBS three times and incubated with goat anti-mouse
FITC conjugated secondary antibody (1:150) (Sigma, NY,
USA) for 2 h at room temperature in darkness. Finally, cells
were examined under the Zeiss fluorescence microscope.
It should be mentioned that the corresponding negative
controls were set using secondary antibodies without adding
primary antibodies. Therefore, any observed fluorescence
resulted from the nonspecific binding of secondary antibody
to the sample.

To obtain an estimate of the percentage of cells
expressing a given marker protein, at least five fields were
photographed for any given experiment, and the number of
positive cells was determined relative to the total number of
DAPI-labeled nuclei.

Differentiation potential assay

To confirm the multipotential capacity of isolated cells,
these cells were cultured in different differentiation medium
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Figure 1 Morphology of enriched cells. Isolated cells displayed heterogeneous morphologies as typical fibroblastic (A), spontaneous nodule-

like structures (B) and spherical cytoplasm with extended processes (C). In control cultures, cells mostly possessed fibroblastic morphology

(D). Scale bar =40 pm.

and differentiated down the neuronal, glial, adipogenic,
osteogenic and myogenic lineages.

For neuronal differentiation, cells were cultured in
DMEM-F12 (3:1) supplemented with 50 ng/mL NGF
(Peprotech, Rocky Hill, NJ) and 10% FBS for 7 days.

For Schwann cell differentiation, cells were cultured in
DMEM-F12 (3:1) supplemented with 10% FBS for 7 days,
thereafter cultured in medium supplemented with 4 pM
forskolin (Sigma, NY, USA).

To induce adipocyte differentiation, Skin-NPCs were
cultured in DMEM-F12 (3:1) supplemented with 25% FBS
for 14 days.

Osteogenic differentiation was promoted by culturing the
subconfluent cells in DMEM containing 50 pM ascorbate-2
phosphate (Sigma, NY, USA), 10 mM p-glycerophosphate
(Sigma, NY, USA) and 0.1 pM dexamethasone for 15 days.
Mineralized colonies were visualized by alizarin red S
(Sigma, NY, USA).

To promote myogenic differentiation, high density
cells were cultured in proliferation medium on the plates
coated with type I collagen for 10 days. Myotube-like
structures were observed under by the inverted microscopy
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and Myogenin as a marker showing the myogenic
commitment of differentiating SKPs was characterized by
immunocytochemistry.

Statistical analysis

All data are presented as mean + SEM from at least three
independent experiments performed. Statistical analysis was
performed using SPSS software (version 21.0; SPSS Inc.,
Chicago, IL). One-way ANOVA was used to analyze the
mean values statistically. Significance was set at P<0.05.

Results
Morphological assessment

In test group, isolated cells exhibited heterogenecous
morphologies after several days as some of them displayed
typical fibroblastic morphology (Figure 14), others grew as
spontaneous nodule-like structures (Figure 1B) or showed
a spherical shape with extended processes (Figure 1C).
In control cultures, cells mostly possessed fibroblastic
morphology (Figure 1D).
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Figure 2 Expression of protein markers of enriched cultures at passage 3 after a 14-day culture period. Immunocytochemistry demonstrated

the co-expression of nestin and fibronectin and vimentin in isolated SKPs. The majority of the isolated SKPs expressed on average high
levels of fibronectin (97.06%), nestin (92.25%), and vimentin (95.59%). Scale bar =50 pm.

Evaluation of proteins markers

Immunofluorescence examination revealed that the
intermediate protein expression patterns of isolated cells
were similar to the work of Toma er 4/. (1), namely positive
for vimentin, nestin and fibronectin (Figure 2). In contrast,
in control cultures, cells were absolutely positive for
vimentin, weakly positive for fibronectin whereas they did
not express nestin (Iigure 3).

Differentiation potentials assay

Immunofluorescence analysis of neurogenic-induced
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cells showed positive staining for both neuron-specific
B-tubulin III and the astrocyte specific marker, glial
fibrillary acidic protein (GFAP) (Figure 4). The proteins
were correctly presented and suggest that our induction
protocol is successful at producing neural-like cells, both
glial and neuronal phenotypes. The control cells, however,
demonstrated no visible staining for either of these
proteins (images not shown). Additionally, to estimate the
percentage of cells that differentiated into neurons and glial
cells, random fields of cells from three different experiments
were quantitated to determine the total number of cells (as

determined by counting DAPI-positive nuclei) versus the
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Figure 3 Expression of protein markers of control cultures at passage 3 after a 14-day culture period. Isolated cells were absolutely positive

for vimentin, weakly positive for fibronectin whereas they did not express nestin as compared to enriched culture. Scale bar =50 pm.

total number of BIII-tubulin- and GFAP-positive cells. This
analysis revealed that 10.4%+0.2% and 14.3%+0.3% of the
cells in these experiments were differentiated into neuronal
and glial cells, respectively.

Small oil droplets appeared gradually in the cytoplasm of
isolated SKPs about 7-10 days after induction and positively
stained with Oil Red O about 14 days after induction.
Adipogenic differentiation rate was highly variable, ranging
from 1% to greater than 23%.

Under appropriate induction conditions, isolated
SKPs were able to differentiate into osteogenic lineage as
visualized by alizarin res S about 14 days after induction.
The first sign of osteogenic differentiation was appeared
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on day 7 after culturing in differentiating medium. The
increasing accumulation of mineralized matrix was observed
with the longer induction period while it reached to its
maximal state (between 60-90%) after 15 days (Figure 4).

By culturing SKPs on collagen-coated culture dish and
in the presence of proliferation medium, they generated a
small subpopulation of muscle cells, as judged by expression
of myogenin and typical morphology after 3 weeks under
induction (Figure 4).

Discussion

In this research, skin NPCs were isolated and expanded
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Figure 4 Differentiation potential assay of isolated SKPs. After 7 days of induced neuronal and glial differentiation, (A) B-III tubulin

is expressed in a subpopulation of cells that are morphological consistent with neurons (Scale bar =30 pm). (B) Other subpopulation of

differentiated SKPs expressed the glial marker GFAP (Scale bar =30 pm). (C) Lipid vacuoles (Red spot) were visualized after staining cells

with oil red O which stains triglyceride and neutral lipid (Scale bar =20 pm). (D) Calcium deposition (Orange spot) was shown by alizarin

red S staining after culturing cells in ostegenic medium for 15 days (Scale bar =20 pm). (E) Myogenin, marker of newly born myoblasts,

was shown by immunocytochemistry in differentiated SKPs (Scale bar =20 pm). In addition, (F) myotube-like structures (arrow heads) were

clearly visible in high confluent cultures of SKPs (Scale bar =40 pm).

thoroughly by monolayer adherent culture technique.
Generally, adult NPCs can be expanded iz vitro using two
different culture forms: as neurospheres, non-adherent
spherical clusters of cells, or as adherent monolayer
cultures (8). Neurospheres is suggested to provide a
microenvironment that allow the precursor cells to survive
in non-physiological conditions iz vitro (9). However, it
is not suitable for in vitro isolation and expansion of the
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stem cells and has many problems that have been stated
in previous works: (I) cellular heterogeneity within the
neurosphere (5); (II) low efficiency of secondary sphere
formation from dissociated single cells; (III) a tendency of
floating cells to aggregate (6,7,10). Consequently, important
modifications to the protocol have been suggested (5,11).
Therefore, adherent monolayer cultivation can be used as
a suitable alternative to solve the problems associated with
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neurospheres. This culture form has two main advantages:
(I) it provides a more homogeneous undifferentiated
population of precursor cells as the cells are uniformly
exposed to growth factors in culture medium. This finding
was described before for neural stem cells derived from
pluripotent mouse embryonic stem (ES) cells and cortical
neural stem cell lines from mouse fetuses (E16.5) (12).
(II) Direct monitoring of cells is another advantage of
monolayer culture which is very important in stem cells
biology.

The present study contains three main findings: (I) SKPs
as skin-NPCs were enriched thoroughly by changing
culture conditions from dermal cell populations; (II) The
enriched cells had the expression patterns of intermediate
proteins of SKPs, i.e., nestin, vimentin and fibronectin as
previously explained; (III) They also could differentiate
into ectodermal (neuron, glial cells and keratinocyte (data
not shown)) and mesenchymal (adipocyte, osteoblast and
myoblasts) lineages. Altogether, the present protocol was
designed based on previous works in the field of neural
stem/precursor cells isolation and propagation: the initial
step of cell expansion by serum which is necessary for low
cell yield after dermal digestion and the second expansion
step of skin-NPCs by epidermal growth factor (EGF)/basic
fibroblast growth factor (bFGF) alone (4,13-15).

Toma and the colleague isolated SKPs by method similar
to that used to culture CNS neural stem cells (16). When
skin cells of neonatal and adult rodents were dissociated
to single cells and grown in suspension culture in the
presence of the mitogens FGF2 and EGE, floating spheres
of proliferating cells were generated (1). These spheres
were positive for nestin, vimentin and fibronectin, markers
of both neural and mesenchymal stem cells. Moreover,
differentiation of SKPs in vitro resulted in the de novo
generation of separate subpopulations of cells expressing
neuronal, glial, smooth muscle and adipocyte markers (1,3).

Babu et 4/. innovated a new protocol with some
modification based on their original publication from 2007
for isolation and enriched monolayer cultivation of neural
precursor cells from mouse dentate gyrus. They claimed
that this method was useful to transfer neurospheres
to monolayer culture and for isolating and expanding
precursor cells from other brain regions (8). They also
mentioned some advantages for isolated NPCs on the basis
of their new method as follows: preservation of the criteria
of “stemness” in the isolated NPCs, unlimited capacity
for self-renewal and differentiation, useful tool to study
intrinsic regulatory mechanisms of neural precursor cells,
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no changes in isolated NPCs with regard to morphology,
self-renewal, or molecular profiling (4,8). Being consistent
with our data, adherent culture on tissue culture plate or
substrate have been shown to be effective on proliferation
of neural progenitor cells and drive their selective and rapid
expansion (4,8,13,17). In addition, it was indicated that NC-
derived stem cells like SKPs could be expanded adherently
in the presence or absence of serum after isolation as
neurospheres while both manners could significantly
increase the expression of the neural progenitor/immature
neuron markers nestin and increase their expansion (13,14).
However, researches have demonstrated that EGF/bFGF
combination directly influence behaviors of neural stem
cells like their selective attachment or expansion, gene
expression and proliferation. bEGF belongs to the heparin-
binding growth factor family. EGF participates in tissue
repair and cellular viability in the central nervous system
(18-20). Previous evidence has indicated that EGF and
bFGF are effective cell mitogens, and have been added to
the media of stem cell cultures at different concentrations
(21-24). Interestingly, it was also shown that EGF and
bFGF treatment enhances neural specification, commitment
and differentiation of mesenchymal stem cells and more
importantly, decrease their ability to differentiate into
mesodermal lineage (25,26). Taken together, these studies
are consistent with our finding in regard to the promoting
effect of monolayer culture with or without serum in the
presence of EGF/bFGF supplementation on selective
growth and expansion of isolated skin-NPCs by adherent
culture.

Traditionally, SKPs were isolated as neurospheres
by culturing digested dermis in proliferation medium
supplemented with FGF2, EGF and B27 (1-3). Spheres
in suspension were passaged at approximately 6 weeks
after isolation. It was shown previously that this culture
system resulted in limited expansion (27). Therefore, the
researchers investigated an alternative method of cell
expansion. They could isolate SKPs in suspension and after
a period in order to speed up the expansion rate, propagated
them in the presence of serum and EGF/bFGF2. They
noticed that the most serum-expanded SKPs were positive
for fibronectin (88/3%) and vimentin (84/7%) (27). These
findings lend support to dermis-derived cells having some
of the differentiation potential as mesenchymal cells. Of
note, cells passaged in serum no longer expressed nestin.
In contrast, we isolated and expanded SKPs by adherent
monolayer culture system thoroughly and finally, we
showed that they co-expressed fibronectin, vimentin and
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nestin.

In another study, the researchers isolated dermal
multipotent stem cells (dMSCs) by culturing digested
dermis in proliferation medium containing 10% FBS as
adherent monolayer culture (28). They found that dMSCs
was positive for vimentin and fibronectin, weakly positive
for cytokeratin, and negative for nestin. There are some
differences between dMSCs and traditional SKPs. Of the
intermediate proteins, dMSCs and SKPs have different
kinds of intermediate protein expression. As revealed in the
literature, dMSCs were positive for vimentin, and negative
for nestin, indicating that their mesenchymal origin (28).
SKPs, however, were negative for cytokeratin, but positive
for nestin and fibronectin, which are typical antigen
markers of NC-derived cells in skin (1-3). In contrast, SKPs
enriched by our protocol expressed the same intermediate
proteins as SKPs isolated by conventional suspension sphere
culture.

In conclusion, it is clear that isolating SKPs by such
culture conditions may be more beneficial than isolating
those as conventional neurospheres from different aspects
such as saving times, fast isolation and propagation to obtain
large amounts of cells for using in tissue engineering. Of
course, in future, we intend to investigate more on selective
growth of skin-derived neural precursors and getting rid
of fibroblasts by derivational media and other cultural
techniques.
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