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Abstract
Ependymal cells located above the ventricular zone of the lateral, third, and fourth ventricles and the spinal cord are thought to
form part of the adult neurogenic niche. Many studies have focused on ependymal cells as potential adult neural stem/progenitor
cells. To investigate the functions of ependymal cells, a simple method to isolate subtypes is needed. Accordingly, in this study,
we evaluated the expression of cluster of differentiation (CD) 9 in ependymal cells by in situ hybridization and immunohisto-
chemistry. Our results showed that CD9-positive ependymal cells were also immunopositive for SRY-box 2, a stem/progenitor
cell marker. We then isolated CD9-positive ependymal cells from the third ventricle using the pluriBead-cascade cell isolation
system based on antibody-mediated binding of cells to beads of different sizes and their isolation with sieves of different mesh
sizes. As a result, we succeeded in isolating CD9-positive populations with 86% purity of ependymal cells from the third
ventricle. We next assayed whether isolated CD9-positive ependymal cells had neurospherogenic potential. Neurospheres were
generated from CD9-positive ependymal cells of adult rats and were immunopositve for neuron, astrocyte, and oligodendrocyte
markers after cultivation. Thus, based on these findings, we suggest that the isolated CD9-positive ependymal cells from the third
ventricle included tanycytes, which are special ependymal cells in the ventricular zone of the third ventricle that form part of the
adult neurogenic and gliogenic niche. These current findings improve our understanding of tanycytes in the adult third ventricle
in vitro.
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Introduction

The ventricular system is a set of four communicating cavities
(ventricles) within the brain. The ventricles are responsible for

the production, transport, and removal of cerebrospinal
fluid (CSF), which immerses the central nervous system
(Del Bigio 2010). The ventricles are composed the lat-
eral, third, and fourth ventricles and the central canal of
the spinal cord. All ventricles are lined with ependymal
cells, a specialized form of epithelium involved in the
production of CSF (Del Bigio 2010). Ependymal cells
are known to be composed of several populations that
vary according to morphological and physiological char-
acteristics, as follows: E1 cells with approximately 50
motile cilia; E2 cells with two motile cilia and very
large basal bodies; and tanycytes with few cilia (Ohata
and Alvarez-Buylla 2016). Ependymal cells in the cen-
tral canal have 1–3 motile cilia (Millhouse 1971; Robins
et al. 2013) and are commonly immunopositive for
S100β, cluster of differentiation (CD) 24, forkhead
box J1, and vimentin by immunohistochemistry
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(Pastrana et al. 2011). In addition, E1 cells and central
canal ependymal cells are immunopositve for CD133
(Pfenninger et al. 2011). E2 cells express glial fibrillary
acidic protein (GFAP), and tanycytes express GFAP and
nestin (Robins et al. 2013).

The forebrain subventricular zone (SVZ) and the cen-
tral canal ependymal zone are a well-characterized niche
of neural stem cells (Pastrana et al. 2011; Silva-Vargas
et al. 2013). A niche is a microenvironment that sup-
ports the self-renewal of stem cells and differentiation.
Recent findings have suggested that tanycytes in the
third ventricle also form the critical component of a
hypothalamic stem cell niche (Robins et al. 2013).
Morphological studies have mapped and defined sub-
populations of tanycytes, i.e., β-, α2-, and α1-
tanycytes, according to their position in the third ventri-
cle (Robins et al. 2013; Rodriguez et al. 2005). β-
Tanycytes line the median eminence, α2-tanycytes re-
side adjacent to the arcuate nucleus, and α1-tanycytes
ex tend f rom the vent romedia l nuc leus to the
dorsomedial nucleus (Robins et al. 2013). Many studies
of lineage tracing analyses using transgenic (TG) mice
have focused on tanycytes as potential adult neural stem
cells. Robins et al. (2013) suggested that adult α2-
tanycytes have the capacity to act as neural stem cells,
and Haan et al. (2013) showed that β-tanycytes can
proliferate in early adulthood, giving rise to new
neurons.

To investigate the factors that trigger cell replacement
or nervous tissue repair in tanycytes as neural
stem/progenitor cells in the hypothalamus, it is essential
to isolate pure primary cultures of β-, α2-, or α1-
tanycytes from adult animals. Recently, we developed
a method to separate particular cell populations from
dispersed cells of the rat pituitary gland using antibodies
against membrane proteins, such as CD proteins
(Horiguchi et al. 2018; Horiguchi et al. 2016).
Subsequently, we showed that the Cd9 gene was
expressed in the majority of S100β/sex determining re-
gion of Y-box 2 (SOX2)-positive adult stem/progenitor
cells in the rat anterior lobe of the pituitary gland and
succeeded in the isolation of these cells from the ante-
rior lobe using anti-CD9 antibodies together with the
pluriBead-cascade cell isolation system (Horiguchi
et al. 2018).

In this study, we characterized CD9-positive
ependymal cells isolated using this pluriBead-cascade
system. We analyzed whether ependymal cells in the
lateral ventricle, third ventricle, and central canal of
spinal cord also expressed Cd9. Finally, we evaluated
whether isolated CD9-positive ependymal cells in the
third ventricle had neurospherogenic potential and the
capacity to differentiate into neurogenic cells.

Materials and methods

Animals

Adult Wistar rats were purchased from Japan SLC, Inc.
(Shizuoka, Japan). Eight- to 10-week-old male rats weighing
200–250 g were given ad libitum access to food and water and
housed under a 12-h light/dark cycle. Rats were killed by
exsanguination from the right atrium under deep nembutal
anesthesia and were then perfused with Hanks’ balanced salt
solution (Life Technologies, Carlsbad, CA, USA) for isolation
of CD9-positive cells from the third ventricle or with 4%
paraformaldehyde in 0.05 M phosphate buffer (PB; pH 7.4)
for in situ hybridization and immunohistochemistry. The cur-
rent study was approved by the Committee on Animal
Experiments of the School of Agriculture, Meiji University,
and Kyorin University based on the NIH Guidelines for the
Care and Use of Laboratory Animals.

Tissue preparation

Whole brains of adult rats were immediately immersed in a
fixative consisting of 4% paraformaldehyde in 0.05 M PB
(pH 7.4) for 20–24 h at 4 °C. The tissues were then immersed
for more than 2 days in PB (pH 7.2) containing 30% sucrose at
4 °C, embedded in Tissue-Tek OCT compound (Sakura
Finetek Japan, Tokyo, Japan), and frozen rapidly. Frozen fron-
tal sections and horizontal sections (8μm thick) were obtained
using a cryostat (Tissue-Tek Polar DM; Sakura Finetek Japan)
and mounted on slide glasses (Matsunami, Osaka, Japan).

In situ hybridization and immunohistochemistry

In situ hybridization was performed with digoxigenin (DIG)-
labeled cRNA probes, as described in our previous report
(Fujiwara et al. 2007). The following DNA fragments were
amplified from the rat pituitary cDNA library by polymerase
chain reaction (PCR) with specific primer sets:Cd9, 5′-GGCT
ATACCCACAAGGACGA-3′ and 5′-CCCGGATCCCTCTA
CTACAA-3′ (product length 528 bp). Amplified cDNAs were
ligated into the pTA-2 vector (Toyobo Co., Ltd., Osaka,
Japan) and were subcloned in a plasmid vector. Gene-
specific antisense or sense DIG-labeled cRNA probes were
generated using a Roche DIG RNA labeling kit (Roche
Diagnostics, Basel, Switzerland). Cells were fixed with 4%
paraformaldehyde in 0.025 M PB for 20 min at room temper-
ature, and hybridization with DIG-labeled cRNA probes was
performed at 58 °C for 16 h. Visualization of each type of
mRNAwas performed with alkaline phosphatase-conjugated
anti-DIG antibodies (Roche Diagnostics) using 4-nitroblue
tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP; Roche Diagnostics). Each observation was
performed in triplicate.
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For fluorescent double-labeling of Cd9 mRNA, in situ hy-
bridization signals were visualized using a solution from an
HNPP Fluorescent Detection Kit (Roche Diagnostics). After
in situ hybridization, sections or cells were incubated in
phosphate-buffered saline (PBS; pH 7.2) containing 2% nor-
mal goat or donkey serum for 20 min at 30 °C and then
incubated with CD9-mouse monoclonal or other antibodies
at room temperature. After washing with PBS, cells were in-
cubated in PBSwith secondary antibodies for 30min at 30 °C.
The antibodies used are detailed in Table 1. The absence of an
observable nonspecific reaction was confirmed using normal
mouse and rabbit sera. Nuclei were counterstained by incuba-
tion with Vectashield Mounting Medium containing 4,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA, USA). Sections and cells were scanned
using a fluorescence microscope (cellSens Dimension
System; Olympus, Tokyo, Japan). Each observation was per-
formed at least three times.

For double immunofluorescence, frozen sections or cells
were incubated overnight at room temperature in PBS with
CD9 and Ki67 (a proliferation cell marker), SOX2 (a stem/
progenitor cell marker), Neuronal nuclear antigen (NeuN; a
neural cell marker), Glial fibrillary acidic protein (GFAP; an
intermediate filament and a stem/progenitor cell and astrocyte
marker), or receptor interacting protein (RIP; an oligodendro-
cyte marker). SOX2 is well known for its functions in embry-
onic stem cell pluripotency, maintenance, and self-renewal
and adult tissue homeostasis of different tissues, particularly
in the central nervous system (Feng and Wen 2015). Primary
and secondary antibodies are detailed in Table 1. After wash-
ing with PBS, cells were incubated in PBS with secondary

antibodies as described above. Sections and cells were
scanned using a fluorescence microscope (cellSens
Dimension System; Olympus). Each observation was per-
formed in triplicate.

Two sets (A: Cd9, Nestin and Vimentin, B: CD9, SOX2
and GFAP) of multistaining were performed for the third ven-
tricle. The number of positive cells in three different areas
(157.5 × 210 μm2) was counted for each set using the
cellSens Dimension system (Olympus), and the proportion
compared with DAPI-positive cells was calculated.

Isolation of CD9-immunopositive cells from the third
ventricle

The ventricular zone of the third ventricles of rats was excised,
minced into small pieces, and then incubated in Hanks’ solu-
tion containing 1% trypsin (Invitrogen, Carlsbad, CA, USA)
and 0.2% collagenase (Nitta Gelatin, Osaka, Japan) for 5 min
at 37 °C. Thereafter, pieces were incubated in the same solu-
tion containing 5 μg/mL DNase I (Boehringer-Mannheim,
Mannheim, Germany) for 5 min at 37 °C. After incubation
in Hanks’ solution containing 0.3% ethylenediaminetetraace-
tic acid (EDTA; Wako Pure Chemicals, Osaka, Japan) for
5 min at 37 °C, the digest was washed with Hanks’ solution.
Dispersed cells were separated from debris by centrifugation,
rinsed, resuspended in Hanks’ solution by pipetting, and then
filtered through nylon mesh (Becton Dickinson Labware,
Franklin Lakes, NJ, USA). Dispersed cells were separated
using the pluriBead-cascade cell isolation system (Universal
Mouse pluriBeads kit; pluriSelect Corp., San Diego, CA,
USA) as described previously (Pierzchalski et al. 2013) with

Table 1 Information on primary and secondary antibodies for immunohistochemistry and immunocytochemistry

Primary antibody target Type Dilution Source; Catalog number

CD9 Mouse monoclonal 1:100 BD Pharmingen; 551808

SOX2 Goat monoclonal 1:200 Neuromics; GT 15098

Nestin Mouse monoclonal 1:200 BD Pharmingen; 556309

Vimentin Mouse monoclonal 1:200 Sigma; V6630

Ki67 Mouse monoclonal 1:100 DAKO; M7240

NeuN Rabbit polyclonal 1:200 Abcam; ab177487

GFAP Rabbit polyclonal 1:200 Abcam; ab7260

RIP Rabbit polyclonal 1:200 Cloud-Clone; PAE640Ra01

Secondary antibody Dilution Source; Catalog number

Biotinylated anti-mouse IgG 1:150 Vector Laboratories; BA-9200

Alexa Fluor 568-conjugated goat anti-mouse IgG 1:150 Thermo Fisher

568-conjugated goat anti-mouse IgG Scientific; A-11004

Alexa Fluor 568-conjugated donkey anti-mouse IgG 1:200 Thermo Fisher Scientific; A-11056

Alexa Fluor 488- conjugated donkey anti-goat IgG 1:200 Thermo Fisher Scientific; A-11055

Alexa Fluor 488- conjugated goat anti-mouse IgG 1:200 Thermo Fisher Scientific; A-11001

Alexa Fluor 488- conjugated goat anti-rabbit IgG 1:200 Thermo Fisher Scientific; A-11008
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mouse monoclonal anti-CD9 antibodies (BD Biosciences,
Franklin Lakes, NJ, USA) according to the manufacturer’s
instructions. Subsequently, CD9-immunopositive cells and
negative cells were counted and used for quantitative PCR
(qPCR) or plated onto slide glass for smear preparations or
cultivation.

Measurement of the number of CD9 immunopositive
cells

Four random fields were imaged per slide for smear prepara-
tions of isolated CD9-positive cell fractions by the pluriBead-
cascade cell isolation system using a fluorescence microscope
with a × 40 objective lens. The numbers of cells positive for
CD9 and total numbers of cells stained by DAPI per area
(157.5 × 210 μm2) were counted using the cellSens
Dimension system (Olympus). Observations were performed
three times for each experimental group.

Quantification of mRNA levels by qPCR

qPCR was performed as described previously (Horiguchi
et al. 2016). Using TRIzol (Life Technologies), total RNA
fractions were prepared from CD9-immunopositive cell frac-
tions and negative cells and then incubated with RNase-free
DNase I (1 U/tube; Promega, Madison, WI, USA) for 10 min
at 37 °C. Next, cDNAwas synthesized using a PrimeScript RT
reagent kit (Takara Bio Inc., Shiga, Japan) with oligo-(dT)20
primers (Life Technologies). qPCR (Thermal Cycler Dice
Real Time System II; Takara Bio Inc.) was performed using
gene-specific primers and SYBR Premix Ex Taq (Takara)
containing SYBR Green I. The sequences of the gene-
specific primers were as follows: Cd9 , 5 ′-GGCT
ATA C C CACAAGGACGA - 3 ′ a n d 5 ′ - G C TA
TGCCACAGCAGTTCAA-3′ (product length: 140 bp);
Sox2, 5′-CCATTTTCGTGGTCTTGTTT-3′ and 5′-TCAA
CCTGCATGGACATTTT-3′ (product length: 94 bp), and β-
actin (b-actin), 5′-TGGCACCACACTTTCTACAATGAGC-
3′ and 5′-GGGTCATCTTTTCACGGTTGG-3′ (product
length: 106 bp). Quantification of b-actin was performed for
normalization. The relative gene expression was calculated by
comparing cycle times for each target qPCR. Cycle threshold
values were converted to relative gene expression levels by
using the 2-(ΔCt sample – ΔCt control) method. Each analysis was
performed at least three times.

Neurosphere cultures

Isolated CD9-positive cells from the ventricular zone in
the third ventricles of adult rats were plated on 35-mm
untreated dishes (AGC Techno Glass, Shizuoka, Japan)
at a density of 10,000 cells/mL in Dulbecco’s modified
Eagle ’s medium (DMEM)/F-12 containing B27

supplement (1:50; Thermo Fisher Scientific), N2 supple-
ment (1:100; Wako, Osaka, Japan), bovine serum albu-
min (BSA; 0.5%; Sigma, St. Louis, MO, USA), basic
fibroblast growth factor (bFGF; 20 ng/mL; R&D
Systems, Minneapolis, MN, USA), and epidermal
growth factor (EGF; 20 ng/mL; R&D Systems).
Cultures were incubated in humidified chambers with
5% CO2 at 37 °C. Neurosphere growth was assessed
5 days after plating. Neurospheres were passaged by
incubating for 20 min in 0.05% trypsin plus 5 mM
EDTA in DMEM/F-12 containing BSA (0.5%), mechan-
ically dissociated into a single-cell suspension, and cul-
tured on 35-mm untreated dishes as described above for
5 days. Neurospheres were immediately collected man-
ually using pipettes under a microscope and dispersed
on Matrigel-coated 16-well chamber slides (0.4 cm2/
well; Thermo Fisher Scientific). Differentiation of
neurospheres was performed by the overlay three-
dimensional culture method (Yoshida et al. 2016).
Slides were coated with growth factor-reduced Matrigel
diluted 1:10 in DMEM/F-12 containing 20 ng/mL bFGF
and EGF without serum. Neurospheres were incubated
for 7 days before fixation and processing. Neurospheres
were incubated for 7 days before fixation, processing,
and immunohistochemistry for NeuN, GFAP, or RIP to-
gether with CD9. The numbers of cells positive for
CD9, NeuN, GFAP, and RIP in five random fields
(157.5 × 210 μm2) from each well were counted using
a fluorescence microscope with a × 40 objective lens,
and the proportion compared with DAPI-positive cells
was calculated. Observations were performed three
times for each experimental group.

Statistical analysis

All data are presented as means ± standard errors of the
means (n = 3). Significant differences between groups
were determined by unpaired two-tailed Student’s t
tests. Results with P values of less than 0.05 were con-
sidered statistically significant.

Results

Expression of the Cd9 gene in the lateral ventricle
and spinal cord

First, we evaluated the expression of Cd9 in the lateral
ventricle and central canal. Cd9 mRNA was detected in
the lateral ventricle (Fig. 1a, b) and central canal of the
spinal cord (Fig. 1c, d) by in situ hybridization with a
DIG-labeled antisense cRNA probe. Cd9-expressing
cells were located in the ventricular zone. No specific

Cell Tissue Res (2020) 379:497–509500



signal was detected in sections processed with the DIG-
labeled sense RNA probe for Cd9 (data not shown).
Immunohistochemical analysis revealed that CD9-
immunopositive (CD9-positive) cells were detected in
the cell layer facing the lateral ventricle (Fig. 1e, f)
and central canal of the spinal cord (Fig. 1g, h). To
identify CD9-positive cells, we performed double-
immunohistochemistry for CD9 and SOX2 (nuclear pro-
tein), NeuN (nuclear protein), GFAP (cytoplasmic pro-
tein), or RIP (cytoplasmic protein). Some CD9-positive
cells were immunopositive for SOX2 (Fig. 1i, k). In
addition, we also performed double staining by in situ
hybridization for Cd9 and immunohistochemistry for
vimentin (an ependymal cell marker). Vimentin-positive

cells among the ventricular zone expressed Cd9 (Fig.
1 j , l ) . H ow e v e r , CD 9 - p o s i t i v e c e l l s w e r e
immunonegative for NeuN (Fig. 1m, o), GFAP (Fig.
1n, p), and RIP (data not shown).

Expression of Cd9 in the third ventricle

Hypothalamic tanycytes are unique ependymal cells located
the ventricular zone of the third ventricle and are thought to
form part of the adult neurogenic and gliogenic niche.
Tanycytes are largely absent in the anterior hypothalamus
and in dorsal ventricular regions of the third ventricle (Lee
et al. 2012). The central hypothalamic slices were accurately
subdissected (Fig. 2a, b). Tanycytes constitute heterogeneous

Fig. 1 Identification of Cd9-expressing and CD9-positive cells in the rat
ventricular zone. a, b, e, f, i, j,m, and n Lateral ventricle. c, d, g, h, k, l, o,
and p Central canal of the spinal cord. a–d In situ hybridization for Cd9.
e–h Immunohistochemistry for CD9. i, k Double-immunostaining for
CD9 (magenta) and SOX2 (green). j, l Double staining for Cd9
(magenta) by in situ hybridization and vimentin (green) by

immunohistochemistry. m, o Double-immunostaining for CD9
(magenta) and NeuN (green). n, p Double-immunostaining for CD9
(magenta) and GFAP (green). White arrowheads indicate double-
positive cells. Open arrowheads indicate single positive cells. LV, lateral
ventricle. CC, central canal. Bars, 200 μm (e), 100 μm (g), and 10 μm (f,
h, and p)

Cell Tissue Res (2020) 379:497–509 501



Cell Tissue Res (2020) 379:497–509502



cell populations and exhibit different characteristics
according to their location, spatial relationships, and
morphology. α1-Tanycytes line the region of the
ventromedial nucleus and part of the dorsomedial
nucleus, and α2-tanycytes line the area of the arcu-
ate nucleus. β-Tanycytes line the infundibular recess
and median eminence (Fig. 2b) (Goodman and
Hajihosseini 2015; Rizzoti and Lovell-Badge 2017;
Robins et al. 2013). Hematoxylin and eosin (HE)
staining at the third ventricle of Wistar rats is shown
in Fig. 2c. The immunoreactivities for nestin and
vimentin were strong in the regions containing α2-
tanycytes and β-tanycytes, respectively (Fig. 2d, e).
Cd9 mRNA was detected in the third ventricle by in
situ hybridization with a DIG-labeled antisense
cRNA probe (Fig. 2f–j). Cd9-expressing cells were
detected in the regions containing ependymocytes
(Fig. 2g), α1-tanycytes (Fig. 2h), and α2-tanycytes
(Fig. 2i), but were rare in β-tanycytes (Fig. 2j), in-
dicating that CD9-positive cells were composed of
α-tanycytes and ependymocytes. The proportions of
Cd9-expressing cells per total cells were 98.0% ±
0.7% (ependymocyte area), 96.3% ± 1.5% (α-
tanycyte area), and 8.5% ± 1.0% (β-tanycyte area;
Fig. 4). By double staining for Cd9 mRNA with in
situ hybridization and the neural stem/progenitor cell
marker nestin or ependymal cell marker vimentin
with immunohistochemistry, we observed double-
positive cells (Fig. 2k, l). Almost all Cd9-expressing
cells were immunopositive for Nestin and Vimentin
(Fig. 4).

Characterization of Cd9-expressing cells
in the third ventricle

To characterize Cd9-expressing cells in the third ventricle,
we performed double staining by immunohistochemistry
for CD9 and Ki67 (a proliferation marker), SOX2, NeuN,
GFAP, or RIP. CD9 immunopositivity was detected in
Cd9-expressing cells by in situ hybridization in the third
ventricle (Fig. 3a, b). These locations coincided with the
results of RNA and protein analyses, suggesting that this im-
munoreactivity represented specific staining. Cd9-expressing

cells were immunopositve for Ki67 (Fig. 3c, d). SOX2-
positive cells were observed in the ventricular zone, and some

Fig. 2 Identification of Cd9-expressing cells in the third ventricle. a,
b Illustration of subdissection of the rat brain (a) and mediolateral/
dorsoventral subdissections (b). HT, hypothalamus. VMN, ventro-
medial nucleus. ARC, arcuate nucleus. ME, median eminence. c HE
staining of the third ventricle. d, e Immunohistochemistry for nestin
and vimentin. f, In situ hybridization for Cd9. g–j High-
magnification images of the boxed area in f. k, l Double staining
by in situ hybridization for Cd9 (magenta) and by immunohisto-
chemistry for nestin (k) or vimentin (l) (green) with DAPI (blue).
Bars, 200 μm (c, e, and f), 50 μm (j), and 10 μm (l)

Fig. 3 Double staining for CD9 and several cell markers. a–d Double
staining by in situ hybridization for Cd9 (magenta) and by
immunohistochemistry for CD9 (green) (a and b) and Ki67 (green) (c
and d). a, c Merged image of DAPI staining and CD9 or Ki67. e–l
Double-immunostaining for CD9 and SOX2 (e and f), GFAP (g and h),
NeuN (i and j), or RIP (k and l). e, g, i, and k Merged images of DAPI
staining and SOX2, GFAP, NueN, and RIP. Bar, 10 μm

R
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were immunopositive for CD9 (Fig. 3e, f). The proportions
of CD9 and SOX2 double-positive cells per total cells in
the ventricular zone were 97.0% ± 0.4% (ependymocyte
area), 95.6% ± 0.6% (α-tanycyte area), and 9.5% ± 0.8%
(β-tanycyte area; Fig. 4). In addition, GFAP-positive cells
in the ventricular zone were immunopositive for CD9
(Fig. 3g, h), whereas NeuN- (Fig. 3i, j) or RIP-positive
cells (Fig. 3k, l) were not. The GFAP-positive ependymal
cells were thought to be tanycytes. In the α-tanycyte area
of the ventricular zone, almost all GFAP-positive cells

(26.6%, per total cells) were immunopositive for CD9
(25.1% ± 3.3%, per total cells; Fig. 4).

Isolation of CD9-positive cells from the third ventricle

Next, we attempted to purify CD9-positive ependymal cells
from the third ventricle using rat monoclonal anti-CD9 anti-
bodies combined with the pluriBead-cascade cell isolation
system. The brains were transversally cut between the optic
chiasm and pituitary gland as a reference point, leaving the

Fig. 4 The population ofCd9-expressing cells and cells positive for CD9,
SOX2, GFAP, Nestin, and Vimentin in ependymocyte-, α-tanycyte-, and
β-tanycyte-rich areas of the third ventricles. The total number of cells in
each area was counted as the number of DAPI-stained nuclei. Populations

of Cd9-expressing cells and Nestin-positive cells (a), Cd9-expressing
cells and Vimentin-positive cells (b), CD9- and Nestin-positive cells
(c), and CD9- and Vimentin-positive cells (d) are shown. Null cells indi-
cates negative cells positive for only DAPI
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rostral and caudal portion of the brain (Fig. 5a). As
shown in Fig. 5b, c, the brain around the third ventricle
was cuboidally excised. The cells were dispersed and
separated using a Universal pluriBeads kit as described
previously (Horiguchi et al. 2018; Horiguchi et al.
2016). One drop of suspension for the CD9-positive
fraction was used for smear preparation and immunocy-
tochemistry. We observed that most of the cells were
immunopositive for CD9 (Fig. 5d–f). The proportion
of CD9-positive cells in the CD9-positive fraction was
86.1% (Fig. 5g). The remaining 14% of cells in the
CD9-positve cell fraction were presumably contaminated
with neural cells, glial cells, and endothelial cells (data
not shown). Cd9 mRNA levels were 2.0-fold higher in
the CD9-positive cell fraction than in the CD9-negative
cell fraction (Fig. 5h). Moreover Sox2 gene expression

was also significantly higher in the CD9-positive cell
fraction than in the CD9-negative cell fraction (Fig. 5h).

Neurospherogenic properties and differentiation
capacities of CD9-positive ependymal cells of the third
ventricle

To investigate whether adult CD9-positive ependymal
c e l l s i s o l a t e d f r om th e t h i r d v en t r i c l e h a d
neurospherogenic properties, we performed floating
neurosphere culture. We observed that CD9-positive
cells showed neurosphere-forming ability (Fig. 6a),
whereas the CD9-negative cell fraction did not (Fig.
6b). The numbers of neurospheres per well are shown
in Fig. 6c. Neurospheres formed by CD9-positive
ependymal cells could propagate to form first- (Fig.

Fig. 5 Isolation of CD9-positive
cells from the third ventricle. a
Ventral view of the rat brain. The
dotted lines indicate the plane be-
tween the optic chiasm and the
pituitary gland. b Caudal view of
the rostral fragment obtained after
transversal sectioning of the rat
brain, as indicated in a. c Tissue
fragment containing the third
ventricles (area enclosed by the
dotted line in b). The area
enclosed by the dotted line was
utilized for cell dispersion. d–f
Immunocytochemistry for CD9
on smear preparations of the
CD9-positive fraction. DAPI
staining (blue, d), immunocyto-
chemistry for CD9 (magenta, e),
and the merged image (f) are
shown. g The ratio of CD9-
immunopositive cells in the smear
preparation of the CD9-positive
fraction. h mRNA levels in CD9-
negative cell fraction (open bars)
and CD9-positive cell fraction
(closed bars), as determined by
qPCR (mean ± standard error of
the mean, n = 3), followed by
normalization with an internal
control (b-actin). The graph rep-
resentsCd9 and Sox2. **P < 0.01.
Bars, 5 mm (c), 50 μm (f)
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6d), second- (Fig. 6e), and third-passaged (Fig. 6f)
spheres. To confirm whether an undifferentiated state
was maintained, we performed immunocytochemistry
for CD9 plus SOX2, NeuN, GFAP, or RIP after culti-
vation of neurospheres on Matrigel for 1 day. We ob-
served that most cells in neurospheres were positive for
CD9 and SOX2 (Fig. 6g–i), and some cells were posi-
tive for GFAP (Fig. 6j–l), but not NeuN and RIP (data
not shown). After withdrawing the growth factors from
the culture medium on Matrigel, the cells in a part of
neurospheres showed morphological changes (Fig. 7a, b)
and were able to differentiate into all three main neural
lineages, including cells positive for NeuN (neurons;
Fig. 7c), GFAP (astrocytes; Fig. 7d), and RIP
(oligodendrocytes; Fig. 7e). Most NeuN-, GFAP-, and
RIP -pos i t i v e ce l l s a f t e r d i f f e r en t i a t i on we re
immunonegative for CD9 on their membrane (data not
shown). The proportions of NeuN-, GFAP-, and RIP-
positive cells were 15.6%, 20.6%, and 12.5%, respec-
tively (Fig. 7f).

Discussion

In this study, we showed that the ependymal cells in the ven-
tricle expressed Cd9 and succeeded in isolation of these cells
using anti-CD9 monoclonal antibodies. Then, using isolated
CD9-positive ependymal cells from the third ventricle of adult
rats, we confirmed that the isolated CD9-positive ependymal
cells, but not the CD9-negative cells, were neurospherogenic
and had the capacity to differentiate into neurons, astrocytes,
and oligodendrocytes.

Several groups have developed various methods to isolate
ependymal cells from rodents. Moreover, the development of
transgenic animals has allowed us to distinguish living cells in
the ventricular zone and separate these cells from the brain by
fluorescent-activated cell sorting (FACS) (Robins et al. 2013).
In many cases, isolation of ependymal cells from the spinal
cord and lateral ventricle wall of adult rodents has been carried
out by cell labelingwithmagnetic antibodies for application in
magnetic cell separation with beads or by cell labeling with
fluorescent antibodies for application in FACS using

Fig. 6 Neurospherogenic
potential in CD9-positve cells. a,
b Bright-field images of CD9-
positive (a) and -negative (b) cell
fractions on floating neurosphere
culture. Arrowheads indicate
neurospheres. c The number of
neuropheres in a well of CD9-
positive (CD9+) and -negative
(CD9-) cell fractions. **P < 0.01.
d–f Bright-field images of
neurospheres. The first- (d),
second- (e), and third-passaged (f)
neurospheres formed by CD9-
positive cells are shown. g–i
Double-immunostaining for CD9
(g) and SOX2 (h) in
neurospheres. iMerged images of
DAPI staining (blue) and double-
immunostaining for CD9
(magenta, g) and SOX2 (green,
h). j–l Double-immunostaining
for CD9 (g) and GFAP (h). i
Merged image of DAPI staining
(blue) and double-
immunostaining for CD9
(magenta, j) and GFAP (green, k)
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antibodies against CD133 and CD24 (Coskun et al. 2008;
Pfenninger et al. 2007; Pfenninger et al. 2011). In the current
study, we described a new marker and simple method using
the pluriBead-cascade cell isolation system to obtain
ependymal cells from the hypothalamus of adult rats. This
isolation system is based on antibody-mediated binding of
cells to beads of different sizes and their isolation with sieves
of different mesh sizes (Horiguchi et al. 2016; Pierzchalski
et al. 2013). Additionally, this isolation strategy does not re-
quire specialized equipment, as is needed for FACS analysis.
Thus, this method is simpler than other previously described
methods.

CD9 is a member of the tetraspanin family; accordingly,
CD9 has four putative membrane spanning domains and func-
tions as a key player in many physiological and pathological
processes by associating with a various cell-surface molecules
(Le Naour et al. 2000). Through these interactions, CD9

modifies multiple cellular events, including fertilization,
cellular adhesion, motil i ty, and tumor invasion
(Berditchevski 2001; Boucheix and Rubinstein 2001;
Hemler 2003; Maecker et al. 1997). In our previous
study, we showed that CD9 in S100β-positive cells of
the anterior pituitary gland contributes to sustaining pro-
liferation activity (Horiguchi et al. 2018). Moreover,
some ependymal cells are also known to have prolifer-
ative activity (Hamilton et al. 2009; Robins et al. 2013).
In this study, we showed that CD9-positive cells in the
third ventricle were immunopositive for Ki67. Similar to
our observation in this study that D9-positive cells in
the third ventricle were immunopositive for Ki67,
Hemler et al. reported that the related tetraspanin,
CD81, regulates cell motility and proliferation by facil-
itating the organization of multimolecular membrane
complexes, including CD9 and integrins (Hemler

Fig. 7 Differentiation capacities
of CD9-positive ependymal cells.
a Bright-field images of
neurospheres with morphological
changes after cultivation on
Matrigel for 7 days.Bar, 50μm. b
The proportion of neurospheres
with morphological changes
among all neurospheres (mean ±
standard error of the mean, n = 4).
c–e Merged image of DAPI
staining and immunostaining for
NeuN (c), GFAP (d), or RIP (e)
after cultivation on 3D Matrigel.
Arrowheads indicate the
immunopositive cells. Bar,
50 μm. f The proportion of
NeuN-, GFAP-, and RIP-positive
cells after cultivation on 3D
Matrigel (mean ± standard error
of the mean, n = 3)
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2005). CD9/CD81 double-knockout mice exhibit re-
duced proliferation, elevated apoptosis, and reduced
lung, bone, spleen, testis, and pituitary development
(Jin et al. 2018). CD9 may also play a role in main-
taining the proliferative activity of ependymal cells dur-
ing nervous system development. Although Cd9 was not
expressed in the region containing β-tanycytes in the
current study, β-tanycytes have been shown to prolifer-
ate well and are neurogenic, generating new neurons in
the hypothalamic nuclei during the postnatal/juvenile pe-
riod (Lee et al. 2012). Robins et al. (2013) demonstrat-
ed that FGF signaling is necessary for α-tanycyte pro-
liferation and neurosphere formation, whereas β-
tanycytes are unable to form neurospheres. Recently,
CD9 was shown to be a new binding partner for junc-
tional adhesion molecules and integrins, mediating FGF-
regulated mitogen-activated protein kinase activation
(Peddibhotla et al. 2013). Based on these findings, we
suggest that CD9 expression in α1- and α2-tanycytes
may be correlated with self-renewing neurospheres
through FGF signaling. β-Tanycytes line the median
eminence, α2-tanycytes reside adjacent to the arcuate
nucleus, and α1-tanycytes extend from the ventromedial
nucleus to the dorsomedial nucleus (Robins et al. 2013).
Recent studies have reported that adult α2-tanycytes re-
siding adjacent to the arcuate nucleus have the capacity
to act as neural stem cells (Robins et al. 2013) and β-
tanycytes lining the median eminence can proliferate in
early adulthood and differentiate into new neurons
(Haan et al. 2013). Thus, pure primary cultures of β-,
α2-, and α1-tanycytes must be isolated from the hypo-
thalamus of adult animals. However, at this time, we
have not been able to examine neural function. Our
novel method to enrich α-tanycytes described in the
current study may encourage further in vitro studies
and provide insights into the functions of these cells.

In conclusion, we found that Cd9 was expressed in
cells in the region containing α2- and α1-tanycytes in
the third ventricle. In addition, we succeeded in isolat-
ing CD9-positive ependymal cells with 86% purity uti-
lizing anti-CD9 antibodies and the pluriBead-cascade
cell isolation system. Finally, we confirmed that neuro-
genic and gliogenic stem/progenitor cells were included
in CD9-positive ependymal cells. These findings im-
prove our understanding of the adult neural niche in
the third ventricles.
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