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Abstract—The effect of the nerve growth factor (NGF) on the proliferation and differentiation of mouse
embryonic stem cells (ESCs) during long-term culturing in vitro was studied using genetically modified cells

with stable expression of ngf'and gfp (green fluorescent protein) genes (clone R{\IGF

standard conditions in vitro with the addition of mouse cytokine LIF, R?IGF cells lose their adhesive proper-

ties and acquire the ability to form cellular conglomerates or embryoid bodies (EBs) spontaneously. It is noted
that, after attachment to the surface of the culture on days 3—5, EBs differentiated towards the neuroecto-
derm, as evidenced by the appearance of markers of early (nestin) and late (vimentin) neural differentiation.
During long-term cultivation up to 22 days, the production of endogenous NGF protein promotes predom-
inant selection and survival of neuroectodermal derivatives.

). It was shown that, under
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INTRODUCTION

Human and animal embryonic stem cells (ESCs)
differentiated towards the neuroectoderm serve as a
model for studying early neurogenesis and a source of
cells and tissues for regenerative therapy of the central
and peripheral nervous systems. The differentiation of
ESCs through the formation of multicellular struc-
tures, embryoid bodies (EBs), makes it possible to
obtain derivatives of all three germ layers (ectoderm,
mesoderm, and endoderm) in vitro (Yamanaka et al.,
2008). Neural stem and progenitor cells originate from
the ectoderm, which is laid first in the course of
embryonic development and/or is formed sponta-
neously during differentiation of ESCs (Dhara and
Stice, 2008; Germain et al., 2010). However, as a result
of spontaneous differentiation of ESCs, a heteroge-
neous population consisting of not only neurogenic
progenitors is usually formed, which limits the use of
ESC:s for transplantation in the treatment of neurode-
generative diseases. To increase the efficiency of neu-
rogenic differentiation, exogenous inducers such as
retinoic acid (RA) and fibroblast growth factor (FGF)
are used. Treatment with RA triggers the transition to
the neuroepithelial phenotype, whereas its combina-
tion with FGF makes it possible to obtain specialized
neurons.

Among the exogenous regulators, of great interest
is the nerve growth factor (NGF), which belongs to
the neurotrophin family (Schuldiner et al., 2001;
Inang et al., 2008). This peptide is synthesized during

embryogenesis. It regulates the innervation of internal
organs and induces differentiation and survival of
motor and sensory neurons and the growth of axons
and blood vessels in transplanted grafts (Sofroniew
et al., 2001; Wyatt et al., 2011). It was found that neu-
rotrophins are involved in the processes of survival,
proliferation, and differentiation of neural stem and
progenitor cells (Li et al., 2009; Lin et al., 2012).
Despite this, the role of NGF in the induction of neu-
ral differentiation of ESCs is not quite clear (Schuld-
iner et al., 2001; Kim et al., 2011). On the one hand, it
was noted that a possible factor in improving the cul-
turing efficiency of human ESCs in the presence of
neurotrophins is the inhibition of cell death in vitro
(Pyle et al., 2006). On the other hand, it was shown
that effective neural differentiation of human ESCs is
induced only when NGF is combined with RA
(Schuldiner et al., 2001). The yield of the neuroecto-
dermal cell and neurons per se in the 3D substrate sys-
tem also increases significantly when ESCs are treated
with several neurotrophins (Kim et al., 2011). Cur-
rently, a promising direction in solving the problems of
neural differentiation of stem cells is the creation of
experimental models of genetically modified ESCs
expressing the ngf'gene (Antonov et al., 2016).

The purpose of this study was to investigate the role
of the NGF protein as an endogenous regulator of the
early stages of differentiation of mouse ESCs towards
the neuroectoderm using a lineage of genetically mod-
ified stem cells with an inserted ngf gene and NGF
production to assess the effect of this factor on the
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proliferation and survival of neural progenitors in an in
vitro system.

MATERIALS AND METHODS

Embryonic stem cells of mouse strain R; and

genetically modified RT]GF cells expressing the growth
factor nerve ngf" and green fluorescent protein gfp*
genes were kindly provided by I.A. Grivennikov
(Somatic Cell Genetics Laboratory, Institute of
Molecular Genetics, Russian Academy of Sciences,
Moscow).

Embryonic stem cells were cultured in DMEM
with a high glucose concentration (4.5 g/L) (Biolot,
Russia), which was supplemented with 2 mM L-gluta-
mine (Helicon, Russia), 1 mM sodium pyruvate,
0.1 mM 2-mercaptoethanol (Gibco, United States),
1 mM of nonessential amino acids (PanEco, Russia),
antibiotics, antimycotics, and 10% fetal bovine serum
(HyClone, United States). To maintain ESCsin a plu-
ripotent state, the culture medium was supplemented
with 10 ng/mL recombinant mouse LIF protein
(Sigma, United States). Culturing was performed in a
CO, incubator (Sanyo, Japan) at 37°C and 5% CO, in
humidified air.

To construct growth curves for the R, and R}\IGF

lines, cells were seeded at a concentration of 103 cells/mL
in 35-mm Petri dishes (Nunc, Denmark), which were
preliminarily coated with 0.1% gelatin, and cultured
for 72 h. The cells were counted in a standard hemocy-
tometer chamber every 24 h. When ESCs grew in the
form of an EB suspension, cell conglomerates were
resuspended by pipetting, after which the number of
cells was counted. The doubling time (7) of the cell
population was calculated using the formula

T =log, /x0)2At,

where X, is the initial cell concentration, x is the final
cell concentration, and At is the culturing time.

The pluripotency of stem cells was assessed by their
ability to grow and reproduce in colonies on 0.1% gel-
atin coating, the endogenous alkaline phosphatase
(EAP) activity, the ability to differentiate into EBs
after the removal of cytokine LIF from the culture
medium, and the activity of the Nanog pluripotency
transcription factor.

Colonies and precipitated EBs were fixed in cold
acetone for several seconds, air dried, and then incu-
bated for 1 hin a CO, incubator in a solution contain-
ing o-naphthol-AS-BI-phosphate (Sigma) and fast
blue BB dye (Sigma). The appearance of blue-colored
cells indicated EAP activity.

After culturing for 72 h, EBs were transferred from
the suspension to sterile coverslips preliminarily
coated with 0.1% of gelatin (Sigma). EBs were cul-
tured in DM EM supplemented with all additives for 5,
8, 14, and 22 days. At each stage of culturing, the mor-
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phology of cells and colonies was assessed and the
expression of differentiation markers was analyzed
using antibodies to nestin, BMP2/4, and vimentin
proteins (Santa Cruz Biotechnology, United States).
Morphological analysis was performed with an Axio-
vert 40 CFL inverted microscope (Zeiss, Germany) at
a lens magnifications of X10 and x20. The fluores-
cence intensity of the green fluorescent protein GFP
in the genetically modified RNSF cells was evaluated
using an integrated filter for Axiovert 40 CFL with A =
488 nm.

Colonies were fixed on coverslips in 2.5% glutaral-
dehyde at 37°C for 60 min. The preparations were
washed three times in phosphate-buffered saline
(PBS) and postfixed for 30 min in absolute ethanol
cooled to —20°C. Postfixed preparations were washed
thoroughly in PBS and coated with the blocking solu-
tion (5% bovine serum albumin in phosphate buffer
supplemented with the fluorescent dye Hoechst33258
in 1 : 1000 dilution). Monoclonal rabbit antibodies
against NGF and the tissue-specific markers Nanog,
nestin, BMP2/4, and vimentin at a dilution of 1 : 500
(Santa Cruz Biotechnology) were used as the primary
antibodies. Goat antibodies against rabbit immuno-
globulins conjugated with the fluorescent dye FITC
(1: 2000) (Jackson Immunoresearch Laboratories,
United States) were used as secondary antibodies.
After each procedure, cells were washed in PBS three
times for 5 min. The cells labeled with the antibodies
were detected with a Leica DM6000B fluorescence
microscope using lasers with wavelengths of 494—518 nm
for FITC and 353—365 nm for Hoechst33258.

The counting of cells for immunofluorescence
analysis and the determination of the size of EBs and
colonies were performed using the Imagel software
ver. 1.48a. The mean values were compared using
ANOVA.

RESULTS AND DISCUSSION

It was found that, in contrast to R, cells (Fig. 1a),
their genetically modified descendants expressing ngf*

and gfp* plasmid genes (R]'°" line) grew in DMEM
supplemented with 10% fetal bovine serum and
10 ng/mL recombinant protein LIF in the form of

a suspension (Fig. 1b). RFGF cells aggregated to form
EBs, which adhered to the culture dish surface, spread
over it, and formed colonies only on days 3—4 of cul-

turing (Fig. 1d). As part of the EBs, RFGF cells showed
a high EAP activity (Fig. 1¢) and were involved in the
NGF protein production (Fig. 1d). Thus, an excess of
endogenous NGF protein affected the growth charac-

teristics of RlN SF cells in vitro, primarily their adhesive
properties and the ability to grow as monolayer colo-
nies, and hindered the effect of the LIF cytokine
aimed at suppressing the formation of EBs. In the sus-
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Fig. 1. Changes in the morphology of mouse ESCs modified with ng/‘+ and gfp+ plasmid genes in culture in vitro: (a) monolayer

colonies R; (day 3 of culturing in the control); (b) embryoid bodies (EBs) formed by R;

NGF cells on day 3 of culturing in the

medium supplemented with 10 ng/mL recombinant cytokine LIF (experiment); (c) activity of endogenous alkaline phosphatase
(EAP); (d) immunofluorescence analysis of NGF production using the FITC dye (day 4 of culturing). Scale bar: 100 um (a—c)

and 500 um (d).

pension, RFGF cells retain their pluripotent potential
and ability to proliferate, which was confirmed by the
test for the EAP activity in them (Fig. 1¢).

More detailed studies using fluorescent techniques
showed that only part of the cells in EBs are involved
in the production of NGF (Fig. 1d) and GFP (Fig. 2a).
After 24 h of culturing, the NGF-producing cells
aggregate to form cell conglomerates, EBs. At this
time, EBs do not differ in size and have a fuzzy mor-
phology (Fig. 2a). As the duration of culturing
increases, EBs increase in size and acquire a spherical
shape (Figs. 1b, 2a), and the number of EBs in the sus-
pension increases. The largest number of EBs was
observed after 48 h of culturing (Fig. 2¢). After 72 h of
culturing, the heterogeneity of EBs in size (100—200 um
in diameter) in the in vitro culture was maximum.
However, the number of large EBs (>250 wm) was not

significant (Fig. 2a). The doubling rate of R}\IGF cells

in EBs was higher than that of R, cells cultured in a
monolayer (Figs. 2d, 2e) and strongly depended on
the EB density in the culture (Fig. 2c). For example,
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after reaching the maximum density of EBs after 48 h
of culturing (Fig. 2c¢), the average doubling time for

R?IGF was 10.3 h versus 14 h for R, cells growing in col-
onies (Fig. 2e).

The increase in the size of EBs is due to enhanced
cell division under the influence of NGF (Fig. 2a) and
the fusion of smaller EBs. It is known that EBs ~200 um
in diameter settling on a surface form predominantly a
population of neuroectodermal progenitors in vitro
(Zhou et al., 2010). Upon reaching the size of 200 um
after 72 h of culturing, EBs settle on the surface of the
culture dish and form colonies, which is followed by
spontaneous differentiation of cells on the periphery
of the colony. The initial stages of differentiation are
accompanied by an increase in the heterogeneity of
the cell population, as evidenced by the changes in cell
morphology and the expression of tissue-specific
markers.

It was found that the R}\]GF and R, cell populations
differ from each other not only in the growth charac-
teristics but also in their ability to differentiate into the
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Fig. 2. Morphology of EBs and the growth characteristics of genetically modified R%\IGF cells: (a) changes in morphology and the
size of EBs after 24—72 h culturing in vitro (I, transmitted light; I1, GFP fluorescence at a wavelength of 488 nm (for Figs. 2, 3));

(b) distribution of EBs in suspension by size during culturing; (c) number of EBs per 1 mm? of the surface of the culture dish;
(d, e) comparison of growth characteristics and population doubling time, respectively (/, Ry cells; 2, R{\IGF cells). * Significant
differences between the comparison groups (p < 0.05). Scale: 100 um.
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Fig. 3. Morphological changes in R}\IGF

cells at different stages of EB differentiation. Designations: R, rosettelike colony con-

sisting of morphologically homogeneous cells with voids emerging in colonies.

neuroectoderm, as evidenced by the pattern of

changes in the RFGF morphology after the attachment
of EBs on day 5 of culturing (Fig. 3, Table 1). By this
time, actively proliferating fibroblastlike cells were
detected on the periphery of the colony. They quickly
grew to form a continuous monolayer. A similar pat-
tern was observed at the early stages of differentiation
of R, cells. However, their further growth required the
use of a selection medium supplemented with growth
factors; otherwise, the cells died. On day 14 of cultur-
ing, the number of colonies dramatically decreased
and the monolayer included cells with different mor-
phology, as well as rosettelike structures containing
voids due to the death of a significant part of the cells
(Fig. 3). This pattern is typical for the early stages of
neuroectodermal differentiation, which are associated
with the epithelial-mesenchymal transition of cells on
the periphery of the colony and apoptosis (Cimada-
more et al., 2011).

It was found that the rosettes (Fig. 3, day 14) are
formed primarily by a morphologically homogeneous
population of cells with a neural phenotype. Figure 4
shows the location of the NGF-positive cells and the

. NGF
Table 1. Changes in the morphology of R,

cells expressing the markers of pluripotency (Nanog),
neuroectoderm (nestin), mesoderm (BMP2/4), and
neuroglia (vimentin) at different stages of differentia-
tion.

During long-term culturing, the number of differ-
entiated cells expressing neural differentiation markers
progressively increased (Figs. 4a—4d). The rosettes
contained primarily NGF/nestin-positive cells and
a small amount of pluripotent cells expressing Nanog
(Fig. 4d). Single cells were mostly vimentin-positive.

It should be emphasized that the dynamics of
changes in the ratio of pluripotent and differentiated

NGF . .
R, stem cells indicates the prevalence of neuroec-

todermal derivatives in the in vitro culture (Figs. Sa—5d).
Therefore, excessive secretion of the endogenous
NGF protein does not prevent the epithelial—mesen-
chymal transition characteristic of the early stages of
laying the neuroectodermal derivatives in early
embryogenesis (Cimadamore et al., 2011). As a result
of cell selection, the total number of neuroectodermal
derivatives progressively increased (to 80.2%) on day 22
of culturing. As the culturing duration increased,

embryonic stem cells during differentiation

. In V1t.ro. Total number Number of morphological structures, %
differentiation ¢
stage, day of measurements colonies monolayer rosettes individual cells
27 38 62 — —
8 23 4.4 65.2 30.4 —
14 24 — — 41.7 58.3
22 22 — — 45.5 54.5

“—” Designates the absence of morphological structures.
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Fig. 4. Immunofluorescence analysis of expression of the genes encoding (a, b) NGF and the specific markers (c) Nanog,

(d) BMP2/4, (e) nestin, and (f) vimentin at different stages of R{\IGF differentiation. Cells were stained with FITC-labeled anti-

bodies (494—518 nm). Scale bar: 200 um (a) and 500 um (b—f).
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Fig. 5. Changes in the ratio of cells expressing NGF and differentiation markers on days (a) 5, (b) 8, (c) 14, and (d) 22 of long-

term culturing of R}\'GF

cells. Designations: /, colonies; 2, monolayer; 3, rosettes; 4, individual cells.
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numerous progenitors (glial cells that express vimentin)

appeared in the populations of R{\]GF cells (Fig. 5d).

Thus, changes in the ratio of cells expressing NGF
and neural differentiation markers during long-term
culturing allow NGF to be regarded as a selective fac-
tor promoting proliferation and differentiation of
ESCs in vitro towards neural progenitors. Thus,
NGF-transfection with accumulation of the NGF
protein, which functions as an autocrine factor of ESC
differentiation in early (nestin) and late (vimentin)
progenitors of neural tissue, can be used to induce
neurogenesis in vitro.
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