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Summary

The bipotential progenitor cells (O-2A progenitors)
that produce oligodendrocytes and type-2 astrocytes
in the developing rat optic nerve are induced to
proliferate in culture by type-1 astrocytes. Here, we
show that the astrocyte-derived mitogen is platelet-
derived growth factor (PDGF). PDGF is a potent mito-
gen for O-2A progenitor cells in vitro. Mitogenic activ-
ity in astrocyte-conditioned medium comigrates with
PDGF on a size-exclusion column, competes with
PDGF for receptors, and is neutralized by antibodies
to PDGF. PDGF dimers can be immunoprecipitated
from astrocyte-conditioned medium, and mRNA en-
coding PDGF is present in rat brain throughout glio-
genesis. We propose that astrocyte-derived PDGF is
crucial for the control of myelination in the developing
central nervous sytem.

Introduction

In the necnatal rat optic nerve there are bipotential glial
progenitor cells, which during postnatal development give
rise either to oligodendrocytes, the myelin-producing cells
of the central nervous system (CNS), or type-2 astrocytes,
which contact nerve axons at the gaps (“nodes of Ran-
vier’) between adjacent myelinated regions (“internodes”)
(ffrench-Constant and Raff, 1986a). The bipotential pro-
genitor celis are therefore known as O-2A progenitors
(Raff et al., 1983). Apart from the O-2A lineage, the most
abundant glial cells in the embryonic and neonatal optic
nerve are type-1 astrocytes, which are derived from a
different precursor cell (Raff et al., 1984a; for a review of
cell lineages in the optic nerve, see Raff and Miller, 1984).
There is evidence that type-1 astrocytes are derived from
the neuroepithelial ceils that form the optic stalk, while the
0O-2A progenitor cells appear to migrate into the develop-
ing optic nerve from elsewhere in the CNS (Small et al.,
1987). There are no neural cell bodies in the nerve, only

axons from the retinal ganglion neurons projecting to the
brain.

Type-1 astrocytes first appear in the rat optic nerve
around embryonic day 16 (E16), and oligodendrocytes an
the day of birth (E21) {Skoff et al., 1976a, 1976b; Miller et
al., 1985). O-2A progenitors continue to divide and differ-
entiate into oligodendrocytes for several weeks after this
(Skoff et al., 1976a, 1976b), and some progenitors even
persist into adulthood (ffrench-Constant and Raff, 1986b).
Starting in the second postnatal week, some O-2A pro-
genitors differentiate into type-2 astrocytes (Miller et al.,
1985). This strict developmental sequence is disrupted
when dissociated optic nerve cells are cultured in defined
medium. Then all the O-2A progenitor cells stop dividing
and differentiate within 48 hr into oligodendrocytes, re-
gardless of the age of the animal from which they were de-
rived (Raff et al., 1985). Type-2 astrocytes do not develop
in these cultures unless an inducing factor is present (Raff
et al., 1983; Hughes and Raff, 1987).

Correct timing of oligodendrocyte deveiopment can be
restored in culture by growing embryonic optic nerve cells
in <0.5% FCS on a monolayer of type-1 astrocytes, or in
astrocyte-conditioned medium (Raff et al., 1985). Under
these conditions O-2A progenitors are stimulated to di-
vide, and first differentiate into oligodendrocytes at the in
vitro equivalent of the day of birth. Proliferation and differ-
entiation into oligodendrocytes continue for several weeks
in culture (Noble and Murray, 1984; Raff et al., 1985;
Dubois-Dalcq, 1987), just as in vivo. Thus, type-1 astro-
cytes provide a mitegen(s) that can keep O-2A progenitors
dividing and prevent their premature differentiation. To un-
dersland the mechanisms that control O-2A cell differenti-
ation, it is essential to identify the molecules that mediate
this crucial cell-cell interaction.

Several polypeptide growth factors and their receptors
are expressed in the CNS (for reviews, see Gospodarowicz,
1984, Westermark et al., 1985; Korsching, 1986; Gammel-
toft et al., 1987). One of these, platelet-derived growth fac-
tor (PDGF), was of particular interest to us since PDGF
receptors seem to be restricted to cells of mesenchymal
and glial origin (Heldin et al., 1981¢), and PDGF is fre-
guently expressed at high levels in human gliomas (Eva
et al., 1882, Betsholtz et al.. 1986}, suggesting a role for
PDGF in the control of normal glial cell growth (for a review
of PDGF biclogy, see Ross et al., 1986). In this article, we
show that pure human and porcine PDGFs are strongly
mitogenic fer O-2A progenitors in vitro (see also Noble et
al., submitted), that type-1 astrocytes in culture secrete
PDGF dimers, and that mitegenic activity in astrocyte-
conditioned medium is neutralized by anti-PDGF immu-
noglobulin. In addition, we find that mRNAs encoding the
PDGF A and B chains are present in primary cultures of
type-1 astrocytes, and in neonatal rat brain at the time
when O-2A progenitor cells are proliferating in vivo (Skoff
et al., 1976a, 1976b). Our findings strongly suggest that
PDGF is secreted by type-1 astracytes and plays a key role
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Figure 1. Immunofiuorescence Microscopy and [*H]Thymidine Autoradiography of P7 Rat Optic Nerve Cells in Culture

Optic nerve cells were grown in defined medium supplemented with 0.5% FCS and Superose 12 fractionated astrocyte-conditioned medium (see
Figure 2). [*H]thymidine (2 uCi/ml final concentration) was added to the cultures from 18 to 32 hr after plating, and the cells were fixed and stained
with monoclonal antibodies A2BS and GC (see text), followed by appropriate fluorescent second antibodies. The stained cells were processed for
autoradiography (see Experimental Procaedures) and developed after 3 days. The figure shows cells cultured with the most active Superose fraction
(number 31, see Figure 2). An (A2B5", GC ) O-2A progenitor cell lies between two GC' oligodendrocytes. Of these, only the progenitor cell has
incorporated [*H}thymidine (lower arrow). An unstained flat cell, possibly a type-1 astrocyte. has also incorporated radialabel (upper arrow). Approxi-
mately 45% of O-2A progenitor cells incorporated [3H)thymidine when culturec with Superose fraction 31 or PDGF (Table 1). Mature GC~ aligoden.

drocytes never incorporated [*H]thymidine in our experiments,

in controlling the proliferation and differentiation of O-2A
progenitors in the developing rat optic nerve.

Results

The Astrocyte-Derived Mitogen Comigrates with
PDGF on a Size-Exclusion Column

We fractiocnated astrocyte-conditioned medium on a Su-
perose 12 FPLC size-exclusion column {(Pharmaciaj, and
tested individual fractions for their ability to promote
proliferation of O-2A progenitor cells in cultures of neona-
tal rat optic nerve cells. Cells piated on glass coverslips
were cultured in defined medium containing transferrin
and insulin (see Experimental Procedures), suppiemented
with 0.5% fetal calf serum (FCS) and a portion of each
column fracticn. In some experiments, the cells were fixed
after 3 days in culture and stained with monoclonal anti-
hodies A2BS (Eisenbarth et al., 1979) and anti-galactocere-
broside (GC) (Raff et al., 1978), followed by appropriate flu-
orescent second antibodies, to allow O-2A progenitors
(A2B5*,GC) and oligodendrocytes (GC™) to be identified
in a fluorescence microscope {Figure 1). In defined medi-
um containing £0.5% FCS, most O-2A progenitors in optic
nerve cultures stop dividing and differentiate within 1 or
2 days into oligodendrocytes (Raff et al., 1985); however
in the presence of mitogens derived from type-1 astro-
cytes some of the O-2A progenitors continue to divide a

number of times before differentiating (Noble and Murray,
1984; Raff et al., 1985; Temple and Raff, 1986}. Therefore,
the number of O-2A progenitors remaining after 3 days in
culture provides an estimate of the amount of mitogen in
the medium. According to this progenitor cell counting as-
say, the mitogenic activity in astrocyte-conditioned me-
dium migrated on Superose 12 as a single trailing peak
with an apparent molecular mass of ~18 kd (Figure 2, up-
per panel).

in other experiments, DNA synthesis in O-2A progeni-
tors was measured by 2H-thymidine autoradiography
(Figure 1). Table 1 shows the proportions of O-2A progeni-
tors that incorporated *H-thymidine when grown in the
presence of a portion of the most active Superose 12
column fraction (number 31, see Figure 2), compared to
an inactive fraction (number 28) or 10 ng/ml of pure human
PDGF. A significant proportion {about 45%) of O-2A pro-
genitors growing in the presence of fraction 31 or pure
PDGF incorporated SH-thymidine (Table 1), indicaling
that the increased numbers of O-2A progenitors depicted
in Figure 2 (upper panel) are produced by cell divisions,
rather than by an inhibitory effect on growth and differenti-
ation, for example. Therefore, only the simpler progenitor
cell counting assay was used in subsequent experiments.

For comparison, *"l-labeled human PDGF was ap-
plied to the Superose 12 column under the same condi-
tions. The elution profile, shown in Figure 2 (lower panel),



PDGFE in the CNS
31

A2B5%, GC™ progenitors

300 pool
OO
1
1200 astrocyte CM

-

6520184 6 kd
100 } ‘| ;‘ }

oty

cpm x 1073

14

14 _I_
12

10

ol

3
1 fractions

“*|-PDGF

—

BTes)

o

S

Tro

fractions

Figure 2. Superose 12 Size-Exclusion Chromatography of Astrocyte-
Cenditioned Medium

We concentrated astrocyte-concitoned medium by ammanium sulfate
precipitation (see Experimental Procedures) and separated it on a Su-
perase 12 (Pharmacia) column equilibrated with 0.2 M ammonium ace-
tate (pH 7.0). A portion of each coiumn fraction was tested for its ability
to stimulate proliferation of O-2A progenitor cells in cultures of P7 rat
aptic nerve. by counting progenitor cell numbers after 3 days in culture
(see Results). Mitogenic activity migrated as a single trailing peak with
an apparent molecular weight of ~18 kd (upper panel). On the same
coiumn under identical conditions, '*|-labeled dimeric human PDGF
had the same maobility (lower pancl).

was very similar to that of the astrocyte-derived mitogen,
with the peaks falling in precisely the same fraction. Hu-
man PDGF has a molecular mass of ~30 kd {Heldin et al
1981a; also see Figure 4), and is a heterodimer of A and
B chains, of ~17 and ~14 kd, respectively (Hammacher et
al., submitted). ltis probable that the anomalous apparent
molecular mass on Superose 12 is a consequence of in-
teraction between the hydrophobic PDGF molecule and
the column matrix.

Astrocyte-Conditioned Medium Competes with PDGF
for Receptors on Human Foreskin Fibroblasts

Serum-free conditioned media were collected from cul-
tures of primary rat cortical astrocytes, primary rat menin-
geal cells, and some rat and human CNS cell lines. The
conditioned media were tested for PDGF-like molecules
by their ability to compete with 25I-labeled human PDGF

Table 1. [FH|Thymidine Incorporation in O-2A Progenitors

*H-Labeled O-2A
Progenmtor Cells

289% (22/78)
349 (29/86)

Addition to Culture Medium®

asuo-;.y-te Cha (115)
astrocyte CM (1:10)

Superase fraction 28 {1:208 8% {(2/42)
Superase fraction 31 (1:20)° 47Y% {68{144)
human POGF (5 ng/mi) 45% (77/170)
no add-tion 0% (CG/16

“ Modified medium of Bottenstein and Sato (1979). See Experimen-
tal Procedures

" See Figure 2.

*H-thymidine autorad'ography was performed (see Experimental
Procedures) on P7 optic nerve cultures grown in defined medium sup-
plemented as shawn in the tanle. Before processing for auteradiogra-
phy. the cultures were doubly surface-stained with monoclonal
antibodies A2ZB5 and GC, and. after exposure, the numbers of (A2B5" .
GC ) 0-2A progenitor cells, with and without silver grains, were count-
ed under a fluorescence microscope (see Figure 1). Shown are the
percentages of progenitor cells that incorporated [H]thymidine, with
the actual numbers observed (means of duplicate coverslips) in paren-
theses.

for receptors on the surface of human foreskin fibroblasts
(Nister et al., 1984). The human glioma cell line 157
{provided by M. Noble, Ludwig Institute for Cancer Re-
search, London) secreted the highest amounts of PDGF
receptor competing activity (Table 2). A7-6-3, a rat CNS cell
transformed by a retrovirus carrying the SV40 large T
gene (H. Geller and M. Dubois-Dalcq, unpublished data),
also secreted substantial receptor competing activity. The
amount of receptor competing activity in astrocyte-con-
ditioned medium was variabie, but we readily detected ac-
tivity in two out of the three batches that we tested (Table
2). On the other hand, there was no activity in any of the
three batches of primary meningeal cell-conditioned me-

Table 2. Mitogenic Effect, and PDGF Receptor Competing
Abilities of Conditioned Media

Effect on Fold-Dilution
'25.PDGF Binding  at Half Maximai

Saurce of Medium (% Displacement}  Mitagenic Activity

157 human ghoma cells 73 (82,75,61) 128

AT7-6-3 rat CNS cells 34 (45,21,35) 16
primary astrocyles 20 (27,0,32) 8
primary meninges -5(-10,-13) no activity

DMEM 0
human PDGF (10 ng/ml) 57 (48.79.43)

ne activity
20 (0.5 ng/ml)

Conditioned media were collected as described in Experimental Proce-
dures. Three independent baiches of media were tested, undiluted,
for their ability to compete with human "2*1-PDGF for receptors on hu-
man foreskin fibroblasts (Nistér et al., 1984). The individual results
(parcntheses) and the mean are listed in the center column. The thirc
hatch of each conditioned medium was tested far mitogenic effect on
O-2A progenitors in cultures of P7 rat optic nerve. The fold-dilution re-
quired for half-maxirmal response, shown in the right-hand column, was
determined in each case from a dose-response profile like those in
Figure 3. There is good correspondence between the PDGF receptor
competing ability and the mitogenic activity in each sample. The ac-
livity in astrocyte-conditioned mecium is cquivalent to ~+4 ng/mi human
PDGF
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Figure 3. Dose-Response Profiles for Mitogenic Stimulation of O-2A
Progenitor Cells by Conditioned Media. and by Purified PDGF

Media cand:tioned for 48 hr by primary cultures of astracytes from neo-
nalal rat cerebral coriex, by primary cultures of rat meningeal cells, o
by A7-B-3 rat CNS cells were tested at various dilutions for mitogenic
effect on O-2A progenitors in P7 rat optic nerve cultures, by counting
pregenitor cell numbers after 3 days in culture (see Results). Plotted
in the figure are the means of duplicate experiments; vertical bars rep-
resent the difference between individual cell counts. The mrtogenic
response is dose-dependent and decreases from near-maximal te
near-background over a 4- to 8-fold concentration range. Pure human
or porcine PDGF elicited a similar mitogenic response, but activity
ciluted aut over an ~30-fold concentration range. The cancentration
cf human PDGF at halt-maximal activity is ~05 ngimi (17 pM)

dium tested. The detection limit of this assay is of the order
ot 1 ng/ml for pure human PDGF, but we do not know how
the sensitivity differs between rat and human, or how it
differs for different molecular forms of PDGF.

in parallel experiments, we compared the abilities of the
same conditioned media to promote proliferation of O-2A
progenitor cells by the progenitor cell counting assay
used to generate Figure 2 (see previous section). Dose-
response curves for conditioned media of astrocytes, A7-
6-3 cells, and meningeal cells are shown in Figure 3, with
dose-response profiles for human and porcine PDGFs for
comparison. The amount of mitogenic activity in each
conditioned medium, expressed as the dilution at which
activity is half-maximal. is listed in Table 2. For the cell
types examined, the mitogenic effect on O-2A progenitor
cells correlates well with the level of PDGF-like molecules
in the medium, estimated by receptor competing ability.
This is consistent with the notion that the predominant ac-
tive molecule may be a form of PDGF.

Astrocytes Secrete PDGF Dimers

into the Culture Medium

We labeled primary astrocytes for 24 hr with #*S-cysteine,
and coilected the culture medium. Some of the medium
was fractionated on Superose 12 as above, and fractions
encompassing the peak of activity ("pool” in Figure 2, up-
per panel) were combined. This pool of fractions, and the
remainder of the unfractionated medium, were incubated
separately with anti-PDGF serum {Heldin et al., 1981b) or
control serum. followed by formalin-fixed Staphylococcus

M1 2345 678 9 M

-+ -+ Bm

Figure 4. Immunoprecipitation of 3°S-Cysteine-Labeled Proteins from
Astrocyte-Conditioned Medium (ACM), with Anti-PDGF Serum
Cultures of primary astrocytes from neonatal rat ceretral cortex were
incubated overnight in serum-free medium containing 3°S-cysteine
(see Experimental Procedures). The medium was collected and half
of it applied to a Superose 12 FPLC column. The fractions around the
peak of mitogenic activity were combined ("pocl” in Figure 2), and im-
munoprecipitated with anti-PDGF serum or control serum, followed by
Staphylococcus A. The remaining unfractionated ACM was treated in
the same way. The precipitates were run an a 13% pelycrylamide-3DS
gel (left panel) or a 17% gel (right panel), either with or without prior
reduction with [j-mercaptoethancl (see helow). '2%|-tabeled human
POGF was also precipitated for camparison. Left panel: ne -mer-
captoethanol. Lane 1: human PDGF, anti-PDGF serum. Lane 2: Su-
perose-fractionated ACM, anti-PDGF serum. Lane 3: Superase-frac-
tionated ACM. control serum. Lane 4: unfractionated ACM, anti-PDGF
serum. Lane 5: unfractionated ACM. control serum. A protein band at
~.30 kd (arrowhead) is precipitated by anti-PDGF serum, but not con-
trol serum, Right panel: samples unreduced or reduced by [}-mer-
captoethanol as indicated. Lane 6: Superose-fractionated ACM, anti-
PDGF serum, unreduced. Lane 7. same, reduced. Lane 8: human
PODGF, unreduced. Lane 9: same. reduced. The 30 kd protein precipi-
tated frem ACM (lane 6, arrowhead) yvields twa bands at ~.14 kd and
~17 kd when reduced by j-mercaptogthanol. Lanes m: prolein molecu-
lar weight markers.

A, and the precipitales subjected to SDS-polyacrylamide
gel electropharesis either with or without prior reduction
with B-mercaptoethanol (Figure 4). An unreduced protein
of 30 kd (arrows) was precipitated from both fractionated
(lane 2) and unfractionated {lane 4) astrocyte-conditioned
medium by anti-PDGF serum, but not by control serum
(lanes 3 and 5). Pure "’|-labeled human PDGF migrated
as a broad band from 26 kd to 30 kd {lane 1), or as a dou-
blet at ~25 kd (lane 8), depending on the composition of
the gel matrix. Upon reduction, the 29 kd astrocyte protein
was eliminated, and instead two bands at ~+14 kd and ~17
kd appeared {compare lanes 6 and 7), which migrated
close to the reduced A and B chains of human PDGF (lane
9). We do not know whether the ~14 kd astrocyte polypep-
tide represents the B chain of PDGF or a partial proteolytic
degradation product cf the ~17 kd A chain. Definitive iden-
tification will require the use of A and B chain-specific an-
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Table 3. The Mitogenic Activity in Astrocyte-Conditioned
Medium Is Neutralized by Anti-PDGF Immunoglobulin

) Number of Progenitars
Addition to

Culture Medium?

Neutral-
ig: None  Control uPDGF ization

(Experiment 1)

astrocyte CM (1:5) 147 ND 25 8304
astrocyte CM (1:10) 55 85 15 73%
human PDGF {5 ng/ml)” 41 36 3 92%
no addition 6 ND ND -
(Experiment 2)

astrocyte CM {1:2) 592 372 38 90%
na addition 19 ND ND —
(Experiment 3}

astrocyte CM (1:5) 72 ND 3 96

no addition 1.5 ND ND .

(Experiment 4) Superose
12 fractions®

fraction 28 {1:20) 1 ND 13 -
fractions 31+ 32 (1:20} 59 ND 13 78%
na acdition 9 ND ND -

2 Medified medium of Bottenstein and Salo (1979). See Experimen-
tal Procedures.

& Nominal concentration.

¢ See Figure 2.

Astrocyte-conditioned media (CM). or column fractions from Superose
12 fractionated astrocyle CM (see Figure 2}, were tested for their abili-
ty to stimulate proliferation of O-2A progenitor cells in P7 rat optic nerve
cultures in the presence of 25 ng/ml rabbit anti-human PDGF Ig, con-
trol 1g. or no |g. Three different batches of astrocyte-canditioned medi-
um were tested (Experiments 1-3), using two independent preparations
of anti-PDGF Ig (Experiments 1-2, and Experiments 3-4). Quoted pro-
genitar cell numbers are averages of triplicate (Experiment 1) or dupli-
cate coverslips. The proportion of mitogenic activity which was
neutratized by anti-PDGF Ig 1s listed in the right-hand column. These
values are minimum eslimates, because they were calculated from the
progenitor cell number in the presence of anti-PRGF Ig (¢-PDGF) and
the lower of the other two relevant figures {no Ig or control 1g) without
correcling for the hackgraund in defined medium.

tibodies. It appears, however, that primary astrocytes syn-
thesize and secrete PDGF dimers into the culture medium,

The Majority of Mitogenic Activity in
Astrocyte-Conditioned Medium Is Neutralized

by Anti-PDGF Immunoglobulins

The experiments described above demonstrate that astro-
cytes secrete PDGF dimers, which are mitogenic for O-2A
progenitor cells in cultures of rat optic nerve. Is this the
major, or only, mitogen for O-2A progenitors in astrocyte-
conditioned medium? To answer this question, we attempted
to neutralize the mitogenic activity with antihodies directed
against PDGF (Heldin et al., 1981b). An ammeonium sulfate
Ig fraction of rabbit anti-human PDGF, used at a protein
concentration of 25 ng/ml in the culture medium, neutral-
ized over 90% of the mitogenic activity of 5 ng/ml pure hu-
man PDGF (Table 3. Experiment 1}. In contrast, an equiva-
lent amount of control Ig had no effect. Between 73% and
96% of the mitogenic activity of unfractionated astrocyte-
conditioned medium was also neutralized by anti-PDGF,
but not control Ig (Table 3, Experiments 1-3). These ef-
fects were elicited by Ig prepared from three independent

anti-PDGF rabbit sera (see Experimental Procedures).
One of these sera (used in Experiments 1 and 2, Table 3)
has been characterized by Heldin et al. (1981b}, and shown
to specifically neutralize PDGF-related mitagens white not
affecting epidermal growth factor (EGF) or fibroblast growth
factors (FGF). As an additional test of the specificity of
our anti-PDGF 1g preparations, we tried to determine
whether they would inhibit type-2 astrocyte inducing fac-
tor, an activity found in extracts of rat optic nerves (Hughes
and Raff, 1987) and alsc in astrocyte-conditioned medium
(Lillien and Raff, personal communication). This activity,
which is mediated by an as yet uncharacterized ~25 kd
protein {Hughes and Raff, 1987), induces expression of
the astrocyte marker, glial fibrillary acid protein (GFAP), in
O-2A progenitors in optic nerve cultures. Our anti-PDGF
Ig preparations had no inhibitory effect on this activity in
optic nerve extracts {data not shown).

At leasl 70% of the mitogenic activity in the active peak
of Superose 12-fractionated astrocyte-conditioned medium
was also neutralized by anti-PDGF Ig (Tabie 3, Experiment
4). These results suggest that a molecule antigenically
related to PDGF is essential for the mitogenic effect of
type-1 astrocytes on O-2A progenitor cells.

Cultured Type-1 Astrocytes Contain mRNA

Encoding PDGF

We prepared poly(Aj)-containing RNA from cultured rat as-
trocytes, and subjected it to Northern blot analysis using
32P.labeled DNA probes specific for PDGF A or B chains.
On the same blot, for comparison, we included equivalent
quantities of poly(A) RNA from a variety of other rat and
human cell types. The A chain probe, a human cDNA iso-
lated by Betsholtz et al. {1986), hybridized with transcripts
in all of the cell types examined, including type-1 astro-
cytes and meningeal cells (Figure 5A). The human glioma
line 167 (lane B6) contains high levels of A chain mRNAs
at approximately 1.9 kb, 2.3 kb, and 2.9 kb, as described
for other human gliomas by Betsholtz et al. (1986). A7-6-3,
the transformed rat CNS-derived celt line, and C8, a rat
glioma line {Benda et al., 1968), both contain a single ma-
jor PDGF A chain transcript of ~1.9 kb, plus other minor
species (tane 4 and 5). Primary rat astrocytes (lane 3) and
meningeal cells {lane 2) contain a similar ~1.9 kb tran-
script, present at levels comparable to that in A7-6-3. Den-
sitometry of the autoradiographs showed that the level of
the 1.9 kb transcript in primary astrocytes or meningeal
cells was about 7-fold less than the equivalent transcript
in the glioma line 157, and about 20-fold lower than the
sum of all A chain transcripts in 157 {(data not shown). This
result was independent of the stringency of the washing
regimen (see Experimental Procedures) and is presum-
ably a reliable estimate of the relative abundance of tran-
scripts in the human and rat cells. mRNA from 3 day old
rat brain (lane 1) also contains the 1.9 kb transcript, and
additional transcripts similar in size to the 2.3 kb and 2.9
kb human transcripts.

Both astrocytes (Figure 5B} and brain (data not shown)
contained very small amounts of a ~~3.5 kb transcript that
hybridized with the B chain probe, a fragment of the hu-
man B chain (c-sis) coding sequence {Josephs et al.,



Cell
314

brain men. astrc. A763 C6 157

1984). Trace amounts of an RNA of the same size may also
have been present in A7-6-3 cells, but nothing could be de-
tected in meningeal cells {Figure 5B, lane 8) or C6 cells
(data not shown). The 157 glioma cells contained small
amounts of a ~4 kb B chain-specific transcript {data not

Ef7 E19 PO P2 P4 P12

Figure 6. Time Course of Appearance of PDGF A Chain mRNAs in
Rat Brain

Poly(A}-containing RNA (10 ug/lane) from the brains of rats of various
ages was electrophoresed on an agarose-formaldehyde gel, trans-
ferred to nylon membrane, and hybridized to a %P-labeled DNA probe
specific for the PDGF A chain mRNAs. After autoradiographic ex-
posure, the probe was remaoved by boiling, and the blat rehybridized
with a probe specific for glial fibrillary acidic protein (GFAP} mRNA,
and then again with a probe for pyruvate kinase (PK) mRNA. PDGF
A chain mRNAs and GFAP mRNA both increase several-fold between
E17 and E19; PDGF A chain mRNAs then remain at a fairly constant
level to P12, whereas GFAP mRNA increases further between PO and
P12, probably reflecting the growth of astrocytic processes. PK mRNA
remains at roughly constant levels over the time period examined. and
acts as a control for lane loadings. PDGF A chain mRMNA levels remain
constant up to 2 years of age (data not shown). PDGF B chain mRNAs
(3.5 kb and 2.1 kb) were expressed at low, constant levels between E15
and 2 years {data not shown}.

sis:nrk men.  astro.

Figure 5. PDGF A and B Chain mRNAs in Var-

ious CNS-Derived Cell Types
Poly(A)-containing RNA (15 wg/lane) was elec-
trophoresed on an 1% agarose gel containing
formaldehyde, transferred to nylon membrane,
hybridized with **P-labeled DNA probes spe-
35kb cific for PDGF A or B chain, and autoradio-
graphed. | eft panel: A chain probe, RNA from
the following sources: Lane 1, P3 rat brain.
Lane 2, cultures of primary meningeal cells
from neonatal rat. Lane 3, cultures of primary
astrocytes from necnatal rat cerebral cortex.
. Lane 4, A7-6-3 rat CNS cells. Lane 5, C6 rat
B glioma cells. Lane 6, 157 human glioma cells.
Right panel: PDGF B chain probe. Lane 7, 3SV-
transformed normal rat kidney cells. Lane &,
9 primary cuitures of rat meningeal cells. Lane 9,
primary cultures of rat astrocytes. The ex-
posure time of lane 7 was approximately one-

fifth that of lanes 8 and 8.

shown). As a positive hybridization cantrol for B chain, we
included RNA from the SSV-transformed rat cell line, sis-
NRK {obtained from P. Stroobant, Ludwig Institute for Can-
cer Research, London). This cell line contains two very
abundant transcripts at about 2 kb and 3 kb, and other
less abundant transcripts {Figure 58, lane 7).

Developmental Regulation of PDGF A Chain mRNA
in Brain Is Consistent with Its Synthesis

by Type-1-like Astrocytes In Vivo

We prepared poly(A)-containing RNA from the brains of
rats of various ages, from embryonic day 17 (E17) to 2
years. (Conception marks the start of E1, and birth is on
E21.) After separation on formaldehyde-agarose gels, we
blotted the mMRNAs onto nylon membrane and probed for
transcripts encoding PDGF A chain {Figure 6) and B chain
(data not shown). We also reprobed the same blot for pyru-
vate kinase mRNA to centrol for sample leadings, and for
GFAP mRNA, an astrocyte-specific marker (Figure 6).
PDGF A chain transcripts were present but barely detect-
able at E15 (data not shown) and E17 (Figure 6), but in-
creased several-fold in amount between E17 and E19 (Fig-
ure 6), and thereafter remained at a fairly constant level
up to postnatal day 12 (P12; Figure 6) and even up to 2
years of age (data not shown). A single pyruvate kinase
transcript of ~2.5 kb was present on the same blot at a
roughly constant level at all ages, showing that similar
amounts of RNA were loaded in each gel lane. The single
~2.7 kb GFAP transcript was first detected at E17 (at a
longer exposure than is shown in Figure 6), but increased
several-fold between E17 and E19, coinciding with the in-
crease in PDGF A chain mRNA, and then increased again
several-fold after birth. These observations are consistent
with the idea that type-1-like astrocytes are a source of
PDGF A chain mRNA in brain (see Discussion), aithough
other cell types may also contribute. In addition, we have
found that PDGF A chain mRNA is present in calf optic
nerves at similar levels to whole brain (data not shown),
strongly suggesting that PDGF is also produced by glial
cells in the optic nerve.
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In contrast to the A chain mRNAs, very low, roughly con-
stant levels of PDGF B chain transcripts at ~3.5 kb,~2.1
kb, and below were present in rat brain from E15t0 2 years
of age (data not shown).

Discussion

A Role for PDGF in CNS Development

The aim of the experiments reported in this paper was to
identify the growth factor(s) secreted by type-1 astrocytes
that induces O-2A pregenitor cells from developing rat op-
tic nerve to praliferate in culture. In the absence of any
mitogen, the O-2A progenitors promptly stop dividing in
culture and differentiate into oligodendrocytes or type-2
astrocytes. Hence, the mitogen seems to be important not
only for expanding the pool of progenitor cells, but also for
controlling the time and rate of production of differentiated
progeny. The in vitro behavior of O-2A progenitor cells iso-
lated from rat brain closely resembles that of their optic
nerve counterparts (Behar et al., unpublished data), so it
is likely that our conclusions from studies on optic nerve
also apply to other myelinated tracts in the CNS.

Our data shows that cultured type-1 astrocytes make
and secrete dimeric PDGF, which is essential for their
mitogenic effect on O-2A progenitor cells in vitro. Several
previous findings have suggested that PDGF is a growth
factor for glial cells: it is mitogenic for cell lines of pre-
sumed glial origin (Heldin et al., 1981c), some human
gliomas secrete PDGF-like molecules and synthesize
PDGF mRNAs (Eva et al., 1982; Betsholtz et al., 1986},
and intracranial injection of simian sarcoma virus, which
encodes an altered form of the PDGF B-chain gene
(Waterfield et al., 1983; Doolittle et al., 1983), causes a
high frequency of glioblastomas (Deinhardt, 1980). How-
ever, the results presented here (see also Noble et al.,
submitted} provide the first convincing evidence that
PDGF plays an important role in normal gliogenesis, and
may help explain the involvement of PDGF in glial tumer
growth.

The evidence that PDGF plays an active role in develop-
ment of the O-2A cell lineage in vivo is indirect, but per-
suasive. First, PDGF is a potent mitogen for O-2A progeni-
tors in vitro (Figure 3 and Table 2; Noble et al., submitted).
Most batches of human PDGF that we tested had a half-
maximal effect in our assays at ~0.5 ng/ml, presumably
reflecting the presence of high affinity PDGF receptors on
the surface of progenitor cells, and it seems reasonable
to expect that they also express receptors in vivo. Are
Q-2A progenitors exposed 1o PDGF in the developing op-
tic nerve? We have shown that type-1-like astrocytes from
neonatal rat cerebral cortex secrete PDGF in vitro. Apart
from the O-2A lineage, type-1 astrocytes form the majority
of cells in the optic nerve during the first two postnatal
weeks, and would be expected to have a major influence
on the local environment throughout this period, when
O-2A progenitor cells are dividing rapidly (Skoff et al.,
1976a, 1976b; Miller et al., 1985). Although we cannot be
certain that type-1 astrocytes secrete PDGF in vivo, secre-
tion of PDGF does not appear to be a general consequence
of placing cells in primary cuilture, since meningeal cells

secrete no detectable PDGF (Table 2) or mitogenic activity
for O-2A progenitors (Figure 3 and Table 2).

The time course of appearance of PDGF mRNA in the
brain (Figure 6} is also consistent with the notion that type-
1 astrocytes are a source of PDGF A chain mRNA in the
CNS. The A chain mRNAs are barely detectable at E17,
just after the lime that small numbers of type-1 astrocytes
first appear in the brain (Abney et al., 1981) and optic
nerve (Skoff et al., 1976a; 1976b; Miller et al., 1985), and
increase several-fold between E17 and E19 when GFAP
mRNA first beccmes obvious. Thereafter, the A chain
mRNAs remain at relatively constant levels into adult-
hood. The dramatic rise in GFAP mRNA after birth proba-
bly reflects the combined effects of astrocyte proliferation
and elaboration of astrocytic processes. PDGF B chain
mRNAs, in contrast to the A chain mRNAs, are present at
very low, constant levels at all ages from E15 to adulthood
(data not shown), suggesting that astrocytes may not be
the major source of B chain mRNA in brain.

Taken together, our observations argue strongty that
PDGF is secreted by type-1 astrocytes in vivo, and is
responsible for the proliferation of O-2A progenitor cells in
the developing optic nerve. Formal proof of this would re-
quire the localization of PDGF mRNA or protein in the
nerve in situ and, ultimately, a means of specifically
eliminating secretion of PDGF from type-1 astrocytes in a
living embryo.

What Are the Contributions of the A and B Chains?
The ~30 kd PDGF dimers immunoprecipitated from
astrocyte-conditioned medium (Figure 4) dissociate on
reduction into monomers of ~17 kd and ~14 kd. These
could represent the A and B chains, respectively; alterna-
tively, the smaller polypeptide could be a partial degrada-
tion product of the ~17 kd presumptive A chain. In other
experiments (data not shown), we have found that the rela-
tive amount of the ~14 kd component is reduced: this
could mean either that the relative proportions of A and
B chains are not fixed, possibly because astrocyte PDGF
is a mixture of dimeric forms, or it could reflect a variable
degree of proteolysis during isolation. This latter interpre-
tation is perhaps more consistent with the very low B
chain mRNA levels in astrocytes (Figure 5B). Further ex-
periments using antibodies specific for the A or B chains
should resolve this uncertainty. Both pure human PDGF
(AB; Hammacher et al., submitted) and porcine PDGF
(BB; Stroobant and Waterfield, 1984) are potent mitogens
for O-2A progenitor cells (Figure 3 and Noble et al., sub-
mitted), as they are for fibroblasts (Stroobant and Water-
field, 1984). It has recently been discovered that AA
dimers secreted by a human clonal glioma line (U-343
MGa CL2:6; Nistér et al., 1988) have little mitogenic ef-
fect on human foreskin fibroblasts; most of the mitogenic
activity is carried by a small and previously undetected
component of AB and BB dimers secreted by the same
cells (Hammacher et al.. submitted). It is not yet known
whether O-2A progenitor cells are also unresponsive to
AA dimers. We need to answer this question, and estab-
lish the structure of the PDGF dimers from astrocytes. in
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order to evaluate the relative importance of the A and B
chaing for O-2A progenitor proliferation.

It has been reported that the PDGF A chain itself is het-
erogeneous, some of the A chain in glioma cells having
a carboxy-terminal extension not found on A chain from
normal endothelial cells {Tong et al., 1987; Collins et al.,
1987), but it is not known if the longer form is specific for
glial cells, or related to tumor growth. It will therefore be
interesting to determine the detailed structure of the A
chain mRNA and its encoded protein from primary astro-
cytes.

Are Other Growth Factors Required

for O-2A Proliferation?

It is well known that growth factors can act together to ex-
ert synergistic effects on cells (Rozengurt, 1986}. Several
growth factors other than PDGF are reported to stimulate
proliferation and differentiation of oligodendrocytes or their
precursors in vitro, including insulin and IGF | (McMorris
et al., 1986; Dubois-Dalcq, 1987). FGF (Eccleston and Sil-
berberg. 1985; Saneto and de Vellis, 1985), and IL-2 (Saneto
et al., 1986; Benveniste and Merrill, 1986; Saneto et al.,
1987). We have shown (Ballotti et al., 1987) that cultured
rat astrocytes synthesize IGF | mRNA, but there is as yet
no evidence for its secretion. We might not have detected
an effect of IGF | in the experiments reported here, since
the culture medium (see Experimental Procedures) con-
tains insulin (50 ng/ml), which will interact with IGF recep-
tors (Gammeltoft et al., 1987). It is not yet known if astro-
cytes secrete FGF or IL-2, or other growth factors that may
act on O-2A progenitors.

Is there sufficient PDGF in astrocyte-conditioned
medium to account for all of its mitogenic activity? From
the information in Figure 3 and Table 2, we estimate that
the mitogenic activity in astrocyte-conditioned medium is
equivalent to approximately 4 ng/ml of pure human PDGF.
This is within the limits suggested by receptor competition
assay (Table 2), so it seems pcssible that mast of the mito-
genic activity can be accounted for by PDGF alone. On the
other hand, it is curious that the slopes of the dose-
response curves for astrocyte-conditioned medium and
pure PDGF are different: the activity of pure PDGF rises
from near-background to near-maximal levels over an
~30-fold range of concentrations, while the equivalent
range for astrocyte-conditioned medium is 4- to 8-fold
(Figure 3}. This may indicate that PDGF from rat astro-
cytes is subtly different from pure human or porcine
PDGFs, or that other factors secreted from astrocytes
modify its activity.

Apart from its mitogenic properties, PDGF is known to
be a chemoattractant for several cell types, inciuding glial
cells (Bressler et al., 1985; Harvey et al., 1987). Since
O-2A progenitor cells are highly motile when cultured in
the presence of astrocyte-conditioned medium (Small et
al., 1987) or PDGF {Noble et al., submitted), and are
thought to migrate into the developing optic nerve from
elsewhere in the CNS (Small et al., 1987), it is possible
that PDGF plays a dual role by stimulating proliferation
and migration of O-2A progenitors in the developing nerve.
This could have implications not only for normal develop-

ment, but also for the repair of demyelinating damage in
the CNS.

Experimental Procedures

Primary Astrocyte and Meningeal Cell Cultures

Cultures of type-i-like astrocytes from neonatal rat cerebral cortex
were estahlished by a modification of the method of McCarthy and de
Vellis (1980). Cerebral cortices from 2 day old rats, with the meningeal
membranes removed. were coarsely minced. digested with trypsin
(0.025% wiv) for 30 min at 37°C, dissociated by trituration through a
Pasteur pipet, and cultured in DMEM plus 10% FCS and antibiotics
(material from three brains to ane 75 cm? tlask), unti! the cells were
confluent (about 1 week). The cultures were then vigorously agitated
overnight at 37°C (180 revolutions/minute on a harizental rotating plat-
furm, rad-us of rotation 2 ¢m) to shake off cells growing on top of the
monalayer of flat celis. After shaking, the remaining cells were grown
for 24 hr at 37°C and then treated for 24 hr with cytosine arabinoside
(araC, 10 ® M) to preferentially kill rapidly dividing cells such as fibro-
blasts. The cultures were passaged once (1 1o 4) and grown to near
confluence (about 1 week). At this stage the cultures consisted of at
least 98% GFAP-positive, fibronectin-negative flat cells with the mor-
phology of type-1 astrocytes, and were used for collection of condi-
tioned medium or for RNA extraction {see below).

Meningeal membranes, removed in the course of preparing astro-
cyte cultures, were trypsinized (see above} and put into culture in
DMEM plus 10% FCS and antibiotics (meninges from three brains into
one 75 ¢m? flask). The cultures were confluent within a week, when
they were passaged 1 to 4. After a further week, the cells were again
confluent and were used far collecting conditioned medium, or for RNA
extraction. These men:ngea! cell cultures contained less than 1% con-
taminating GFAP-positive cells.

Cell Lines and Conditioned Media

The 157 human glioma cell line was isolated by Dr. M. Noble from au-
topsy material. The A7-6-3 rat cell line was isolated by infecting optic
nerve cells, growing on a manolayer of type-1 astrocytes, with a retrovi-
rus carrying the large T gene of simian virus 40. From the resultant mix-
ture of transformed cells, a series of clonal lines was derived. including
A7-6-3 {H. Geller and M. Dubois-Dalcq, unpublished data). Both 157
angd A7-6-3 are GFAP-negative. Cell line C6 was derived from a chemi-
cally induced rat brain tumor (Benda et al., 1968). About 5% of cells
in C6 cultures are GFAP-positive. All cell lines were maintained in
DMEM pius 5% FCS and antibiotics. For collection of conditioned
medium, semi-confluent monolayers of cell lines or primary cell cul-
tures were washed three times with serum-free DMEM, and incubated
at 37°C for 48 hr in serum-free DMEM (8 ml/75 cm? flask). Sometimes
two batches of conditioned medium were collected from primary cells,
by returning the cells ta 10% FCS-containing medium for 2 days be-
tween successive collections.

PDGF Receptor Competition Assays

PDGF receptor competition assays were performed essentially as de-
scribed previously by Nistér et al. {1984). Human fareskin fibroblasts
(AG 1523, obtained from the Human Mutant Cell Repository, Institute
for Medical Research, Camden, NJ), grown in 12-well Linbro plates,
were incubated with 0.5 ml conditioned medium (buffered with 20 mM
HEPES [pH 7.4]) or pure human PDGF in binding buffer, for 1 hr at 4°C.
Binding buffer is PBS containing 1 mg/ml human serum albumin, 0.01
mg/mi CaCl,.2H.0, and 0.01 mg/ml MgS0,.7H,0. Cells were washed
at 4°C with binding buffer containing 1% newbarn calf serum instead
of albumin, then incubated with 50,000 cpm/well “5I-labeled human
PDGF (specific activity 70,000 cpm/ng, labeled by Bolton-Hunter pro-
cedure) for 2 hr at 4°C. Cells were then washed five limes in binding
buffer, and cell-associated radioactivity determined by extracting the
cells for 20 min at 20°C in 0.5 m! of 1% Triton X-100, 20 mM HEPES
(pH 7.4), 10% v/v glycerol, 0.1 mg/ml human serum albumin, and count-
ing in a.gamma counter.

Superose 12 Chromatography

For mitogenic assay, 50 mi of astrocyle-conditioned medium (see
above) was concentraled 100-fold by precipitation with 80% w/iv ammo-
nium sulfate. and dialyzed against 0.2 M ammoniurm acetale (pH 7.0}
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Cantrol experiments with '**I-PDGF and '?%|-insulin showed that ~300%0
of these polypeptides were recovered in the precipitate. The concen-
trate was lvaded on a Superose 12 size-exclusion FPLC column (Phar-
macia) equilibrated with 0.2 M ammenium acetate, and run at 0.5
ml/min, Fractions (05 mi} were collected, and twice evapoerated to dry-
ness in a rotary drier. The pellets were disselved in DMEM containing
1 mg/ml bovine serum albumin (BSA), and each fraction was lested for
mitagenic aclivity on G-2A progenitor cells in cultures of P7 rat optic
nerve (see below).

35S-Labeling and Immunoprecipitation of Proteins

For 35S-labeling of secreted proteins. confluent primary astrocyte
monolayers were incubaled for 24 hr in serum-free, cysteine-free
DMEM containing 50 uGifml 3S-cyteine (Amersham, 1000 Ci/mmol).
Medium from ane 75 cm? flask (~2 % 10% ¢ells) was concentrated by
precipitation with 80% ammonium sulfate, and subjected to Superase
12 chromatography as described above. Fractions 29-34 (see Figura
2) were combined, concentrated in a rotary evaporator, and redis-
solved in 10 mM acetic acid, 1 mg/ml BSA. After diluting in PBS (pH
7), the sample was preincubated overnight with normat rabbit serum
followed by farmalin-fixed Staphylococcus A {Cowan | strain) Bethesda
Research Laboratories), then incubated with polyclonal rabbit anti-
human-PDGF serum (Heldin et al., 1981b) and Staphylococcus A. An
equivalent amount of unfractionated 3°S-labeled astrocyte superna-
tant was immunoprecipitated in parallel. One-quarter of each immuno-
precipitate was electrophoresed in a lane of a 13% (bisacrylamide:
acrylamide, 1:30 w/w) or a 17% (bisacrylamide:acrylamide, 1:300)
polyacrylamide-SDS gel. either with or without reduction by boiling for
3 min in 0.45 M fi-mercaptoethanoi. The gels were processed far fluo-
rography (Bonner and Laskey, 1974), dried and exposed to presensi-
tized Kodak XARS film at —70°C for 2 weeks.

Optic Nerve Cultures

Cultures of optic nerve cells were prepared essentially as described
previously (Miller et al.. 1985). All culture reagents were bought from
Sigma. Optic nerves were dissected from Sprague-Dawley rat pups
and treated with trypsin (type Ill, 0.05% w/v) and collagenase (type |A,
0.04% wiv) in the presence of BSA (fatty acid-free, 0.25% w/v) for 1 hr
at 37°C. EDTA was added to a final concentration of 0.01% w/v and incu-
hation continued for a further 30 min. The nerves were washed in
DMEM plus 10% FCS, suspended in DMEM containing soybean tryp-
sin inhibitor (0.05% wivl, DNAase | (0.04 mg/ml) and 5% FCS, and dis-
sociated by gently drawing through a 23-gauge needie (five times up-
and-down). Cells were plated in 20 pl droplets on poly(D) lysine coated
glass coverslips {~5000 cells/coverslip) in a 24-well microtiter plate, al-
lowed to attach for 30 min at 37°C, and then flooded with 400 pl of &
modified Bottenstein and Sato (1980) medium, with or without condi-
tioned medium, PDGF, or Superose column fractions. Our modified
Bottenstein and Sato medium consists of DMEM supplemented as fol-
lows: D-glucose (5.7 mg/ml), bovine insulin {50 ng/mi), BSA (0.1 mg/iml),
human transferrin (0.1 mg/mij, progesterone (62 ng/ml), putrescine
chloride (1.6 pg/ml), sodium selenite (40 ngiml}, L-thyroxine (40 ng/mi},
3.3' 5 triiogo-L-thyronine (30 ng/ml). Penicillin {100 U/ml} and strep-
tomycin {100 ngfml) were also added. Purified PDGF from human or
porcine platelets was obtained from R and D Systems Inc., (Minne-
apolis, MN), and from R. Ross (University of Washington, Seattle, WA).
Cells were routinely cultured for 3 days without replenishing the medium.

Antibody Neutralization Assays

Anti-human-PDGF immunoglobulins, prepared hy difterential ammo-
nium sulfate precipitation of polyclanal rabbit sera (Heldin et al.,
1981a}, were obtained from R and D Systems Inc. {Minneapolis. MNJ,
from Collaborative Research (Bedford, MA), and from C.-H. Heldin
(Uppsala, Sweden). To neutralize the mitogenic activity of PDGF, these
antibodies were added to optic nerve cultures at a final concentration
of 25 or 40 ug/mil. at the time of addition of PDGF or conditioned media.
Neither PDGF nor anti-PDGF ig were replenished during the 3 day cul-
ture period.

Immunofluorescence and Autoradiography

For counting O-2A progenitar cell numbers, optic nerve cultures were
prefixed in 2% wiv paraforrmaldehyde in HEPES-buffered DMEM for 20
min at room temperature. The cells were then incubated in a mixture

of mouse monaclonal antibodies A2B5 (igM: Eisenbarth et al., 1979)
and anti-galactocerebroside {IgG3; Raft el al., 1978). followed by a mix-
ture of rhodamine-labeled rabbit anti-mouse-IgM and fluorescein-
labeled rabbit anti-mouse-1gG3 class-specific antibodies (Nordic). The
cells were post-fixed in 4% wiv paraformaldehyde in PBS. and
mounted in 90% glycerol. 10% PBS containing 2.5% w/v DABCO anti-
fade reagent (1 4-Diazabicyclo[2,2 2]loctane; BDH) for fluorescence mi-
Croscopy.

For autoradiography. optic nerve cultures on coverslips were in-
cubated for 20 hr after plating. then *H-thymidine (Amersham, 2
Ciimmel) was added to the medium at a final concentration of 2 uCi/ml.
After a further 20 hr incubation, the cells were fixed and stained as
above, and the coverslips permanently mounted cell-side-up on glass
microscope slides. The slides were dipped with photographic emulsion
(Iford K5 nuclear emulsion, 50% wiv in water), dried, and exposed for
3 days. The autoradiographs were developed in an liford Contrast FF
developer, maunted as for fluorescence microscopy, and examined by
two-channel fluprescence and bright field microcopy (Figure 1).

RNA Extraction and Analysis

Total cellular RNA was prepared from cultured cells by the lithium
chloride-urea method of Auffray and Rougeon (1980), and enriched for
poly(A)-contain:ng RNA by oligo(dT)-cellulose chromatography.
Poly(A)-RNA (10 or 15 ug per lane, estimated by absorbance at 260 nm)
was denatured and electrophoresed on a 1% agarose gel containing
formaldehyde (Maniatis et al., 1982). After transfer to Gene Screen
Plus nylon membrane (New England Nuclear), the RNA was hybrid-
ized with DNA probes labeled with “°P to a specific activity of ~2 x
102 cpm/ug by random priming [Feinberg and Vogelstein, 1984). Blots
were washed under conditions of high stringency (0.1x SSC at 53°C}
according to the manufacturer’s instructions. The PDGF A chain probe
was an ~-800 bp Rsal fragment containing the coding sequence of the
human ¢DNA isclated by Betsholtz et al. (1986). The PDGF B chain
probe was an 840 bp Pstl-Avrli fragment of plasmid pSM1 {Josephs
et al., 1984), containing the human c-sis coding sequence. The GFAR
probe was an ~-500 bp Sacl coding sequence fragment of plasmid G1
(Lewis et al,, 1984}, which contains a mause GFAP ¢cDNA. The pyru-
vate kinase (PK) probe was an ~1600 bp Pvull-Apal fragment of plas-
mid pPK300 (Lonberg and Gitbert, 1983). which encodes chicken mus-
cle PK.

Acknowledgments

We would like to thank Carl-Henrik Heldin for generously supplying
125-PDGF, anti-PDGF neutralizing lg, and anti-PDGF serum: Russell
Rass for gifts of highly purified human PDGF; James Scott for provid-
ing the PDGF A chain ¢cDNA; and Marvin Reitz for sending the PDGF
B chain cDNA. We thank Jeremy Brockes for help and advice on FPL C,
and Mark Noble for the 157 human ghoma cell line and for com-
municating his results prior to publication. We also thank Martin Raff
and the members of his laboratary for advice, help, and encourage-
ment at all stages aof the work. These studies were funded partly by the
Medical Research Council, grant number G8519079N to W. D. R.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with US.C. 18 Section 1734
solely to indicate this fact.

Received December 17. 1987, revised January 27, 1988

References

Abney, E. R., Bartlett, P. F., and Raff, M. C. (1981). Astrocytes, epen-
dymal cells and oligodendrocytes develop on schedule in dissociated
cell cultures of embryonic rat brain. Dev. Biol. 83, 301 310.

Auffray, C., and Rougeon, F. (1980). Purification of mouse immuno-
gltabulin heavy-chain messenger RNAs from total myeloma tumor
RNA. Eur. J. Biochem. 107, 303-314.

Ballotti, R., Mielsen, F. C., Pringle. N.. Kowalski. A., Richardson, W. D.,
Van Obberghen, E.. and Gammeltoft. S. {1987). Insulin-like growth fac-
tor | in cultured rat astrocytes: expression of the gene, and receptor
tyrosine kinase. EMBO J. 6, 3633-3639.



Ceil
318

Benda, P. Lightbody, J., Sato, G.. Levine, L.. and Sweet, W. {(1968).
Differentiated rat glial cell strain in tissue culture. Science 767.
370-371.

Benveniste. E. N., and Merrill, J. E. {1986). Stimulation of cligoden-
droglial proliferation and maturation oy interleukin-2. Nature 3217,
€10-613.

Betsholtz. C.. Jonnssan, A.. Heldin, C-H., Westermark. B.. Lind. P, Ur-
dea. M. §., Eddy, R., Shows, T. B,, Philpott, K., Meilor. A.. Knott. T. J.,
and Scott. J. {1986). ¢cDNA sequence and chromosomal localization of
human platetet-derived growth factor A-chain and its expression in
tumcur cell t-nes. Nature 320, 695-699.

Bonner, W. M., and Laskey, R. A (1974). A film detection method tor
tritium-labeled proteins and nucleic acids in polyacrylamide gels. Eur.
J. Biochem. 46, 83-88.

Bottenstein, J. F., and Sato, G. H. {1979). Growth of a rat neuroblas-
toma cell line in serum-free supplemernted medium. Proc. Matl. Acad.
Sci. USA 76, 514-517.

Bressler, J. P, Grotendorst, G. R., Levitoy, C., and Hjelmeland, L. M.
(1985). Chemotaxts of rat brain astrocytes to platelet derived growth
factor. Brain Res. 344, 249-254

Colling, T., Bonthron, D. T., and Orkin, S. H. (1987). Alternative RNA
splicing affects function of encoded piatelet-derived growth factor. Na-
ture 328, 621-624.

Deinhardt, F. (1980). Biology of primate retroviruses. in Viral Oncology.
G. Klein, ed. (New York: Raven Press), pp. 357- 398.

Doolittle, A. F., Hunkapiller, M. W., Hoed, L. E., Devare, §. G., Rob-
kins. K. C.. Aaronson, S. A, and Antoniades, H. N. (1983). Simian sar-
coma virus onc gene, v-sis, is derived from the gene (or genes) encod-
ing a platetet-derived growth factor. Science 221, 275 277.
Dubois-Daleq, M. (1987). Characterisation of a slowly proliferative cell
along the oligadendracyte differentiation pathway. EMBO J. 6, 2587-
2595.

Eccleston, P A., and Silberberg, D. H. (1985). Fibroblast growth factor
is a mitogen for oligodendrocytes in vitro. Dev. Brain Res. 27, 315-318.
Eisenbarth, G. S., Walsh, F. 5., and Nirenberg, M. (1979). Monaclenal
antibody to a plasma membrane antigen of neurons. Prac. Nall. Acad.
Sci. USA 76, 4913-4917.

Eva, A.. Robbins, K. C., Andersen, P. R., Srinivasan, A_, Tronick. 5. R..
Reddy, E. P, Ellmore, N. W., Galen, A. T.. Lautenberger, J. A., Papas,
T. 5. Westin. E. H., Wong-Staal. F., Gallo. R. C., and Aaronson, S. A.
(1982). Cellular genes analogous to retroviral onc genes are tran-
scribed in human tumor cells. Nature 295, 116-119.

Feinberg, A. P, and Vegelstein, B. {1984]. A technigue for labeling DNA
restriction endonuclease fragments o high specilic activity. Adden-
dum. Anal. Biochem. 137, 266-267.

ffrench-Constant, C., and Raff, M. C. (1986a). The oligodendraocyte-
type-2 astrocyte cell lineage is specialized for myelination. Nature 323,
323-338.

ffrench-Constant, C., and Raff, M. C. (1986b). Proliferating bipotential
glial progenitor cells in adult rat aptic nerve. Nature 379, 499-502.
Gammeltoft, S., Ballotti, R., Nielsen, F. C., Kawalski. A., and Van Ob-
berghen, E. (1987). Two lypes of receptor for insulin-like growth factors
are expressed on ncrmal and malignant celis from mammalian brain.
In Insulin. Insulin-like Growth Factors and Their Receptors in the Cen-
tral Nervous Systern. M. K. Raizadu, M. I. Fhillips, and D. Le Roith,
eds. (New York: Plenum), pp ?97-313.

Gospedarowicz, . (1984). Brain and pituitary fibroblast growth factors.
In Hormaonal Proteins and Peptides, Volume XIl, C. H. Li, ed. {New
York: Academic Press), pp. 205- 230.

Harvey, A. K., Roberge, F., and Hjelmeland, L. M. (1987). Chemataxis
of rat retinal glia to growth factors found in repairing wounds. Invest.
Opthalmol. Vis. Bc¢i. 28, 1092-1099.

Heldin, C-H., Westermark, B., and Wasteson, A. (1981a). Platelet-
derived grawth factar. isolation by a large-scale procedure and analy-
sis of subunit composition. Biochem. J. 793, 907-913.

Heldin. C-H., Westermark, B., and Wasteson, A. (1981b}. Demonstra-
tion of an antibody against platelet-derived growth factor. Exp. Cell
Res. 136, 255-261.

Heldin, C-H.. Westermark, B., and Wasteson. A. (1981c). Specific
receptors for platelet derived growth factor an cells derived from con-
nective tissue and glia. Proc. Natl. Acad. Sci. USA 78, 3664-3668.
Heldin, C-H.,.Johnsson, A., Wennergren. S.. Wernstedt, C., Betsholtz.
C.. and Westermark, B. (1986). A human osteosarcoma cell ling se-
cretes a growth factor structurally related to a homedimer of PDGF
A-chains. Nature 379, 511-514.

Hughes, S., and Raff. M. C. {1987. An inducer protein may control the
timing of fate switching in a brpotential glial progenitar cell in rat optic
nerve. Development 707, 157-167.

Josephs, S. F., Ratner, L., Clarke. M.. Westin, E. H., Reitz, M. S.. and
Waong-Staal, F. (1984). Transforming potential of human ¢-sis nucleo-
tide sequences encading platelel-derived growth factor. Science 225,
636-639.

Korsching, S. (1986). The rale of nerve growth factor :n the CNS. Trends
Neurosci. 9, 570-574.

Lewis. 8. A., Baicarek. J. M., Krek V.. Shelanski, M., and Cowarn. N. J
(1984). Sequence of a cDNA cione encoding mouse glial fibrillary
acidic protein: Structural conservation of intermeciate filaments. Proc.
Natl. Acad. Sci. USA 87, 2743-2746.

Lonberg, W.. and Gilbert, W. (1983). Primary structure of chicken mus-
cle pyruvate kinase mRNA. Proc. Natl. Acad Sci. USA 80, 3661-3665
Maniatis, T., Fritsch, E. F, and Sambrook J. (1982). Motecular Cloning-
A Laboratory Manual. (Cold Spring Harbor, New York: Cold Spring Har-
bor Laboratory).

McCarthy. K. D., and de Vellis. J. (1380). Preparation of separate as
troglial and oligodendroghal cultures fram rat cerebrat tissue. ). Cell
Biol. 85, 890-902.

McMorris, F A, Smith, T. M., DeSatco, S., and Ffurlanetto, R. W.
(1986). Insulin-like growth factor li'somatomedin C: a patent inducer of
oligodendrocyte development. Proc. Natl. Acad. Sci. USA 83. 822-
826.

Miller, R. H.. David. S.. Patel. R.. Abney. E. R., and Raff, M. C. (1985)
A gquantitative immunohistochemical study of macroglial cell develop-
mentin the rat optic nerve: in vivo evidence tor two distinct astrocyte
lineages. Dev. Biol. 171, 35 41.

Nistér, M., Heldin, C-H., Wastescn. A and Westermark, B. (1984). A
glioma-derived analcg to platelet-derivead growth factor: demonstration
of receptor competing activity and immunological crossreactivity. Proc.
Natl. Acad. Sci. USA 87, 926-930.

Nistér, M., Hammacher, A., Mellstrom, K., Siegbahn, A., Rénnstrand,
L., Westermark, B.. and Heldin. C-H. {198B). A glioma-derived PDGF
A chain hamedimer has different functional activities from a PDGF AB
heterodimer purified from human platelets. Cell 52 791-799

Noble, M., and Murray, K. (1984). Punfied astrocytes promote the in
vitro division of a bipotential ghal progenitor cell. EMBO J. 3. 2243-
2247

Raff, M. C., and Miller, R. H. {1984). Glial cell development in the rat
optic nerve. Trends NeureSci. 7, 469-472.

Raff, M. C., Mirsky. R., Fields, K. L., Lisak, R. P, Dorfman, S. H., Sil-
berberg, D. H., Gregson, N. A.. and Kennedy, M. (1978). Galac-
tocerebroside: a specific cell surface antigenic marker for oligodendro-
cytes in culture. Nature 274, B13-816.

Raff, M. C.. Mitler. R. H.. and Noble, M. (1983). A glial pregeritor cell
that develops in vitro into an astrocyte or an oligodendrocyte depend-
ing on culture medium. Nature 303, 390-396.

Raff, M. C., Abney, E. R., and Miller, R. H. (1984a). Two glial cell line-
ages diverge prenatally in rat optic nerve. Dev. Biol. 108, 53-60.
Raff, M. C., Williams, B. P, and Miller. R. H. (1984b). The in vitro differ-
entiation of a bipotentiai glial pregenitor cell. EMBD J. 3, 1857-1864.
Raff, M. C., Abney, E. R., and Fok-Seang, J. (1985). Recanstitutian of
a developmental clock in vitro: a critical role for astrocytes in the liming
of oligodendrocyte differentiation. Cell 42, 61-68.

Ross, Fi.,- Raines, E. W., and Bowen-Pope, 0. F (1986). The biology of
platelet-derived growth factor. Cell 46, 155-169.

Rozengurt, E. (1986). Early signals in the mitogenic response. Science
234, 161-166.



PDGF in the CNS
319

Saneto, K. P, and de Vellis, J. {1985). Characterisation of cultured rat
aligodendrocytes proliferating in a serum-free, chemically defined
medium. Proc. Natl. Acad. Sci. USA 82, 3509-3513.

Saneto, B. P, Aliman, A., Knobler, R. L.. Johnson, H. M., and de Vellis,
J. (1986). Interleukin 2 mediates the inhibition of cligodendrocyte pro-
genitor cell proliferation in vitro. Proc. Natl. Acad. Sci. USA 83,
9221-9225.

Saneto, R. P, Chiappelli, F.. and de Vellis, J. {18987). Interleukin-2 inhibi-
tion of aligodendracyte progenitor cell proliferation depends on expres-
sion of the TAC receptor. J. Neurosci. Res. 18, 147-154,

Skoff, R., Price, D., and Stocks, A. (1976a). Electron microscopic au-
toradiographic studies of gliogenesis in rat optic nerve. |. Cell prolifera-
tion. J. Comp. Neurol. 769, 291-312.

Skoff, .. Price, D., and Stocks, A. (1976b). Electron microscopic au-
toradiographic studies of gliogenesis in rat optic nerve. |I. Time af ori-
gin. J. Comp. Neurol. 769, 313-333.

Small, R. K., Riddle, P, and Noble. M. (1987). Evidence for migration
of oligodendrocyte-type-2 astrocyte progenitor cells into the develop-
ing rat optic nerve. Nature 328, 155-157.

Stroobanl, B, and Waterfield, M. D. (1984). Purification and properties
of porcine platelet-derived growth factor. EMBO J. 3, 2963-2967.
Temple, S., and Raff, M. C. (1986}. Clonal analysis of cligordendrocyte
development in culture. Evidence for a developmental clock that
counts cell divisions. Cell 44, 773-779.

Tong, B. D., Auer, D. E., Jaye, M., Kaplow, J. M., Ricca, G., McConathy,
E., Drohan, W., and Deuel, T. F. (1987}. cDNA clones reveal differences
between human glial and endothelial cell plateiet-derived growth facior
A-chains. Nature 328, 619-621.

Watertield, M. D., Scrace, G. T., Whittle, N., Strocbant, P, Johnssan,
A., Wasteson, A., Westermark, B.. Heldin, C-H.. Huang. J. S., and
Deuel, T. F. {1983). Platelet-derived growth factor is structurally related
to the putative transtorming protein p28sis of simian sarcoma virus.
Nature 304, 35-39.

Westermark, B.. Nister, M., and Heldin, C-H. (1985). Growth factors
and oncogenes in human malignant glioma. Neurologic Clinics 3,
785-799.



