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Abstract

Neurospheres (NS) derived from adult stem cells of non-neural tissues represent a

promising source of neural stem cells (NSCs) and neural progenitor cells (NPCs)

for autologous cell therapy. Knowing the fine structure of NS cells is essential for

characterizing them during differentiation or oncogenic transformation. NS are

generated by culturing ovarian cortical cells (OCCs) under specific conditions. To

establish whether these OCCs exhibited a similar morphophenotype as those from

the central nervous system (CNS) reported in the literature, sheep OCCs were cul-

tured for 21 days to generate NS. Expression levels of pluripotency (Nanog,

octamer-binding transcription factor 4 [Oct4], and SRY-box transcription factor

2 [Sox2]) and NSCs/NPCs (nestin, paired box 6 [Pax6], and p75 neurotrophin

receptor [P75NTR]) transcripts were analyzed by quantitative reverse

transcription-polymerase chain reaction (qRT-PCR), the NSC/NPC antigens were

immunolocalized, and structural and ultrastructural analyses were performed in

OCC-NS on Days 10, 15, and 21 in culture. Spheroids expressed transcripts and

antigens of pluripotency as well as NSCs/NPCs. Cells were arranged into an inner

core, with frequent apoptotic and degenerative events, and a peripheral epithelial-

like cover with abundant cytoplasmic organelles, apical microvilli, and filament

bundles of cytoskeleton elements. Adherens junctions and apical tight and lateral

loose interdigitations were found in peripheral cells that eventually lost apical–
basal polarization, which might indicate their disengaging/aggregating from/to

the NS. We can conclude that OCC-NS shares the most structural and ultrastruc-

tural characteristics with CNS-NS.
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1 | INTRODUCTION

The current progress in stem cell-based therapies has
improved the development of regenerative medicine.
Detailed stem cell characterization and optimization of
protocols for cell maintenance and differentiation are
required (Harding et al., 2013). Alternative experimental
models based on the culture of stem cell spheroids pro-
vide a useful means to characterize stem cell populations
and assist in this goal. Different studies have demon-
strated that neurospheres (NS) and neurosphere-forming
cells (NFCs) are morphologically heterogeneous (Bez
et al., 2003; Lobo et al., 2003). This heterogeneity has
been attributed both to the topographic distribution of
cells within the spheroids and to the presence of subpop-
ulations of NFCs with distinct survival and proliferative
behaviors (Bez et al., 2003). Lobo et al. (2003) demon-
strated the presence of two ultrastructural and antigeni-
cally distinct populations of cells in NS derived from rat
fetal striatum: dark cells immunopositive for actin,
weakly positive for vimentin and nestin-negative, and
light cells immunopositive for actin, vimentin, and
nestin. On the other hand, it is critical to characterize the
morphology of neural stem cells (NSCs) and neural pro-
genitor cells (NPCs) (Gil-Perotín et al., 2013) to select the
purest and healthiest cell populations for cell replace-
ment therapies.

Transmission electron microscopy (TEM) is consid-
ered the most reliable method for assessing the health of
NS (Gil-Perotín et al., 2013) by identifying apoptosis and
necrosis (Lobo et al., 2003) or by showing slight ultra-
structural changes in diverse organelles. TEM has shown
the presence of cytoplasmic filaments or annulate lamel-
lae, closely placed around the nuclear membranes, as
well as highly developed endoplasmic reticula, in differ-
ent NS cell subpopulations (Gil-Perotín et al., 2013; Lobo
et al., 2003). It has been proposed that cytoplasmic organ-
elles could play a role as biosensors, either by predicting
graft survival and functionality after cell transplantation
or by indicating oncogenic transformation (Gil-Perotín
et al., 2013).

A phenotypically heterogeneous cell population com-
prised of electron-lucent and electron-dense cells was
found in both NS and glioblastoma biopsies (Vik-Mo
et al., 2011). These two cell phenotypes have been
described in NS of different species (Bez et al., 2003;
Kukekov et al., 1997; Kukekov et al., 1999; Lobo
et al., 2003), with more mature cells at the periphery than
in the cores of the spheres (Bez et al., 2003; Lobo
et al., 2003; Moe et al., 2009). This, in turn, has led to
speculation about the generation of niches within the
spheres (Vik-Mo et al., 2011) to maintain self-renewal
in vitro.

A recent study has demonstrated that NS can be spon-
taneously generated from sheep ovarian cortical cells
(OCCs) under particular culture conditions, providing a
reliable experimental model for neurogenesis and central
nervous system (CNS) regenerative medicine (S�anchez-
Maldonado et al., 2018). The extra-neural origin of cells
generating these NS emphasizes the interest of this alter-
native model for autologous stem cell therapy in regener-
ative treatments of the CNS. In addition, it provides a
useful bioassay to investigate the pathogenesis of some
infectious diseases of the CNS (Garcez et al., 2016;
Rosa-Fernandes et al., 2019) and the effects of drugs on
neurodevelopment without the need to isolate cells from
the neurogenic niches of the brain (Fritsche et al., 2018).
Morphological characterization of these NS would allow
researchers to elucidate whether they have similar fea-
tures to those described in NS from the CNS.

The goal of this study was to identify the morphologi-
cal hallmarks of NS derived from sheep OCCs to deter-
mine whether they recapitulate similar structural and
ultrastructural features as normal and tumor NS from
previous studies.

2 | MATERIALS AND METHODS

2.1 | Cell culture and generation of
spheroids

Ovaries were obtained from prepubertal ewe lambs (Ovis
aries) aged 3–6 months and were sacrificed at an abattoir
close to the Complutense University, Veterinary Faculty
in Madrid. After aseptic isolation, the ovaries were trans-
ported and processed in the laboratory as previously
described (S�anchez-Maldonado et al., 2018). Briefly, corti-
cal tissue strips were dissected and subsequently frag-
mented to produce �0.5 � 0.5 mm pieces that were then
subjected to collagenase digestion followed by mechani-
cal disaggregation (S�anchez-Maldonado et al., 2018). The
suspension was centrifuged, and the supernatant was
replaced with complete culture medium, composed of
M199 medium containing 0.1% bovine serum albumin
(BSA; Sigma Aldrich, Saint Louis, MO, USA, ref. A9418),
L-glutamine (Sigma Aldrich, ref. G7513), insulin,
transferrin, selenium (ITS; Sigma Aldrich, ref. I3146),
synthecol (Sigma Aldrich, ref. S5442), and antibiotic-
antimycotic (Gibco, Life Technologies, CA, USA,
ref. 15240). The medium was successively filtered
through 100, 70, and 40 μm cell strainers (Beckton Dick-
inson, BD Falcon, NJ, USA, ref. 352360, ref. 352350, and
ref. 352340, respectively). Cell viability was assessed by
trypan blue staining (Sigma Aldrich, ref. T8154), cells
were cultured in fibronectin-coated 24-microwell culture
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plates (Nunclon Delta; Nalgene Nunc, Rochester, New
York, USA; ref. 142,475) at 500,000 live cells per well,
with 500 μL of complete culture medium. They were cul-
tured for 21 days at 37�C, 5% carbon dioxide (CO2), and
99% humidity in a Forma Steri-Cycle incubator (Thermo
Scientific Forma, Stericycle Sensor TC; Thermo Scientific,
OH, USA). The culture medium was removed every 48 hr
and replaced with fresh medium of the same
composition.

2.2 | Experimental design

The time-course development of spheroids in vitro and
morphometric analyses were accomplished by twice-
weekly image analysis of cultures. Alkaline phosphatase
(AP) activity was analyzed once weekly from the fifth day
of culture. For gene expression analyses, cell lysates were
prepared on Days 0, 10, 15, and 21 of culture. For histo-
logical and immunohistochemical analyses, spheroids
were sampled and processed on Days 10, 15, and 21, and
on Days 15 and 21 of culture for TEM. Experiments were
repeated three times, and the results are presented as the
mean values from these experiments.

2.3 | Image analysis of spheroid
development in vitro

Cultures were observed and photographed under an
inverted microscope (Nikon Eclipse TiS, Nikon Instru-
ments Inc., New York, NY, USA), as previously described
(S�anchez-Maldonado et al., 2018). The time-course devel-
opment of spheroids was depicted with twice-weekly
measurements of diameters of at least 200 spheroids at
each time point.

2.4 | AP activity assay

AP activity of spheroid cells was assessed once weekly
after 5 days in culture, with the aid of commercial
reagents (alkaline phosphatase detection kit; Millipore,
MA, USA, ref. SCR004), as previously described
(S�anchez-Maldonado et al., 2018). Spheroids cultured in
six wells were assayed for AP activity per time point of
analysis in each experimental replicate.

2.5 | Gene expression analyses

Total RNA was extracted from the lysates of cells before
culture (Day 0), and from spheroids at each time point of

evaluation during culture (Days 10, 15, 21), as previously
described (S�anchez-Maldonado et al., 2018). Spheroids
contained in three wells of culture per time point of anal-
ysis in each experimental replicate were collected for
RNA extraction. Lysates were stored frozen at �80�C
until RNA extraction, performed by passing lysates
through purification columns (Kit RNeasy mini kit;
Qiagen, Hidden, Germany, ref. 74,104), followed by treat-
ment with DNase (Turbo DNA Free Kit; Ambion,
Thermo Fisher Scientific, MA, USA, ref. AM1907). Tran-
scripts corresponding to ovine octamer-binding transcrip-
tion factor 4 (Oct4), homeobox transcription factor
(Nanog), sex-determining region Y-box 2 (Sox2), nestin,
paired box 6 (Pax6), neurotrophin receptor p75
(p75NTR), alpha-fetoprotein (AFP; endoderm specifica-
tion transcript), brachyury (mesoderm specification tran-
script), and 18S ribosomal RNA (Taqman assays Gene
Expression Hs99999901_s1; Thermo Fisher Scientific, ref.
4,331,182), as an endogenous control, were quantified by
quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR) on Days 0, 10, 15, and 21 in culture, as
previously described (S�anchez-Maldonado et al., 2018) in
Servicio de Gen�omica y Prote�omica Antonia Martín
Gallardo (Parque Científico de Madrid, Campus de
Cantoblanco, Madrid, Spain). For amplification, primers
were designed and synthesized from the available mRNA
sequences at the National Center of Biotechnology Infor-
mation (Table 1). Two different relative quantifications of
gene expression were performed in this study: first, rela-
tive quantification of expression of each individual tran-
script throughout time in culture, with levels of
transcription on Day 0 used as reference for normaliza-
tion. Second, taking each time point of analysis as an
independent observation (Days 0, 15, and 21), the expres-
sion of all transcripts was quantified in order to depict
their relative abundance at each time point. On Days
0, 15, and 21, brachyury was the gene with the lowest
expression and was used as a reference transcript for rela-
tive quantification of all other genes at each time point.

2.6 | Light microscopy and
immunohistochemistry

Spheroids were processed for histology and immunohis-
tochemistry following a previously described procedure
(Patent P201300524/ PCT and ES, 2014/000089), which
comprised 4% paraformaldehyde fixation, followed by
ethanol dehydration, as previously described (S�anchez-
Maldonado et al., 2018). Grouped spheroids (30–40 spher-
oids) were subsequently pre-aggregated in agar solution
to form blocks for paraffin embedding. Spheroid samples
were sectioned into 4 μm slices and stained with

ROJO SALVADOR ET AL. 3



hematoxylin and eosin. Immunohistochemical staining
was performed using a commercial kit (NovoLink Poly-
mer Detection System; Leica Microsystems,
United Kingdom, ref. NRE7140-K) following the manu-
facturer's recommendations, and then pretreated with
10 mM citrate buffer (pH 6.0) in a pressure cooker for
antigen retrieval. Incubation with primary antibodies
was carried out in a humidified chamber, and the follow-
ing antibodies and conditions were used: rabbit polyclonal
anti-caspase 3 antibody (RYD Systems, Inc., Minneapolis,
USA; ref. AF835) diluted 1:700 and incubated for 1 hr at
room temperature (RT); rabbit polyclonal anti-Pax6 anti-
body (Sigma-Aldrich, Inc., ref. 030765) diluted 1:400 and
incubated overnight at 4�C; rabbit polyclonal anti-nestin
(Sigma Aldrich, Inc., ref. N5413) diluted 1:200 and incu-
bated for 1 hr at RT; and mouse monoclonal anti-nerve
growth factor receptor (p75NTR; Sigma Aldrich, Inc., ref.
N3908) diluted 1:1,500 and incubated overnight at 4�C.
Immunolocalization was detected by exposing the tissue
sections to 3-30diaminobenzidine (DAB) tetrachloride for
5 min at RT. After washing for 10 min in distilled water,
the sections were counterstained with hematoxylin,
dehydrated in alcohol, cleared, and mounted. In the nega-
tive control sections, a protein block solution was used
instead of primary antibodies in the corresponding incuba-
tion step. All primary antibodies were validated in our lab-
oratory. At least 10 sections per time point were used for
immunolocalization of each marker. Images of sections

were obtained with an Olympus camera connected to an
Olympus DP50 microscope and processed using View-
finder Lite 1.0 and Studio Lite 1.0 software (Better Light
Inc., San Carlos, CA, USA). Positive and negative cells
were counted from the images from each section obtained
after immunohistochemistry, and the percentage of immu-
nostained cells in each tissue section was calculated.
Results are presented as the mean percentage of immuno-
stained cells at each time point with a standard error
of mean.

2.7 | TEM analysis

The spheres were processed for TEM analysis on Days
15 and 21 of culture. Processing of samples collected on
Day 10 resulted in consistent tissue loss; thus, this time
point was unsuitable for TEM analysis. At each time
point of analysis in each experimental replicate, three
wells of spheroids were processed for TEM. Spheroids
were fixed with 4% paraformaldehyde-0.5 glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA, ref.
15732-10) in phosphate-buffered saline (PBS; Sigma
Aldrich, Inc., ref. D8537) at pH 7.4 for 2 hr at RT. After
rinsing with PBS, approximately 6–10 spheroids per time
point of analysis in each experimental replicate were
post-fixed with 1% osmium tetroxide (Electron Micros-
copy Sciences, ref. 19152) in PBS for 1 hr, dehydrated by

TABLE 1 Primers used for qRT-

PCR of transcripts expressed by

neurospheres derived from sheep (Ovis

aries) ovarian cortical cells

Transcript
Accession
number Primers

Oct4 JN625522 F: CAAATCAGCCACATCGCC
R: AGAACCACACTCGGACCA

Nanog FJ970651.1
Exons 2–3

F: GCACAGAGAAGGAAGAGAAGG
R: GCTGGAGACTGAGGTATTTCTG

Sox2 X96997.1 F: GGAGGACAGCAAGAAACAG
R: GCGTGAGTGTAGATGGGA

Nestin XM_004002626.1 F: CTCCAGAACTACTAAAGCC
TACAG

R: CCAGCGACTCTTGACTTTCC

p75NTR XM_004013355.1 F: CTCATCCCTGTCTATTGCTCCA
R: TTCCACCTCTTGAAGGCGA

Pax6 XM_004016373.1 F: AACATCCTTTACCCAAGAGCA
R: TTTCTCGGGCAAACACATCTG

AFP XM_004009903.1 F: ATGAATACTCAAGAAGACA
CCCAG

R: CGAACCACTCTTTGAAATATCCC

Brachyury XM_004011450.1 F: AACGCCATGTACTCCTTCCT
R: CCCGTTCACGTACTTCCAG

Abbreviation: AFP, alpha fetoprotein.
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immersion in increasing concentrations of ethanol and
acetone, and embedded in Epon 812 resin (TAAB Ltd,
Aldermaston, Berks, UK, ref. T031). A Leica-Reichert
Ultracut E ultramicrotome was used to cut semithin
(0.5 μm thick) and ultrathin (50–70 nm thick) sections
that were then stained with methylene blue azure and
lead citrate-uranyl acetate, respectively. Sections were
examined and photographed using a JeolJem 1010 trans-
mission electron microscope at the Centro Nacional de
Microscopía Electr�onica, Universidad Complutense de
Madrid.

2.8 | Statistical analyses

The time-dependent variations of spheroid diameters in
culture were analyzed by one-way analysis of variance
(ANOVA), with p < .01 considered to be significant. Data
for relative quantification of expression of all transcripts
at each time point during culture were analyzed by one-
way ANOVA, with p < .01 considered to be significant.
Data for relative quantification of time-dependent
changes in the expression of each individual transcript,
using transcription on Day 0 as reference values, were

FIGURE 1 Spontaneous generation of spheroids from sheep ovarian cortical cells (OCCs). Photomicrographs corresponding to Day

7 cell cultures showing (a) spheroids spontaneously derived in vitro from OCCs (plan Achromat �4/0.10 magnification). During the second

week in culture, round cells with a large nucleus to cytoplasm ratio were consistently found arising from these spheroids and migrating

toward particular areas of growth surface or aggregating to spheroids (b, �20/0.40, magnification, phase contrast; c, �20/0.40 magnification,

Hoffman, arrows). These cells eventually exhibited a neural-like morphological differentiation in culture (d, e, g, �20/0.40 magnification,

phase contrast, arrows; f, h, i, k, �40/0.55 magnification, phase contrast, arrows). A spheroid derived from OCCs on Day 15 in culture,

showing polarized cells at its outer sheet cover (l, �20/0.40, magnification, phase contrast)
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analyzed by one-way ANOVA, with p < .01 considered to
be significant. The time-dependent variations in the per-
centages of immunolocalization of nestin, p75NTR, and
Pax6 were determined by one-way ANOVA, with p < .05
considered to be significant. Bonferroni post-hoc tests
were performed after ANOVA in all cases.

3 | RESULTS

3.1 | Spheroids were spontaneously
formed during the culture of OCCs

Cell aggregation was a consistent feature found in the
first 24 hr of culture, with the generation of compact
spheroids (65–75/well) at approximately 7 days of culture
(Figure 1a). Generation of new spheroids was a constant
process throughout the culture. These spheroids
maintained similar mean diameters on Days 10 (168.77
± 13.05 μm), 15 (173.90 ± 14.69), and 21 (150.15 ± 11.81;
Figure 1l). Observations under the inverted microscope
provided evidence of round cells with a large nucleus to
cytoplasm ratio that migrated toward, or arose from cell
aggregates and spheroids (Figure 1b,c). From Day
10 onwards, many cells exhibiting neural-like morpho-
logical characteristics were consistently placed around
the spheroids (Figure 1d–k).

3.2 | Spontaneously generated spheroids
showed intense AP activity

AP activity was consistently detected in all spheroids gen-
erated in culture from Day 5 onward, as was evidenced
on Days 10 (Figure 2a,b), 15 (Figure 2c,d), and
21 (Figure 2e,f). At the end of the culture period, AP
activity was frequently localized in cells placed at the
periphery of spheroids, particularly in those with the
largest diameters.

3.3 | Spontaneously generated spheroids
from OCCs predominantly expressed the
NSC/NPC transcripts

Expression of pluripotency transcripts, Nanog, Oct4, and
Sox2 (Figure 3a), was evident in the cell suspension
before culture (Day 0), and at all time points of analysis
during culture (Days 10, 15, and 21).

On Day 0, Oct4 showed predominant expression, with
transcription levels higher than those of brachyury,
Nanog, and Sox2 (p < .01), which showed similar expres-
sion levels.

Expression of Sox2 exhibited a robust increase
(p < .01) over all other transcripts on Day 10 of culture.
Sox2 expression remained higher (p < .01) than that of
brachyury and Nanog on Days 15 and 21 of culture, and
similar levels of transcription of Oct4 at these two time
points.

In relation to transcript characteristics of NSCs/NPCs
(Figure 3b), nestin, Pax6, and p75NTR expression levels
were detected and quantified on Day 0, when the tran-
scription of nestin and p75NTR was significantly higher
than that of all other transcripts (p < .01), as it was on
Days 10, 15, and 21 in culture.

The analysis of time-dependent variations in expres-
sion in the culture of each individual transcript showed
that, in relation to pluripotency genes, both Nanog
(Figure 3c) and Oct4 (Figure 3d) showed decreased
expression levels on Days 10, 15, and 21 when compared
to their levels on Day 0 (p < .01). Conversely, expression
of Sox2 (Figure 3e) robustly increased on Day 10 of cul-
ture when compared to its level on Day 0 (p < .01), and

FIGURE 2 Alkaline phosphatase activity assay in

spontaneously generated spheroids from sheep OCCs.

Photomicrographs corresponding to spheroids on Days 10

(a, �20/0.40 magnification, phase contrast; b, �40/0.55

magnification, phase contrast), 15 (c, d, �40/0.55 magnification,

phase contrast), and 21 (e, plan Achromat �4/0.10 magnification;

f, �20/0.40 magnification, Hoffman) of culture, after detection of

alkaline phosphatase activity, showing intense and consistent

staining during their development in vitro
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subsequently decreased on Days 15 and 21 of culture
(p < .05), although it was still higher than that on Day 0.

Expression of brachyury, a characteristic transcript of
mesoderm specification, decreased during the whole cul-
ture period (Days 10, 15, and 21) compared to its level on
Day 0 (p < .01). (Figure 3f).

Alpha-fetoprotein, an endoderm specification tran-
script, remained downregulated during culture until Day
21, when its expression increased (p < .01) (Figure 3g).
When the time-dependent variations in expression of
NSC/NPC markers (Figure 3f–h) were examined, the
transcription of nestin (Figure 3h) was upregulated up to
similar levels on Days 10, 15, and 21 over its expression
on Day 0 (p < .01). p75NTR expression (Figure 3i)
increased on Day 10 of culture over values detected on
Day 0 (p < .01), and gradually decreased over time in cul-
ture, reaching levels similar to those on Days 0 and 21 of
culture. Expression of Pax6 (Figure 3j) remained low and
with levels similar to those detected on Days 0 and 10 of
culture, showed a progressive upregulation on Day

15, and was significantly higher on Day 21 of culture
(p < .01) when compared with all previous levels of
expression.

3.4 | Spontaneously generated spheroids
from OCCs immunolocalized NSC/NPC
antigens

The results of image analyses showing the percentages of
spheroid cells immunolocalizing the NSC/NPC antigens
nestin, Pax6, and p75NTR are summarized in Table 2.

The percentage of cells that immunolocalized nestin
showed a time-dependent increase in culture that was
significant on Day 21 when compared with values quanti-
fied on Day 10 (Figure 4a–c). The percentages of cells
that immunolocalized Pax6 were similar on Days 10, 15,
and 21 (Figure 4e–g). Immunolocalization of p75NTR in
spheroid cells showed a time-dependent decrease in cul-
ture, which was significant (p < .01) on Day 21 when

FIGURE 3 Gene expression analyses of spheroids derived from sheep OCCs. Bar graphs depicting the relative quantification (RQ) of

transcripts characteristic of pluripotency (a) (Nanog, octamer-binding transcription factor 4 [Oct4], and SRY-box transcription factor

2 [Sox2]), and (b) neuroectoderm (nestin, Sox2, paired box 6 [Pax6], and p75 neurotrophin receptor [p75NTR]) and endoderm (alpha

fetoprotein [AFP]) specification on cell suspension before culture (Day 0), and in spheroids on Days 10, 15, and 21 of culture. At all time

points, expression of brachyury was considered the reference level of transcription for normalization. In all cases, different numbers indicate

significant differences (p < .01). Line graphs showing time-dependent variations in expression levels of Nanog (c); Oct4 (d); Sox2 (e);

mesoderm specification transcript brachyury (f); endoderm specification marker AFP (g); and neural stem cells/neural progenitor cells

(NSCs/NPCs) transcripts, nestin (h), p75NTR (i), and Pax6 (j). For each individual transcript, the expression on Day 0 (cell suspension before

culture) was considered the reference level of transcription for normalization. Different letters indicate significant differences (p < .01)
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compared with percentages of localization of this antigen
on Days 10 and 15 (Figure 4i–k).

3.5 | Structural analysis of NS generated
in culture showed different cell
subpopulations

Although the cells exhibited variable morphology and
size, three subpopulations of cells could be distinguished
at all time points as large round cells, intermediate-sized
cells, or spindle-shaped cells.

Large round cells (Figure 5a, arrow) were mainly
located at the spheroid periphery or adjacent to, but out-
side the spheroid, and were either loosely or not attached

to the aggregate. These cells had a large and eosinophilic
cytoplasm and a round eccentric nucleus with loosely
extended chromatin and one or two large nucleoli.
Spindle-shaped cells (Figure 5a, star) were also present at
the spheroid periphery and occasionally in the core of the
sphere. They showed elongated nuclei. Intermediate-
sized cells (Figure 5a, black arrowhead) were more fre-
quently located in the core of the sphere. These cells had
irregular and slightly elongated nuclei with nuclear
membrane invaginations, one or two nucleoli, and alter-
nating areas of dispersed and condensed chromatin along
the nuclear envelope. On Day 10, most cell aggregates
had a well-defined spherical shape (Figure 5a), and only
a few appeared as irregular cell clusters. Spheroids
showed a typical structure with two areas that could be

TABLE 2 Percentages of spheroid

cells showing immunolocalization of

NSC/NPC antigens nestin, Pax6, and

p75NTR throughout time in culture in

spontaneously generated spheroids

derived from ovarian cortical cells in vitro

Days in culture Nestin (%) PAX6 (%) P75NTR (%)

10 31.81 ± 3.04a 88.24 ± 2.64 81.85 ± 2.63*

15 49.53 ± 7.16 94.18 ± 0.81 78.48 ± 5.92*

21 53.07 ± 6.32b 84.43 ± 8.45 37.13 ± 5.01**

Note: Data are mean values accompanied by standard error of mean. Different letters and different number
of asterisks indicate significant differences among mean values at p < .05 and p < .01, respectively.
Abbreviations: NPC, neural progenitor cells; NSC, neural stem cells.

FIGURE 4 Immunohistochemical localization of NSCs/NPCs markers in sheep OCC-derived spheroids. Representative

photomicrographs of spheroids on Days 10 (first column), 15 (second column), and 21 (third column) in culture, showing immunoreactivity

for nestin (a, b, c), Pax6 (e, f, g), and p75NTR (i, j, k). Negative controls (fourth column) for nestin (d), Pax6 (h), and p75NTR (l)
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distinguished: an outer sheet cover and an inner core
area. The outer sheet cover was composed of spindle-
shaped cells and large round cells. In the inner core area,
cells were separated by large intercellular spaces, with a
moderate incidence of apoptosis and necrosis. Mitotic
structures were mostly found in cells placed at the
periphery of the spheroid. The cells were randomly dis-
tributed within the aggregates with no organization. On
Day 15, the spheroids became large spherical compact
aggregates (Figure 5b) with frequent signs of apoptosis
and necrosis in the spheroid core. On Day 21 (Figure 5c),
the spheroids were smaller than those on Day 15 and
showed a round to oval morphology. Apoptotic phenom-
ena and cellular debris were also observed and confirmed
using the active caspase-3 antibody (Figure 5d, white
arrowhead).

3.6 | Ultrastructural characterization of
NS showed apical tight and lateral loose
interdigitations between cells from the
peripheral cover

TEM analysis showed that spheres isolated from culture
on Days 15 and 21 had different sizes and a round-to-oval
morphology with a semi-compacted cytoarchitecture.

FIGURE 5 Light microscopy photomicrographs of sheep OCC-

derived spheroids with hematoxylin–eosin (H&E) staining (a, b, c).

Days: 10 (a), 15 (b), and 21 (c). On Day 10, spheres were comprised

of three subpopulations of cells: Large round cells (arrow),

intermediate-size cells (black arrowhead), and spindle-shaped cells

(star). Apoptotic and necrotic cells were frequently observed. On

Days 15 and 21, spheroids became large compact aggregates with

the three subpopulations of cells. Signs of cell death were also

evident. Apoptotic phenomena were confirmed with the use of the

active caspase-3 antibody (d, white arrowhead)

FIGURE 6 Semithin sections and electron micrographs of

spheres on Days 15 and 21 of culture (a, b). Methylene blue-

azure-stained semithin sections of spheres. (a) An ovoid sphere

on Day 15 of culture with two distinct parts: The core (C) and

the outer cover or epithelium (E). (b) Higher magnification

from Figure 1a showing the core-epithelium interaction; the

epithelium shows both flat and protruding (arrows) apical cells.

(c) Electron micrograph showing a protruding cell on Day 21 of

culture, exiting or aggregating with the sphere surface. (d–g)
Electron micrographs of spheres on Day 15 of culture. (d) Light

cells in the external epithelium of the sphere, bearing apical

microvilli (mv); (N) nucleus of the light cell; (P) phagosome

vacuole in the cytoplasm of the light cell; (arrows) lateral loose

interdigitations with cytoplasmic processes. (e) Core of the

sphere with light (L) and dark (D) cells, compacted by

apposition of the cytoplasmic membranes (asterisks). Observe

the reticulated nuclei of dark cells (arrowheads) and the

presence of big intercellular spaces with degenerating (probably

apoptotic) figures (arrow). (f, g) Higher magnifications from

(d) to show the cytoplasm and nucleus of light cells. Panel

(g) has been vertically flipped from panel (f ). The nucleus

(N) shows characteristic deep indentations (arrowheads) and

condensed chromatin masses (cm) on the nuclear envelope. The

cytoplasm of light cells is rich in rough endoplasmic reticulum

(RER) cisternae (arrows), mitochondria (mi) (some of them

with degenerative signs, such as swelling and loss of cristae),

and intermediate filaments (F); (P) phagosome vacuole;

(asterisks) lateral loose interdigitations with cytoplasmic

processes. Bars: 100 μm (a); 50 μm (b); 1 μm (c, g); 5 μm (d);

10 μm (e); 2 μm (f)
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Spheres showed apparent organization consisting of two
well-differentiated parts: a peripheral cover and an inner
cell mass (Figure 6a,b). The morphological features found
by TEM analysis were more definite and stable in 15-day
spheres than in 21-day spheres, in which apoptotic phe-
nomena were spread out.

Cells lining the peripheral border were arranged in
two to three layers, resembling an epithelium. The
superficial cells displayed two different patterns of
cellular surface: a flat microvillus-bearing surface and
a protruding-rounded microvillus-bearing surface
(Figure 6b,d). This different surface morphology (flat
and protruding) was not associated with any apparent
ultrastructural differences, although occasional pro-
truding cells could be observed in 21-day spheres
when they were exiting or aggregating with the sphere
surface (Figure 6c).

The inner mass of the spheres showed large inter-
cellular spaces and irregularly shaped cells, many of
which were arranged compactly around a central core
(Figure 6a,e). Although cells in the NS exhibited morpho-
logical heterogeneity, the two populations could be dis-
tinguished by TEM into dark and light cells.

Light cells showed low electron density and were
more abundant in the periphery (Figure 6d). Their nuclei
were large and round, frequently showing deep indenta-
tions of the nuclear envelope (Figure 6f). The chromatin
showed a dispersed pattern, with a few small aggregates
of condensed chromatin masses along the nuclear
envelope.

The cytoplasm of light cells was rich in free ribosomes
and rough endoplasmic reticulum (RER), indicative of
active intracellular synthesis (Figure 6f,g). The RER
appeared as well-developed dilated cisternae, which were
abundant next to the nucleus (Figure 6g). Small round or
oval mitochondria were also present, and a few of them
showed degenerative signs, such as swelling and loss of
mitochondrial cristae (Figure 6g).

A constant finding in the cytoplasm of light cells was
the presence of abundant intermediate filaments, either
scattered or in bundles (Figures 6g and 7a). Lysosomes
and phagosome vacuoles were also common (Figure 7b,
c). The latter contained some recognizable fragments of
cytoplasmic organelles, such as mitochondria (Figure 7d,
e). Light cells in the peripheral lining of the neurosphere,
either flat (LFCs) or protruding (LPCs), exhibited well-
developed microvilli (Figure 7f; see Figures 6d and 8d).
Underneath the microvilli, the apical cytoplasm of LFCs
appeared more electron-dense because of the presence of
cytoskeletal elements (Figure 7f).

Dark cells showed higher electron density than light
cells and were more numerous in the core of the sphere
(Figure 8a,c,e). Dark cells showed nucleoli with a

reticulated structural configuration (Figure 8a–c; see
Figure 6e), which is indicative of active protein synthesis.
The cytoplasm is exceptionally rich in large mitochondria
and RER cisternae. However, the abundance of cytoplas-
mic filaments found in light cells was not present in dark
cells, and filaments were not arranged in bundles
(Figure 8b,c). Lysosomes and phagosome-like structures
are also rarely found in dark cells.

Intercellular connections in the spheres varied
according to the location. In the core, cells with multiple
processes were scattered among the large intercellular
spaces (see Figure 6a), whereas cells forming more

FIGURE 7 Electron micrographs of spheres on Day 15 of

culture, showing details of light cells. (a) Bundles of intermediate

filaments (F). (b) Abundant lysosome and phagosome-like

structures (arrows). (c) Lysosome-like structure (arrow) in the

cytoplasm of a light cell; (mv) apical microvilli; (arrowheads)

adherens junctions between neighboring light cells; (asterisks)

lateral loose interdigitations formed by cytoplasmic processes.

(d) Higher magnification from Figure 5f to show the phagosome

vacuole in detail, and a recognizable mitochondrion inside it

(arrowhead); (N) nucleus of light cell; (mi) mitochondria showing

signs of swelling; (F) intermediate filaments. (e) Big phagosome in

a light cell showing some fragments of organelles, probably

mitochondria (arrows). (f) Apical surfaces of light cells bearing

well-developed microvilli (mv); apical tight interdigitation

(arrowhead); (arrows) adherens junctions; and (asterisks)

cytoskeleton elements. Bars: 0.2 μm (a); 1 μm (b, c, d, f); 0.5 μm (e)
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compact groups were in contact through close apposition
of the cytoplasmic membranes (Figure 8a–c; see
Figure 6e). Spheroid peripheries showed much more
diverse and elaborate intercellular contacts. We identified
three different types of contacts: apical adherens junc-
tions (Figure 8d; see Figures 6f and 7c,f); apical tight
interdigitations (ATI) located just beneath the adherens
junctions (see Figure 7f) or even between two adherens
junctions (Figure 8d), and lateral loose interdigitations
(LLI), located more basally on the lateral membranes.
LLI was abundant among LFCs and extended along the
entire lateral membrane (Figure 6d). They consisted of
cytoplasmic processes loosely interdigitated with those
from adjacent cells (Figure 8d; see Figures 6d and 7c).

Cell degeneration signs were abundant in the cores of
the spheres, and comprised of increased cell density,
chromatin condensation, membrane blebbing, higher
incidence of cytoplasmic vacuoles and unrecognizable
cell debris fragments (Figure 8e–h; see Figure 6e), and
engulfment of cell debris by neighboring cells (Figure 8f,
h). These signs were compatible with early apoptosis,
although apoptotic bodies were not observed. Degenera-
tive and phagocytic phenomena exhibited a high inci-
dence in NS on Day 21 of culture, not only in the sphere
core, as seen in 15-day spheres, but also in the periphery.
Vacuoles and intercellular spaces, either empty or occu-
pied by lysosome-like vesicles and cytoplasmic content,
were abundant (Figure 8f–h).

4 | DISCUSSION

This work presents the structural and ultrastructural
characterization of NS derived from OCCs in culture.
Adult ovarian stem cells might represent a novel cell
source for autologous cell replacement without the need
to isolate cells from neurogenic niches in the brain. This
potential approach has also been reported for other non-
neural adult stem cells, such as those from the hair folli-
cles (Amoh et al., 2012; Mii et al., 2013), muscles
(Romero-Ramos et al., 2002), and the dental pulp (Solis-
Castro et al., 2020). The identity of spheroid cells, such as
NSCs/NPCs, was confirmed by the expression of specific
transcripts (nestin, Sox2, Pax6, and p75NTR) and
immunolocalization of the corresponding proteins
(nestin, Sox2, Pax6, and p75NTR), which is consistent
with a previous study (S�anchez-Maldonado et al., 2018).

The pluripotent transcripts, Sox2, Oct4, and Nanog,
were expressed by sphere cells at all time points of analy-
sis, which supported their identity as stem cell spheroids.
The remarkable upregulation of Sox2 expression over the
transcription levels of Oct4 and Nanog in spheroids sam-
pled on Day 10 in culture is a characteristic feature of

FIGURE 8 Electron micrographs of spheres on Days 15 (a–f)
and 21 (g–h) of culture. (a, b, c) Core of the sphere. Dark cells are

abundant and show nuclei with reticulated structural configuration

(arrows). Cytoplasm of dark cells is rich in large mitochondria

(mi) (both normal and swollen), and RER cisternae (white arrow in

c). There is apposition of the cytoplasmic membranes between

neighboring cells in the core (arrowheads); (L) light cells;

(N) nucleus of the light cell. (d) Cell junctions and contacts

between light cells: Adherens junctions (small arrows); apical tight

interdigitations (arrowhead); (big arrow) lateral loose

interdigitations showing cytoplasmic processes loosely

interdigitated with those from adjacent cells; (asterisk) wide

intercellular clefts; (N) nucleus; (mv) apical microvilli.

(e) Degenerating figures, probably apoptotic (arrows) in the core of

the sphere; (L) light cells; (D) dark cells; abundant intercellular

spaces (asterisks). (f) Core of the sphere; engulfment of cell debris

(arrow) by neighboring cells (nc). (g) Light cells bearing microvilli

(mv) lose intercellular contacts in the periphery of the sphere, and

numerous degenerative lysosome-like vesicles occupy the

intercellular spaces (arrows). (h) In the core of the sphere, it is very

common to observe cytoplasmic vacuoles (asterisks), apoptotic

figures, and the engulfment of cell debris (arrows) by neighboring

cells. Bars: 2 μm (a, b, c, g, h); 1 μm (d); 5 μm (e); 0.5 μm (f)
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pluripotent stem cell specification to the neural lineage
(Wang et al., 2012). Sox2 is downregulated during
NSC/NPC differentiation (Zhang & Cui, 2014), which
may explain the decline in the expression of this tran-
script in NS sampled on Days 15 and 21 of culture. At all
time points of analysis, nestin and p75NTR were the tran-
scripts with the highest expression, supporting the iden-
tity of spheroid cells as NSCs/NPCs. Nestin is almost
solely expressed by NSCs and used as a marker for NPCs
(Dahlstrand et al., 1995; Lendahl et al., 1990). Our results
showed that 32–53% of spheroid cells showed positive
nuclear immunolocalization of nestin, as it occurs in
highly proliferative cells, such as NSCs/NPCs, during
development (Merigo et al., 2005). During neurogenesis,
nestin expression is downregulated, and the transcript is
replaced by proteins, characteristic to neurons and glia
(Zhang & Jiao, 2015). In the current study, a significant
percentage of spheroid cells, predominantly placed in the
outer sheet cover, showed nestin immunolocalization at
all time points of analysis, indicating that NSCs are pre-
sent in these spheroids throughout the culture period.

p75NTR, a bona fide NSC/NPC marker of NS-
generating NPCs (Mung et al., 2016), was expressed and
localized throughout the culture period.

Expression of Pax6, a specific transcript of neuro-
genesis (Manuel et al., 2015; Thakurela et al., 2016),
increased on Day 15 of culture, while brachyury reached
maximum expression on Day 21. Downregulation of
brachyury was followed by the upregulation of Pax6 at
later time points during incubation (Figure 3j). These
results suggest that multipotent stem cells may acquire
the features of neural lineages in a mesenchymal-
epithelial transition manner, as proposed previously
(Nakagomi et al., 2015; Sakuma et al., 2016).

The main ultrastructural findings were as follows:
(i) Two types of cells, healthy and degenerating dark cells
and flat and protruding light cells, were distinguished.
According to Bez et al. (2003), the different phenotypes
probably represent the transitional states from one or two
original cell types that differentiate in culture within the
spheroid. (ii) NS consisted of central cores of cells and
outer cell layers. The cores showed irregularly shaped
cells, with dark cells predominating and arranged less
randomly than previously reported (Gil-Perotín
et al., 2013; Lobo et al., 2003), but in compact centers. In
line with previous investigations on NS, we found a mar-
ked compartmentalization on Day 15 of culture; the cores
of NS were the sites of immature cell death and phago-
cytic phenomena, whereas the peripheries consisted of
healthy mature cells arranged into epithelium-like layers.
This fact has been related to the different capacities of
the cells to use the culture medium nutrients and oxygen
(Bez et al., 2003; Gil-Perotín et al., 2013), suggesting

mechanisms for the selection and elimination of over-
produced cells in the spheroid core (Lobo et al., 2003).
On Day 21, apoptotic and degenerative phenomena
spread out in the NS, affecting the cores and the outer
sheaths similarly, which seemed to correspond to the nat-
ural evolution of the NS in the culture. (iii) Light cells
were predominant in the outer layers of the NS and dis-
played two different morphologies: flat (LFCs) and pro-
truding (LPCs) cells. LPCs were also visualized in both
histological analyses by inverted microscopy (Days
10 and 15) and semi-thin sections (Day 15, either pro-
truding or outside the spheroid). This point is discussed
below. (iv) LFCs resembled an epithelium, which was
supported by two findings: (a) the presence of inter-
cellular junctions and (b) the presence of polarized light
cells bearing abundant apical microvilli. Adherens junc-
tions are abundant and can establish temporal cell
attachments to dynamically coordinate intercellular com-
munication (Ivanov & Naydenov, 2013). Lobo et al. (2003)
argued that adherens junctions may play roles in cell
aggregation, spheroid compaction, and cell migration in
NS. We identified adherens junctions between the apical
and basolateral membranes, which probably served as a
boundary between the apical and basal domains
(Baum & Georgiou, 2011). Other junctions previously
reported in NS are intercellular gaps void of cell expan-
sion and incomplete attachments (Gil-Perotín et al., 2013;
Lobo et al., 2003). In this study, we describe, for the first
time, the presence of two classes of intercellular contacts
between neighboring LFCs, which we refer to as ATI and
LLI. In our experiments, ATI were always placed at a
very apical position, probably providing reinforcement to
the apical connections. LTI were consistently observed
along the lateral membranes of the LFCs, over the basal
limit. This result suggested that LLI might have been par-
ticipating in intercellular exchanges, as could be deduced
from the occurrence of multiple laterally expanded cyto-
plasmic processes, loosely interdigitated with those from
adjacent cells through wide intercellular clefts. Thus, it is
possible that active communication through the LLI
might have occurred while disengagement from the
spheroid had already started in the basal domain. Subse-
quently, the cells protruded on the neurosphere surface
(LPCs) and finally left the sphere. Time-course observa-
tions under the inverted microscope during spheroid cul-
ture revealed the presence of many round cells that arose
from spheroids and migrated toward areas of the growth
surface. Migrating round cells frequently show filopodia
and eventually morphological features of neural cells. An
alternative possibility is that at least some of these round
cells migrated to the pre-existing spheroids. Our TEM
results support the first possibility, which will be
addressed in future experiments.
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During spheroid formation, early cell–cell contacts
induce the formation of intercellular junctions, which
recruit and activate the polarity proteins. These proteins,
in turn, regulate the maturation of intercellular junc-
tions. However, some observations from this study might
indicate that loss of polarization in LFCs could be under-
way from 15 days of culture; (a) First, there was the pres-
ence of LLI. These types of junctions might reflect
cellular disengagement as a previous step for the cell to
exit the sphere; loss of apical–basal polarity appears to be
an essential requirement for cell disengagement, and is
related to its proliferative activity and multipotency
(Kerosuo & Bronner-Fraser, 2012). Loss of apical–basal
polarity is also a characteristic of cells involved in tumor
formation and metastasis (Linch et al., 2014; McCaffrey &
Macara, 2011; Okuyama et al., 2016; Yang et al., 2015).
(b) Second, there was an extraordinary abundance of
intermediate filaments, either scattered or, more strik-
ingly, bundled in the cytoplasm of light cells. Lobo
et al. (2003) reported the presence of bundles, but did not
explain their significance. Nestin-positive cells are more
frequently found at the spheroid periphery (S�anchez-
Maldonado et al., 2018), where light cells have been
shown to be more abundant. In epithelial barriers, inter-
mediate filaments provide mechanical strength and aid
in cellular shaping, maintenance, and crosstalk with tight
junction complexes (Jung et al., 2016; Mii et al., 2013;
Romero-Ramos et al., 2002; Worzfeld &
Schwaninger, 2016). Intermediate filaments localize in
the apical regions of the epithelia; however, in non-
polarized multilayered epithelia, their localization is
ubiquitous, dynamic, and mobile (Oriolo et al., 2007). It
is probable that both the high presence of intermediate
filaments after a number of days and their striking distri-
bution in bundles may be signs of initial depolarization
of light cells. Therefore, we hypothesize that LFCs might
become LPCs, and that progressive loss of apical–basal
polarity would finally result in cell rounding prior to cells
disengaging from the spheroid.

In the present study, LFCs and LPCs bore abundant
microvilli at the apical membranes, which are character-
istic features of embryonic stem cells (Baharvand &
Matthaei, 2003; Sathananthan et al., 2002; Yoo
et al., 2016), epithelial cells of embryoid bodies (Alharbi
et al., 2014), and neuroepithelial cells and NPCs during
neurogenesis (Marzesco et al., 2005). However, it has
rarely been reported in NS (Gil-Perotín et al., 2013). Api-
cal microvilli found in LFCs and LPCs resembled those
of ependymal cells. The microvilli of ependymocytes,
which are considered to be the source of multipotent
adult NSCs (Gritti et al., 2002; Lobo et al., 2003), provide
the capability for cells to adapt to different external con-
ditions (Li et al., 2009). It is possible that the microvilli of

outer sheet cover cells of these spheroids have a similar
function, which allows cells to become organized and
positioned against external forces. Cell rounding and the
presence of microvilli, as shown in cells leaving the
spheroids or aggregating to them, is a characteristic fea-
ture of progenitor cells that initiate migration, without
any adhesion to a growth surface (Ohnishi et al., 2013).
Microvilli also function in the absorption and secretion of
molecules, so they could play a role in biochemical
exchanges at the periphery.

Taken together, the results of our TEM analysis of
light cells on the outer sheets of the NS showed that their
polarity, intercellular junctions, and apical microvilli
resembled those of epithelial cells of the choroid plexus
in the brain. These cells are the primary producers of the
cerebrospinal fluid (CSF) and are responsible for esta-
blishing the blood–CSF barrier (Kapur et al., 2012). These
cells display a characteristic polarity with microvilli, cilia,
and tight junctions at their apical side, and adherens
junctions, gap junctions, and desmosomes or basal
infoldings on the basolateral side (Campos et al., 2016;
Cheng et al., 2013; Oltolina et al., 2015).

5 | CONCLUSIONS

From our results, we can conclude that NS spontaneously
generated from OCCs in culture share most of the struc-
tural and ultrastructural characteristics reported in the
literature with respect to NS derived from the CNS, such
as peripheral sphere cell polarity (which dynamically
changes in relation to cell aggregation/disengagement
from the spheroid), the presence of specific intercellular
junctions, and apical microvilli.
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