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Abstract
Background  Neural stem and progenitor cells (NSPCs) from extra-neural origin represent a valuable tool for 
autologous cell therapy and research in neurogenesis. Identification of proneurogenic biomolecules on NSPCs 
would improve the success of cell therapies for neurodegenerative diseases. Preliminary data suggested that follicle-
stimulating hormone (FSH) might act in this fashion. This study was aimed to elucidate whether FSH promotes 
development, self-renewal, and is proneurogenic on neurospheres (NS) derived from sheep ovarian cortical cells 
(OCCs). Two culture strategies were carried out: (a) long-term, 21-days NS culture (control vs. FSH group) with NS 
morphometric evaluation, gene expression analyses of stemness and lineage markers, and immunolocalization of 
NSPCs antigens; (b) NS assay to demonstrate FSH actions on self-renewal and differentiation capacity of NS cultured 
with one of three defined media: M1: positive control with EGF/FGF2; M2: control; and M3: M2 supplemented with 
FSH.

Results  In long-term cultures, FSH increased NS diameters with respect to control group (302.90 ± 25.20 μm vs. 
183.20 ± 7.63 on day 9, respectively), upregulated nestin (days 15/21), Sox2 (day 21) and Pax6 (days 15/21) and 
increased the percentages of cells immunolocalizing these proteins. During NS assays, FSH stimulated NSCPs 
proliferation, and self-renewal, increasing NS diameters during the two expansion periods and the expression of the 
neuron precursor transcript DCX during the second one. In the FSH-group there were more frequent cell-bridges 
among neighbouring NS.

Conclusions  FSH is a proneurogenic hormone that promotes OCC-NSPCs self-renewal and NS development. Future 
studies will be necessary to support the proneurogenic actions of FSH and its potential use in basic and applied 
research related to cell therapy.
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Background
Progress in stem cell-based research has led to a sig-
nificant advance in regenerative medicine and cancer 
cell biology [1, 2]. Among adult stem cells harboured 
in different tissues, those committed to the neural lin-
eage, neural stem cells (NSCs) and neural progenitor 
cells (NPCs), emerge as a very useful alternative tool to 
investigate in neurogenesis and neurodegenerative dis-
eases [3]. Damaged neural cells renewal by NSCs/NPCs 
from brain neurogenic niches is poor [4], whereby extra-
neural stem cells represent a valuable tool in autologous 
cell therapy. This has been reported for hair follicle [5], 
muscle [6], dental pulp [7], and ovarian cortical tissue 
[8, 9]. The isolation of adult stem cells followed by the 
specification and culture of generated NSCs/NPCs would 
accelerate research with a reduction in the use of labora-
tory animals, since adult stem cells can be obtained either 
by biopsy of tissues from alive animals or humans, or 
post-mortem.

Neurospheres (NS) are generated by spontaneous 
aggregation of NSCs/NPCs under certain culture condi-
tions [7, 10] mediated by intercellular filopodial interac-
tion or by membrane adhesion proteins [10]. Effective 
cell aggregation requires a minimum time and distance 
among nearby cells with subsequent changes in the acto-
myosin cytoskeleton that result in NS compaction [11]. 
As identifying hallmarks, NS are composed of NSCs and 
NPCs that express characteristic markers such as nestin, 
Sox2, and Pax6 and proliferate in response to neuronal 
induction and expansion factors [12]. NS-integrating 
cells can differentiate into neurons, and glial cells when 
they are cultured in appropriate differentiation media [8, 
13]. The self-renewal ability and the capacity of NS cells 
to differentiate into neurons and glia can be assessed with 
the NS assay [14], an adequate method to identify mol-
ecules able to modify self-renewal and/or differentiation 
potential of NSCs/NPCs.

NS can be generated from sheep ovarian cortical 
cells (OCCs). In 21-days culture experiments, these 
NS (OCCs-NS) exhibit structural, ultrastructural, and 
molecular features of central nervous system (CNS)-NS, 
with self-renewal ability and capacity of NS-cells to dif-
ferentiate into neurons and glia during the NS assay [8, 
9]. Therefore, OCCs-NS may constitute a reliable alter-
native experimental model to investigate in neurogenesis 
and in CNS regenerative medicine [15].

The identification of proneurogenic and neuropro-
tective biomolecules, and their mechanisms of action 
is one of the key issues of current research on NSCs/
NPCs [16, 17]. Different biomolecules and signalling 
pathways have been identified as involved in neurogenic 
processes [17] such as proliferation, survival, and neural 
differentiation [18]. However, the associated molecu-
lar mechanisms underlying most of their actions remain 

poorly understood. The endocrine system is a regulator 
of neurogenesis [19, 20] as supported by the expression 
of different hormone receptors in CNS structures [18]. 
Particularly relevant actions are those of gonadotro-
pin releasing hormone (GnRH) and steroid hormones, 
which stimulate certain processes of adult neurogen-
esis [18, 21, 22]. GnRH, known for its role in regulating 
the reproductive function through the hypothalamic-
pituitary-gonadal axis, exerts neuromodulatory actions 
after binding on its brain receptors [23]. Gonadal ste-
roid hormones are potent regulators of neurogenesis in 
adults. High levels of androgens enhance neurogenesis by 
increasing the survival of newly generated neurons [18, 
24–26], either directly acting on new neurons by acti-
vation of the MAPK pathway, or indirectly, by increas-
ing the expression of brain-derived neurotrophic factor 
(BDNF) [26, 27]. Oestrogens induce cell proliferation 
[27, 28] most probably after binding to oestrogen recep-
tors α and β [29] or indirectly through BDNF [30]. Oes-
trogen impacts on NSCs/NPCs proliferation in a dose-, 
oestrogen-type-, time-, species-specific, gender- and 
brain region-specific manner [18, 31]. Other hormones 
such as corticotropin-releasing hormone (CRH), thyroid 
hormones, glucocorticoids, leptin and ghrelin are also 
involved in specific processes of neurogenesis [18, 25, 
32–35].

Follicle-stimulating hormone (FSH) secreted by the 
pituitary gland drives ovarian folliculogenesis by binding 
to the FSH receptor (FSHR). Even though its hypotheti-
cal role in neurogenesis has not yet been investigated, 
FSHR is localised in neurons of several CNS structures 
[36], like the hippocampus, site of one of the main neuro-
genic niches of the brain where NSCs/NPCs are involved 
in damaged neuron replacement [37]. Interestingly, FSH 
is involved in the pathophysiology of Alzheimer disease 
in mice since this hormone increases amyloid-β and Tau 
deposition impairing cognition [36].

Ovarian surface epithelium (OSE) harbours two stem 
cell populations that express FSHR: very small embry-
onic-like stem cells (VSELs) and tissue-specific progeni-
tors [38]. FSH stimulates asymmetric division of VSELs 
and symmetric division of progenitors, promoting their 
clonal expansion to thereafter differentiate into specific 
cell types [38, 39]. VSELs express transcripts of pluripo-
tency such as Oct4 and Sox2, upregulated by FSH after 
binding to FSHR [40, 41].

Since these cells, along with subpopulations of stem 
cells from ovarian cortical stroma, give rise to OCCs-
NS (patent P2011601014/ES2605655A1) [8, 9], and pre-
liminary experiments indicate that OCCs-NS exposed to 
FSH apparently reach larger diameters, it is hypothesised 
that FSH might exert proneurogenic actions on OCCs-
NS, promoting differentiation of NSCs/NPCs in vitro. 
To date, this is the first study aimed to investigate the 
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hypothetical proneurogenic actions of FSH, using gen-
eration and culture of NS.

Therefore, the aim of this study was to elucidate 
whether FSH can stimulate self-renewal and exert 
growth-promoting and proneurogenic actions on NS 
generated in vitro from sheep OCCs, in long-term NS 
cultures and during the NS assay.

Methods
21-days culture experiments
Cell culture and generation of spheroids
Ovaries obtained from ewe lambs (Ovis aries) aged 
3–6 months, sacrificed at an abattoir, were aseptically 
dissected, transported to the laboratory at 2–8ºC in 
0.9% NaCl aqueous solution with 0.3067  g/l Penicillin 
(Sigma-Aldrich, Cat#P3032) and 0.6802 g/l Streptomycin 
(Sigma-Aldrich, Cat#S1277). Then, tissue was processed 
as previously described [8, 9]. From areas devoid of mac-
roscopically visible antral follicles, 1  mm depth tissue 
strips from the ovarian cortex were dissected, fragmented 
into pieces of approximately 0.5 × 0.5  mm and collected 
in Dulbecco´s modified Eagle´s medium: F12 (DMEM: 
F12; Life Technologies, Cat#11039-021) with antibiotic-
antimycotic 100x Solution (Gibco, Life Technologies, 
Cat#15240). For 30  min at 37  ºC with gentle shaking, 
these fragments were disaggregated in Hank’s Balanced 
Salt Solution with Calcium and Magnesium (Sigma-
Aldrich, Cat#H9269) containing 0.6% collagenase type IA 
(125 CDU/mg; Sigma-Aldrich, Cat#C2674), 1% bovine 
serum albumin (BSA, Sigma-Aldrich, Cat#A9418), 
100 IU/ml deoxyribonuclease (DNase, Sigma-Aldrich, 
Cat#D4513), and antibiotic-antimycotic. The result-
ing suspension was centrifuged, and supernatant was 
replaced with Hank’s Balanced Salt Solution without 
Calcium and Magnesium (Sigma-Aldrich, Cat#H9394) 
with 1% BSA, 100 IU/ml of DNase and antibiotic-anti-
mycotic. This suspension was centrifuged again, and the 
supernatant was replaced with DMEM: F12 with 0.1% 
BSA, 3 mM L-glutamine (Sigma-Aldrich, Cat# G7513), 
10  µl/ml insulin, transferrin, and selenium (ITS, Sigma-
Aldrich, Cat#I3146), 2  µl/ml Synthecol (Sigma-Aldrich, 
Cat#S5442) and antibiotic-antimycotic. This suspension 
was filtered successively through 100-, 70- and 40-µm cell 
strainers (Becton Dickinson, BD Falcon, Cat#352,360, 
Cat#352,350, and Cat#352,340, respectively).

Trypan blue (Sigma-Aldrich, Cat#T8154) staining was 
performed on an aliquot of the cell suspension to deter-
mine the concentration of alive cells after counting them 
in a haemocytometer. Then, 500,000 alive cells were 
seeded per well. Two defined media were used: (a) Con-
trol group (C-group) medium composed by DMEM: F12, 
0.1% BSA, 3 mM L-glutamine, 10 µl/ml ITS, 2 µl/ml Syn-
thecol, and antibiotic–antimycotic; (b) FSH group (FSH-
group) medium with the same composition as C-group 

medium supplemented with 50 ng/ml ovine FSH 
(NIDDK, Cat#NIDDK-oFSH-18AFP5862D). Cells were 
cultured for 21 days at 37 ºC, 5% CO2, and 99% humid-
ity in a Forma Steri-Cycle incubator (Thermo Scientific 
Forma). Culture medium was replaced every 48  h with 
fresh medium with the same composition.

Experimental designs
Image analysis and morphometric evaluation were per-
formed every 48  h. Gene expression and immunohis-
tochemical analyses were carried out on RNA extracts 
obtained on days 0, 10, 15, 21 and on NS-tissue sections, 
of days 10, 15 and 21 of culture, respectively.

Image analysis of NS development in vitro
Cultures were observed and photographed under an 
inverted microscope (Nikon Eclipse TiS) provided with 
a digital camera (Nikon DS-Fi1) and image analysis soft-
ware (NIS-D-Elements, Nikon). Diameters of, at least, 
200 NS were measured at each time-point, as previously 
described [8].

Immunohistochemical analyses
Immunohistochemical analyses were performed fol-
lowing a previously established procedure (Patent 
P201300524/PCT/ES2014/000089) [8]. NS sections 
were covered with diluted primary antibodies previously 
validated: polyclonal rabbit anti-Pax6 antibody (1:400; 
Sigma-Aldrich, Cat#030765) and mouse monoclonal 
anti-nervous growth factor receptor (1:1500; p75NTR; 
Sigma- Aldrich, Cat#N3908), were incubated in humidi-
fied chamber overnight at 4  ºC; rabbit polyclonal anti-
nestin (1:200; Sigma-Aldrich, Cat#N5413) and mouse 
monoclonal anti-vimentin (1:500; clone V9; Dako), were 
incubated 1 h at room temperature.

At least 10 sections per time-point were used for 
immunolocalization of each marker. Image analyses 
were performed under an Olympus DP50 microscope, 
provided with a digital camera (Olympus), and software 
Viewfinder Lite and Studio Lite (Better Light Inc). Posi-
tive and negative cells were counted in each tissue section 
and their percentages were calculated for each marker at 
each time-point.

Gene expression analyses
Cell lysates were obtained from cell suspension before 
culture (day 0) and from NS contained in 3 culture wells 
per time-point and were stored frozen at -80ºC until 
RNA extraction, as previously described [8].

Ovine transcripts quantified by quantitative Reverse 
Transcription Polymerase Chain Reaction (qRT-PCR) 
were: octamer binding transcription factor 4 (Oct4), 
homeobox transcription factor (Nanog), sex determin-
ing region Y-box 2 (Sox2), nestin, vimentin, paired box 6 
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(Pax6), neurotrophin receptor p75 (p75NTR), neural pre-
cursor specific transcript doublecortin (DCX), astrocyte/
radial glia characteristic transcript, glial fibrillary acidic 
protein (GFAP), oligodendrocyte specific transcript 
Olig2, alpha-fetoprotein (AFP; endoderm specification 
transcript), brachyury (mesoderm specification tran-
script), FSH receptor (FSHR), and 18 S ribosomal RNA as 
endogenous control. Analyses were carried out at Anto-
nia Martín Gallardo Genomics and Proteomics Service 
(Scientific Park of Madrid) as previously described [8].

The primers used for amplification (Supplemen-
tary Table 1) were synthesised on the basis of mRNA 
sequences available at the National Centre for Biotech-
nology Information.

For time-dependent relative quantification (RQ) of 
each transcript, the levels of transcription of the gene on 
day 0 were used as reference. For RQ of all transcripts 
within each time-point the gene with lowest expression, 
brachyury in C-group, was used as reference.

NS assay
NS assay was based on previously established procedures 
[8, 42]. After isolation as described above, 500,000 and 
20,000 alive cells were plated per well in fibronectin-
coated 24- and 96-well plates, respectively. The NS assay 
comprised two subsequent periods of 7 days of culture for 
cell expansion (CEP-1, CEP-2) with one of three defined 
media (groups): (a) M1 (control medium for cell expan-
sion and neural induction) composed by DMEM: F12, 
0.1% BSA, 1% N2 (Life Technologies, Cat#17502048), 
3 mM L-glutamine, 20 ng/mL epidermal growth factor 
(EGF, Sigma-Aldrich, Cat#E9644), 20 ng/ml fibroblast 
growth factor 2 (FGF2, Sigma-Aldrich, Cat#F0291) and 
antibiotic-antimycotic; (b) M2, with the same composi-
tion as C-group medium (Sect.  2.1.1); (c) M3, with the 
same composition as FSH-group (Sect. 2.1.1). Cells were 
cultured at 37 ºC, 5% CO2 and 99% humidity.

On day 7 of CEP-1, part of the NS1 were disaggregated 
with Accutase (Stem Pro Accutase, Life Technologies, 
Cat#A1110501), and subcultured to initiate CEP-2 and 
generate NS2.

For assessment of NS generation, image analysis was 
performed every 48  h. Proliferative activity of cells was 
assessed on day 5 in both CEP, on cells seeded in 96-well 
plates (n = 8 culture wells/group) using a bromodeoxy-
uridine (BrdU) uptake enzyme immunoassay (Abcam, 
Cat#ab126556), as previously described [8]. Self-renewal 
of NS1 was determined by the ability of cells to proliferate 
and to generate NS2, with similar gene expression pro-
files than NS1. For this purpose, total RNA was extracted 
from NS1 and NS2 lysates on day 7. Sox2, Oct4, Nanog, 
nestin, Pax6, p75NTR, DCX, GFAP, Olig2, and 18 S ribo-
somal RNA (endogenous control) were quantified by 
qRT-PCR, as described above (Sect. 2.1.5.). The primers 

used for amplification are shown in Supplementary Table 
1. For the RQ of each transcript its level of expression in 
M1 was considered as reference. For the RQ of all tran-
scripts within each time-point, the level of expression of 
Nanog for each group was used as reference.

On day 7 of CEP-2, NS2 were treated with Accutase 
to obtain isolated cells. After Trypan Blue viability test, 
80,000 alive cells/cm2 were seeded on 12-mm round 
borosilicate coverslip (Menzel, Thermo Fisher Scientific, 
Cat#CB00120RAC20MNTO) pre-coated with polyorni-
thine-fibronectin that has been inserted into each well 
of 24-well culture plates. Cells were cultured in DMEM: 
F12 with 2% foetal bovine serum (Life Technologies, 
Cat#A3160401), 1% N2 supplement, 3 mM L-gluta-
mine, and antibiotic-antimycotic. From day 15 of culture 
onwards, EGF receptor antagonist (CP-380736, 100 µM, 
Sigma-Aldrich, Cat#PZ0129) and FGF2 receptor antago-
nist (SU5402, 100 µM, Sigma-Aldrich, Cat#SML0443) 
were added to the medium. Cells were cultured at 37 °C, 
5% CO2 and 99% humidity for 25 days. Medium (2/3 of 
volume) was replaced every 48 h by fresh medium with 
the same composition. Image analyses were performed 
every 48  h, and the presence of glial cells and mature 
neurons was assessed on day 25 of culture by immuno-
fluorescent staining of GFAP, and NeuN, respectively 
following a previously set-up procedure [8]. Cells were 
incubated with fluorochrome-conjugated antibod-
ies diluted in 5% BSA-PBS. Anti-NeuN (1:300; Abcam, 
Cat#ab177487) was labelled with DyLight 488 (Abcam, 
Cat#ab201799), and anti-GFAP (1:200; Sigma-Aldrich, 
Cat#G4546) with DyLight 594 (Abcam, Cat#ab201801). 
An Olig2 antibody with reactivity in sheep was not avail-
able. After overnight incubation with antibodies, wash-
ing, counterstaining with DAPI and mounting, glass 
slides were stored in the dark at 2–8 °C until image analy-
sis in a confocal laser microscope (Leica TCS SP8; Leica 
Microsystems 2.8; Centre for Fluorescence Cytometry 
and Microscopy, Complutense University of Madrid).

Statistical analyses
Changes in NS diameters were analysed by two-way 
ANOVA (p < 0.01 was significant). Variations in percent-
ages of immunolocalization of NSC/NPC antigens were 
analysed by Kruskal Wallis non-parametric tests after 
assessment of data normal distribution with the Shapiro–
Wilk test (p < 0.05 was significant). RQ of each transcript 
with respect to its expression at day 0 in each group 
(21-days cultures) was analysed by one-way ANOVA 
(p < 0.01 was significant). RQ of all transcripts at each 
time-point were compared by non-parametric multiple 
comparisons test with differences significant at p < 0.05. 
Non-parametric Kruskal-Wallis test was performed 
to assess the effect of group (C vs. FSH) on RQ of each 
transcript at each time-point (brachyury in C-group was 
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Fig. 1 (See legend on next page.)
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used as reference gene; p < 0.05 was significant). Studied 
genes were grouped into five clusters of lineages and/
or developmental status (endoderm, mesoderm, NSC/
NPC, neural differentiating cells, and pluripotent cells), 
cluster-dependent differences being determined by non-
parametric multiple comparisons tests (p < 0.05 was sig-
nificant). The effect of group (C vs. FSH) was determined 
by non-parametric Kruskal-Wallis test with significance 
at p < 0.05. For NS assay data, both the effect of group 
and group-dependent changes on RQ of each transcript 
in NS1 and NS2, were determined by one-way ANOVA 
(p < 0.001 and p < 0.05 were significant, respectively). 
Group-dependent variations in cell proliferation assays 
were compared by two-way ANOVA being differences 
significant with p < 0.05. In all cases, Bonferroni post-
hoc tests were done after ANOVA, which was performed 
using Graph-Pad Prism 4 software. Non-parametric tests 
for RQ analyses were carried out with S.A.S.

Results
FSH promotes development of OCCs-NS generated in vitro
Spontaneous cell aggregation occurred from 24  h after 
the onset of culture, being most evident at 72 h (Fig. 1A). 
Cell aggregates became spheroids on days 5–7 of cul-
ture (Fig.  1B). Approximately, 65 to 75 spheroids were 
generated from every 500,000 cells seeded. Microscopy 
observations evidenced abundant big round cells with 
large ratio nucleus/cytoplasm migrating from one NS to 
another (Fig.  1C, D), around days 10 and 20 of culture. 
These cells exhibited an organised path of migration, and 
signs of polarisation, like cytoskeleton structures placed 
at the front pole of the cell, and a backward positioned 
nucleus (Fig.  1C, D), apparently becoming attached to 
the periphery of a pre-existing NS (Fig.  1D). From day 
13 of culture, cells at the outer layer of NS showed elon-
gating projections directed towards the NS periphery 
(Fig.  1E, F), and appeared to migrate to the surround-
ing growth surface displaying numerous short and thin 
projections on their apical membrane that resembled 
neurites, and abundant cytoplasmic lipid-like droplets 
(Fig.  1G-I). Finally, cells with astrocytic (Fig.  1J, K) and 
neuronal morphology (Fig.  1L, M) covered the growth 

surface from 15 days of culture. In the FSH-group there 
were more migratory cells, NS were larger, and they 
established more frequent contacts with neighbour-
ing NS. NS-diameters were greater in FSH-group than 
in C-group from day 9 of culture (302.90 ± 25.20 μm vs. 
183.20 ± 7.63, respectively; p < 0.05) onwards (Fig. 1N).

FSH regulates transcripts of pluripotency and 
neuroepithelial cell lineage in OCC-NS
Oct4, Sox2 and Nanog were expressed during the whole 
culture, with up-regulation of Sox2 (p < 0.05) and down-
regulation of Oct4 (p < 0.05) and Nanog (p < 0.05) on 
day 10, regardless of FSH addition. Sox2 transcription 
(Fig.  2A) was increased (p < 0.05) on day 21 in FSH-
group compared with C-group. Oct4 (Fig. 2B) and Nanog 
(Fig. 2C) expression decreased from day 0 to 15 (p < 0.05) 
in both groups and increased on day 21 (p < 0.05), being 
Oct4 mRNA levels higher in FSH-group (p < 0.05).

Expressions of AFP (Fig.  2D), and brachyury (Fig.  2E) 
were close to the detection limit of the technique and 
were upregulated on day 21 in both groups (p < 0.01) with 
increased expression of both transcripts in FSH-group 
(p < 0.05).

Time-course expression of NSC/NPC transcripts 
(Fig. 2F-I) showed that nestin (Fig. 2F) was upregulated in 
both groups being higher in FSH-group than in C-group 
on days 15 and 21 (p < 0.01). Pax6 transcription was 
upregulated from day 10 in both groups, being higher in 
FSH-group than in C-group on days 15 and 21 (p < 0.01) 
(Fig.  2G). Expression of p75NTR (Fig.  2H) was upregu-
lated on day 10 in both groups but then showed a down-
ward trend, with lower expression in FSH-group on day 
15 (p < 0.05). Vimentin had an upward trend as culture 
progressed up to 15 days in FSH-group and 21 days in 
C-group when its transcription was larger than in FSH-
group (Fig. 2I).

DCX (Fig. 2J), GFAP (Fig. 2K), and Olig2 (Fig. 2L) were 
upregulated on day 10 in culture, with levels of expres-
sion higher than those of day 0, 15, and 21 (p < 0.01) in 
both groups.

(See figure on previous page.)
Fig. 1  Photomicrographs corresponding to 21-days culture experiments, showing cell aggregation on 72 h after cell seeding (A, C-group; phase contrast, 
20X/0.40 magnification), followed by formation of compact spheroids on day 6 of culture (B, C-group; phase contrast, 10X/0.22 magnification). On days 
10 and 20 of culture, round polarized cells with large nucleus/cytoplasm ratio, exhibited consistent patterns of migration from one NS to another one 
(C, FSH-group; phase contrast 20X/0.40 magnification), and apparently joined to the outer cell layer of a pre-existing NS (D, FSH-group; phase contrast 
20X/0.40 magnification). From 13 days in culture, cells from the outer NS layer showed signs of morphological differentiation (E, C-group; phase contrast 
40X/0.55 magnification; F, FSH-group; phase contrast 20X/0.40 magnification), to thereafter migrate from the NS to the surrounding growth surface (G, 
FSH-group; phase contrast 20X/0.40 magnification). Cells from the NS-outer sheet cover exhibited projections like neurites at their apical membrane 
(H, phase contrast 20X/0.40 magnification). Cells arising from NSs differentiated on growth surface (I; phase contrast 40X/0.55 magnification), into cells 
morphologically similar to mature astrocytes (J, K; phase contrast 40X/0.55 magnification), and neurons (L; phase contrast; M; Hoffman, both 20X/0.40 
magnification). N; Line-graph depicting time-course variation in NS diameters (µm; mean ± SE) in C-group and FSH-group. Different letters (a, b) indicate 
significant differences (p < 0.05) between both groups at each time-point. Different numbers (1, 2, 3) indicate time-dependent differences (p < 0.05) 
within each group compared with diameters on days 6, 9 and 15, respectively. NS, neurosphere
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FSHR (Fig. 2M) was similarly expressed in C- and FSH-
groups (p > 0.05), with increased levels on day 10 and 15 
of culture over those on day 0 (p < 0.01), and 21 (p < 0.01).

RQ of all transcripts within each time-point of analy-
sis is presented in Supplementary Fig. 1. Maximum tran-
scription was that of vimentin, followed by nestin, Pax6, 
p75NTR, DCX, GFAP and Olig2.

NSC/NPC transcripts showed the highest expres-
sion (p < 0.05) throughout the culture, followed by NDC 

genes, then AFP and pluripotency transcripts, and 
finally brachyury (Fig.  2N-P). FSH increased (p < 0.05) 
the expression of pluripotency and AFP genes compared 
with C-group on day 21 (Fig. 2P).

FSH influences the expression of NSC/NPC antigens in 
OCC-NS
Nestin, Pax6, p75NTR, and vimentin were immunolo-
calized in NS from C- and FSH-groups throughout the 

Fig. 2  Line-graphs depicting RQ of analysed transcripts by quantitative RT-PCR, during 21-days culture experiments. Each value represents the mean RQ 
of each gene at each time-point of analysis (days in culture, D) with respect to its levels on day 0 in C-group and FSH-group. Different numbers (1, 2, 3) or 
letters (a, b) indicate time-and group-dependent significant differences (p < 0.01) in expression of each transcript, respectively. Histograms showing RQ 
of transcripts grouped in clusters of genes characteristic of endoderm (AFP), mesoderm (brachyury), neural differentiating cells (NDC: DCX, GFAP, Olig2), 
NSC/NPC (nestin, p75NTR, Pax6), and pluripotent cells (PLURIP: Sox2, OCT4, Nanog) within each time-point of analysis, day 10 (N), day 15 (O), and day 21 (P) 
in C- and FSH-group. Brachyury was used as reference for RQ of all other transcripts in clusters. Different numbers over the bars indicate significant differ-
ences (p < 0.05) in gene expression with respect to that of reference for comparison (brachyury in C-group). Different letters denote differences (p < 0.05) 
between C- and FSH-group. RQ, relative quantification; RT-PCR, reverse transcription polymerase chain reaction
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whole culture (Fig.  3). Nestin and Pax6 (Fig.  3A and B, 
respectively) showed nuclear localization; p75NTR dis-
played nuclear staining and, to a lesser extent, cytoplas-
mic (Fig. 3C); and vimentin showed cytoplasmic staining 
(Fig. 3D).

Percentages of NS-cells immunolocalizing NSC/NPC 
antigens are presented in Fig.  3E-H. On day 10, FSH 
reduced the percentage of nestin-positive NS-cells when 
compared to control (p < 0.05). However, on day 21, FSH 
raised the percentages of nestin-positive NS-cells with 
respect to C-group (p < 0.05). FSH decreased (p < 0.05) 
the percentages of Pax6-positive NS-cells compared with 
C-group on days 10 and 15 (77.61 ± 3.5 in FSH-group 
vs. 88.29 ± 1.5 in C-group, on day 10) and increased it 
on day 21 (94.05 ± 0.3 vs. 85.65 ± 1.6; p < 0.05) compared 
with C-group and with respect to previous percentages 
in FSH-group. Finally, cell counts of p75NTR-positive 
and vimentin-positive NS-cells were similar at all time-
points in both groups, with the only exception of a larger 
percentage (p < 0.05) of p75NTR-positive NS-cells in 
C-group on day 10 with respect to FSH-group (85.23 ± 3.4 
vs. 73.17 ± 4.6).

Neurosphere assay
OCCs began to aggregate 24 h after the onset of culture 
in both CEP to generate clusters at 72 h and compact NS 
5–6 days after seeding in all groups (Fig. 4C-E). NS diam-
eters increased after seeding in both CEP in all groups 
(Fig. 4A, B). During CEP-1, NS-diameters were larger in 
M1 than M3 on days 3 and 7 (p < 0.05; Fig. 4A). On CEP-
2, NS-diameters were larger in M2 and M3 than M1 on 
day 3 (p < 0.05) and reached maximum and similar diam-
eters on day 7 (Fig. 4B).

Cells from all groups exhibited proliferative activity 
during both CEP (Fig. 4F, G). In CEP-1, M1 and M3 cells 
showed values larger than those of M2 cells (p < 0.05). In 
CEP-2, M3 cells showed increased BrdU incorporation 
with respect to cells from M1 and M2 (p < 0.05), being 
M1 values lower than M2 (p < 0.05) (Fig. 4G). Image anal-
ysis demonstrated that cells exposed to EGF and FGF2 in 
CEP-2 became confluent on day 3 of culture.

RQ of transcripts of pluripotency, endoderm, meso-
derm, NSC/NPC, and neural differentiation in NS1 
and NS2 are presented in Fig.  5. Nestin was the most 
expressed transcript in all groups (p < 0.01) during both 
CEP while transcription of AFP and brachyury were close 
to the detection limit of the technique.

Fig. 3  Photomicrographs of NS cultured in serum-free medium control (first row, subindex 1) or supplemented with FSH (second row, subindex 2) on 
day 10 of culture showing immunolocalization of nestin (A), Pax6 (B), p75NTR (C), and vimentin on day 21 (D). Histograms depicting percentages of NS-
cells that immunolocalized the NSC/NPC antigens nestin (E), vimentin (F), Pax6 (G), and p75NTR (H) during culture in C- and FSH-group on days 10, 15, 
and 21 of culture. Different number or letter superscripts indicate time-dependent significant differences (p < 0.05) for each antigen within each group or 
between groups at each time-point, respectively. NS, neurosphere; NPC, neural progenitor cell; NSC, neural stem cell
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NS1 from M2 showed larger expression of p75NTR, 
DCX, Olig2 and GFAP (p < 0.01) than in M1 (Supplemen-
tary Fig. 2F-I, respectively), and larger expression of nes-
tin, DCX and GFAP (p < 0.01) than in M3 (Supplementary 

Fig. 2D, G, H, respectively). Regarding NS2, FSH down-
regulated (p < 0.05) the expression of Sox2 and Oct4 and 
upregulated Nanog (p < 0.05) when compared with M1 
and M2 (Supplementary Fig.  3A-C). The expression of 

Fig. 4  Time-dependent variations of NS1 (A) and NS2 (B) diameters (µm; mean ± SE) in M1, M2 and M3, during the first and second cell expansion periods 
(CEP-1 and CEP-2, respectively). Different letters (a, b) indicate group-dependent significant differences (p < 0.05) at each time point. Different numbers (1, 
2, 3) indicate time-dependent differences (p < 0.05) within each group: 1 compared with diameters on day 1; 2 compared with diameters on day 3; and 
3 compared with diameters on day 5. Photomicrographs (10X/0.22 magnification, phase contrast) showing compact NS formed in vitro approximately 
6 days after seeding in M1 (C), M2 (D) and M3 (E). Cell proliferation assays showing BrdU incorporation on day 5 of culture during CEP-1 (NS1; F) and 
CEP-2 (NS2; G). Each bar represents the absorbance (mean ± SE) measured in M1, M2, and M3. Cells exposed to culture medium without BrdU were used 
as negative control. Different letters (a, b, c) indicate significant differences (p < 0.05) among values. NS1 and NS2, primary and secondary neurospheres, 
respectively
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DCX in M1 and M3 was greater than that found in M2 
(p < 0.05) while that of GFAP was larger in M1 than M2 
and M3 (p < 0.05) (Supplementary Fig.  3G, H, respec-
tively). In NS2, nestin expression increased (p < 0.01) 
over levels quantified in NS1, whereas the expression 
of transcripts characteristic of differentiation showed a 
reduction (p < 0.01) in NS2 compared with those in NS1 
(Supplementary Figs. 3 and 4).

Microscopy observations evidenced that, up to 48–72 h 
after the onset of culture in both CEP, the growth surface 
was covered by spindle-shaped cells, closely surrounded 
by very small round cells that apparently established a 
paracrine interaction (Fig. 6A). From 72 h onwards, large 
round cells with a high ratio nucleus to cytoplasm aggre-
gated (Fig.  6B) to generate spheroids that became com-
pacted on day 6 of culture (Fig. 6C). Mitotic events were 
frequently observed during both CEP (Fig. 6D, E).

During culture for differentiation, no significant 
changes in cell morphology were evidenced before addi-
tion of EGF and FGF2-antagonists to defined medium 
(Fig.  6F). From twelve hours after exposure of cells to 
these antagonists, there were notorious changes in the 
shape of cells. Round cells arising from the NS or lying on 

the surrounding growth surface showed neural-like mor-
phological differentiation. Short projections like filopodia 
began to appear around the cells (Fig. 6G, H). Later, many 
of the cells exhibited a single elongated projection at 
one pole and small neurite-like projections at the oppo-
site one (Fig. 6I). It was frequent to find spindle-shaped 
neuroblast-like cells (Fig. 6J), either alone or grouped in 
chains. Residual NS formation remained during the first 
10 days of culture for differentiation. Interestingly, long 
projections were observed that connected close or dis-
tant NS, giving rise to a dense net of cell-bridges over the 
growth surface. This finding was particularly relevant in 
M3 at the end of culture (Fig. 6K-M). These projections 
were used by round cells with a high nucleus/cytoplasm 
ratio that came out from a NS, or aggregated to it, to get 
attached and apparently migrate (Fig. 6L, M). Cells with 
neuronal and astrocytic morphology covered the growth 
surface, from approximately the middle of this period of 
culture, particularly in M3 (Fig. 6N, O).

On day 25 of culture, most cells showed cytoplasmic 
and/or nuclear immunolocalization of NeuN, a charac-
teristic antigen of differentiated neurons, and many cells 
displayed cytoplasmic immunolocalization of astrocyte 

Fig. 5  Relative quantification (RQ) of transcripts characteristic of pluripotency (Nanog, Oct4, Sox2); endoderm (AFP), mesoderm (brachyury), NSC/NPC 
(nestin, Pax6, P75NTR) and neural differentiation (DCX, GFAP, Olig2) in NS1 and NS2 from M1 (A, D), M2 (B, E) and M3 (C, F), by quantitative RT-PCR. Results 
are presented in box plot format, with median, minimum, maximum value, and standard error for each transcript. Nanog expression was used as reference 
levels of transcription for normalization. Asterisk (*) indicates significant differences (p < 0.05) between nestin expression and all the transcripts analysed. 
RT-PCR, reverse transcription polymerase chain reaction; NPC, neural progenitor cell; NSC, neural stem cell; NS1 and NS2, primary and secondary neuro-
spheres, respectively
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Fig. 6  Photomicrographs taken during the expansion periods showing very small round cells closely attached to stromal cells 72 h after culture onset (A, 
phase contrast 10X/0.22 magnification). Big round cells aggregate (B, Hoffman, 20X/0.40 magnification) to generate spheroids that become compacted 
on day 6 of culture (C, phase contrast 10X/0.22 magnification). During both expansion periods mitoses were frequently observed (D, E, phase contrast 
20X/0.40 magnification). Photomicrographs taken during culture for differentiation, showing absence of morphological changes in cells before addition 
of EGF and FGF2 antagonists to the medium (F, phase contrast, 10X/0.22 magnification), and initiation of morphological differentiation of cells from 
12 h onwards (F-O), with most cells exhibiting cell projections to acquire a neural-like morphology (G, phase contrast 20X/0.40 magnification; H, phase 
contrast 40X/0.55 magnification). Neuroblast-like cells (I, J, phase contrast 20X/0.40 magnification) were frequently found. Extensive projections arising 
from NS established contact with neighbouring NSs (K-M), where cells with a high nucleus/cytoplasm ratio (M, N) attached to it and migrated (L, phase 
contrast 20X/0.40 magnification; M, phase contrast 40X/0.55 magnification). Differentiated cells with neuronal and astrocytic morphology covered the 
growth surface from mid to the end of differentiation culture period (N, phase contrast 20X/0.40 magnification; O, Hoffman 20X/0.55 magnification). NS, 
neurosphere
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marker GFAP (Fig. 7). No differences were found in the 
qualitative localization of these antigens among cells 
from M1, M2, and M3.

Discussion
This research demonstrates for the first time that FSH 
exerts regulatory actions on NSCs/NPCs derived in vitro 
from sheep OCCs, and on OCC-NS development. Rel-
evant studies have unravelled the actions of different hor-
mones on NSCs biology [21, 43] placing this issue at the 

frontiers of endocrinology. In this research, two different 
culture strategies have allowed to investigate possible 
actions of FSH having yielded consistent and comple-
mentary results.

Regarding the identity of OCCs that generate NS, even 
though ovarian cortex needs to be fully characterized, 
OCCs suspension comprises a majority of stromal cells 
[44], surface epithelial cells (OSE pluripotent very small 
stem cells) [40], and possibly a residual number of granu-
losa cells entering the cell suspension after collagenase 

Fig. 7  Photomicrographs showing immunofluorescent localization of NeuN (mature neurons; green, A-C), and GFAP (astrocytes; red, D) by confocal laser 
microscopy, on day 25 of culture for differentiation. NeuN was immunolocalized either in the cytoplasm only (A, B; HC PL APO CS2, 20X/0.75 dry), or in 
the cytoplasm and nucleus of a large proportion of cells (C; HC PL APO CS2 63X/1.40 oil). GFAP (D) was immunolocalized in many other cells in the same 
cultures. Nuclei were counterstained with DAPI (blue). DAPI, 4 ́, 6-diamidino-2-phenylindole
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tissue disaggregation, that most probably were eliminated 
from culture at the first medium replacement. In fact, 
earliest images taken between 24 and 72 h after the onset 
of culture, only showed two different cell types: elongated 
stromal cells and very small round epithelial cells (pre-
sumably OSE cells). Microphotographs evidenced that 
these two cell types established a paracrine interaction 
(Fig. 6A) that we hypothesize would cause neural induc-
tion of pluripotent OSE cells in a similar fashion as the 
system known as stromal cell derived inducing activity 
(SDIA). SDIA is an established co-culture system where 
stromal cells secrete neural inducing factors acting on 
pluripotent stem cells, to cause their neural specification 
into NSCs/NPCs [45].

In long-term cultures FSH caused an increase in NS 
diameters probably due to the stimulatory action of the 
hormone either on the expression of cell adhesion pro-
teins that promote cell aggregation, or on its proliferative 
activity. In this regard, FSH upregulates the expression 
of the adhesion protein N-cadherin in tumour cells [46, 
47] which would explain the rapid formation of NS, as 
the spheroids generated by all other stem cells [48]. On 
the other hand, FSH induces proliferation on VSELs at 
the OSE [49]. Since OCCs-NS derive from OSE cells, and 
express FSHR, larger NS diameters in FSH-group, likely 
result from a combination of these two mechanisms. Pro-
liferative actions of FSH on OOC-NSCs/NPCs are sup-
ported by results during the NS assay. If the neurogenic 
capacity of stem cells relies in part on the size of NS gen-
erated in culture [10] then FSH may be considered a pro-
neurogenic hormone.

An up-regulation of Sox2 expression along with a 
down-regulation of Oct4 and Nanog took place on day 10 
of culture, as in previous studies [8, 9] which is a char-
acteristic hallmark of neuroepithelial stem cell specifica-
tion [50]. Sox2 regulates pluripotency and sustains NSCs 
development [48] by repressing mesendoderm differen-
tiation, to promote development of the neuroectodermal 
lineage [51].

FSH upregulated Sox2 expression in NS on day 21 of 
culture. Despite no previous research has addressed 
hypothetical actions of FSH on Sox2 expression, GnRH 
increased hypothalamic NSCs proliferation and Sox2 
expression in adult zebrafish [22]. This action might be 
mediated by FSH, since GnRH induces the release of 
this hormone from the pituitary gland. Oct4 expression 
remained downregulated until day 15 of culture in both 
groups, and FSH increased it on day 21 over values of 
C-group. In this regard, FSH increases the expression 
of Oct4 and nestin in brain and ovarian tumour cells 
improving sphere formation and self-renewal, by activat-
ing the ERK pathway [52, 53]. Nanog was downregulated 
during the whole culture period, which is coherent with 

the neural specification of cells in culture since this tran-
script represses neuroectoderm differentiation [51].

Stem cell specification into NSCs was indicated by the 
predominant transcription and immunolocalization of 
nestin, vimentin, p75NTR, and Pax6 [54] together with 
downregulation of brachyury, and AFP. FSH increased 
expression of nestin on days 15 and 21 in OCCs-NS. 
Accordingly, there was a time-dependent upward trend 
in the percentage of nestin-positive cells in FSH-group 
that increased on day 21 over values of C-group. This 
indicates that FSH might promote NSC self-renewal to 
maintain NSC pool in culture, in line with its actions on 
NSC proliferation and NS development, previously dis-
cussed. In fact, nestin participates in NS formation in the 
adult brain and is downregulated during NSC differentia-
tion [55, 56]. Nestin was immunolocalised principally in 
the nucleus of cells placed at the outer sheet cover of the 
NS in both groups. Previous studies have demonstrated 
that nuclear localization of nestin is frequently found in 
proliferating cells in which nestin is transported into the 
nucleus [57] such as NPCs of vomeronasal organ during 
development [58], and NSCs/NPCs from the postnatal 
CNS [59]. The FSH-induced up-regulation of nestin and 
Sox2 on day 21 of culture, along with its proliferative 
actions strongly supports that FSH has a relevant role in 
self-renewal of NSCs.

FSH increased the expression and immunolocaliza-
tion of Pax6 on days 15 and 21 of culture. Both the end 
of rise of nestin expression and the increase in transcrip-
tion of Pax6 between days 10 to 15 might be indicative of 
NSC transition to NPC ready to enter neural differentia-
tion [60]. Pax6 is a NPC marker that induces CNS-NSC 
proliferation, self-renewal and drives neurogenesis to 
generate basal progenitor cells and cortical neurons [61, 
62]. Therefore, FSH might promote the transition from 
self-renewal to differentiation in these cells. Sox2 and 
Pax6 interrelationship must be highlighted here. Tran-
scription of Sox2 increased in both groups on day 10 in 
culture and decreased on day 15, when Pax6 expression 
increased, which might be consistent with the transition 
of a significant proportion of cells from proliferation to 
differentiation on that day. The subsequent increase in 
Sox2, together with the high expression of Pax6, on day 
21 might indicate that although a large part of the cells 
had left the NS and started to differentiate, other cells 
were beginning to proliferate in response to FSH.

Expression of p75NTR increased in both groups on day 
10 of culture, and thereafter decreased as Pax6 increased. 
Trk family of tyrosine kinases interact with p75NTR 
[63] to maintain stem cell potency, and this receptor is 
downregulated as cell differentiates [64–68] whereby 
p75NTR might be a key regulator of the maintenance 
of the undifferentiated state in stem cells [69]. Likewise, 
during the first 10 days of culture, cell expansion and 
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mitosis predominated simultaneously with a high expres-
sion of p75NTR. Later, as differentiation began to stand 
out, p75NTR expression decreased while Pax6 transcrip-
tion increased to reach maximum expression on day 21 
of culture. Interestingly, previous research has demon-
strated that Pax6 down-regulates p75NTR in NPCs and 
that embryonic stem cells lacking Pax6 generate GAB-
Aergic neurons overexpressing p75NTR with an elevated 
incidence of apoptosis [70]. FSH caused a reduction in 
p75NTR-positive NS-cells, supporting the view that it 
enhances NSC differentiation, as denoted by the simulta-
neous time-dependent upregulation of Pax6.

Lineage/developmental cluster analysis evidenced 
that NSC/NPC genes were the most expressed among 
all, highlighting an upregulation of Pax6 from day 10 
onwards. Interestingly, FSH increased the expression of 
pluripotency genes at the end of culture, in consistency 
with the upregulation of Nanog induced by FSH during 
CEP-2 of the NS assays, suggesting a possible action of 
this hormone in NSC reprogramming. The expression 
of NDC genes decreased as time in culture progressed, 
probably due to the inadequate composition of culture 
medium to sustain growth of neural-committed cells.

Results from NS assays demonstrated that OOC-NS 
cells displayed self-renewal capacity and proliferative 
activity that was stimulated by FSH in both CEP, as in 
previous research showing that FSH stimulated prolifera-
tion of VSELs and OSCs from sheep OSE after binding to 
FSHR3 [41]. This is consistent with the larger NS diam-
eters found in FSH-group in comparison with C-group 
during long-term cultures, and by previous studies 
indicating that FSH stimulates self-renewal, expansion, 
and differentiation of VSELs into progenitors [38]. Self-
renewal capacity was demonstrated by the spontane-
ous generation of NS during two consecutive CEP in all 
groups. In NS1, larger diameters were found in the pres-
ence of EGF and FGF2 (M1) and FSH (M3) in line with 
a greater proliferative activity of cells from these groups. 
EGF and FGF2 are neural inducing factors that stimulate 
NSCs proliferation [71] whereby they would promote the 
formation of NS in M1, used as positive control. Regard-
ing the observed effects of FSH, it promotes self-renewal 
and proliferation of ovarian stem cells [40, 41] which 
would account for the larger development of NS in M3. 
Underlying mechanisms of the proliferative actions of 
FSH in these experiments, may involve an up-regulatory 
action of this hormone on EGFR transcription, as in OSE 
cells [72]. Some biomolecules synthesised by NSCs inter-
act with EGFR to maintain self-renewal [73], like EGF 
and FGF2 constitutively secreted by ovarian somatic 
cells [74] and NSCs [75], that may act in an autocrine 
fashion to support their potency [76] and induce NSC 
proliferation instead of differentiation [77]. In fact, addi-
tion of EGF and FGF antagonists to culture medium is 

frequently required to initiate NPC differentiation into 
mature neural cells [8, 12, 78].

Spontaneous formation of NS2 with NSCs/NPCs 
molecular identity confirmed self-renewal of NS-cells, 
as in previous studies [8]. Again, FSH (M3) increased 
NS cell proliferation over values of M2 and M1. The low 
proliferative activity in cells cultured in the presence of 
EGF and FGF2 (M1) is explained by the earlier conflu-
ence reached by these cells on the growth surface than 
cells from M2 and M3, as stated by image analysis. When 
cells become confluent in culture, intercellular contacts 
are established, and proliferative activity decreases [79] 
whereby on day 5 of M1-cells do not proliferate. In addi-
tion, NS1-cells, seeded at the onset of CEP-2 are NSCs/
NPCs, unlike OCCs seeded at the onset of CEP-1 that 
may have minor proliferative potential, whereby NS1-
cells would reach the confluence earlier than OCCs, par-
ticularly during exposure to EGF and FGF2 (M1).

The most expressed transcript in NS in both CEP was 
nestin, a characteristic marker of NSCs/NPCs [80] sup-
porting the stability of cell identity in all groups. The 
lower nestin expression in NS1 from M3 compared with 
that of M2 might result from an inducing effect of FSH 
on the onset of NSC/NPC differentiation.

In NS2, FSH (M3) downregulated Sox2 and Oct4 and 
upregulated Nanog and DCX, when compared with M1 
and M2 groups. Priming NS-cells with FSH during two 
consecutive CEP might have induced, in part of NS2-
cells, a more immature phenotype, whereas some others 
might have progressed towards a neuronal cell fate, with 
increased expression of DCX, characteristic of neuronal 
precursors. This hypothetic action of FSH will be defined 
in future experiments.

Addition of EGF and FGF2 antagonists to differen-
tiation culture medium triggered this process approxi-
mately 12  h later, as shown by image analysis with cell 
shape changes towards a neural or astrocytic morphol-
ogy, whose incidence increased in cells exposed to FSH 
during two consecutive CEP. NS generation, evidenced 
as a less frequent event in this period, was accompanied 
by the formation of elongating projections connecting 
neighbouring NS, to generate a net of cellular bridges 
that was denser in NS from cells exposed to FSH during 
CEP. This is characteristic of NS during differentiation 
[81–83]. Microscopy observations demonstrated that 
cellular bridges were used by migrating cells with a high 
nucleus/cytoplasm ratio as a scaffold to move from one 
NS to another. Migrating cells showed morphological 
changes resembling those of neuroblasts as they move 
along the radial glia during neurogenesis [84]. Video 
time-lapse experiments will allow further investigation of 
these phenomena.

The identity of the differentiating cells was confirmed 
at the end of culture by localising specific antigens of 
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astrocytes, and mature neurons as in previous studies 
[8]. GFAP was immunolocalized in the cytoplasm of cells 
exhibiting morphological signs of astrocytic differentia-
tion, and NeuN was expressed in a large proportion of 
cells differentiating on the growth surface, in which this 
antigen was predominantly immunolocalized in the cyto-
plasm, or in the cytoplasm and nucleus in a lesser pro-
portion of cells. In this regard, it is well established that 
NeuN has several isoforms, and this antigen can be local-
ized in both the nucleus and the cytoplasm [85–87]. The 
fact that priming with FSH during CEP upregulated DCX 
expression, suggests that this hormone might increase 
the density of neurons obtained during differentiation. 
This hypothesis will be addressed soon since it is of basic 
and applied interest.

Conclusions
We can conclude that in OCCs-NS, FSH is a proneuro-
genic hormone that stimulates NSCs/NPCs proliferation, 
self-renewal, and increases the size of NS, upregulating 
nestin, Sox2 and Pax6, and the percentages of NS-cells 
immunolocalizing the corresponding proteins in long-
term cultures. NSCs/NPCs primed with FSH during 
culture for cell expansion exhibited increased expres-
sion of the neuron precursor transcript DCX. The pro-
neurogenic actions of this hormone will be explored in 
future experiments to closely define whether it can be of 
potential use in basic and applied research in regenera-
tive medicine.
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