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ABSTRACT.A permanent glial cell line has been established from the neonatal mouse primary mixed glial
cell cultures by transfection with replication origin-defective simian virus 40 DNA.This cell line, designated
OS3, has morphological similarity to type-2 astrocyte and expresses an astrocyte-specific marker, glial fibrillary
acidic protein (GFAP), when cultured in the presence of 10% calf serum (CS). OS3 cells do not express the O4
antigen, galactocerebroside (GalC) and A2B5under this culture condition. Whencultured in a mediumcontain-

ing 2%CS or a chemically defined medium, these cells undergo morphological transformation. Some of these
cells express O4 antigen and/or GalC, and the percentage of GFAPpositive cells decreases under these condi-
tions. Thus depending on the culture conditions, the OS3 cells display either type-2 astrocyte properties or im-

mature oligodendrocyte characteristics. Furthermore, the OS3 cells show similar responses to the various
growth factors as do oligodendrocyte/type-2 astrocyte (O-2A) progenitors. Therefore, the OS3 cell line is an uni-
que mouse bipotential permanent O-2A lineage cell line which may be useful to analyze the developmental prop-
erties of these glial cells.

Recent studies have shown that oligodendrocytes and
a subclass of astrocytes, the type-2 astrocytes, develop
from commonprecursor cells, that is, the oligodendro-
cyte/type-2 astrocyte (O-2A) progenitor cells. O-2A pro-
genitor cells were first identified in the cultures of post-
natal rat optic nerve (33). These glial precursor cells
differentiate into oligodendrocytes in serum-free chemi-
cally defined medium, and differentiate in vitro (44) into
type-2 astrocytes in a medium containing 10%fetal calf
serum (FCS). O-2A progenitor cells have bipolar mor-
phology and are identified by the monoclonal antibody
(mAb) A2B5 (13), which recognizes cell surface ganglio-
side GQlc (20) and other gangliosides (15). Recently
A2B5-positive cells were also identified in cultures of de-
veloping rat cerebrum (5, 38) and cerebellum (21) and
were studied for their differentiation and proliferation.
WhenO-2Aprogenitor cells differentiate into myeli-
nating oligodendrocytes, they chronologically express
stage-specific differential markers on their surface or in
their cytoplasm. These include ganglioside GD3(8, 18),
O4 antigen (40, 41 , 46), galactocerebroside (32) (GalC),
2',3'-cyclic nucleotide 3'-phosphohydrolase (25 , 26), pro-
teolipid protein (9, 23) and myelin basic protein (9, 23).
WhenO-2Aprogenitor cells differentiate into type-2 as-
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trocytes, they express astrocyte marker glial fibrillary
acidic protein (GFAP) (6).
Several factors have been shown to influence the in-
duction of differentiation and proliferation of O-2A
progenitor cells and oligodendrocytes. Platelet-derived
growth factor (PDGF), released by the type-1 astrocytes
(37) of which precursor cells are distinct from O-2A pro-
genitor cells (34), promotes division of O-2A progenitor
cells (30) and in the absence of PDGFthese cells cease
proliferation and differentiate rapidly into oligodendro-
cytes (35). Other polypeptide growth factors have also
been shown to influence the development of O-2A pro-
genitor cells or oligodendrocytes. These include basic fi-
broblast growth factor (bFGF) (7, ll), insulin-like

growth factor 1 (IGF-1) (27, 28) and epidermal growth
factor (EGF) (1). These results suggest that several
growth factors, either alone or synergistically, modu-
late the proliferation and differentiation of O-2A pro-
genitor in vivo. Besides humoral factors, cell-cell inter-
action may also promote myelin formation (23). How-
ever, the precise mechanisms of proliferation and differ-
entiation of these cells remain to be elucidated. To
study further the effects of humoral factors or the role
of cell-cell interaction, it is of great advantage to obtain
a pure population of O-2A lineage cells free of macro-
phages, microglia, type-1 astrocytes and neurons. It
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would considerably facilitate such studies to establish a
permanent cell line that retains the main differentiation
and functional properties of the normal counterpart
from which it was derived.

Transfection of cells with simian virus 40 (SV40)
DNAis one of the most useful strategies to immortalize
cultured cells to make cell lines (17). Wehave estab-
lished permanent bipotential glial cell line of O-2A line-
age cells by electric field-mediated DNAtransfer meth-
od (29, 31 , 45), termed electroporation, with replication
origin-defective SV40 DNA. Since most of previous
studies on O-2A progenitor cells used only primary cul-
tures of optic nerve or cerebellum of rat, our mouse-de-
rived cell line may be particularly useful in the future
studies.

MATERIALS AND METHODS

Reagents. The monoclonal antibody O4, which recog-

nizes sulfolipids (sulfated ester sulfatid) (3, 39) is a gift from
S.E. Pfeiffer (University of Connecticut Health Center, Far-
mington, U.S.A.). Polyclonal antibodies against SV40 large T
antigen is also a gift from T. Ide (Hiroshima University, Hiro-
shima, Japan). Rat mAb (IgG) against GFAP and mouse
mAb (IgG) against GalC were kindly provided by S.U. Kim
(University of British Columbia, Vancouver, Canada). The
A2B5 mAbwas purified on a protein A (GIBCO, Grand Is-
land, U.S.A.) column from hybridoma culture medium

(American Type Culture Collection no. CRL1520, Rockville,
U.S.A.).

HumanPDGFand recombinant human IGF-1 were pur-
chased from Collaborative Research, Inc. (Bed ford, MA,
U.S.A.). Recombinant human EGF and bFGF were pur-
chased from Boehringer Mannheim (Germany).

Cell culture and transfection. Mixed glial cell cultures
were prepared from whole brains of newborn C3H/HeN
mice, from which meninges and optic nerves were removedas
detailed previously (43), and cultured in Eagle's minimum es-
sential medium supplemented with \0% calf serum (CS), 5
//g/ml insulin and 0.2% glucose.
At 3 or 4 days in culture, cells were digested with trypsin in
the presence of DNase and dissociated mechanically by re-
peated pipetting. After washing 3 times with phosphate
buffered saline (PBS), these dissociated cells were transfected
with origin-defective SV40 DNA(obtained from the Japanese
Cancer Research Resources Bank-Gene, Tokyo, Japan) and
pSV2neo DNA(42) by electroporation (Shimadzu somatic hy-
bridizer SSH-1) and then they were cultured in the medium
containing 10%CSas described above.

To select transfected cells, the aminoglycoside antibiotic,
G418 (42) (neomycin analogue), was added to the culture
medium48 hours later. The G418-containing mediumwas
changed every three days and its G418 concentration was in-
creased gradually up to 400 iag/ml. When growing foci were
observed, each focus was transferred to a well of a 24-well cul-

ture plate (Falcon 3047, Becton Dickinson, Lincoln Park, NJ,
U.S.A.) by applying a small piece of filter paper soaked with
trypsin onto the focus. Subcloned cells were recloned by limit-
ing dilution method. Each clone (cell line) was seeded on a
poly-L-lysine coated 14 mmglass coverslip and cultured in the
medium containing 10%CS, 2%CS, or in chemically denned
medium (12). The medium containing 2%CSwas also supple-
mented with 5 jug/ml insulin and 0.2% glucose.
Immunofluorescence. Cells were plated on 14-mmdiame-
ter glass coverslips coated with poly-L-lysine. Abs were di-
luted in EBSS-HEPESplus 5% normal goat serum.
Staining with Abs against A2B5, O4 (1 : 50) or GalC (1 : 5)
was carried out at 4°C for 30min on un fixed viable cells.
Prior to immunostaining with GFAPor SV40 large T antigen,
cells were fixed with acid alcohol (5% acetic acid, 95% etha-
nol) or ethanol and acetone (1 : 1) for 20min at -20°C.
After incubation with the appropriate second fluorescent-la-
beled Abs, the coverslips were mounted in buffered glycerol
and viewed under a Zeiss universal microscope equipped with
phase contrast, fluorescein and rhodamine optics. The percen-
tage of positive cells in each culture condition was enumer-
ated.

In some experiments, double staining with anti-GFAP Ab
and O4 or anti-GalC Ab was carried out. The cells were first
exposed to 04 or anti-GalC mAbs followed by rhodamine-
conjugated goat anti-mouse IgM or IgG, fixed with acid alco-
hol, and then exposed to rat anti-GFAP Ab followed by fluo-
rescein isothiocyanate (FITC)-conjugated goat IgG anti-ratIgG.

For double staining with O4 and anti-GalC Abs, the cells
were first exposed to O4 mAb followed by anti-GalC Ab, and
thereafter, incubated with rhodamine-conjugated goat anti-
mouse IgM and FITC-conjugated goat anti-mouse IgG.
Effects of growth factors on differentiation. To investi-
gate the effect of growth factors on transfected cells, 1 x 104
cells were plated on each poly-L-lysine coated glass coverslip
and cultured in 10%CS, 2%CScontaining medium or in
chemically defined medium. Under all three conditions, these
cells were treated with PDGF(lO ng/ml), bFGF (lO ng/ml),
IGF-1 (lOO ng/ml), EGF (lOng/ml) or PDGF (10ng/ml)+
bFGF (10 ng/ml) for 4 days. The cells were immunolabeled
with O4and GalC to study the effect of these factors on the
differentiation of the transfected cells. The percentage of cells
positive for O4 and GalC was enumerated under a immunoflu-
orescent microscope.
Effects of growth factors on proliferation. Incorporation
of 3H-thymidine into the line cells under different culture con-
ditions in the presence of various growth factors were exam-
ined.

The cloned cells were plated in the wells of 24-well plates at
a density of 2x 104 cells/well with 500^1 of 10%CS contain-
ing medium. After 1 hour in culture, the culture mediumwas
exchanged for 500 ju\ of fresh 10%CS, 2%CS containing medi-
um or chemically defined medium (in triplicate). The cells
were cultured for 48 hours and then the cultures were pulsed
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Fig. 1. Morphological transformation of the OS3 cells. Whencultured in the mediumcontaining 10%CSfor a few weeks (A), the cells became
morphologically similar to type-2 astrocytes with a rather flat cell body and filamentous processes. Whencultured in the mediumcontaining
2%CSor chemically denned medium (B), the cells had phase bright cell bodies with multiple processes similar to O-2A progenitors or immature
oligodendrocyte. Bar=30 jum.
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Fig. 2. Expression of the SV40 large T antigen. Phase contrast micrograph of the OS3 cells in the medium containing 10%CS(A). Staining
with anti-SV40 large T Abs showed reactivity in the nuclei of all cells (B) (the same field as in A). Bar=20,um.
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with 1 //Ci/well 3H-thymidine for another 16 hours. After
washing twice with PBS, the cells were lysed and precipitated
with 0.2 N NaOH, bovine serum albumin (1 mg/ml) followed
by 1NHC1 and ice-cold 50% (W/V) trichloroacetic acid
(TCA) at 4°C. The insoluble contents were harvested onto
glass fiber filters and the radioactivity of each sample was meas-
ured in a liquid scintillation counter.

RESULT S

Transfection. About 120 cell lines were established
by transfection and most of them had the flat morphol-
ogy as is characteristic of a type-1 astrocyte. Some
clones bore processes which made them morphological-
ly similar to type-2 astrocyte in the mediumcontaining
10%CS.Whenthey were cultured in the mediumcon-
taining 2%CS, morphological transformation was ob-
served in three cell lines. These three transfected cells
had a phase bright cell body with multiple processes
similar to immature oligodendrocyte under phase con-
trast microscopy. One of these cell lines, designated
OS3 (Fig. 1), had multiple processes and an eccentric nu-
cleus similar to that in type-2 astrocyte after a few
weeks in culture with 10%CSand had some immuno-
chemical markers in its cytoplasm and on its surface.
OS3cells were maintained in the mediumcontaining
10%CSand were used for further analyses.
Characteristics of OS3 cells. When cultured in the
medium containing 10%CS, almost all OS3 cells were
GFAP-positive (GFAP+), A2B5-negative (A2B5~),

O4-negative (O4~) and GalC-negative (GalC~). The SV
40 large T antigen was strongly positive in the nucleus
of OS3 cells (Fig. 2). They grew rapidly with a doubling
time of about 30 hours in this culture medium.
Whenthe OS3cells were cultured in the mediumcon-
taining 2%CS, by 4 days in culture, about 50% of the
cells became GFAP O4+ (Fig. 3); less than 1% of the
cells were doubly positive for GFAPand O4; and 2-3%
of the cells expressed GalC. Most GalC+cells were also
positive for O4 (Fig. 4) and none of the GalC+ cells was
positive for GFAP. These GalC+ cells tended to appear
in clusters. O4 and GalC were expressed on both the cell
bodies and the processes. By 7 days in culture, the per-
centage of GFAP+cells decreased further and the per-
centage of O4+ cells increased up to 60-70%. GalC+
cells also increased but only slightly (Fig. 5A).
Cultured in the chemically defined medium, by 4 days
in culture, about 50%of OS3 cells lost GFAPas seen in
Fig. 3. Double immunostaining of the OS3 cell cultured in the medi-
um containing 2%CS for 7 days. Staining with mAbO4 (rhodamine
optics) was shown in A. Staining with mAbagainst GFAPwas shown
in C (FITC). Most of the O4 positive cells were GFAPnegative. A few
of the cells, however, were doubly positive for O4 and GFAP. The
phase contrast micrograph (B) shows the same field as in A and C.
Bar=20 //m.
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Fig. 5. Sequential changes in phenotypic markers under the differ-
ent culture conditions, after being cultured in the mediumcontaining
2%CS(A) or the chemically denned medium (B). The results are ex-
pressed as the mean±standard deviation (SD) of cultures from three
different platings.

the medium containing 2%CS but less than 10% of the
cells expressed O4. The percentage of GalC+ cells was
less than 1%. About 40% of the cells lost all the immu-
nochemical markers (GFAP-, O4~, GalC"). By 7 days
in culture, the percentage of O4+ cells did not increase
but the percentage of GFAP~O4^GalC~cells increased
up to 70-80%. The percentage of GalC+ cells remained
less than 1% (Fig. 5B).
Effects of growth factors on OS3 differentiation.
After treatment with PDGF, bFGF, IGF-1, EGF, or
PDGF+bFGFthere was no significant change in any
immunochemical marker under any culture condition

Fig. 4. Double immunostaining of the OS3 cell cultured in the medi-
um containing 2%CSfor 7 days. Most of the cells labeled with mAb
against GalC (A) (rhodamine optics) were also labeled with mAb O4
(C) (FITC). The phase contrast micrograph (B) shows the same field
asinAand C. Bar=20//m.
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Fig. 6. 3H-thymidineincorporation study under different culture condit ions in the presence of various growthfactors. The cells were cultured
for 48 hours under each culture condit ion and then the cultures were pulsed with 3H-thymidineand incubatedfor another 16 hours. Data from tri-
plicate cultures are expressed as the mean±SD.The concentrat ion of all growth factors was 10 ng/ml except for IGF-1 (100 ng/ml).

(data not shown).
Effects of serum and growth factors on OS3prolifera-
t ion (Fig. 6). Without mitogen, DNA syntheses in-

creasedin proportionto the serumconcentrationin the
culture medium.Under all three culture conditions,
PDGF, bFGF, and PDGF-hbFGF increased 3H-thymi-
dine incorporation in OS3 cells. Among these
stimulants, the combination of PDGFand bFGFin-
creased significantly DNAsynthese (2 to 3-fold as com-
pared to the untreated control). IGF-1 had some mito-
genic effect in the mediumcontaining 10%CSbut not in
the mediumcontaining 2%CSor in the chemically de-
fined medium.EGFhad no mitogenic effect on the cells
in any of the three culture conditions.

DISCUSSION

The sequential developmentof O-2Aprogenitor cells
into oligodendrocytesand type-2 astrocytes in vitro de-
pends on both intracellular and environmental controls
(22). It is of use to establish a pure population of O-2A
progenitorcells for studies on the mechanismof differ-
entiation and proliferation of O-2A progenitor cells. In
this respect, a transfection strategy with origin-defec-
tive SV40DNAwouldbe able to establish a stable
mouse O-2Alineage cell line.
Throughoutthe long term culture period of over one
and a half year, the OS3cells expressed a stable morpho-

logical and immunocytochemical phenotype. Whencul-
tured in the mediumcontaining 10%CS,OS3cells had
multiple processes and an eccentric nucleussimilar to
that of type-2 astrocytes after a few weeksin culture.
Whencultured in the mediumcontaining 2%CSor a
chemically defined medium, OS3 cells assumed oligo-
dendrocyte-like morphology with phase bright cell
bodyand multiple processes.

Immunocytochemically almost every OS3 cell was
GFAP+, O4-, and GalC" in the presence of 10%CS.
The cell surface antigens O4 and GalCwere induced by
reducing the serum level in the culture medium.These
findings indicate that the OS3cells line has somecharac-
teristics of O-2Aprogenitor cells although they are
A2B5- .

The ordered and partially overlapping expression of
A2B5,O4, and GalC markers distinguishes three con-
secutive, phenotypically difined stages of oligodendro-
cyte lineage in vitro, represented by the bipolar
A2B5+O4~GalC~ glial precursor, multipolar
O4+GalC~progenitor, and the complexprocess-bear-
ing O4+GalC+ oligodendrocyte (10, 16) . The

O4+GalC~progenitor cells, termed proligodendrocytes
by Gard and Pfeiffer (16), seemsto be a major compo-
nent of the OS3cells in the mediumcontaining 2%CS.
Someof these cells differentiate into GalC+oligoden-
drocytes whichtend to appear in cluster, therefore, cell-
cell interaction mayplay an important role for differenti-
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ation into GalC+ oligodendrocytes in this cell line.
Thus the OS3 cell line represents an early developmen-
tal stage of the oligodendrocyte lineage whencultured
in low serum culture medium. Even in chemically de-
fined medium, which is known to promote O-2A pro-
genitors' differentiation into oligodendrocytes (33),
however, GalC+ cells did not increase significantly.
Treatment of OS3 cells with cyclic AMPalso failed to
increase the percentage of GalC+ cells (data not
shown). Thus OS3 cells may have limited capacity to be-
come GalC+mature oligodendrocytes, or further op-
timal condition may be required to induce differentia-
tion into GalC+ oligodendrocytes on OS3 cells. Com-
pared to other reports of the immortalization of glio-
neuronal precursor cells (4, 14, 36), the timing of trans-
fection seems to be too late to obtain an A2B5+O-2A
progenitor cell line. Since A2B5is one of the early im-
munochemical markers of the O-2A progenitor cell,
OS3 cells may be derived from the cells which lose
A2B5immunoreactivity. Therefore we had tried to es-
tablish A2B5+precursor cell lines using the mixed glial
cell culture of late gestational state embryonic mice, but
we could not obtain any A2B5+cell lines.
Besides morphological and immunocytochemical sim-
ilarity to O-2A progenitors, OS3 cells showed similar re-
sponses to several growth factors as do O-2A progeni-
tors. It has been reported that purified human and por-
cine PDGFs, released by type-1 astrocyte (37), are

strongly mitogenic for O-2Aprogenitors in vitro but
after a set numberof divisions these cells lose respon-
siveness to PDGFand differentiate (30). In the absence
of PDGF, O-2A progenitors cease proliferation and
differentiate rapidly into oligodendrocytes. Basic FGF,
which is abundant in the central nervous system (19) has
been shown to induce DNAsynthesis in O-2A progeni-
tors (30) as well as in oligodendrocytes (ll). Basic FGF
acts on O-2A progenitor cells to maintain high level ex-
pression of PDGFa-receptors and to increase the sensi-
tivity of O-2A progenitor cells of PDGF (24). O-2A pro-
genitors exposed simultaneously to PDGF and bFGF
do not undergo any differentiation to oligodendrocytes
but instead divide continuously as bipolar and motile
progenitors (7). PDGF, bFGF and the combination of
both acted as potent mitogens on OS3 cells as observed
in O-2A progenitors. Whencultured in the mediumcon-
taining 10%CS,OS3 cells express the astrocyte marker
GFAP but still have the potency to react to these
growth factors as do O-2A progenitorss. IGF-1 is re-
ported to promote proliferation of immature oligoden-drocytes at the O4+GalC-stage (28). However, only

minimal mitogenic activity on OS3cells was observed.
Since we used a culture mediumcontaining insulin, it is
possible that insulin cross-reacted with IGF-1 receptors
to block the effect of IGF-1 on OS3 cells. EGF induces
proliferation and differentiation of oligodendrocytes, es-

pecially mature myelin-forming oligodendrocytes (1).
The result that OS3 cells did not respond to EGF in any
culture condition also supports the immature differentia-
tion stage of OS3 cells, rather than myelin-forming oli-
godendrocyte.
There were a few reports about immortalization of
glio-neuronal precursor cells (4, 14, 36). Two cell lines
(4, 14) expressed either neuronal or glial markers de-
pending on the culture conditions, but the differentia-
tion capacity of these cell lines appeared to be limited
and all of them differentiate only one way to an astro-
cyte. Others (36) also expressed either neuronal and gli-
al markers, but they were not bipotential. There was
only one report of a bipotential cell line that differenti-
ates into both oligodendrocytes and type-2 astrocytes
(2). This line was established by repetitive passage from
rat neonatal forebrain culture for over a year, and did
not consist of a single cell population. Therefore, the
OS3cell line is an unique mouse bipotential permanent
O-2A lineage cell line and may be useful to analyze the
developmental properties of these glial populations.
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