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a b s t r a c t

The origins and developmental regulation of cerebellar oligodendrocytes are largely unknown,
although some hypotheses of embryonic origins have been suggested. Neural stem cells exist in the
white matter of postnatal cerebellum, but it is unclear whether these neural stem cells generate oli-
godendrocytes at postnatal stages. We previously showed that cerebellar progenitor cells, including
neural stem cells, widely express CD44 at around postnatal day 3. In the present study, we showed that
CD44-positive cells prepared from the postnatal day 3 cerebellum gave rise to neurospheres, while
CD44-negative cells prepared from the same cerebellum did not. These neurospheres differentiated
mainly into oligodendrocytes and astrocytes, suggesting that CD44-positive neural stem/progenitor
cells might generate oligodendrocytes in postnatal cerebellum. We cultured CD44-positive cells from
the postnatal day 3 cerebellum in the presence of signaling molecules known as mitogens or inductive
differentiation factors for oligodendrocyte progenitor cells. Of these, only FGF-2 promoted survival and
proliferation of CD44-positive cells, and these cells differentiated into O4þ oligodendrocytes.
Furthermore, we examined the effect of FGF-2 on cerebellar oligodendrocyte development ex vivo.
FGF-2 enhanced proliferation of oligodendrocyte progenitor cells and increased the number of O4þ and
CC1þ oligodendrocytes in slice cultures. These results suggest that CD44-positive cells might be a
source of cerebellar oligodendrocytes and that FGF-2 plays important roles in their development at an
early postnatal stage.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

There are several hypotheses about the origin of cerebellar oli-
godendrocytes during embryonic stages. It has been reported that
oligodendrocytes are derived from subependymal layers of the
fourth ventricle and migrate into the cerebellum [1]. On the other
hand, extracerebellar sources of cerebellar oligodendrocytes (the
metencephalic vesicle and the parabasal plate of the mesenceph-
alon) have been identified using chick brains [2,3]. Also, the anal-
ysis of Ascl1 knockout mice suggests that the cerebellar
oligodendrocyte progenitor cells (OPCs) have an extracerebellar
origin and these OPCs invade the cerebellum during embryonic
stages [4]. It has also been reported that neural stem cells exist in
the white matter of the postnatal cerebellum, and a part of them
express CD133 [5,6]. Detailed characteristics of these cerebellar
Ishizaki).
neural stem cells, however, have not been elucidated yet. Further-
more, it is unclear if these cells give birth to oligodendrocytes, or
how oligodendrocytic development is regulated in postnatal
cerebellum.

Both platelet-derived growth factor (PDGF) and fibroblast
growth factor-2 (FGF-2) independently regulate proliferation of
OPCs in the forebrain and the spinal cord in vitro [7,8]. FGF-2 exerts
important effects on proliferation, migration and differentiation of
OPCs in culture, and converts mature oligodendrocytes into a novel
phenotype [9e11]. FGF-2 was also reported to stimulate generation
of oligodendrocytes from cultured cortical precursors [12] and from
dorsally derived neural precursor cells of embryonic spinal cord
and cerebral cortex [13e15]. Microinjection of FGF-2 into the lateral
ventricle of E13.5 mouse embryo enhances proliferation of neuro-
epithelial cells, increases the number of OPCs generated from
ganglionic eminence, and induces ectopic expression of OPCs in
dorsal VZ [16]. Taken together, FGF-2 can act as a stimulator for
production and proliferation of OPCs in the forebrain and the spinal
cord. Fgf2 is reportedly expressed in a few cells in the external
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granule cell layer at P0, in many cells in the internal granule cell
layer at P7, and in Purkinje cells at P21 [17]. It is not known, how-
ever, if FGF-2 signaling affects oligodendrocyte development in
postnatal cerebellum.

CD44 is a transmembrane glycoprotein important for
cellematrix adhesion and matrix-mediated cell signaling [18].
CD44 is known as a receptor for extracellular components such as
hyaluronic acid [19]. It is also known that CD44 is expressed in
astrocyte lineage cells in a dorsal domain of the rodent embryonic
spinal cord [20,21], and at a low level, in astrocytes in the cortex
and spinal cord [22e26]. In a previous study, we examined spatial
and temporal expression profiles of CD44 expressing cells during
development of mouse cerebellum by immunohistochemistry, in
situ hybridization, and fluorescence-activated cell sorting (FACS),
and showed that CD44 was expressed not only in astrocyte lineage
cells but also in neural stem/progenitor cells and OPCs in cere-
bellum at early postnatal stages (P3, P7) [27].

In the present study, we have identified that CD44-positive
cells in P3 cerebellum include neural stem/progenitor cells, and
these cells proliferate and differentiate into oligodendrocytes in
the presence of FGF-2 in vitro. We also showed that FGF-2
stimulates proliferation and differentiation of cerebellar OPCs
ex vivo.

2. Materials and methods

2.1. Cell isolation by FACS

CD44-positive and CD44-negative cells were isolated as previ-
ously described [27]. Cerebella from P3 ICRmicewere cut into small
pieces and incubated at 37 �C for 10 min in trypsin solution (0.05%
trypsin, 0.2 mM EDTA). The tissue was triturated in DPBS (Dul-
becco's phosphate-buffered saline) containing 0.25 mg/ml trypsin
inhibitor, 1.5 mg/ml BSA and 0.008% DNase I. Cells were suspended
in 2%BSA/PBS at a density of 2 � 107 cells/mL and labeled with PE-
conjugated anti-CD44 antibody for 30 min in the dark on ice. To
Fig. 1. CD44-positive cells yield neurospheres. CD44-positive cells and CD44-negative cel
(Neurosphere assay). CD44-positive cells yield neurospheres (A). These primary neurosphe
trocytes and neurons (B). CD44-negative cells never yielded neurospheres (A). Data repres
remove dead cells, 7-amino-actinomycin D (BD Biosciences) was
added to the cell suspension. CD44-positive and CD44-negative
cells were sorted by using a FACSAria 2 flow cytometer (BD
Biosciences).

2.2. Neurosphere assay

CD44-positive and CD44-negative cells were plated at 5 cells/mL
in 24-well (0.5 mL/well) uncoated plates in serum-free medium
[28] containing 20 ng/mL FGF-2 and 1 mg/mL heparin. To assess
self-renewal, primary single neurosphere was subcloned by me-
chanically dissociating in serum-free medium containing FGF-2
and heparin. We assessed stem cell self-renewal by identifying
new neurospheres after a further 7 days in vitro. To assess multi-
potentiality, single primary neurosphere colonies were trans-
ferred to individual wells of 8-well glass plates coated previously
with Matrigel basement membrane matrix. Wells were processed 7
days later by use of immunocytochemistry.

2.3. CD44-positive cell culture

CD44-positive cells and CD44-negative cells isolated from
whole cerebellum at P3 by FACS were plated at 4000 cells/well in 8-
well glass plates coated by matrigel or 500 cells/well Terasaki
microwell plates coated by matrigel in serum-free medium con-
taining FGF-2 (20 ng/ml) and heparin (1 mg/ml), Shh (100 ng/ml),
PDGF (20 ng/ml), or Forskolin (10 mM). The number of living cells in
each microwell of Terasaki microwell plates was determined by the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTT) assay as described previously
[29].

2.4. Slice culture

P3 mouse cerebella were cut into 350 mm parasagittal slices
using a vibratome. Two to three slices were plated onto each
ls isolated from P3 cerebellum by FACS were cultured in serum free media with FGF-2
res formed secondary neurospheres (A) and differentiated into oligodendrocytes, as-
ent means ± SEM. Scale bars; 500 mm (A), 100 mm (B).
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membrane insert, and the inserts were placed in a 6-well plate
containing 1 mL serum-free medium contained FGF-2 (40 ng/ml)
and heparin (1 mg/ml) or PDGF (40 ng/ml). These slices were
cultured for 3 days. These slices were perfused by 4% PFA after 2 h
BrdU (10 mM) treatment or 1 h O4 anti-body (kindly donated by
Prof. K. Ono, Kyoto Pref. Univ. Med.) treatment, and then cut with
a cryostat at a thickness of 18 mm.

2.5. Immunohistochemistry

Cells and tissue sections were incubated with 5% donkey serum
in PBS-T for 1 h at room temperature, incubated with primary an-
tibodies to cellular markers overnight at 4 �C, then incubated with
secondary antibodies for 1 h at room temperature. The primary
antibodies used included antibodies directed against BrdU (1:1000;
Abcam), Ki67 (1:1000; BD Pharmingen), Olig2 (1:200; IBL), CC1
(1:400; Calbiochem), and GFAP (1:500; Millipore). For BrdU, Ki67
and Olig2 staining, the sections were incubated in citrate buffer by
microwave before blocking buffer incubation.
Fig. 2. FGF-2 promoted oligodendrocyte differentiation of CD44-positive cells.
CD44-positive cells were cultured on matrigel coated plates with Shh, PDGF, Forskolin,
and FGF-2. By MTT assay, the cell numbers were increased by FGF-2, but not PDGF, Shh
and Forskolin (A). In addition, cells proliferated under FGF-2 differentiate into O4þ
oligodendrocytes, but not GFAP þ astrocytes for 9 days culture in vitro (9DIV) (B, C). On
the other hand, the number of O4-positive oligodendrocyte differentiated from CD44-
negative cells was very few even if under FGF-2 (C). Data represent means ± SEM. Scale
bars; 100 mm (B and C).
3. Results and discussion

3.1. Cerebellar neural stem cells express CD44 at P3

Neural stem cells have been reported to exist in the white
matter of postnatal cerebellum, and these neural stem cells have
been isolated by their CD133 expression [5]. We suggested, how-
ever, that CD133-negative neural stem cells might exist in P3 cer-
ebellum, because not only CD133-positive but also CD133-negative
cells produced numerous neurospheres [28]. We previously re-
ported that CD44was expressed by Sox2þ neural stem cells in early
postnatal mouse cerebellum [27]. We performed neurosphere
assay to examinewhether neural stem cells were included in CD44-
positive cells. The fraction of CD44-positive cells was 27.3 ± 2.2% of
the total single cells prepared from P3 cerebellum when sorted by
FACS, and a part (approximately 10%) of CD44-positive cells yielded
neurospheres (Fig. 1A). These primary neurospheres yielded sec-
ondary and tertiary neurospheres (Fig. 1A and data not shown). By
contrast, CD44-negative cells isolated from P3 cerebellum never
yielded neurospheres, suggesting that neural stem cells express
CD44 in P3 cerebellum. Primary neurospheres produced by CD44-
positive cells differentiated into oligodendrocytes, astrocytes and
neurons (Fig. 1B). In the absence of signaling molecules, these
neurospheres produced mainly astrocytes and oligodendrocytes,
and only a few neurons. In the presence of retinoic acid, however,
these neurospheres produced many MAP2þ neurons (data not
shown). Taken together, primary neurospheres yielded from CD44-
positive cells in P3 cerebellum had self-renewal and multipotential
properties. We reported previously that EGF-responsive cells exist
in P7 cerebellum. These cells formed neurospheres in the presence
of EGF, and differentiated mainly into astrocytes (>90%) even in the
presence of PDGF or retinoic acid [28]. These results suggest that
the characteristics of neural stem cells in postnatal cerebellum
might change depending on critical developmental periods.

3.2. FGF-2 promoted survival and oligodendrocytic differentiation
of CD44-positive cells prepared from P3 cerebellum

We previously reported that cells expressing high levels of CD44
(CD44 high cells) prepared from early postnatal cerebellum are
astrocyte progenitor cells [29]. CD44 high cells isolated from large
cell fraction of P3 cerebellum were positive for a glial progenitor
marker (A2B5), astrocyte lineage markers (BLBP, GLAST, vimentin),
and a neural stem cell marker (nestin), but were negative for
mature astrocyte markers (GFAP, S100b), neuronal marker (Tuj1,
Pax6), or oligodendrocyte lineage markers (NG2, Olig2, O4). These
cells died by apoptosis in the absence of any signaling molecule,
and the surviving cells gradually expressed GFAP, indicating that
differentiation into mature astrocytes is the default program for
these cells. Treatment of these cells with LIF promoted their
astrocytic differentiation. On the other hand, we also reported dy-
namic changes of CD44 expression in developing cerebellum [27].
CD44-positive cells (including not only highly expressing cells but
also weakly expressing cells) isolated fromwhole cerebellum at P3
expressed nestin (>60%), GLAST (>80%), NG2 (>80%) and Olig2
(>40%), but not GFAP or O4 [27], suggesting that the main pro-
portion of CD44-positive cells in P3 cerebellum might be neural
stem/progenitor cells or glial progenitor cells. Histochemical anal-
ysis of CD44 expression in postnatal cerebellum showed that
oligodendrocyte progenitor cells in P3 and P7 cerebellum tempo-
rarily expressed CD44 [27]. So we examined whether CD44-
positive cells isolated from P3 cerebellum could differentiate into
oligodendrocytes in vitro without neurosphere assay. All CD44-
positive cells (including weakly expressing cells) isolated from P3
cerebellum were cultured with sonic hedgehog (Shh), PDGF,
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forskolin, or FGF-2 (Fig. 2A), as these factors have been known as
regulators of OPC proliferation/differentiation [7,8,15,30]. MTT
assay revealed that FGF-2 increased the cell number (Fig. 2A). All
other factors we examined did not maintain survival of these cells.
These results show that FGF-2 signaling promotes survival and
proliferation of CD44-positive cells from P3 cerebellum. Further-
more, FGF-2 promoted oligodendrocytic differentiation of these
cells. After 9 days in vitro (9DIV), around 70% of cells expressed O4,
but none of them expressed GFAP (Fig. 2B). On the other hand,
CD44-negative cells cultured with FGF-2 survived but did not
differentiate into O4þ oligodendrocytes (Fig. 2C). Taken together,
FGF-2 promotes survival, proliferation, and oligodendrocytic dif-
ferentiation of CD44-positive cells in vitro.

3.3. FGF-2 promoted proliferation of oligodendrocyte progenitor
cells and increased the number of oligodendrocytes in cerebellar
slice culture

To examine if FGF-2 affects development of oligodendrocytes in
postnatal cerebellum ex vivo, P3 cerebellum slices were cultured
with FGF-2. After 3 days in vitro, FGF-2 increased the number of
Ki67þ or BrdUþ mitotic cells (Fig. 3A and B). In addition, FGF-2
Fig. 3. FGF-2 promoted OPC proliferation in P3 cerebellar slice culture. P3 cerebellar sli
BrdUþ cells and Olig2þ cells in white matter was counted. FGF-2 increased the number of K
Olig2þ cells and BrdUþ/Olig2þ cells (B). PDGF also increased Ki67þ cells, BrdUþ cells and
#p < 0.005. Scale bars; 200 mm (A), 20 mm (B).
treatment increased the number of Olig2þ cells and proliferative
Olig2þ cells (Fig. 3B), suggesting FGF-2 promotes proliferation of
OPCs in the developing cerebellum ex vivo. Hill and coworkers re-
ported that PDGF increases the number of OPCs in the white matter
of cortex and cerebellum, while FGF-2 didn't increase the number
of OPCs in cortex [31]. The effect of FGF-2 on cerebellar OPCs was
not examined in their report. In our cerebellar slice cultures, FGF-2
and PDGF increased the number of OPCs respectively (Fig. 3B).
These combined results suggest that the responses to FGF-2 and
PDGF of postnatal OPCs in corpus callosum and in the white matter
of cerebellum might be different. FGF-2 also increased the number
of O4þ or CC1þ oligodendrocytes in the white matter of our slice
cultures (Fig. 4A and B), while FGF-2 reduced the intensity of GFAP
expression in astrocytes (Fig. 4C). This indicates that FGF-2 sup-
ports oligodendrocytic, but not astrocytic differentiation in the
developing cerebellum.

In this study, we show that neurospheres yielded by CD44-
positive cells from P3 cerebellum differentiated into not only as-
trocytes but also oligodendrocytes in vitro (Fig. 1). It remains un-
known if neural stem cells in the postnatal cerebellum produce
oligodendrocytes, but there is a possibility that CD44-positive
neural stem/progenitor cells in cerebellar white matter produce
ces were cultured under FGF-2 or PDGF for 3 days in vitro. The number of Ki67þ cells,
i67þ cells compared with control (A). FGF-2 also increased the number of BrdUþ cells,
Olig2þ cells in P3 cerebellar slice culture. Data represent means ± SEM. *p < 0.001,



Fig. 4. FGF-2 increased the number of oligodendrocytes. P3 cerebellar slices were cultured under FGF-2 for 3 days in vitro. The number of O4þ cells and CC1þ cells in white
matter increased with FGF-2 treatment (A and B). FGF-2 treatment decreased the staining intensity of GFAP (calculated using Image J) (C). Data represent means ± SEM. *p < 0.001,
#p < 0.005. Scale bars; 100 mm (A and C), 20 mm (B).
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oligodendrocytes at around P3. Further careful analysis will be
required to determine whether CD44-positive neural stem/pro-
genitor cells give rise to oligodendrocytes and other type of cells
in vivo. A part of CD44-positive cells in the dissociation culture
survived and proliferated in the presence of FGF-2, but not in the
presence of PDGF and other signaling molecules we examined.
Surviving and proliferating CD44-positive cells differentiated into
oligodendrocytes in the presence of FGF-2. These results suggest
that FGF-2 effects are independent of other signaling molecules.
PDGF increased the number of OPCs in cerebellar slice cultures
(Fig. 3B), possibly through enhancing proliferation of OPCs, since
PDGF does not promote proliferation of CD44-positive cells (neural
stem/progenitor cells or glial progenitor cells, Fig. 2A). Although the
origin of oligodendrocytes in the postnatal cerebellum and the
in vivo developmental roles of FGF-2 still remain unknown, our
study suggests that a portion of cerebellar oligodendrocytes might
differentiate from CD44-positive cells in the early postnatal cere-
bellum under control of FGF signaling.
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