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We studied differentiation of stem cells in dissociated cultures of olfactory epithelium.
Staining with anti-nestin antibodies revealed stem cells in the primary monolayer culture
of the olfactory epithelium from adult human. Proliferation of these cells during culturing
in serum-containing medium in the presence of nerve growth factors FGF2 and NGF
led to the formation of neurospheres freely floating in the medium or attached to the
substrate. Further long-term culturing and cloning of dissociated cells from these neuro-
spheres in media not containing nerve growth factors led to spontaneous neural dif-
ferentiation of the olfactory epithelium stem cells. The cells with phenotypic signs of
differentiated neurons were stained with antibodies against B-tubulin and neurospecific
enolase. Differentiated neurons formed diffuse and spatially organized neuronal net-
works. We hypothesized that factors triggering neural differentiation of olfactory epi-
thelium stem cells are produced by astrocytes present in these cultures.
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Death and renewal of olfactory receptor neurons in
the olfactory epithelium (OE) of mammals take
place continuously throughout life; these cells origi-
nate from proliferating basal stem cells located at
the boundary between the olfactory epithelium and
underlying connective tissue stroma [3,8,15]. Mole-
cular mechanisms and successive stages of in vivo
differentiation of globose and horizontal OE stem
cells with the formation of progenitor cells forming,
apart from olfactory receptor neurons, glial and
non-neuronal cell elements in this structure are de-
scribed in detail [1,4,6,10]. Multipotent properties
of OE stem cells in vitro and in vivo and their capa-
city to differentiate into cells normally derived from
the endoderm, mesoderm and ectoderm were de-
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monstrated [12,13]. Studies on continuous cultures
of human EO showed that stem, progenitor, and
glial cells can form neurospheres [1,13-15].

Here we studied the possibility of neural dif-
ferentiation of stem cells in OE of adult humans in
long-living cultures in media not containing neuro-
trophic and nerve growth factors.

MATERIALS AND METHODS

Isolation and culturing of cells olfactory mucosa.
Olfactory mucosa samples (funica mucosa nasi) inclu-
ding OE and connective tissue layer (lamina propria)
were obtained from individuals with spinal injury,
patients of Neurovita Clinic (certificate of Ethical Com-
mittee of Russian State Medical University, Federal
Agency for Health Care and Social Development) [2].

Mucosa fragments (10x5 mm) were dissected
from the upper portion of the superior turbinate
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under local anesthesia. The tissue was transferred
to the laboratory in cold Ca?*,Mg**-free Hanks sa-
line (HBSS) containing antibiotics and antimycotics
(1:100, Gibco) not later than 2 h after isolation. The
samples were repeatedly washed with the same buf-
fer, blood vessels were removed, and the tissue was
minced and incubated with trypsin and EDTA (0.25%)
dissolved in 0.01 M PBS (pH 7.4) at 36.5°C for 40
min. The enzymes were blocked by adding DMEM
(Gibco) containing 3% serum; the tissue was wa-
shed 3 times with balanced Hanks’ salt colution
(Sigma) and dissociated by repeated pipetting in
MEM (90%, Sigma), fetal bovine serum (FBS, Gib-
co lvitrogen) containing 0.8% glucose, 2 mM gluta-
mine (Gibco), B27 supplements (Sigma), 20 mM
HEPES, growth factors (only for primary cultures),
fibroblast growth factor (FGF2, 1 ng/ml, Sigma),
and nerve growth factor (NGF 2 ng/ml, Sigma).
The cell suspension was centrifuged at 1200 rpm
for 3 min and resuspended in the same medium.
Cell count and viability were evaluated in a Go-
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ryaev chamber after staining with 0.1% trypan blue.
Only cell suspensions containing 85-95% viable
cells were used for further culturing. Dissociated
cells (5x10° cells/ml) were cultured in 12-well pla-
tes on a polylysine-laminin matrix for 14 days (36.5°C,
5% CO,). The medium was half-replaced twice a
week. Primary culture after attaining a confluent
state was harvested with trypsin-EDTA, washed in
HBSS, centrifuged, and resuspended in the nutrient
medium. The cell suspension (10,000-12,000 cells/
cm?) was transferred to 12-well plates or 25-cm?
flasks. This procedure was repeated 4 times. Freely
floating and attached to the substrate neurospheres
were collected with Pasteur pipettes and dissociated
with enzymes as described previously. Isolation of
neurospheres ensures their separation from enshea-
thing glial cells, fibroblasts, and stromal (sustenta-
cular) cells. The suspension of cells from neuro-
spheres after washout and centrifugation was resus-
pended in the nutrient medium and cultured in
12-well plates (10,000-12,000 cells/cm?) and on

Fig. 1. Monolayer cultures of human olfactory mucosa. a, b: primary culture (6 days in culture); c: culture after 4 passages (12 days
in culture); d: cells with phenotypic signs of neurons in culture after 4 passages (12 days in culture). a, c: phase-contrast microscopy;
b: staining with antibodies to nestin; d: bright-field microscopy. Scale: a, b, d: 20 y; ¢: 40 p.
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coverslips (18x18 mm) in Petri dishes until con-
fluence. The cultures were used for cytological and
immunocytochemical studies. Some cells of the last
passages were frozen in a cryopreservation medium
(90% serum, 10% dimethylsulfoxide) and stored in
liquid nitrogen.

Immunocytochemical studies. Cell monolayer
was fixed in 4% paraformaldehyde in 0.01 M phos-
phate buffer (pH 7.4) for 30 min. After washing
with PBS (3x10 min) the cells were incubated at
4°C for 24 h with primary antibodies to B-tubulin
(1:300; Chemicon), nestin (1:100; Chemicon), and
neurospecific enolase (1:100; antibodies were pre-
pared in our laboratory). The cells were washed
with PBS and successively treated with biothiny-
lated antibodies with avidin-biotin complex and
(ABC, Vector Laboratories Inc.) and with diamino-
benzidine dissolved in phosphate-buffered saline
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(DBA 0.5 mg/ml, 0.03% H,0,). The preparations
were dehydrated and embedded into synthetic resin
(Entellan, Merk) under a coverslip.

RESULTS

Vital phase-contrast microscopy showed that pri-
mary monolayer cultures of the olfactory mucosa
at early terms of culturing contain flattened poly-
gonal and spindle-shaped cells (Fig. 1, a) stained
with antibodies to nestin specific for stem and pro-
genitor cells (Fig. 1, b). Staining with these anti-
bodies does not allow identification of neural and
glial cells in these cultures. Long-term culturing and
passaging led to the appearance of highly refracting
cells phenotypically similar to neurons in the mono-
layer of flattened polygonal cells (Fig. 1, ¢). Bright
field microscopy revealed cells with polygonal

Fig. 2. Neurospheres in cultures of human olfactory mucosa: phase-contrast microscopy (scale: a-d: 100 p). a, b: formation of primary
neurospheres of glial cell feeder; c: neurosphere attached to the substrate; d: floating neurosphere.
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bodies and solitary processes; light nucleus with
single nucleolus was located centrally and sur-
rounded by a wide cytoplasmic rim (Fig. 1, d).

In primary monolayer cultures grown in media
containing nerve growth factors (FGF2 and NGF),
actively proliferating stem and progenitor cells form
fungiform cell conglomerations, attached primary
neurospheres (Fig. 2, a, b). These neurospheres
increase in size due to cell proliferation; they can
be still attached to the substrate (Fig. 2, c¢) or can
separate and form freely floating neurospheres (Fig.
2, d). Freely floating neurospheres also form in the
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Fig. 3. Monolayer cultures of neural stem cells and progenitor cells
of human OE obtained after dissociation of the fourth passage
neurospheres. a, b: staining with antibodies to B-tubulin Ill; b: some
B-tubulin-positive cells adjacent to astrocytes (nonspecific staining);
c: staining with antibodies to neurospecific enolase. Insert in
fragment c: differentiated neuron (arrows show dendrites, triangle
shows axon).

suspension of dissociated OE cells. The formation
of attached and freely floating neurospheres con-
stantly takes place in repeatedly reinoculated cul-
tures of the olfactory mucosa grown in the absence
of nerve growth factors. Secondary and subsequent
monolayer cultures of stem and progenitor OE cells
can be obtained as a result of isolation and disso-
ciation of neurospheres.

Immunocytochemical analysis of cells isolated
from neurospheres of the final passage (2-week cul-
turing) after enzyme dissociation and subsequent
culturing in a medium containing no growth factors
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showed that these cultures contain cells interacting
with antibodies against B-tubulin (Fig. 3, a, b) and
neurospecific enolase (Fig. 3, ¢, d). This attests to
neural differentiation of stem and progenitor OE
cells and formation of mature neurons, which can
be identified by immunocytochemical methods.

Cell composition of primary cultures of human
OE and after their subculturing and formation of
neurospheres are described in detail [1,11,13,14,
17,18]. These studies showed that primary OE cul-
tures contain a heterogeneous cell population in-
cluding pluripotent stem cells, receptor olfactory
neurons, ensheathing glial cells, epithelial susten-
tacular cells, and fibroblasts. In relatively poor
medium (DMEM/F12 1:1 with 10% FBS) not con-
taining neurotrophic factors, receptor olfactory neu-
rons and ensheathing glial cells die via apoptosis
within 3 weeks in culture. In 5-10% remaining cul-
tures, neurosphere-forming cells (NSFC) survived
[14] and the neurospheres include subpopulations
of neural and glial cells. Dissociated cells from
neurospheres actively proliferate and their number
doubles every 2-3 days, which is accompanied by
the appearance of multiple secondary neurospheres
also including neural stem and glial cells. NSFC
were cloned for 8 months and passed 70 passages
[14]. NSFC were resistant to apoptosis, which can
be explained by high telomerase activity and low
caspase content in these cells [11].

Similar data were obtained about the death of
dissociated stem OE cells from adult humans in
serum-free medium [13]. Cell viability increases in
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media containing serum, fibroblast growth factor
(FGF2), or transforming growth factor (TGF-a). It
was also found that stromal cells from the same
structure used as a feeder also maintained survival
of isolated stem OE cells [12].

Neural and glial differentiations of dissociated
cells from neurospheres of human OE were descri-
bed elsewhere [13]. It was demonstrated that cell
culture incubated for 5 days in a serum-free me-
dium contains primarily GFAP-positive cells and
only 4.50+0.29% cells express PB-tubulin. In a se-
rum-supplemented medium, 18.33+0.88% cells ex-
press B-tubulin. This value increased to 25.33+1.45%
in the presence of NGF.

Neural differentiation of dissociated cells from
human OE neurospheres was observed in long-term
cultures grown in serum-supplemented medium in
the absence nerve growth factors. Under these cul-
turing conditions, there was no death of cells in
primary and passaged cultures containing primarily
stem and progenitor nestin-positive cells and astro-
cytes. Immunocytochemical analysis of cells from
the fourth passage neurospheres after their disso-
ciation and culturing for 14 days revealed multiple
cell population with phenotypic signs of differen-
tiated neurons stained with antibodies to B-tubulin
and neurospecific enolase (Fig. 3, 4). In monolayer
cultures of dissociated cells from neurospheres,
some differentiated neuronal cells lay on a layer of
flattened astrocytes. Multiple axons formed dense
plexuses on the substrate surface (Fig. 3, ¢) and
formed bundles including spindle-shaped neurons

Fig. 4. Networks formed by neurons derived from stem OE cells. a) fragment of diffuse network: neurons in a bundle of parallel axons;
b) circular neuronal network. Staining with antibodies to B-tubulin. Scale: 50 p.
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(Fig. 4, a). Differentiated neurons formed diffuse and
spatially organized neuronal networks (Figs. 3, 4).

In long-term cultures grown in serum-supple-
mented medium in the absence of exogenous nerve
growth factors, spontaneous neural differentiation
of stem and progenitor cells of OE from adult
human can be triggered by not only bioactive com-
ponents of embryonic serum [13], but also by growth
factors produced by satellite glia. This assumption
is confirmed by the data on the production of nerve
growth factors, in particular, astroglial neurotrophic
factor (ADNF, activity-dependent neurotrophic fac-
tor) by astrocytes [5,7,9]. It was found that in ma-
ture brain these properties are primarily exhibited
by astrocytes in structures characterized by post-
natal neurogenesis (e.g. hippocampus [16]). OE
also belongs to these structures, because it is char-
acterized by constant generation of olfactory re-
ceptor neurons, which explains the ability of astro-
cytes in this structure to stimulate neural differen-
tiation of stem and progenitor cells.

The study was supported by grant NSh-821.2006.7.
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