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tion and cultured in defined medium, they all differentiated
into oligodendrocytes. Very few oligodendrocytes
developed in cultures of embryonic spinal cord cells that
had been depleted of PDGFRα-expressing cells by
antibody-mediated complement lysis. These data demon-
strate that all PDGFRα-positive cells in the embryonic rat
spinal cord are oligodendrocyte progenitors and that most
or all early-developing oligodendrocytes are derived from
+ cells seem to proliferate and migrate away
from the VZ, becoming widely distributed throughout the cross
section of the cord and reaching the dorsal-most regions
between E16 and E18 (Pringle and Richardson, 1993).

We describe experiments designed to test the idea that these
PDGFRα+ cells are oligodendrocyte precursors, and to
determine the contribution they make to oligodendrogenesis in
the spinal cord. We purified PDGFRα+ cells from embryonic
rat spinal cord by immunoselection and found that they all dif-
ferentiate into oligodendrocytes when cultured under appro-
priate conditions in vitro. Very few oligodendrocytes
developed in cultures of embryonic spinal cord cells that had
been depleted of PDGFRα+ precursors by antibody-mediated
complement lysis. When dorsal and ventral E14 rat spinal cord
cells were cultured separately, only ventral cultures contained
PDGFRα

are expressed by a subset of neuroepithelial cells in
ventral half of the embryonic day 14 (E14) rat spinal c
The progeny of these cells subsequently proliferate 
migrate into the dorsal parts of the cord after E16. H
we show that E14 ventral cells are able to generate ol
dendrocytes in culture but that dorsal cells acquire 
ability only after E16, coinciding with the appearanc

PDGFRα-immunoreactive cells in the starting population.
PDGFRα-positive cells in optic nerve and spinal cord
cultures co-labelled with antibody markers of oligoden-
drocyte progenitors. When PDGFRα-positive cells were
purified from embryonic rat spinal cords by immunoselec-

these ventrally-derived precursors.
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MATERIALS AND METHODS

Optic nerve cell cultures
The optic nerves of newborn or postnatal day 7 (P7; the day of birth
is P0) Sprague-Dawley rat pups were dissected and dissociated as
described previously (Miller et al., 1985). Approximately 2,000 cells
were seeded in a 10 µl droplet on a 13 mm diameter poly-D-lysine-
coated glass coverslip in modified Bottenstein and Sato’s (BS)
medium (Bottenstein and Sato, 1979) containing 10% FCS. After 30
minutes, 400 µl BS medium was added to dilute the FCS to 0.5%.
Sometimes 10 ng/ml recombinant human PDGF-AA (Peprotech, New
Jersey, USA) was added. BS medium is Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with transferrin (0.1 mg/ml), bovine
serum albumin (0.1 mg/ml), progesterone (60 ng/ml), sodium selenite
(40 ng/ml), thyroxine (40 ng/ml), triiodothyronine (30 ng/ml),
putrescine (16 µg/ml) and insulin (5 µg/ml) (all from Sigma).

Embryonic spinal cord cell cultures
Sprague-Dawley rats from the University College London breeding
colony were used throughout. The day of appearance of the vaginal
plug was designated embryonic day zero (E0). Timed-mated females
were killed by CO2 asphyxiation and the embryos removed and killed
by decapitation. The spinal cords were dissected away from sur-
rounding tissue in Hepes-buffered minimal essential medium (MEM-
H) and the meningeal membranes removed with watchmakers’
forceps. The tissue was transferred to 2 ml Earle’s balanced salt
solution without calcium or magnesium (EBSS; Gibco-BRL) con-
taining 0.0125% (w/v) trypsin (Boehringer Mannheim) and incubated
at 37°C in 5% CO2 for 30 minutes. The tissue was washed in DMEM
containing 10% FCS (Gibco-BRL) to inhibit the trypsin, then trans-
ferred to fresh DMEM containing 10% FCS and 0.005% (w/v)
DNase-I (Sigma). The tissue was immediately dissociated by gentle
trituration with a Pasteur pipette. The resulting cell suspension was
filtered through a 20 µm pore-diameter mesh and washed by cen-
trifugation and re-suspension in DMEM containing 10% FCS. The
number of live cells in a sample of the suspension was counted in a
hemocytometer, using trypan blue (Sigma) exclusion as the criterion
of viability. Cells were then plated on poly-D-lysine-coated 13 mm
diameter glass coverslips in a 20 µl droplet. The cells were allowed
to attach for 30 minutes at 37°C. 400 µl of BS medium was added,
with or without 10 ng/ml PDGF-AA (Peprotech), and incubation
continued at 37°C in 5% CO2.

Immunoselection
Immunoselection was carried out by a modification of published pro-
cedures (Barres et al., 1992; Collarini, 1995). Three 60 mm diameter
Petri dishes were incubated overnight at 4°C with 2 ml anti-Ig
antibody solution - two with 10 µg/ml goat-anti-mouse IgG (Jackson
Immunoresearch, Pennsylvania) and one with 10 µg/ml goat anti-
rabbit IgG (Jackson Immunoresearch) in 50 mM Tris pH 9. The dishes
were washed three times with calcium- and magnesium-free
phosphate-buffered saline (PBS) and incubated for several hours at
room temperature with the appropriate antibodies for immunoselec-
tion (see below). The single-cell suspension of spinal cord cells
(prepared as described above for spinal cord cultures) was washed by
centrifugation and resuspension in MEM-H containing 0.5% FCS,
passed over an uncoated Petri dish to remove macrophages, then
sequentially over two dishes coated with a 1:10 dilution of RAN-2
hybridoma supernatant (Bartlett et al., 1981) to remove astrocytes and
meningeal cells, then finally over a dish coated with a 1:200 dilution
of anti-PDGFRα rabbit serum (Fretto et al., 1993). Each selection step
was for 30 minutes at room temperature with occasional gentle
swirling. The final dish was washed with MEM-H, then with EBSS,
and the immunoselected PDGFRα+ cells were removed with trypsin
(0.125% [w/v] in EBSS), washed and resuspended in DMEM con-
taining 10% FCS and plated at high density (1000 cells in a 3 µl
droplet) on 6 mm diameter poly-D-lysine-coated glass coverslips in a
96-well tissue culture plate. The cells were allowed to settle for 30
minutes at 37°C before adding 35 µl BS-medium.

Antibody-mediated complement lysis
A suspension of E17 spinal cord cells was prepared as described
above, except that FCS was omitted at all stages of the preparation to
avoid non-specific serum-dependant complement lysis. The cell sus-
pension was incubated simultaneously with rabbit complement (Cedar
Lane Laboratories; diluted 1:12 in BS-medium) and A2B5 hybridoma
supernatant diluted 1:5 in BS medium, at 37°C, 5% CO2 for 45
minutes, with gentle inversion every 15 minutes. The cells were
washed twice with DMEM and then once with DMEM containing
10% FCS. Approximately 40,000 viable cells (determined by trypan
blue exclusion) were plated in a 20 µl droplet on a 13 mm diameter
poly-D-lysine-coated glass coverslip. On the second day in vitro the
complement treatment was repeated. The cells were incubated in
antibody A2B5 (diluted 1:5 in BS medium) for 30 minutes at 37°C,
then washed twice with DMEM. Rabbit complement (1:12 dilution in
BS medium) was added for 30 minutes at 37°C, then the cells were
washed twice with DMEM and incubated in fresh BS medium con-
taining 0.5% FCS and 10 ng/ml PDGF-AA (Peprotech).

Immunocytochemistry
Cells on coverslips were lightly fixed in 2% (w/v) paraformaldehyde
in PBS for 5 minutes at room temperature. The coverslips were
washed three times in PBS, incubated in anti-PDGFRα rabbit serum
(#3979) (Fretto et al., 1993; Nishiyama et al., 1996) diluted 1:100 in
PBS for 30 minutes in a humid chamber at room temperature and
rinsed three times in PBS. The cells were then incubated in goat anti-
rabbit IgG (Jackson Immunoresearch) diluted 1:100 in PBS, for 30
minutes. Following this, the cells were incubated in one of the
following primary antibodies: monoclonal antibody A2B5 (Eisen-
barth et al., 1979), which labels a subset of gangliosides on the surface
of O-2A progenitor cells (Raff et al., 1983); antibodies against the
NG2 proteoglycan core protein (Stallcup and Beasley, 1987), which
also label the surface of O-2A progenitors (Nishiyama et al., 1996),
monoclonal antibody 04 (Sommer and Schachner, 1981), which labels
sulphatide and other antigens on the surface of maturing O-2A prog-
enitors (Bansal and Pfeiffer, 1992); monoclonal anti-galactocerebro-
side (GC; Ranscht et al., 1982), which reacts with an unidentified
antigen in addition to GC (Bansal and Pfeiffer, 1992) on the surface
of oligodendrocytes (Raff et al., 1978); monoclonal anti-glial fibril-
lary acidic protein (GFAP; clone GA-5, Sigma), an intermediate
filament protein specific to astrocytes. Hybridoma cell supernatants
were diluted 1:5 in PBS before use. The cells were post-fixed in 4%
(w/v) paraformaldehyde in PBS and mounted under Citifluor (City
University, UK). Labelled cells were viewed and photographed using
a Zeiss Axioskop photomicroscope and Kodak T-Max 400 ASA film.

RESULTS

Characterization of PDGFRα1-immunoreactive cells
from rat optic nerve and spinal cord
Oligodendrocyte progenitor cells were first identified and char-
acterized in cultures of perinatal rat optic nerve cells (Raff et
al., 1983; for reviews see Raff, 1989; Pfeiffer et al., 1994).
They were named O-2A progenitors because they can differ-
entiate into either oligodendrocytes or type-2 astrocytes,
depending on the culture conditions; in defined medium con-
taining at most 0.5% fetal calf serum (FCS) they give rise to
oligodendrocytes, whereas in the presence of 10% FCS they
give rise to type-2 astrocytes (Raff et al., 1983). These cell
types can be distinguished in rat optic nerve cultures by mor-
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nantly ventral (Pringle and Richardson, 1993). Thus, the spa-
tiotemporal distribution of PDGFRα+ cells closely matches
that predicted for oligodendrocyte precursors by Warf et al.
(1991).

We repeated the cell culture experiments of Warf et al.
(1991), to test the prediction that development of oligoden-
drocytes in cultures of dorsal or ventral cells depends on the
presence of PDGFRα+ precursor cells in the starting cell pop-
ulation. We bisected E14, E16 or E18 rat spinal cords longi-
tudinally into dorsal and ventral halves, dissociated the cells
and cultured them on glass coverslips in defined medium con-
taining 0.5% FCS. Previous studies have shown that, under
these conditions, cell cultures of embryonic rat brain (Abney
et al., 1981), optic nerve (Raff et al., 1985) or spinal cord
(Warf et al., 1991) first give rise to oligodendrocytes on or
shortly before the equivalent of the day of birth (E21/P0),
coinciding with the first appearance of significant numbers of
oligodendrocytes in vivo (Abney et al., 1981; Miller et al.,
1985; Jordan et al., 1989; Warf et al., 1991). Thus, cultures
of E14 spinal cord cells generate substantial numbers of
oligodendrocytes after 3-4 days (equivalent of E18), E16
cultures after 1-2 days and so on (Warf et al., 1991; our own
unpublished data). Therefore, in the first series of experi-
ments we fixed and labelled our spinal cord cultures after 16
hours with anti-PDGFRα and A2B5 to visualize presumptive
oligodendrocyte progenitors, or with anti-GC on the equiva-
lent of the day of birth to visualize oligodendrocytes. The
results of these experiments are depicted in Fig. 2 and Table
1. No (PDGFRα+, Α2Β5+) process-bearing cells were present
in E14 dorsal cultures after 16 hours, and no GC+ oligoden-
drocytes developed in parallel cultures during the next 7 days
in vitro (Table 1; Fig. 2A,B,E,F). Small numbers of
Table 1. PDGFRα1 progenitors and GC1 progenitors in
cultures of rat spinal cord cells

PDGFRα+ cells per coverslip GC+ oligodendrocytes per 
after 16 hours in vitro coverslip at equivalent of P0

Age Dorsal Ventral Dorsal Ventral

E14 0 44±9 0 1387±245
E16 46±3 212±18 368±71 1908±204
E18 1360±90 1865±516 262±170 323±55

E14 rat spinal cords were dissected into dorsal and ventral halves and
cultured separately on glass coverslips as described in Materials and methods.
After 16 hours the cells were fixed and labelled with anti-PDGFRα to
visualize presumptive oligodendrocyte progenitors. Parallel coverslips were
cultured longer, until the equivalent of the day of birth (i.e. E14 + 7DIV, E16
+ 5DIV, E18 + 3DIV; DIV means days in vitro), then fixed and labelled with
anti-GC to visualize oligodendrocytes. PDGFRα+ cells were present initially,
and oligodendrocytes developed subsequently, in all cultures except cultures
of E14 dorsal cells. Tabulated are mean numbers of cells and standard
deviations of three independent experiments conducted in duplicate or
triplicate. There was not a strict correlation between the number of PDGFRα+

cells in the starting population and the number of oligodendrocytes that
developed in culture. For example, fewer oligodendrocytes developed in the
E18 cultures than in the E16 cultures, despite the fact that there were more
PDGFRα+ cells initially present in the E18 cultures. Part of the reason for this
is presumably that the E18 cells were cultured for a shorter time than the E16
cells (3 days rather than 5 days in vitro). However, our impression was that
there was more cell damage and death caused during dissociation of E18 than
E16 spinal cords, probably reflecting increased mechanical damage to
neurons. Reduction in the number of neurons in the cultures might have
affected the rate at which oligodendrocytes differentiated or or the proportion
that survived in the cultures.
(PDGFRα+, Α2Β5+) process-bearing cells were present in
E14 ventral cultures, and many oligodendrocytes developed
within 7 days (Table 1; Fig. 2C,D,G,H). Significant numbers
of (PDGFRα+, Α2Β5+) process-bearing cells were present in
cultures of both ventral and dorsal cells from E16 and E18
spinal cords after 16 hours in vitro, and many oligodendro-
cytes developed in these cultures by the equivalent of the day
of birth (Table 1). These data confirm the findings of Warf et
al. (1991) and in addition show that the presence of
(PDGFRα+, Α2Β5+) process-bearing cells in the starting cell
population correlates with the ability of the cultures to give
rise to oligodendrocytes in the longer term. In all these spinal
cord cultures, as in optic nerve cultures, there were small
numbers of (PDGFRα+, Α2Β5−) flat meningeal cells, which
Fig. 2. PDGFRα+ precursors and oligodendrocytes in cultures of E14
rat ventral and dorsal spinal cord cells. E14 cords were divided
longitudinally into ventral and dorsal halves, dissociated and cultured
on glass coverslips in BS medium containing 0.5% FCS with or
without 10 ng/ml PDGF-AA. Cultures were immunolabelled with
anti-PDGFRα (A-D) or anti-GC (E-H) and photographed under
fluorescence or phase contrast optics. After 16 hours in vitro, ventral
cultures contained small numbers of PDGFRα+ cells (A,B) but
dorsal cultures did not (C,D). After 7 days in cultures, many GC+

oligodendrocytes had developed in ventral cultures (E,F) but few or
none developed in dorsal cultures (G,H). See Table 1 and Fig. 3 for
further information. Scale bar, 50 µm.














