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The developmental potential of progenitors at two final
stages of the macroglial lineage giving rise to oligodendro-
cytes in postnatal rat brain was studied in response to de-
fined and serum inducers of astrocyte gene expression. Cell
immunoselection [with Gp; ganglioside, 04 and galactoce-
rebroside (GalC) antibodies] was used to isolate G504 and
04*GalC™ phenotypes directly from premyelinating cere-
brum. In a basal defined culture medium, G504~ progeni-
tors differentiated infrequently into oligodendrocytes on a
growth substratum comprised of meningeal cell-derived
extracellular matrix. Their conversion into astrocytes, as
determined by immunofluorescence analysis of glial fibril-
lary acidic protein expression, was induced by oncostatin-
M as well as leunkemia inhibitory factor (LIF) and ciliary
neurotrophic factor, but not interleukin-6, and required ex-
tracellular matrix. By comparison, 04*GalC™ progenitors
were refractory to astrocyte induction under these condi-
tions, as in short-term cultures of optic nerve, and differ-
entiated into myelinogenic oligodendrocytes instead. Only
in response to an overriding stimulus in fetal bovine serum
did 04 GalC ™ progenitors, like their immediate precursors,
become astrocytic. These data functionally distinguish two
classes of astrocyte-inducing agents to provide clear evi-
dence of an oligodendroblast, a progenitor defined by sur-
face phenotype (04*GalC™) and an altered response of the
oligodendrocyte lineage to cytokines using signal trans-
ducer LIFRS. ©1935 Academic Press, Inc.

INTRODUCTION

Over the past decade, studies using optic nerve glia
have suggested that environmental cues divert oligoden-
drocyte precursor cells (0-2A) to an astrocytic pheno-
type designated type-2 (Raff ef al, 1983a; Raff, 1989, and
references therein). An extraneural source of protein-
aceous type-2 astrocyte-inducing activity was found in
fetal bovine serum (Raff et al, 1983b) and identified as a
50-kDa protein entity also evident in human serum and
plasma (Levison and McCarthy, 1991). The detection of
an inducer protein expressed in brain cultures (Lillien ¢t
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al, 1988) and postnatal rat optic nerve (Hughes and
Raff, 1987; Hughes et al., 1988) led to the proposal that
within the CNS, ciliary neurotrophic factor (CNTF), a
polyfunctional neurotrophin localized predominantly to
other astrocytes (Stockli et al.,, 1991, Dobrea et al, 1992,
Rudge et al, 1992), drives type-2 astrocyte development
{Hughes ef al,, 1988; Lillien et o/, 1988, 1896, Lillien and
Raff, 1990). Differing from induction by FBS, however,
the CNTF-mediated response required meningeal cell-
derived extracellular matrix components for stabiliza-
tion (Lillien et al., 1990) and may have affected fewer O-
2A cells as they matured (Hughes and Raff, 1987).

In vivo findings indicate that bipotential progenitors
contribute to gliogenesis, although to a lesser extent
than previously conceptualized (Raff, 1989). Despite in
vitro evidence to the contrary, few, if any, detectable
type-2 astrocytes have been identified in postnatal rat
optic nerve (Skoff, 1990; Fulton et al, 1992), where CNTF
is particularly abundant (Stockli et gl, 1991). Fate stud-
ies of progenitors infected with retroviruses encoding
heritable markers (Grove et al, 1993; Luskin et al., 1993;
Price and Thurlow, 1988) concur that the bulk of oligo-
dendrocytes and astrocytes in forebrain descend prena-
tally along separate progenitor lines, as suggested by
other light and electron microscopic observations
(Levine and Goldman, 1988; Skoff and Knapp, 1991).
However, this approach has recently demonstrated in
the rat forebrain subventricular zone a population of bi-
potential, postnatally generated progenitors whose de-
cision to form oligodendrocytes or astrocytes is made
upon completing migration (Levison and Goldman,
1993a) and depends on their destination within the
hemispheres (Levison et al, 1993).

Here we have reexamined the differentiation poten-
tial of oligodendrocyte progenitors as a function of their
progression through two successive stages defined by
antibodies to cell surface components (Gard and
Pfeiffer, 1990; Warrington and Pfeiffer, 1992). In the rat,
migratory progenitors that express Gp; ganglioside
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upon departure from germinal subventricular zones
(Levine and Goldman, 1988, Reynclds and Wilkin, 1988;
Hardy and Reynolds, 1991) correspond to motile, gener-
ally bipolar cells bearing monoclonal antibody (mab)
A2B5-reactive gangliosides in vitro (Raff ef al, 1983b;
Levi et al, 1986, 1987). The immediate progenitors of oli-
godendrocytes label with mab 04 (Sommer and
Schachner, 1981} and, distinct from their A2B5/G{,04~
precursors, represent a multipolar, postmigratory stage
(Dubois-Dalcq, 1987; Warrington and Pfeiffer, 1992;
Warrington et al, 1993) that is also mitogeniecally active
(Gard and Pfeiffer, 1990, 1993; McKinnon et al, 1990;
Warrington and Pfeiffer, 1992; Hardy and Reynolds,
1993; Fok-Seang and Miller, 1994). Some evidence that
04" progenitors have already entered an cligodendro-
cyte differentiation program in vive (Gard and Pfeiffer,
1989) is discordant with studies suggesting that they,
like their A2B5/G1;04™ precursors, are bipotential in
response to FBS (Levi ef al., 1987; Aloisi et al, 1988; Trot-
ter and Schachner, 1989) and express GFAP in demye-
linating disease (Godfraind et al., 1989),

In this study an immunopanning technique (Gard and
Pfeiffer, 1989) was used to compare, in cultures chal-
lenged with different type-2 astrocyte-inducing agents,
the differentiation potential of G304 and 04'GalC”
progenitors isolated directly from early postnatal rat
forebrain. The results show that in response to CNTF
only the former are bipotential and clearly identify two
additional members of the same cytokine subfamily,
leukemia inhibitory factor (LIF) and oncostatin-M
(OSM), as “type-2” astroeyte inducers with identieal
target-cell specificity. In contrast, 04"GalC™ progeni-
tors are committed to oligodendrocyte differentiation in
the presence of these cues yet retain the plasticity to de-
velop into astrocytes if exposed to an overriding stimu-
lus in FBS.

EXPERIMENTAL PROCEDURES
Growth Factors and Other Type-2 Astrocyte Inducers

Recombinant rat CNTF (Masiakowski ef al., 1991, gift
of Regeneron Pharmaceuticals), recombinant human
OSM and recombinant murine IL-6 and LIF (R & D Sys-
tems) were stored {—70°C) as stock dilutions (=100 pg/
ml) containing 0.1% (v/v) erystalline bovine serum al-
bumin (BSA; A-4161, Sigma). Fetal bovine serum (FBS;
Hyclone “defined”) was heat-inactivated prior to stor-
age (—20°C) in small aliquots. A high-salt extract of rat
optic nerves was prepared {Hughes and Raff, 1987) as
modified by Lillien et al (1990).

Immunoreagents

Mouse monoclonal antibodies (mabs) A2B5 (Eisen-
barth et al, 1979), R24 (anti-Gpg; Pukel et al., 1982), and
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O-series markers (Sommer and Schachner, 1981) 04
(Bansal et al, 1992} and O1 (anti-GalC; Bansal ef al,
1989) were concentrated by membrane ultrafiltration
and used to label the surface of live oligodendroeyte lin-
eage cells. Rat monoeclonal anti-GFAP and rabbit pely-
clonal anti-MBP were the gifts of V. Lee (Lee et al, 1984)
and S. E. Pfeiffer (Barbarese and Pfeiffer, 1981). Second-
ary antibodies (Jackson Immunoresearch Labs) con-
sisted of F(ab), fragments of donkey anti-rat [gG con-
jugated to rhodamine (TRITC); goat anti-mouse IgG (v
chain-specifie) conjugated to fluorescein {(GAMg-FITC),
T-amino-4-methylcoumarin-3-acetic acid (GAMg-AMCA)
or nothing; and goat anti-mouse IgM (¢ chain-specific)
in conjugated {GAMy-FITC) or unconjugated form.

Immunopanning

From tissue. Cerebra from rat littermates at Postna-
tal Day (P)4-5 (CD; Charles River) were used as a source
of G304~ and 04 GalC™ progenitors purified by immu-
nopanning, as detailed elsewhere (Gard and Pfeiffer,
1989) with modifications (Gard et al, 1993; Gard and
Pfeiffer, 1993). Briefly, pooled tissue from three litter-
mates was dissociated into a single-cell suspension
from which 047GalC* oligodendrocytes, accounting for
~15% of the total O4* cell population, were removed by
mab Ol-mediated lysis at 25°C using nontoxic guinea
pig complement, Following the removal of macrophages
by differential adherence, the remaining 04" GalC™ pro-
genitor population was labeled with mab O4 and then
incubated in polystyrene petri dishes precoated with
affinity-purified GAMy. In parallel, cells dissociated
from three additional littermates were depleted of Gf;
04" progenitors (by mab O4-mediated complement ly-
sig) and macrophages, treated with mab R., to label re-
maining G$304~ progenitors and incubated in dishes
precoated with affinity-purified GAMg {(Warrington
et al., 1993). Yields for each stage averaged 1-1.5 X 10°
total cells with >92% purity. Minor contaminants in
(37204~ isolates were GFAP? cells (~1%), 04*GalC~
progenitors (<2%) and unidentified cells, whereas
04'GalC isolates contained a few (G304~ progenitors
(<2%), 04*GalC* oligodendrocytes (<2%) and uniden-
tified cells but were essentially devoid of astrocytes.

From germinal cultures. Mixed cell-type cultures of
dissociated rat cerehra were initiated in poly-DL-orni-
thine-coated (50 pg m1™, 30 min, 37°C) T-75 flasks at a
seeding density of 2 X 107 cells per flask (Gard et al.,
1988) and grown in BDM containing 10% FBS. On Day 4
the cultures were rinsed twice with 10 ml of DMEM to
remove residual serum and dissociated with 8 ml of
0.025% (w/v) trypsin (15 min, 37°C) in a Hepes-buffered
(20 mM, pH 7.4) Earle’s balanced salt solution (EBSS)
supplemented with 0.3% (w/v) BSA and 14 mM D-glu-
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cose {Hepes-EBSS). After centrifugation (100g, 5 min)
in 5% (v/v) FBS, cells recovered from two flasks were
resuspended with ice-cold Hepes-EBSS in a single 50-
ml glass conical centrifuge tube to which unfractionated
mab O1 hybridoma culture supernatant was added to
10% (v/v) final concentration. After 15 min the cells
were centrifuged {as above) and subjected to the same
seleetion sequence (complement lysis, differential ad-
herence, and immunopanning) used for 04'GalC™ pro-
genitor purification from tissue (above).

Cell Culture

Isolated cerebral progenitors were seeded (12,000 per
30-u1 droplet) onto coverslips {(Chance Propper; 9 mm)
precoated with various substrata (below) and trans-
ferred into 48-well trays (Costar) to which 250 pl of
medium was added per well. Basally defined culture
medium (BDM), a derivation of the N2 formulation (Bot-
tenstein and Sato, 1979), consisted of DMEM (Gibco 430-
2100) containing sodium bicarbonate (1.85 g/liter), D-
glucose (4.5 g/liter), L-glutamine (2 mAd), human
transferrin (50 ug/ml), bovine insulin (5 ug/ml), 3,3%5-
triiodo-L-thyronine (30 nA), sodium selenite (30 nif),
sodium pyruvate (10 mA{), d-biotin (10 nM), hydrocorti-
sone (10 nM), 0.01% (w/v) crystalline BSA, penicillin
(100 TU/ml), streptomycin sulfate (100 pg/ml) and
tested growth factors. The medium was changed (50% )
every 2 days.

Optic nerve cells were dissociated from 4-day-old rat
optie nerves as previously deseribed {Gard and Pfeiffer,
1890) and seeded (10,000) on polyornithine-coated
(above) 6-mm coverslips in 48-well trays. Growth media
consisted of BDM containing .5% FBS (added to pro-
mote modest cell survival).

Meningeal cell-derived extracellular matrix (Lillien et
al, 1990) was prepared from primary meningeal cell cul-
tures (Gard and Pfeiffer, 1990) that were passaged onto
poly-DL-ornithine-coated (50 pg/ml, 1 hr, 37°C) cover-
slips (9 mm) in a 100-mm dish. After reaching conflu-
ency in DMEM containing 10% FBS, the cultures were
rinsed twice with 10 ml PBS and lysed on a rotary shaker
with two changes (2 min each} of 20 mM ammonium
hydroxide solution prepared daily and rinsed with
PBS. Polyornithine-coated coverslips were alternatively
treated with 0.01% (w/v) BSA or PBS.(1-2 hr). All pre-
pared substrata were immersed in PBS (37°C) until used
(within 2 hr).

Immunofluorescence Microscopy

Cultures were labeled for 20-30 min at 4°C with anti-
bodies, each diluted in EBSS-Hepes containing 5%
(v/v) normal goat serum or normal donkey serum. Cells
to be doubly labeled for surface antigens and GFAP

DeveELorpMENTAL BloLOGY

VOLUME 167,1995

were treated live with an IgM [A2B5 (1:40), 04 (1:40), or
01 (1:40)] or IgG [R24 (1:20)] marker, followed by FITC-
GAM,; or -GAMy (1:40), and fixed (3 min, —20°C) in eth-
anol:acetic acid (95:5). These cultures were then labeled
with rat anti-GFAP (1:5) followed by TRITC-donkey
anti-rabbit IgG (1:40). Other cultures were doubly la-
beled with 01 and MBP as described previously {(Gard
and Pfeiffer, 1989). For triple labeling, cultures were
treated with a mixture of Ry (1:20) and O4 (1:40), fol-
lowed by AMCA-GAM; (1:40) and FITC-GAMy (1:40}
and then fixed and labeled for GFAP as deseribed above.
Rinses with two 5-min changes of EBSS-Hepes followed
each step. Coverslips were inverted in a droplet of
buffered (pH 8.6) glycerol containing 2.5% (w/v) diazo-
bicyelo-(2,2,2) octane to retard image fading (Johnson et
al, 1982).

RESULTS
Response to Cytokines: CNTF, LIF, OSM, and I1-6

To determine whether G$;04™ and 04*GalC™ progen-
itors are hipotential in premyelinating rat cerebrum,
populations representing both phenotypes were isolated
separately from tissue by immunopanning, initiated as
developmental stage-specific cultures, and challenged
with CNTF in parallel. Also tested for activity were LIF,
OSM, and IL-6. Receptor activation by 1L-6 entails ho-
modimerization of the “8” signaling subunit transducer
protein gpl30 (Murakami et al, 1993), whereas CNTF,
LIF, and OSM heterodimerize gpl30 and the related pro-
tein, LIFRS (Davis ef al., 1993). The cells were seeded on
meningeal culture-derived extracellular matrix to pro-
mote stable type-2 astrocyte development under se-
rumless conditions {Lillien et al, 1990} and examined 1
and 2 days later by immunofizorescence labeling for sur-
face Gps ganglioside or 04 antigens in combination with
GFAP.

GFAP expression was induced only in cultures initi-
ated with Gf;04 progenitors (Fig. 1). Fewer than 2% of
seeded Gi;04 cells were GFAP* upon isolation. Unde-
tectable 18 hr after seeding, induction was distinct by
Day 2, when the proportion of Gf; cells expressing
GFAP increased with CNTF doses >0.001 ng/ml to a
plateaun of ~50% at 0.1-10 ng/ml (ED;, = 10 pg/ml), 6-
fold over background with CNTF at doses <0.001 ng/ml
(Fig. 1A). Also showing activity, LIF (EDs, = 40 pg/ml)
and OSM (EDy, = 110 pg/ml) were as efficacious as
CNTF, varying only in potentcy (Figs. 1B and 1C),
whereas IL-6 was ineffective (Fig. 1D). This experiment
was repeated three times with nearly identical results.
In all cases, growth on meningeal cell-derived extracel-
lular matrix was required for induction (Table 1) and
increased the percentage of G304~ progenitors express-
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Fi1G. 1. Growth factors inducing GFAP expression in cultured cerebral oligodendroceyte progenitors according to phenotypic stage. Progenitors
at suceessive Gh:04™ (O) and 04*GalC™ (@) stages were isolated in parallel by immunopanning, seeded on substratum of meningeal cell-derived
ECM and cultured in BDM containing CNTF (A), LIF (B), OSM {C), or IL-6 (D) at the indicated concentrations. After 48 hr, the cultures labeled
by indirect immunofluorescence for Gps (C) or 04 antigens (@) in combination with GFAP. Data represent the mean (£SD) proportion of

oligodendrocyte lineage cells doubly labeled in triplicate cultures.

ing GFAP 9- to 10-fold over background on a polyorni-
thine substratum alone.

Figure 2 shows the striking difference of effect that
CNTF had on cultures initiated with the two progenitor
phenotypes. G};04~ progenitors relabeled with mab Ry,

TABLE 1
EFFECT OF MENINGEAL EXTRACELLULAR MATRIX ON TYPE-2
AsTrROCYTE INDUCTION BY CNTF, LIF, aND OSM

% of Gfg Cells expressing

GFAP in:

Substratum CNTF LIF 0OSM
Polyornithine + BSA 56 0.3 54+13 47+06
Polyornithine + extracellular

matrix 55139 512+46 411+ 88

Note. Cerebral G304 cells recovered from P4 littermates were
seeded (12,000) on coverslips (9 mm) coated with the indicated sub-
strata (see Experimental Procedures) and grown in BDM supple-
mented with LIF, CNTF, O3M (cach at 10 ng/ml), or nothing. After 2
days in culture the cells were doubly labeled for Gps and GFAP by
immunofluorescence. Data are the means (+8D) of three eultures from
a single representative experiment carried out in duplicate.

2 days after seeding had regenerated 2-4 unbranched
processes, and many were clearly GisGFAP* (Figs. 2A-
2C), indicative of a type-2 astrocytic phenotype (Lillien
and Raff, 1990}. A small proportion (~10%) having
evolved a more complex morphology by this time were
O4*GFAP™ (Figs. 2D and 2E). This dual phenotype prob-
ably arose from seeded Gf);04™ cells, since contamina-
tion of the starting population with O4* progenitors
was negligible (<1%). In contrast to their precursors,
04*GalC™ progenitors were uniformly GFAP~ upon iso-
lation (Gard and Pfeiffer, 1989) and remained so during
the 2-day CNTF challenge as the majority evolved their
morphology to resemble more complex, newly differen-
tiated oligedendrocytes (Figs. 2F-2H). Culturing in LIF
or OSM produced essentially the same effect as CNTF
(data not shown),

Survival of the 04*GalC™ cell population 2 days after
culture was high on extracellular matrix, exceeding 90%
of the seed, regardless of whether inducing factors were
included in the medium. These cells were mitogenically
inactive, with a labeling index of bromodeoxyuridine in-
corporation (6 hr) of <2%, and invariably differentiated
into GalC* oligodendrocytes at a rate {(~15-18% by Day
1, increasing to ~50-55% by Day 2) similar to that oc-
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F1G. 2. Immunostaining of cerebral oligodendrocyte progenitors responsive and refractory to the type-2 astrocyte-inducing effect of CNTF in
culture. Progenitor populations isolated at G§:04™ (A-E) and 04*GalC™ (F-H) stages were cultured as described in the Fig. 1 legend in 1 ng/ml
CNTF and analyzed 48 hr later [(A-B, D-E, F-G) double label indirect immunofluorescence; (C and H) phase contrast]. Two of four G cells
reacting with Ry, antibedy [FITC, (A)]in cultures initiated with G#3;04 progenitors label with GFAP antibody [TRITC, (B)]. A minor population
of these cells acquire both Q4 [FITC, (D)] and GFAP [TRITC, (E)]. Progenitors captured at the more advanced 04*GalC™ stage, labeled with 04

antibody [FITC, (F3}, are GFAP™ [TRITC, (G)]. Bars, 20 um (A-H),

curring in BDM on a polyornithine substratum alone
{Gard and Pfeiffer, 1993). Thus, neither accelerated
death nor rapid terminal differentiation accounted for
the lack of bipotentiality in Q4" progenitors sampled
from cerebrum.

In another experiment, we compared the short-term
response of progenitors arising in postnatal rat optic
nerve to CNTF and endogenocus inducing activity ex-
tracted from this region {Hughes and Raff, 1987; Lillien
et al, 1990). Tricolor immunofluorescence enabled the
detection GFAP among G304~ and 04*GalC™ progeni-
tors copopulating the same cultures (Fig. 3) 1 day after
dissociation from P4 tissue (Gard and Pfeiffer, 1890),
Both CNTF (10 ng/ml) and optic nerve tissue extract (5
ug protein/ml) significantly stimulated the percentage
of G};04~ progenitors coexpressing GFAP, whereas
04"GalC™ progenitors were unaffected (Figs. 3 and 4).
Thus, aside from responding earlier (within 24 hr) and
without prepared extracellular matrix as compared to
purified cultures (Figs. 1 and 2), optic nerve progenitors
behaved no differently than their cerebral counterparts.

Fate of Cultured GH04~ and 04T GalC™ Progenitors

Having determined that Gf;04~, but not 04*GalC™,
progenitors can switeh to an astrocytic phenotype in a
serumless medium, the developmental fate of both

stages was compared after 5 days of culture under in-
ducing (10 ng/ml CNTF or LIF) and noninducing condi-
tions. At this time the extent of differentiation into oli-
godendrocytes or astrocytes was assessed by double-la-
bel immunofluorescence (Fig. 3) using antibodies to
GFAP and the myelin markers, GalC, and myelin basie
protein (MBP),

Cultures initiated with Gf;04~ progenitors in the
presence of CNTF or LIF were heterogenous by this time
and developed few oligodendrocytes. The majority of
cells were astrocytic (Table 2) with a stellate morphol-
ogy (Figs. 5A-5C) and appeared to have lost Gpy gangli-
oside from their surface as reported by others (Norton
and Farooq, 1989; 1993). Of the «5% of GFAP" cells that
remained Gps, most had an expansive, polygonal shape
(data not shown) reminescent of the “type-3” variety
(Vaysse and Goldman et al., 1992). Approximately 25%
of total cells remained bipolar with an undifferentiated
oligodendrocyte precursor phenotype (GH:;04 " GFAP™).
In the absence of CNTF/LIF, astrocytes comprised a
significantly smaller proportien of total cells (Table 2),
the majority of which retained the starting Gi4 pheno-
type (data not shown).

By comparison, 04" GalC™ progenitors differentiated
predominantly into GalC' oligodendrocytes (Table 2;
Figs. 5D-5F) regardless of whether CNTF or LIF was
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F16. 3. Immunofluerescence analysis of CNTF-induced GFAP ex-
pression in oligodendrocyte progenitors cultured from postnatal optie
nerve, Mixed cell-type cultures of dissociated P4 rat optic nerves were
plated on polyornithine-coated coverslips in BDM containing CNTF (1
ng/ml) and analyzed 24 hr later [{ A) phase contrast; (B-D) triple-label
indirect immunofluorescence]. GFAP* filaments [TRITC, (B)] are
shown in one (small arrows) of two Gf; oligodendrocyte precursors
reacting with Ry, [AMCA, (D)), but not 04 [FITC, (C)], which labels
a more complex progenitor in this field (hollow arrow). Bar, 22 um
{A-D).

added to the medium, and >90% of these had matured
to evolve their processes into flattened myelin-like mem-
branes that reacted intensely with MBP antibodies

o% GFAP™T

a b ¢ d a b ¢

FiG. 4. Frequency of induced GFAP expression among cultured optie
nerve progenitors distinguished by surface phenotype. Mixed eell-type
cultures prepared and analyzed as described in the Fig. 3 legend were
grown in BDM supplemented with (a) CNTF (1 ng/ml}, (b) FCS (0.5%),
{c) optic nerve extract protein (5 ug/ml), or (d) nothing. Data repre-
sent the mean {(£8D) proportion of G#;04™ and Gf,;04" cells that coex-
pressed GFAP in triplicate cultures from which >300 cells for each
surface phenotype were scored.

0-24 Cells and Oligodendroblasts oM

TABLE 2
IN ViTRO DIFFERENTIATION POTENTIAL OF OLIGODENDROCYTE PRO-

GENITORS COMPARED AT TWO SUCCESSIVE STAGES OF THE LINEAGE IN
PREMYELINATING RAT CEREBRUM

GHa04” 04*GalC™
Inducer % GalC~™ %GFAP* % GalC* %GFAP*
None 84+35 299+ 83 8718+£62 9.0x£11
CNTF 133225 65.2 £ 15.1 889+4.1 6.6+ 08
LIF 64x41 600 44 81.2+4.7 2.0+38

Note. Cultures initiated with progenitor populations enriched for
the indicated surface phenotypes were grown on meningeal cell-de-
rived extracellular matrix in BDM supplemented with 10 ng/ml CNTF
or LIF or nothing and doubly labeled for GFAP and GalC by immuno-
fluorescence 5 days later. Data are expressed as the mean percentage
{*SD) of total eells positive for the indicated marker in triplicate cul-
tures.

(Figs. 5G-5I). Before differentiating under these condi-
tions, 04™ progenitors did not transiently revert to the
less mature A2B5/G ;04 stage as occurs when seeded
on a substratum of astrocyte-derived extracellular ma-
trix (Agresti ef al, 1991) or in the presence of exogenous
PDGYF (Gard and Pfeiffer, 1993). Nonoligodendrocytes,
comprising ~10% of total cells, consisted of undiffer-
entiated progenitors (O4'GFAP™), those with a dual
phenotype (O4*GFAP?), and unidentified cells at a ratio
of ~8:1:1. Nevertheless, a large majority of 04*GalC~
progenitors were able to execute a myelinogenic pro-
gram under identical conditions that converted their
immediate precursors to an astrocytic phenotype.

Response to FBS

We next determined whether cerebral 04*GalC™ pro-
genitors are as refractory to the type-2 astrocyte-induc-
ing effect of FBS as they are to CNTF, LIF and OSM
(Figs. 1 and 2). To control for differences in germinal
environment, the response of 04*GalC™ progenitors
arising in serum-fed (10% FBS), primary cultures (4-
day-old) of newborns was compared to their counter-
parts emerging in P4-5 cerebrum. Progenitors purified
from both sources in parallel were plated on a polyor-
nithine substratum in BDM containing 10% FBS and ex-
amined for GFAP expression by immunofluorescence as
function of inereasing age.

Despite their refractoriness to defined inducers, O4*
progenitors were converted by FBS into astrocytes
(Fig. 6), as were G};04™ progenitors examined in par-
allel (data not shown). Differing upon isolation, 04"
progenitors raised in mixed cell-type cultures fre-
quently contained GFAP, unlike their counterparts
born in vivo (Table 3; Figs. 6A and 6B and 6F and 6G).
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Fia. 5. Fate of oligodendrocyte progenitors culturad in CNTT as a function of developmental stage. Cells isolated from P4-5 cerebra with the
phenotypes G304~ (A-C) and 047 GalC* (D-I) were cultured on extracellular matrix in BDM containing 1 ng/ml CNTF and analyzed 5 days
later [(A, B, D, E, G, H) double label immuncfiuorescence; (C, F, I) phase contrast] for GalC{FITC{A, D, G)]in combination with GFAP[TRITC

(B, E}]or MBP [TRITC (H)]. Scale bars, 50 um (A-D}; 30 um {G-I).

Once geparated from other eell types and recultured
in 10% FBS, the proportion of culture-derived progen-
ttors that coexpressed GFAP remained constant for
24 hr, while 04" cells that were sampled directly from
tissue remained GFAP ™. Thereafter, GFAP appeared
in both populations and with increasing frequency, oc-
curring in as.many as 80-90% of total 04" cells by Day

5 with variability among experiments (Table 3; Figs.
6C-6E and 6H-6J). At this time diminished 04~ im-
munostaining and relatively enhanced stellation dis-
tinguished the culture-derived cells, We conclude that
progenitors born #n vivo were as plastic as those aris-
ing in wvitro if exposed to the appropriate stimulus
(FBS, but not CNTF).
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Fic. 6. FBS-induced GFAP expression in oligodendroeyte progenitors (04*GalC™) as a function of origin in cerebrum and cerebral-derived
germinal culture, 04'GalC™ progenitors purified from cerebrum (A-E) and germinal cerebral cultures {F-J) were plated on polyornithine-
coated coverslips and analyzed [(A and B, C and D, F and G, H and I) double label immunofluorescence; {E and J) phase contrast] immediately
after attachment (A, B, F, G} or following 5 days of culture in BDM containing 10% FBS (C-E, H-J}. Progenitors expressing surface 04 [FITC,
(A, C, F, H)] were labeled internally for GFAP [TRITGC, (B, D, G, I)]. Examples of culture-derived 04* cells that contain GFAP upon isolation
are indicated [arrows, (F and G)]. Bars, 15 um {A, B, F, G}; 30 um (C-E, H-1).

Astrocytes in Postnatal Cerebrum and Optic Nerve Are
A2B5* but 04

To determine if astrocytes with a similar dual
04*GFAP* phenotype reside in rat brain at the equiva-

TABLE 3
TIMECOURSE OF FBS-INDUCED GFAP EXPRESSION IN 047 GalC™ PRO-
GENITORS ISOLATED FROM CEREBRUM AND CERERRUM-DERIVED GER-
MINAL CULTURES

Progenitor
vield per % GFAP" on Day:
littermate
Source (x10% 0 1 3 5
Tissue 38x05 0,0 0,0 38,45 49, 88
Culture 19086 19, 20 20,19 50, 90 86, 89

Note. 047GalC™ progenitors were isolated in parallel from P4-5
cerebra and age-matched germinal cultures of P0-1 cerebra (initiated
from the same litter) by immunopanning (see Experimental Proce-
dures). The purified cells were seeded on polyornithine-coated cover-
slips in DMEM containing 10% FBS and doubly labeled by indirect
immunofluorescence for 04 and GFAP at the indicated times. Yield
data represent the means (+SEM) of three independent purifieations,
each representing 3-6 littermates. Immunofluorescence data are the
mean percentages of 047 cells coexpressing GFAP in duplicate exper-
iments (1, 2), each representing =300 scored cells.

lent age, cells dissociated from P10 cerebra and optic
nerves were examined by immunocfiuoreseence labeling,
Live cells singly marked with A2B5, 04, and GalC
antibodies accounted for ~65 (60)%, 10 (49)%, and 3
(13)% of the total dissociated from cerebrum (optic
nerve), respectively, indicating that both progenitor
stages (AZB5704~ and 04*GalC") and oligodendrocytes
(04" GalC") were represented (Gard and Pfeiffer, 1990),
Both regions yielded a significant subpopulation of
astrocytes with surface A2B5 immunoreactivity (Table
4) consistent with the finding of Miller ef al. (1985). How-
ever, convincing examples of astrocytes immunostained
for O4 on their surface were never found.

DISCUSSION

The data provide three principal findings concerning
the developmental potential of cligodendroeyte progen-
itors in postnatal rat brain. First, cell immunoselection
and primary culture were coupled to delineate bipoten-
tial progenitors from those committed to an oligoden-
droeyte differentiation program. Arising in sequence,
these cells are identified by the antigenic phenotypes
A2B5/GH;047 and 047GalC™ and their response to
CNTF as a measure of type-2 astrocyte inducibility. Sec-
ond, the results show that related lymphokines, OSM
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TABLE 4
FREQUENCY OF ASTROCYTES EXPRESSING SURFACE ANTIGENS FOR
THE OLIGODENDROCYTE LINEAGE IN DISSOCIATED RAT CEREBRUM AND
OpPTIC NERVE AT P10

% of GFAP™ cells expressing:

%GFAP"
Region Cells A2B5 04 GalC
Cerebrum 4509 21.0+24 0 0
Optic nerve 74+ 38 11.2+47 0 0

Note. Dissociates yielding averages of 1.2, and (.04 X 10° cells per
cerebrum and optic nerve, respectively, at P10 were attached te a poly-
ornithine substratum at 10° (cerebrum) or 10* (optic nerve}) cells per
eoverslip and doubly labeled by immunofluorescence for the indicated
surface markers and GFAP (see Experimental Procedures). Data are
expressed as the mean (+SEM) of three independent experiments and
2300 scored GFAP™ cells per labeling permutation.

and LIF, but not IL-6, can fully mimiec CNTF as effectors
of astrocyte gene expression for the earlier bipotential
stage. Third, mature progenitors (04'GalC™) that are
refractory to these cues remain sensitive to an overrid-
ing stimulus in FBS, thereby distinguishing two classes
of astrocyte-inducing agents.

Our culture paradigm differs from many previous
studies. Given the possibility that one or more non-
CNTP inducer proteins in serum {Levison and McCar-
thy, 1991) are normally excluded from parenchyma by
the blood-brain barrier, bipotentiality was measured by
responsiveness to CNTF (Hughes et af.,, 1988; Lillien and
Raff, 1990}, which is expressed in the developing CNS
{Stockli ef al, 1991; Dobrea ¢t al, 1992). Building on evi-
dence that broadly defined 0-2A cells (A2B5"GalC™) be-
come less sensitive to endogenous CNTF-like inducing
activity with increasing perinatal age {Hughes and Raft,
1987), two successive maturational stages within this
compartment (A2B5/G1304" and 04*GalC™) were com-
pared. Because oligodendrocyte lineage cells are plastic
when generated in conventional FBS-containing germi-
nal cultures (Ingraham and McCarthy, 1989), we puri-
fied them directly from tissue (Gard and Pfeiffer, 1989),

Dhstinction of an I'mmunocytochemically Defined
Oligodendroblast

Under serumless culture conditions, O-2A progenitors
are converted by CNTF to type-Z astroeytes on a sub-
stratum of meningeal cell-derived extracellular matrix
(Lillien ef al, 1990). OQur results show that G304~ pro-
genitors isolated from rat cerebrum respond in this way,
whereas 04"GalC™ progenitors do not (Figs. 1, 2, and 4)
and differentiate into oligodendrocytes instead (Fig. 5).
These data provide compelling evidence that oligoden-
drocytes derive from a committed progenitor, i.e., an oli-
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godendroblast (Fig. 7) proposed originally from ultra-
structural features (Skoff et al, 1976; Imamoto ef al.,
1978) and identified here with a mab (04; Sommer and
Schachner, 1981) commonly used for glial lineage analy-
ses {Pfeiffer et al, 1993, and references therein).

This striking difference in progenitor responsiveness
probably does not reflect the loss of CNTF receptors.
When grown on a simple polycationie substatum, post-
mitotic GalC* oligodendrocytes react trophieally to
CNTTF (Louis et al., 1993; Barres et al, 1993), as do immu-
nopurified oligedendroblasts {(A. L. Gard, unpublished
observations), although this effect was presently ob-
scured by good survival occurring on extracellular ma-
trix alone. The G{;04~ to 047GalC™ transition more
likely heralds a change in response to the unidentified
extracellular matrix component facilitating astrocyte
induction or modulation of CNTF receptor-mediated
signaling to the nucleus (Bonni et al, 1993; Stahl ef al,
1994). Other comparative studies of these stages in the
perinatal rat lineage predict that progenitor com-
mittment correlates with pestmigratory development
(Warrington et al, 1993), multipolar process outgrowth
(Dubois-Daleq, 1987), and a switch in mitogens utilized
from PDGF to FGF-2 (Gard and Pfeiffer, 1993; Hardy
and Reynolds, 1993; Fok-Seang and Miller, 1994).

Neither CNTF nor LIF signifieantly enhanced the
ditferentiation of oligodendrocyte progenitors in this
study. Recall that even in the absence of added factors,
nearly all oligodendroblasts maintained in BDM differ-
entiated into myelinogenic (MBP™) oligodendrocytes on
extracellular matrix (Fig. 5; Table 2), just as the major-
ity do that survive on a polyornithine substratum alone
(Gard and Pfeiffer, 1989). Under the same conditions
most precursors captured at the preceding Gps04~ stage
failed to develop into oligodendrocytes (Table 2), con-

A

rl
CNTF/ALIFOSM
r
,
/ ._-+
OA OB oC

F1G. 7. Bipotential progenitor {OA) and oligodendroblast (OB)
stages of the oligodendrocyte (OC) lineage in cerebrum as defined by
phenotype (0A, A2B5/GH047; OB, 047GalC™; OC, 047GalC*) and
their in vitro responsiveness to astrocyte-indueing cytokines using sig-
nal transducer LIFRg. Committment to either macroglial eell type is
modeled as a postmigratory decision (Levison and Goldman, 1993;
Warrington et al, 1993) of bipotential progenitors retermed “0OA” to
reflect evidence for the non-type-2 phenotype of astrocytes (A) gener-
ated this way in forebrain cultures (Levison ef al,, 1993).

—
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ceivably because their progression was inhibited by ex-
tracellular matrix-associated molecules (Lillien et al,
1990) or reqguired additional cues (Dutly and Schwab,
1991; Agresti et al, 1991) missing from our culture sys-
tem. Thus our results do not support a role for CNTF in
stimulating oligodendrocyte differentiation as shown in
another defined culture medium (N2; Mayer ef al, 1994).

Progenitors cultured from postnatal eptic nerve re-
sponded to CNTF and endogenous CNTF-like activity in
the same developmental stage-specific manner as their
cerebral counterparts (Figs. 3 and 4). Nevertheless,
astrocytes with pharmacological properties of an in vi-
tro-derived type-2 phenotype have not been found in vivo
(Fulton et al, 1992), nor have morphological (Butt and
Ransom, 1993; Butt et al, 1994) and thymidine autora-
diographic studies (Skoff, 1990) of this tract substanti-
ated the hypothesis of a seeond, functionally distinet
astrocyte lineage (Raff, 1989), despite its high CNTF
content {Stockli et al, 1991). Considering the progenitor
pool in nerve is predominantly 04*GalC™ by P7 (Gard
and Pfeiffer, 1990; Wolswijk et al., 1990), our data imply
the lineage is already largely committed to myelinogen-
esis by the time when endogenous astrocyte-inducing
activity (CNTF) first accumulates (Lillien et al, 1988;
Stockli ef al, 1991).

Multiple Effectors of Astrocyte Gene Expression in
Oligodendrocyte Progenitors: Developmental and
Pathological I'mplications

Unlike in heterogeneous optic nerve cultures, each
astrocyte-inducing cytokine applied to immunopurified
Gh04~ progenitors required extracellular matrix for
activity (Table 1). Concurring with Mayer et al. (1994),
these results confirm suspicion that CNTF and extracel-
lular matrix-associated molecules by themselves lack
intrinsic astrocyte-inducing activity (Lillien et al., 1990}.
But is their collaboration physiologically relevant for
bipotential progenitors not found at the pial surface?
The capacity of cultured endothelial cell-derived extra-
cellular matrix to specifically mimic the meningeal
effect (Lillien ef al., 1990; Mayer et al., 1994) has directed
others to think the natural, nondiffusible component of
the astrocyte-inducing stimulus is vascular contact in-
stead (Levison and Goldman, 1993b).

Belonging to a structurally related cytokine family
(Bazan, 1991), OSM, LIF and CNTF can evoke overlap-
ping hematopoietic and neuronal effects (Bruce et al,
1993; Rao el al,, 1992) attributed to heterodimerization
of shared “B” signaling subunits gpl30 and LIFR3
(Gearing et al, 1992;: Baumann et gl, 1993; Stahl ef al,,
1993). By showing these factors act interchangeably as
astroeyte-inducers in vitro, our data suppert their mod-
eled action through a common receptor (Ip and Yanco-
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poulos, 1992) and intracellular signaling pathway (Stahl
et al., 1994) in glia while cautioning that CNTF may not
be the ligand driving astrocyte development from bipo-
tential progenitors migrating into rat striatum and neo-
cortex (Levison and Goldman, 1993a; Levison et al,
1993). Unlike LIF and OSM, UNTF lacks a signal peptide
(Stockli et al, 1989), suggesting that only through non-
conventional release or cell damage (Lillien et al,, 1988;
Rudge et al., 1992) is it accessibie to oligodendrocyte lin-
eage cells. Whereas the expression of CNTF and LIF in
non-injured forebrain is reportedly negligible (Stockli et
al, 1991; Ip ef al, 1993; Yamamori, 1991; Patterson and
Fann, 1992), OSM and other gp130-associated cytokines,
e.g., interleukin-11 (Yin and Yang, 1994) await study.
The ineffectiveness of IL-6 in our hands suggests that
homodimerization of transducer gpl30 is insufficient to
induce astrocyte conversion. However, we cannot ex-
clude the possibility that absence of the obligatory bind-
ing protein, IL6R« (Taga ef al, 1989), rendered IL-6 in-
active.

The apparent loss of Gpg by type-2 astrocytes pres-
ently formed in serumless medium is consistent with
other descriptions of an unstable phenotype in FBS
{Goldman et al, 1986; Norton and Farooq, 1989, 1993; Le-
vison et al, 1993). This observation strengthens doubt
that authentie, bipotentially derived astrocytes nor-
mally sustain a traceable type-2 phenotype (Levison et
al, 1993) or relate to G};GFAP* and A2B5"GFAP" pop-
ulations arising in tissue dissociates (Miller et al., 1985;
Curtis et al, 1938; this study). For reactive astrocytes,
however, there is good immunohistochemical evi-
dence of indueible Gpg expression as shown in specific
murine eerebellar mutations (Levine et al, 1986; but see
Miller et al, 1986; Levine and Goldman, 1988; Reynolds
and Wilkin, 1988}. Whether this reflects a pathological
reaction by astrocytes or bipotential progenitors that
become astrocytes remains to be determined.

Although unaffected by CONTF/LIF/OSM, cerebral
04*GalC™ progenitors clearly expressed GFAP when
exposed to FBS, regardless of their origin in tissue or
germinal culture (Fig. 6). This finding coupled with the
absence of detectable 04" astrocytes in vive (Table 4)
leads us to conclude that GFAP expression occurring
this late in the oligodendrocyte lineage (e.g., Aloisi et al.,
1988; Trotter and Schachner, 1989%; Agresti et al, 1991) in
brain is ectopic and reflects a different pathway taken
than development. [t may signify the capacity of adult
oligodendroeyte progenitors, which are normally
04*GFAP™ (Armstrong ef al., 1992; Wolswijk and Noble,
1989), to form reactive astrocytes, as evidenced by the
marked accumulation of O4°GFAP* cells following ex-
perimental viral-induced demyelination in miee (God-
fraind et al, 1989).

The astroglia-inducing molecule (AIM) in FBS is be-
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lieved to circulate in bleed as an active 12- to 18-kDa
acidic protein complexed to a larger binding protein (Le-
vison and McCarthy, 1991) and is thus smaller in size
than known LIFRS ligands. Further, the effect of AIM
on oligodendroblasts suggests it works through a
different, non-CNTF receptor-mediated astrocyte-in-
ducing mechanism and raises the possibility that
astrocytes generated by AIM and CNTF-like factors
differ pharmacologically. In light of the reduced role as-
cribed to interleukin-13 in reactive gliosis (Sievers ef al,
1993), a humoral astrocyte-inducing cue may have spe-
cial clinical relevance to this process in lesions, e.g.,
multiple sclerosis placques, where blood brain barrier
damage exposes oligodendroblasts otherwise destined
for remyelination to humoral factors.

Ag the CNTF eytokine subfamily grows, the likelihood
of its contribution to astrocyte pathology increases.
Apart from exposure to humoral factors, neovasculari-
zation (Lawrence et al, 1984), gliomeningeal secarring
(Rudge and Silver, 1990), and increased neural expres-
sion of CNTF (Ip et al, 1993) and LIF (Aloisi et al, 1994)
associated with traumatic injury or neuroinflammatory
disease may present oligodendrocyte progenitors re-
gardless of stage with a signaling environment more
conducive to astrocyte eommittment. Finally, knowl-
edge that OSM functions pleiotropically as an astroeyte
inducer (Fig. 1) and is secreted by activated T cells and
macrophages (Brown et al, 1987; Zarling ef al., 1986)
poses another signaling dimension for glial progenitors
confronted by immune infiltrates in lesion foci. Cultur-
ing adult human oligodendrocyte progenitors (Arm-
strong ef al,, 1992) now makes many of these possibilities
testable.
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