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We have previously isolated epidermal growth factor (EGF)-
responsive multipotent progenitor cells from the early postnatal
rodent cerebral cortex independent of generative zones. In this
study we have examined the mechanisms regulating the gen-
eration of differentiated oligodendrocytes (OLs) from these mul-
tipotent cells. Although cultures of primary cortical OL progen-
itor cells propagated at clonal density spontaneously gave rise
to differentiated OLs in defined medium, cultures of multipotent
progenitors isolated from identical regions supported the elab-
oration of OL progenitors but not differentiated OLs. These
observations indicate that the terminal maturation of OL pro-
genitors derived from multipotent cells is dependent on signals
present within the cellular environment. Application of cyto-
kines such as basic fibroblast growth factor (bFGF), platelet-
derived growth factor (PDGF), or neurotrophin 3 (NT3) to clonal
density cultures of cortical multipotent progenitors increased
the proportion of OL progenitors but failed to support the
generation of differentiated OLs. By contrast, application of

factors that activate gp130/leukemia inhibitory factor b (LIFb)
heterodimeric receptors, such as ciliary neurotrophic factor
(CNTF), activated signal transducers and activators of
transcription-3 in these OL progenitor cells and promoted the
generation of differentiated OLs. Clonal analysis also demon-
strated that CNTF directly targets OL progenitors derived from
the multipotent cells. These observations suggest that two
distinct progenitor cell pathways contribute to the generation of
differentiated OLs during postnatal cortical gliogenesis. Al-
though oligodendroglial maturation of classical OL progenitor
cells is driven by cell autonomous mechanisms, our findings
demonstrate that the generation of differentiated OLs from
cortical multipotent progenitor cells is dependent on environ-
mental cues, including activation of gp130/LIFb receptors.
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Oligodendrocytes (OLs), the myelinating cells of the CNS (Del
Rio Hortega, 1928; Bunge et al., 1962), develop from neuroepi-
thelial progenitors within periventricular generative zones and
subsequently migrate and colonize cortical areas during postnatal
gliogenesis (Altman, 1966; Paterson et al., 1973; LeVine and
Goldman, 1988a,b; Hardy and Reynolds, 1991). The identification
of progressive stages of developing OLs in vivo and in vitro is
based on a series of morphological and immunological criteria
(Sommer and Schachner, 1981; for review, see Pfeiffer et al., 1993;
Barres and Raff, 1994). Under normal conditions in vivo, these

cells are solely committed to the oligodendroglial lineage (Groves
et al., 1993). The generation of differentiated OLs from OL
progenitors is thought to be regulated by cell-intrinsic mecha-
nisms (for review, see Pfeiffer et al., 1993; Barres and Raff, 1994)
and by environmental signals (Levison et al., 1993; Ibarrola et al.,
1996; for review, see Miller, 1996). Uncommitted progenitor cells
that are distinct from “classical” OL progenitor cells may also
contribute to postnatal cortical gliogenesis (Levison et al., 1993;
Levison and Goldman, 1997). However, the cellular characteris-
tics and anatomical distribution of such putative uncommitted
progenitor cells in the cerebral cortex have not been defined.

Recent investigations have suggested that multipotent progen-
itor cells contribute to cortical development (Reid and Walsh,
1996; Temple and Qian, 1996; Weiss et al., 1996). Epidermal
growth factor (EGF)-responsive multipotent progenitor cells
present in the subventricular zone (SVZ) play an essential role
during perinatal gliogenesis (Lazar and Blum, 1992; Ferrer et al.,
1995; Threadgil et al., 1995; Burrows et al., 1997), and these cells
generate myelinating OLs in vivo (Hammang et al., 1997). In
addition, there is also a population of polysialyated form (PSA)-
neural CAM (NCAM)-positive, EGF-responsive multipotent
progenitor cells present in postnatal cerebral cortex independent
of generative zones (Marmur et al., 1998). These observations
suggest that at least two separate pools of progenitor cells may
contribute to postnatal cortical gliogenesis. One pool consists of
OL progenitors that migrate from the SVZ as committed glial
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progenitor cells, whereas the other pool consistsof migratory
multipotent cells that retain broad lineage potential in situ.

In this study we have shown that at clonal density, primary
cortical OL progenitors undergo spontaneous OL differentiation,
whereas OL progenitors derived from cortical multipotent pro-
genitor cells require additional environmental signals, such as
cytokines that activate gp130/ leukemia inhibitory factor b
(LIFb) [e.g., ciliary neurotrophic factor (CNTF)], to generate
differentiated OLs. In addition, using clonal analysis and signal
transducers and activators of transcription-3 (STAT-3) nuclear
translocation assays, we have demonstrated that CNTF directly
targets OL progenitors derived from the multipotent cells to
promote OL differentiation.

MATERIALS AND METHODS
Animals and growth factor preparations. Sprague Dawley rats were ob-
tained from Taconic Farms. The following growth factor preparations
were used: recombinant rat CNTF (a gift from Synergen), recombinant
human EGF and recombinant basic fibroblast growth factor (bFGF;
Collaborative Biomedical Products), recombinant platelet-derived
growth factor (PDGF; Life Technologies, Gaithersburg, MD), and
recombinant neurotrophin 3 (NT3; a gift from Genentech, San Fran-
cisco, CA).

Microdissection of cortical reg ions. The forebrains of postnatal day 2
(PN2) rat littermates were surgically separated from the olfactory bulb
and the choroid plexus. Coronal tissue sections (2.5 6 0.5 mm thick) of
cerebral hemispheres were obtained with razor blade dissection tech-
niques under fiber optic illumination using a dissecting microscope (53;
Nikon). For each coronal section, the basic architecture of the cortex,
subcortical white matter, periventricular areas, and the striatum was
preserved. From each coronal section, cerebral cortical regions were
dissected free and placed in 20 mM HEPES-buffered Earle’s balanced
salt solution (HEBSS; Gard et al., 1995a,b) in 60 mm Petri dishes on ice.
Clear demarcations between the cerebral cortex and periventricular
areas in coronal sections of PN2 brain have allowed the selective isola-
tion of cerebral cortical tissue that is not contaminated by periventricular
tissue. Tissue regions were subsequently minced thoroughly with a razor
blade into fine tissue fragments.

Mechanical dissociation and immunocytolysis of A2B5-positive progeni-
tors. Dispersed cortical tissue was immersed in HEBSS and digested with
trypsin (0.025%; 15 min) and washed once and digested with DNase as
described by Gard et al. (1995a,b). Samples were centrifuged at 150 3 g
for 10 min in a bench top centrifuge and resuspended in HEBSS
containing DNase and 1 ml of A2B5 monoclonal antibody (mAb; see
Immunocytochemistry). The cortical suspensions were then processed
for A2B5 immunocytolysis using guinea pig complement at room tem-
perature (45 min). A2B5 immunocytolysis was used to enrich for A2B5-
negative populations. After immunocytolysis, the complement-
containing medium was changed twice, and the cells were resuspended in
HEBSS. Cellular suspensions were then preplated on polystyrene bac-
teriological grade Petri dishes (Fisher Scientific, Houston, TX) to re-
move macrophages and fibroblasts by differential adherence. These dis-
sociation techniques are an adaptation of a published protocol [see Gard
et al. (1995a,b) for a description of the procedure].

Preparation of antibodies for the immunoselection procedure. Ran-2
hybridoma cell lines [mouse IgG (mIgG)] were obtained from American
Type Culture Collection (Rockville, MD), and 5A5 hybridoma cell lines
were obtained from the University of Iowa Hybridoma Bank. Unfrac-
tionated RAN-2 or 5A5 hybridoma culture medium was collected. Cells
were cultured for 7 d to 100% confluence and subsequently collected by
centrifugation (600 3 g; 5 min), and the supernatant was sterilized (0.22
mm Millex-GV filter). The final concentration of the antibodies used in
the immunoselection procedure was determined for each hybridoma
preparation using immunocytochemistry of mixed cortical glial progen-
itor cell monolayers grown for 7 d in 5% fetal calf serum (FCS; Gimmeny
Biotechnology) on poly-D-lysine (PDL)-coated coverslips (Cohen et al.,
1996). By the use of these monolayers, type 1 astrocytes are RAN-2-
positive, and early, nonprocess-bearing round OL precursors are
PSA-NCAM-immunoreactive (Armstrong et al., 1995).

Sequential purification of PSA-NCAM-positive cells. After preplating,
cortical cells were washed once and incubated with 1 ml of Ran-2
antibody in 1 ml of F-12 medium (Life Technologies) for 30 min in 4°C.

Cells were washed twice in F-12 medium, incubated with mIgG-
conjugated magnetic microbeads diluted (1:5) in PBS supplemented with
0.5% BSA and 5 mM EDTA (15 min; 6–10°C), and processed for
magnetic microbead separation using MiniMACS separation columns
(Miltenyi Biotec, Sunnyvale, CA) following the manufacturer’s instruc-
tions. In this step we eliminated 7.1 6 3.2% of the total cortical cells that
were Ran-2 immunoreactive at 1 d in vitro (DIV) (R. Marmur, unpub-
lished observations). The Ran-2-negative cells were then washed once
with F-12 medium (Life Technologies) and subsequently incubated with
5A5 hybridoma medium (1 ml) in 1 ml of F-12 medium (30 min; 4°C).
Cells were washed twice in F-12 medium, processed for secondary
antibody conjugation using mIgM-conjugated magnetic microbeads (see
above), and again processed for magnetic separation using MiniMACS
separation columns. The 5A5-positive fraction was passaged through a
second round of column separation that allowed us to obtain cultures
with .90% purity for 5A5 immunoreactivity (see Fig. 1).

EGF-generated cortical progenitor cell cultures. Cortical PSA-NCAM-
positive cells were obtained as described above and processed for the
establishment of EGF-responsive progenitor neurospheres by a modifi-
cation of methods described previously (Reynolds and Weiss, 1992;
Reynolds et al., 1992; Gross et al., 1996). Briefly, neurospheres were
grown in serum-free media (SFM) as described previously by Gard et al.
(1995a,b): DMEM:F-12 (1:1) containing 0.1% BSA, 30 nM selenium, 10
nM biotin, 30 nM triiodothyronine, 25 mg/ml transferrin, 20 nM proges-
terone, 10 nM hydrocortisone, 1 mg/ml putrescine, 100 units/ml penicillin,
100 mg/ml streptomycin, and 5 mg/ml insulin. Four days after initial
preparation (4DIV), primary neurospheres were washed twice in SFM
and plated on PDL-coated coverslips (12 mm; Assistent; 30 neurospheres
(NSs) per coverslip) in SFM. To support the generation of moderate
density cultures (1.0–1.5 3 10 4 cells/cm 2), we propagated the cells for 2
additional days in EGF (5 ng/ml). At the start of the experiments,
individual coverslips were washed twice with SFM, followed by applica-
tion of SFM and the appropriate growth factors. The culture medium was
changed every fourth day. At the end of each experiment, coverslips were
processed for double or triple immunofluorescence microscopic analysis.
Total cellular counts for each experimental condition were obtained by
examining the entire area of each coverslip from four independent
culture wells; the results of each experimental condition were verified a
minimum of three times.

Clonal density cultures. For the establishment of clonal density cul-
tures, neurospheres were grown as described above, dissociated, and
plated at clonal density (;50–100 cells/cm 2). Cells were propagated in
SFM 6 growth factors with media and growth factors replaced every
fourth day.

Antibody blocking and conditioned-medium experiments. Moderate
density cultures (1310 4 cells/cm 2) of cortical EGF-responsive progeni-
tors were plated on PDL in SFM and propagated for 7 DIV. At days 1,
3, and 5, the culture medium was replenished, and after 18 hr, condi-
tioned medium (CM) was obtained from these culture preparations.
After filtration (0.45 mm), CM was maintained at 4°C and used within 24
hr of processing. For clonal density experiments, CM was used in the
following proportions (v/v): 1:50, 1:20, 1:5, 1:2, and 1:1. To confirm the
cellular effects of LIFbR antibodies (LIFbR2; 1:200; Immunex, Seattle,
WA) on the CNTF-mediated elaboration of differentiated oligodendro-
cytes (O1-immunoreactive) from cortical multipotent cells propagated at
clonal density, LIFbR antibodies were initially tested at various concen-
trations (1:200 optimal), either alone or in concert with CNTF. Cellular
preparations were propagated for 9 DIV and subsequently examined for
the elaboration of differentiated oligodendrocytes with immunofluores-
cence microscopy using O1 antibodies. For analysis of the potential
effects of endogenous CNTF-associated ligands on the spontaneous
elaboration of the differentiated oligodendrocytes from cortical multipo-
tent progenitors maintained at moderate density, LIFbR and gp130
antibodies (gift of Dr. T. Taga) were applied to these cultures at various
concentrations (1:20–1:500). We have shown previously that the gp130
antibody effectively blocks the effects of interleukin 6 on STAT-3 acti-
vation (phosphorylation; R. Marmur and M. F. Mehler, unpublished
observations). Antibody preparations (LIFbR, gp130, and LIFbR/
gp130) were added at the time of plating, and cellular preparations were
examined at 3 DIV for cellular viability [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay]; replicate samples were
processed for dual immunofluorescence microscopy using antibodies to
galactocerebroside (O1) and myelin basic protein.

Primary culture preparations of PN2 OL progenitor cultures. Primary
cultures of PN2 OL progenitors were generated as described previously
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by Almazan et al. (1993) and Cohen et al. (1996), using the modifications
of McCarthy and deVellis (1980). For immunocytochemical analysis of
cellular responsiveness to CNTF (STAT-3 translocation), OL progeni-
tors were processed as described by Cohen et al. (1996). For Western blot
analysis of STAT-3 phosphorylation and STAT-3 translocation (see be-
low), the growth factor-containing medium was replaced with SFM, and
after an additional 24 hr, cultures were further processed for the appro-
priate experimental analysis.

Immunocytochemistry. For detection of surface antigens, live cells
were washed once with PBS/0.1% paraformaldehyde and incubated with
monoclonal antibodies [5A5 (mIgM; University of Iowa Hybridoma
Bank), A2B5 (mIgM; Eisenbarth et al., 1979), O4 (mIgM; Sommer and
Schachner, 1981), and O1/galactocerebroside (mIgM; Sommer and
Schachner, 1981)] as hybridoma culture supernatants for 30 min at 4°C
(the A2B5, O4, and O1 hybridoma cell lines were a gift of Dr. S. Pfeiffer,
University of Connecticut). For immunofluorescence microscopy, the
experimental protocols were performed as described previously (Cohen
et al., 1996). The cells were further washed twice with PBS and then
incubated for 12 hr at 4°C using a panel of antibodies: GFAP (mIgG1;
1:400; Sigma, St. Louis, MO), SMI 91 (anti-CNP; mIgG; 1:500; Stern-
berger Monoclonals Inc.), SMI 99 (anti-MBP; mIgG1; 1:1000; Stern-
berger Monoclonals Inc.), anti-bromodeoxyuridine (anti-BrdU; mIgG;
1:400; Vector Laboratories, Burlingame, CA), anti-b tubulin isotype 3
(mIgG2b; 1:400; Sigma), and anti-STAT-3 [rabbit IgG (rIgG); 1:100; New
England Biolabs, Beverly, MA]. The cells were subsequently processed
as described previously (Cohen et al., 1996). For triple immunofluores-
cence analysis, biotinylated secondary antibodies (mIgM; 1:200) were
used for biotin-conjugated cascade blue (Molecular Probes, Eugene,
OR). Appropriate control samples (omission of primary antibody) were
run in parallel with each immunocytochemical preparation. To identify
the number of nuclei per microscopic field, we washed cells once in PBS
containing Hoechst 33342 for 10 min. At the end of each experiment,
coverslips were processed and examined as described previously (Cohen
et al., 1996). For immunoperoxidase analysis, cells were processed as
described previously (Gross et al., 1996; Mabie et al., 1997). The immu-
noreactivity and specificity of the A2B5, O4, CNP, and MBP antibodies
were verified as described previously (Cohen et al., 1996). Total cellular
counts for each experimental condition were obtained by examining the
entire area of each coverslip from four independent culture wells; the
results of each experimental condition were verified a minimum of three
times.

Western blotting for detection of STAT-3 expression in developing oligo-
dendrocytes. Highly enriched developing primary cortical OL progenitors
cultures were propagated and processed for Western blot analysis as
described previously (Cohen et al., 1996). Primary antibodies included
anti-CNPase (mIgG; 1:400; Sigma), SMI 99 (anti-MBP; mIgG1; 1:1000;
Sternberger Monoclonals Inc.), and anti-STAT-3 (rIg; a gift of Dr. J.
Darnell, Rockefeller University).

Western blot analysis of STAT-3 phosphorylation. Highly enriched cul-
tures of developing OLs (O4-positive/CNP-negative) or EGF-responsive
multipotent progenitor cells were incubated with CNTF (50 ng/ml) for
1–120 min or with varying doses of CNTF (0.5–50 ng/ml) for 10 min; RX
187 antibody (3 mg/ml; gp130-blocking antibody; a gift from Dr. Tetsuya
Taga) was added to the culture 15 min before growth factor application
in some experimental conditions. The cells were processed for Western
blot analysis as described previously (Cohen et al., 1996) using an
activation state-specific antibody for STAT-3 (phospho-STAT-3; rabbit
IgG; 1:1000; New England Biolabs). The blots were stripped using 62.5
mM Tris buffer, pH 6.8, containing 2% SDS and 0.7% b-mercaptoethanol
(stripping buffer) and were reprobed with anti-STAT-3 antibody (1:4000;
Upstate Biotechnology, Lake Placid, NY) overnight at 4°C as described
above. The resulting autoradiograms were compared to standardize the
activation or phosphorylation state of STAT-3 relative to the amount of
STAT-3 present in each sample. Similar responses were obtained on
three separate trials.

Survival assay. The MTT survival assay was performed as previously
described by Gard et al. (1995) according to the original procedure of
Manthorpe et al. (1986). The EGF-generated multipotent cells were
plated at clonal density onto 24 well dishes in SFM with or without
individual cytokines as described above. At days 2, 5, 7, and 9, MTT
(Sigma) was added to the cultures (final concentration of 0.15 mg/ml)
and allowed to react for 45 min at 37°C. Viable cells converted the MTT
to a blue formazan precipitate. The percentage of viable cells per field
(four wells, eight random fields, three independent experiments, at 400 3

magnification) were counted using a bright-field phase microscope
(Olympus).

Proliferation assay. To label cells in the S-phase of the cell cycle, BrdU
(10 mM) was added to medium-density EGF-responsive cortical cultures
on days 1, 3, 6, and 8 in vitro. After 24 hr, the cells were washed with 0.1%
paraformaldehyde (1 min), incubated with O4 mAb at 4°C (25 min),
washed once with PBS (5 min), and fixed with ice-cold methanol at
220°C (10 min). The cells were then processed for BrdU staining
following the manufacturer’s protocol (Vector Laboratories), washed
three times (PBS; 5 min), and incubated with Ig-subtype-specific second-
ary antibody for O4 or BrdU (30 min). Cellular preparations were
subsequently incubated with Hoechst 33342 (10 min) to determine total
cell numbers and were thereafter washed in PBS (three times for 10 min
each), mounted, and analyzed using triple immunofluorescence
microscopy.

STAT-3 translocation analysis. Coverslips of primary OL progenitor
cultures or cultures of EGF-generated progenitors were obtained as
described above. Coverslips were washed with 0.2% paraformaldehyde
(90 sec), incubated with A2B5 or O4 mAbs (cortical OL progenitors) at
4°C (25 min), washed once with PBS (5 min), and fixed with ice-cold
methanol at 220°C (10 min). The cells were then processed for immu-
noperoxidase staining with anti-STAT-3 antibodies (rabbit IgG; 1:100;
New England Biolabs) as described above. After completion of the
immunoperoxidase procedure, cells were incubated with Ig-subtype-
specific secondary antibody for O4 (30 min) and subsequently incubated
with Hoechst 33342 (10 min) to determine total cell numbers. Cells were
thereafter washed in PBS (three times for 10 min each), mounted, and
analyzed using combined immunofluorescence and light microscopy.

RESULTS
Primary cortical OL progenitor cells but not OL
progenitors derived from cortical multipotent
progenitors give rise to differentiated oligodendrocytes
by cell autonomous mechanisms
We have shown previously that multipotent progenitors and OL
progenitors are present in the early postnatal cerebral cortex
outside of traditional periventricular generative zones and exhibit
distinct cellular properties (Marmur et al., 1999). Although OL
progenitors isolated from a variety of CNS regions are capable of
generating differentiated OLs by cell autonomous mechanisms,
the mechanisms that regulate progressive OL maturation from
multipotent progenitors have not been defined. To examine this
issue, we established clonal density cultures of EGF-responsive
multipotent progenitors (see Materials and Methods) and deter-
mined the profiles of generation of differentiated OLs. Multipo-
tent progenitor cells gave rise to O4-immunoreactive preoligo-
dendrocytes that failed to further differentiate spontaneously
(Fig. 1). Consistent with previous reports, primary cortical OL
progenitors spontaneously gave rise to differentiated OLs (O1-
immunoreactive; Fig. 2) without the need for exogenous cues.
These observations suggest that OL progenitors derived from
cortical multipotent progenitors require additional environmental
signals for OL differentiation.

Generation of differentiated OLs from OL progenitors
derived from cortical multipotent progenitors is
dependent on environmental signals including CNTF
Recent studies have suggested that the elaboration of the OL
lineage may require the interplay of cell-intrinsic and environ-
mental cues and that these developmental mechanisms may be
region-specific (Levison et al., 1993; Barres and Raff, 1994;
Miller, 1996). Although it has been shown previously that CNTF
enhances the generation of differentiated OLs (Mayer et al., 1994;
Ibarrola et al., 1996), recent studies have questioned these obser-
vations (Barres et al., 1996). Because our clonal density cultures
supported the generation of OL progenitors but not differentiated
OLs (Fig. 1A,B), we have used this model system to test the
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hypothesis that CNTF enhances the generation of OLs. After 9 d
in culture in SFM, a significant percentage (9.1 6 1.3%) of the
total cells was O4-positive and O1-negative, suggesting that basal
culture conditions support the generation and survival of preoli-
godendrocytes (Fig. 1A) but not differentiated OLs (Fig. 1B).
Application of PDGF or bFGF but not NT3 significantly in-
creased the proportion of O4-immunoreactive cells (Fig. 1A;

Table 1; Marmur et al., 1999) but failed to support the generation
of differentiated OLs (Fig. 1B). By contrast, application of CNTF
promoted the dose-dependent generation of differentiated O1-
positive OLs [0.1 ng/ml, 2.6 6 0.9%; 1.0 ng/ml, 9.3 6 1.7%; and
10 ng/ml, 21.6 6 3.4% O1-positive/total cells; Fig. 1B,C] but did
not significantly increase the cellular proportions of O4-positive
OL progenitors, astrocytes, or neurons (Fig. 3). Analysis of cel-

Figure 1. Generation of differentiated oligodendrocytes in clonal density cultures after cytokine application. A, Clonal density cultures of cells derived
from postnatal cortical progenitor neurospheres were propagated in the absence or presence of PDGF (5 ng/ml), NT3 (25 ng/ml), bFGF (2.5 ng/ml), or
CNTF (10 ng/ml). After 9 d, the percentage of O4-positive cells was determined using double immunofluorescence microscopy. B, Replicate wells were
propagated with growth factors for 9 d and the percentage of O1-positive cells was quantified. C, Photomicrographs of O1-positive cells observed in
control (C1) and CNTF (C2) treatment conditions are shown. Each bar represents the mean 6 SEM of 64 independent wells (cm 2) in four separate
experiments. Statistical significance was determined using ANOVA with Bonferroni post hoc analysis: *p , 0.05; ***p , 0.001. GC, Galactocerebroside.

Figure 2. Generation of differenti-
ated OLs from cortical OL progenitor
cells but not from cortical multipotent
progenitors. Clonal density cultures of
OL progenitors and multipotent pro-
genitors were established in basal me-
dia (see Materials and Methods), and
O1-immunoreactive cells were quanti-
fied after 3, 7, and 9 d. Each bar rep-
resents the mean 6 SEM of four inde-
pendent fields (cm 2) in six separate
experiments.
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lular viability (MTT assay) demonstrated that these culture con-
ditions supported the robust cumulative survival (.90%) of pro-
genitor species for 9 DIV (Table 1). Furthermore, BrdU analysis
(see Materials and Methods) has shown that control and CNTF
conditions display similar degrees of progenitor cell proliferation
(Table 1). Double immunofluorescence analysis (O4/BrdU) con-
firmed that CNTF is not acting as a mitogen in these cultures
(data not shown). In addition, analysis of mean clonal size over
time demonstrates similar profiles between control and CNTF
treatment conditions (mean clone size: cell number, for control,
day 2, 2.2 6 1.3; day 4, 3.8 6 1.7; and day 9, 5.1 6 1.7; for CNTF,
day 2, 1.8 6 1.1; day 4, 3.1 6 1.6; and day 9, 4.8 6 1.9). Thus,
alterations in survival and proliferation could not explain the
absence of differentiated OLs in the cortical clonal cultures. We
further examined the clonal composition of the cells derived from
cortical multipotent progenitors in the presence or absence of
CNTF (Fig. 3). Our results demonstrate that multipotent progen-
itors give rise to a significant proportion of oligodendroglial,
astroglial, and neuronal lineage species and that CNTF does not

alter these lineage profiles (Fig. 3). Thus, CNTF does not act by
promoting the elaboration of the OL lineage at the expense of
other lineages (instructive mechanism). In addition, the absence
of preferential survival or proliferation in the CNTF treatment
condition and the absence of differentiated OLs in the control
condition strongly suggest that CNTF acts directly on OL pro-
genitors to promote their cellular differentiation. The fact that
CNTF acts directly on OL progenitors was further supported by
analysis of STAT-3 translocation in OL progenitor species eval-
uated by immunocytochemical analysis (see below and Fig. 7).

Generation of differentiated OLs from cortical EGF-
responsive multipotent progenitors can also be
promoted by other environmental cues that act in
concert with CNTF
To define further conditions that support the generation of
differentiated OLs, we established clonal, moderate, and high den-
sity cultures of cortical EGF-generated progenitor cells,
propagated them for 8 d in SFM, and quantified the number of
OL progenitors (O4-immunoreactive), immature OLs [O1-
immunoreactive (O11)], and mature OLs [MBP-immuno-
reactive (MBP1)] generated in each experimental condition. Un-
like clonal density cultures, moderate and high density cultures of
progenitor cells generated significant complements of differenti-
ated OLs: clonal density, no cells were O11 or MBP1; moderate
density, 12.2 6 2.9% of the total cells were O11, and 3.8 6 1.5%
were MBP1; high density, 16.7 6 3.4% of the total cells were
O11, and 5.7 6 2.0% were MBP1. These observations suggest
that factor(s) expressed within these cultures promote the genera-
tion of differentiated OLs. Thus, OL maturation can also be sup-
ported by signals present within the progenitor cell culture system.

We next examined whether CNTF potentiates the effects of
other environmental (density-dependent) signals that support the
generation of differentiated OLs from cortical multipotent cells.
Accordingly, progenitor cells were cultured at moderate density
for 3 d (Fig. 4) with varying concentrations of CNTF, and the
number of differentiated OLs was quantified. Application of
CNTF caused a significant dose-dependent enhancement of the
number of advanced differentiated OLs (0.1 ng/ml, 4.7 6 1.1%
MBP-positive/total cells; 1.0 ng/ml, 8.9 6 1.7% MBP-positive/
total cells; and 10 ng/ml, 12.7 6 2.3% MBP-positive/total cells)
without altering the proportion of OL progenitors (O4-positive;
Fig. 4A,B). Furthermore, CNTF did not alter either proliferation
(BrdU labeling) or survival (MTT assay) of progenitor cells (data
not shown). Thus activation of gp130/LIFb receptors promotes
the differentiation of OL progenitors and acts in concert with
additional environmental cues.

To determine further whether signals other than those medi-
ated by CNTF-related cytokines were responsible for the elabo-
ration of differentiated OLs from cortical EGF-generated pro-
genitors at higher densities, we performed several additional
experiments using LIFbR- and gp130-blocking antibodies and
conditioned media obtained from higher density cultures. By the
use of clonal density culture paradigms identical to those outlined
above (see Fig. 1B), LIFbR-blocking antibodies significantly in-
hibited the CNTF-mediated elaborations of differentiated OLs
from cortical EGF-responsive progenitors (Fig. 5B; also see Ma-
terials and Methods). By contrast, gp130-blocking antibodies (see
Materials and Methods) had no effect on the CNTF-mediated
promotion of the generation of differentiated OLs within this
same experimental paradigm (data not shown). When moderate
density cultures of cortical EGF-responsive multipotent progen-

Figure 3. Generation of neurons, astrocytes, and oligodendrocytes from
multipotent progenitor cells with and without CNTF. Clonal density cul-
tures of cells derived from postnatal cortical progenitor neurospheres were
propagated in the absence or presence of CNTF (10 ng/ml). After 9 d, the
percentage of b tubulin-, GFAP-, and O4-positive cells was determined
using triple immunofluorescence microscopy. Each bar represents the
mean 6 SEM of 20 independent fields (cm 2) in three separate experiments.

Table 1. Proliferation and survival of cortical multipotent cells in
clonal density cultures

% Total cells

Control CNTF PDGF

BrdU1

2 d 10.0 6 2.9 9.3 6 1.8 22.4 6 4.7
5 d 5.9 6 1.4 4.7 6 1.8 17.7 6 3.6
7 d 3.2 6 1.6 2.9 6 1.2 14.3 6 3.1
9 d 1.4 6 0.9 1.0 6 0.6 8.7 6 2.1

MTT1

2 d 96.2 6 2.4 97.3 6 3.7 95.3 6 3.1
5 d 94.1 6 3.1 95.3 6 2.7 94.9 6 1.9
7 d 92.4 6 1.9 93.1 6 2.1 92.8 6 2.2
9 d 91.2 6 1.1 92.1 6 1.5 92.0 6 1.6

See Materials and Methods for detailed descriptions of clonal density culture
paradigms and BrdU and MTT analyses. CNTF (20 ng/ml); PDGF (5 ng/ml).
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Figure 4. Generation of differentiated oligodendrocytes after 3 d in moderate density cultures after gp130-associated cytokine applications. A, B, Neural
precursors (1 3 10 4 cells/cm 2) derived from postnatal cortical progenitor neurospheres were propagated in SFM with and without factors, and after 3 d the
percentage and the number of O4- and MBP-positive cells were determined using double immunofluorescence microscopy. C–F, Replicate wells were
processed for immunofluorescence analysis using O4 (C, D) and anti-MBP (E, F ) mAbs. Photomicrographs of cells in the control condition (C, E) and after
application of CNTF (D, F ), demonstrating the enhanced number of MBP-positive cells in the CNTF treatment condition, are shown. In A and B, each bar
represents the mean 6 SEM of four independent observations in three separate experiments, and statistical significance was determined using ANOVA with
Bonferroni post hoc analysis. In B, the CNTF treatment condition displayed a highly significant potentiation of MBP-immunoreactive cells ( p , 0.001).
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itors were propagated for 3 DIV in SFM without and with the
application of LIFbR antibodies at several reagent concentra-
tions (see Materials and Methods), there were no significant
differences between control and experimental conditions in the
percentage of differentiated (O11 and MBP1) OLs generated
(Fig. 5A). Furthermore, individual application of gp130 antibod-
ies or coapplication of gp130 and LIFb receptor antibodies did
not change the basal profiles of elaboration of differentiated OLs
from cortical EGF-responsive progenitors (data not shown).
These cumulative observations suggest that endogenous signals
other than those mediated by gp130 and LIFb receptors are
responsible for the generation of differentiated OLs from cortical
EGF-responsive progenitors observed in higher density culture
preparations. To confirm these experimental findings further, we
applied CM from moderate density cultures to clonal density
cultures of cortical EGF-responsive progenitors to determine
whether endogenous soluble signals present in moderate density
cultures could reproduce the CNTF-mediated generation of dif-
ferentiated OLs present in clonal density cultures. CM harvested
from different progenitor culture stages and applied at various
concentrations (see Materials and Methods) also failed to pro-
mote the generation of differentiated OLs from cortical EGF-
responsive progenitors propagated at clonal density (Fig. 5B).

A subpopulation of EGF-responsive multipotent
progenitors derived from the postnatal cerebral cortex
exhibits STAT-3 phosphorylation and nuclear
translocation after activation of gp130/LIFb
heterodimeric receptors
CNTF is expressed in cortical regions and in the corpus callosum
during postnatal cortical gliogenesis, and there is strong genetic

evidence that additional CNTF- or LIF-like ligands contribute to
normal CNS development and gliogenesis (Stockli et al., 1991;
Schobitz et al., 1992, 1993; DeChiara et al., 1995; Gard et al.,
1995a,b; Ware et al., 1995). To define further the cellular actions of
cytokines that activate gp130/LIFb heterodimeric receptors in
cortical multipotent cells, EGF-responsive multipotent progenitors
were treated with CNTF or LIF and were lysed and processed for
Western blot analysis after 5, 30, and 120 min to detect the
presence of phosphorylated STAT-3. CNTF or LIF induced rapid
but transient phosphorylation of STAT-3 in doses ranging from 0.5
to 50 ng/ml (Fig. 6). Furthermore, coapplication of antibodies that
specifically block gp130/gp130 homodimeric signaling did not at-
tenuate STAT-3 phosphorylation, suggesting that activation of this
latent cytoplasmic transcriptional activator was specifically induced
by gp130/LIFb heterodimeric receptor subunits (Fig. 6).

We next sought to quantify the proportion of progenitors
within the multipotent cellular cultures that respond to CNTF.
Previous studies have shown that activation of gp130/LIFb het-
erodimeric receptors that mediate CNTF developmental signals
results in nuclear translocation of the latent transcriptional regu-
lator STAT-3 (Zhong et al., 1994a,b). We have used STAT-3
nuclear translocation assays (see Materials and Methods) to de-
termine the proportion of CNTF-responsive progenitor cells
within the multipotent progenitor cell cultures. Only a proportion
of cells within the multipotent progenitor cultures was responsive
to a saturating concentration of CNTF (17.5 6 3.8%; Fig. 7). We
therefore sought to identify the specific progenitor species that
are responsive to CNTF. Double immunocytochemical analysis
demonstrated that virtually all O4-immunoreactive cells (96.2 6
0.5%) exhibited STAT-3 nuclear translocation. A small subpopu-

Figure 5. Examination of the properties of environmental signals that potentiate the elaboration of differentiated oligodendrocytes from moderate
density cultures of cortical EGF-responsive progenitors. A, Cortical EGF-responsive progenitors were plated at moderate density in SFM without or with
the presence of LIFbR antibodies (LIFbRAb) and propagated for 3 DIV. At that time, cellular preparations were fixed and processed for double
immunofluorescence microscopy using O1 and MBP antibodies, and the percentage of differentiated (O1 and MBP) oligodendrocytes in each
experimental condition was quantified. B, Cortical EGF-responsive progenitors were plated at clonal density in SFM without or with the individual or
coapplication of CNTF ligand and LIFbR antibody or CM from moderate density cultures of cortical EGF-responsive progenitors and were propagated
for 9 DIV in paradigms identical to those described in Figure 1. After 9 d, cellular preparations were fixed and processed for immunofluorescence
microscopy using O1 antibodies, and the percentage of differentiated oligodendrocytes in each experimental condition was quantified.
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lation of the cells exhibiting STAT-3 translocation also was im-
munoreactive for A2B5 (29.8 6 2.2%).

A subpopulation of cortical OL progenitor cells is
responsive to CNTF
To determine whether primary cortical OL progenitors also ex-
hibit similar patterns of phosphorylation and nuclear transloca-
tion of STAT-3, we established primary cultures of OL progeni-
tors from PN2 rat cortex and examined their cellular
responsiveness to CNTF. The cellular composition of this OL
progenitor culture system has been described previously; A2B5-
positive OL progenitors (Fig. 8F, day 0) gradually differentiate
and generate differentiated OLs that express myelin proteins
(Fig. 8F, days 4–7) (Cohen et al., 1996). Western blot analysis
demonstrated that STAT-3 is initially expressed in developing
cortical OL progenitors (A2B5- or O4-immunoreactive; Fig. 8F,
days 0–1) and persists through advanced stages of OL differenti-
ation (Fig. 8F, days 4–7). Double immunocytochemical analysis
revealed that untreated O4-immunoreactive OL progenitors dis-
play a cytoplasmic distribution of STAT-3 (Fig. 8A,B). After
brief (30 min) application of CNTF, a significant subpopulation
(23.1 6 2.1%) of the O4-positive cells exhibited nuclear translo-

cation of STAT-3 (Fig. 8C–E). To examine the time course and
the specificity of CNTF-induced STAT-3 phosphorylation fur-
ther, we grew cortical OL progenitors at high density (see Mate-
rials and Methods) and challenged them with CNTF. After 1, 5,
30, and 120 min, progenitor cells were lysed and processed for
Western blot analysis to detect the presence of activated (phos-
phorylated) STAT-3 (see Materials and Methods). CNTF in-
duced rapid and transient phosphorylation of STAT-3 (Fig. 8G).
Our cumulative observations demonstrate that CNTF may be a
developmentally relevant ligand for a subpopulation of two dis-
tinct postnatal cortical OL progenitor populations, primary OL
progenitor cells and those derived from cortical multipotent pro-
genitors. Primary cortical OL progenitors exhibit responsiveness
to CNTF but generate differentiated OLs by cell-intrinsic mech-
anisms. By contrast, OL maturation from OL progenitors derived
from cortical multipotent progenitor cells requires environmental
signals including CNTF.

DISCUSSION
Primary cortical OL progenitors can generate differentiated OLs
via cell-autonomous mechanisms (Barres and Raff, 1994) without

Figure 6. Phosphorylation of STAT-3 in neural precursors derived from cortical multipotent cells after application of gp130-associated cytokines.
Western blot analysis demonstrating the levels of expression of phosphorylated STAT-3 ( p-STAT-3; top) and total STAT-3 protein (bottom) before and
after activation of gp130/LIFb heterodimeric receptors. Lane 1, Control ( C); lanes 2–4, CNTF dose curve with 0.5 ng/ml (lane 2), 5 ng/ml (lane 3), and
50 ng/ml (lane 4 ) for 10 min; lanes 5–10, factor stimulation for 5, 30, and 120 min with CNTF (50 ng/ml; lanes 5–7 ) or with CNTF (50 ng/ml) and
gp130-blocking antibodies ( gp-130ab; lanes 8–10); and lanes 11, 12, LIFb (LIF; 50 ng/ml) after 5 min (lane 11) and 30 min (lane 12).

Figure 7. STAT-3 nuclear translocation in progenitor cells derived from cortical multipotent cells after gp130-associated cytokine applications.
EGF-generated progenitor cell cultures were stimulated with growth factors (30 min) and fixed and processed for peroxidase immunocytochemistry using
anti-STAT-3 antibodies. A, The percentage of progenitors that exhibit STAT-3 nuclear translocation after stimulation. B, C, Photomicrographs
demonstrating that STAT-3 displays a cytoplasmic distribution in control conditions (B) and predominant nuclear distribution in a subpopulation of
progenitor cells after stimulation with CNTF (C). In A each bar represents the mean 6 SEM of three independent observations. Similar results were
obtained in four separate experiments.
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the requirement for exogenous signals (Fig. 2). In this study, by
contrast, we have demonstrated that OL progenitors derived from
cortical multipotent progenitor cells do not give rise to differen-
tiated OLs without exogenous cues. However, treatment of these
cells with CNTF supported the generation of differentiated OLs
by acting directly on the O4-immunoreactive cells as demon-
strated by phosphorylation and nuclear translocation of STAT-3.
Thus, terminal OL maturation from cortical multipotent progen-
itors requires environmental signals including activation of
gp130/LIFb heterodimeric receptors.

Generation of differentiated oligodendrocytes from
early postnatal cortical EGF-responsive multipotent
progenitors is dependent on environmental signals
Recent studies have suggested that OL differentiation in vivo is
dependent on exogenous cues present in the postnatal cerebral
cortex (Levison et al., 1993; Levison and Goldman, 1997). We
therefore examined whether the generation of differentiated OLs
from OL progenitors present within clonal density cultures of
cerebral cortical multipotent progenitors is governed by cell au-
tonomous mechanisms (Raff et al., 1985; Barres and Raff, 1994)

Figure 8. Expression, nuclear transloca-
tion, and phosphorylation of STAT-3 in pri-
mary developing cortical oligodendrocytes
after gp130-associated cytokine applica-
tions. Primary OL progenitors (O4-
expressing cells) were isolated and stimu-
lated with gp130 cytokines (see Materials
and Methods). After stimulation (30 min),
cells were initially stained with O4 mAbs
and subsequently were fixed and processed
for immunoperoxidase cytochemistry using
anti-STAT-3 antibodies. A–D, Representa-
tive microscopic fields demonstrating
STAT-3 immunoreactivity under light mi-
croscopy (A, C) in O4-positive cells (FITC;
B, D). STAT-3 exhibited cytoplasmic distri-
bution in control conditions (A, B) and pre-
dominantly nuclear distribution in sub-
populations of O4-positive progenitor cells
after stimulation with CNTF (C, D). E,
The percentage of O4-positive progenitors
that exhibit STAT-3 nuclear translocation
in each experiment condition. Each bar
represents the mean 6 SEM of three inde-
pendent observations. Similar results were
obtained in two separate experiments. F,
Western blot analysis demonstrating the ex-
pression of STAT-3 during the oligoden-
drocyte progenitor stage (A2B51; day 0),
the preoligodendrocyte stage (O41; days
0–1), and the mature OL stage (MBP1;
days 4–7 ). G, Levels of expression of phos-
phorylated STAT-3 (top) and total STAT-3
protein (bottom) before and after applica-
tion of CNTF (50 ng/ml). Lane 1, Control;
lanes 2–5, CNTF stimulation for 1, 5, 30,
and 120 min.

9808 J. Neurosci., December 1, 1998, 18(23):9800–9811 Marmur et al. • OL Maturation from Multipotent Cells



or is dependent on environmental signals (Levison et al., 1993;
Zhang and Miller, 1995). Propagation of multipotent progenitor
cultures with or without bFGF, NT3, and PDGF at clonal density
supported the generation of OL progenitors but not the elabora-
tion of differentiated OLs despite robust cumulative survival
(.90%) over prolonged periods in vitro (9 d; Table 1). Genera-
tion of oligodendrocytes from optic nerve-derived OL progeni-
tors cultured in the presence of mitogens (PDGF) is dependent
on the presence of thyroid hormone or hydrocortisone (Barres et
al., 1994). However both factors were present in the culture media
used in these studies (see Materials and Methods), excluding the
possibility that the absence of these molecules prevented the
generation of oligodendrocytes. These observations suggest that
the generation of differentiated OLs from cortical multipotent
cells is dependent on environmental cues.

CNTF and additional environmental cues promote the
generation of differentiated oligodendrocytes from OL
progeny of multipotent cells
Treatment of multipotent progenitor cultures with CNTF re-
sulted in the generation of differentiated OLs. The effects of
CNTF could reflect action on multipotent cells by either a selec-
tive or instructive mechanism (see Morrison et al., 1997) or
alternatively could reflect actions on cells committed previously
to the OL lineage (e.g., O4-immunoreactive cells) (see Morrison
et al., 1997). However, application of CNTF did not alter indices
of proliferation (BrdU) or cumulative survival (MTT assay),
indicating that the factor did not act by selective mechanisms
(Table 1). In addition, there was no change in the proportion of
neuronal, astroglial, or oligodendroglial progenitor species (Fig.
3), indicating that CNTF did not act directly on the multipotent
cells to support the elaboration of OL lineage species at the
expense of alternate lineages (instructive mechanisms). This sug-
gests that the cytokine promoted OL differentiation by acting on
cells committed previously to the OL lineage. In fact, CNTF
treatment of the multipotent progenitor cultures resulted in
STAT-3 nuclear translocation within the O4-immunoreactive
subpopulations, indicating a direct effect on these cells. In addi-
tion, the percentage of differentiated OLs generated after CNTF
application (Fig. 1B) was similar to the percentage of cells exhib-
iting STAT-3 (Fig. 7A). Our observations are consistent with
those of Mayer et al. (1994), indicating maturational effects of
CNTF on cultures of primary OL progenitors. However, the
primary OL progenitor cultures used by Mayer et al. (1994)
supported the generation of differentiated OLs even in the ab-
sence of exogenous signals such as CNTF, raising questions
about whether CNTF was necessary for cellular differentiation.

Although clonal density cultures of EGF-responsive progeni-
tors required exposure to CNTF for the generation of differen-
tiated O1-immunoreactive OLs (Fig. 1B), higher density cultures
spontaneously give rise to mature OLs, including myelin protein-
expressing lineage species (Fig. 4B). These observations sug-
gested that endogenous signals present within higher density
progenitor cultures could promote the elaboration of mature OLs
from cortical multipotent cells. Conditioned media from moder-
ate density cortical progenitor cultures could not reproduce the
CNTF-mediated elaboration of differentiated OLs observed in
clonal density progenitor cultures (Fig. 5B). This observation
suggested that environmental signals other than CNTF were
responsible for the density-dependent effects on OL differentia-
tion. In addition, blocking antibodies to LIFb receptor but not to
gp130 could dramatically attenuate the CNTF-mediated OL-

differentiating effect observed in clonal density progenitor cul-
tures (Fig. 5B). Thus, the OL maturational effects of CNTF seem
to be preferentially mediated by LIFb receptor activation. When
applied individually or as reagent coapplications to moderate
density cortical progenitor cultures (Fig. 5A), LIFb receptor- and
gp130-blocking antibodies failed to alter the basal profile of
elaboration of differentiated OLs. These cumulative findings sug-
gest that the density-dependent potentiation of OL lineage mat-
uration from cortical multipotent progenitors is mediated by
environmental cues other than those that signal through gp130
and LIFb receptors. These latter signals include CNTF, LIF,
interleukin 6 and 11, and a component of oncostatin-M-
responsive pathways (Stahl and Yancopoulos, 1994; Taga and
Kishimoto, 1997).

The effects of CNTF on the generation of OLs from
EGF-responsive multipotent progenitor cells: relevance
for perinatal gliogenesis but not embryonic
neurogenesis
Recent studies performed on primary embryonic cortical and
hippocampal progenitor cells grown on substrate in the presence
of bFGF and CNTF have suggested that CNTF acts as an
instructive signal for astroglial lineage commitment (Johe et al.,
1996; Bonni et al., 1997). However, application of CNTF to
EGF-generated multipotent progenitors does not induce astro-
glial differentiation but rather increases the number of MBP-
immunoreactive OLs (Reynolds et al., 1993). Furthermore, our
clonal density analysis has demonstrated that CNTF does not act
as an instructive signal for oligodendroglial lineage commitment
from EGF-responsive cells but rather acts to promote cellular
maturation of OL progenitors derived from cortical EGF-
responsive multipotent cells (Table 1; Fig. 1C). Thus, the biolog-
ical actions of CNTF may be context-dependent such that the
cytokine exerts different cellular actions on bFGF-responsive and
EGF-responsive progenitor cells. There is now increasing evi-
dence that EGF-responsive multipotent progenitor cells play an
essential role during perinatal gliogenesis but not during embry-
onic neurogenesis (Lazar and Blum, 1992; Ferrer et al., 1995;
Threadgil et al., 1995; Burrows et al., 1997), whereas bFGF-
responsive cells may play a more important role during earlier
embryonic cortical development (Kilpatrick and Bartlett, 1995;
Qian et al., 1997). Maximal expression of CNTF occurs within
the postnatal cerebral cortex (Stockli et al., 1991), suggesting the
relevance of this ligand for postnatal oligodendrogliogenesis.

It is currently unclear whether the EGF-responsive cortical and
subventricular zone-derived multipotent progenitors represent
independent lineages or two distinct stages of the same lineage.
PSA-NCAM mediates cell–cell interactions and has been impli-
cated as a mediator of cellular plasticity (Rutishauser, 1996;
Rutishauser and Landmesser, 1996). Thus, although PSA-NCAM
may mediate migration of progenitor species from the subven-
tricular zone to the cerebral cortex, this developmental molecule
may also represent an independent mechanism for regulating the
environmental plasticity of EGF-responsive cortical multipotent
progenitors. Therefore, the cortical multipotent progenitors may
be derived from several developmental sources and exhibit dis-
tinct cellular mechanisms: continuous migration during early
postnatal cerebral cortical development, earlier embryonic stage
migration to the developing cortex, and persistence as relatively
quiescent or self-renewing populations or as intrinsic elements of
the postnatal cerebral cortex.
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Cytokines that signal through gp130/LIBb receptors:
implications for oligodendroglial development in vivo
Although the optic nerves of homozygous CNTF null mice con-
tain reduced numbers of proliferating OL progenitors, myelina-
tion in the nerves is normal (Barres et al., 1996). The authors
concluded that CNTF supports the proliferation of OL progeni-
tors but does not promote OL differentiation. However, this study
did not include immunocytochemical analysis using markers of
OL progenitors and mature oligodendrocytes. Thus, it did not
directly address the issue of whether deficiency of CNTF in the
optic nerve actually retards the generation of differentiated OLs.
In addition, optic nerve-derived OL progenitors may exhibit
cellular properties distinct from those of cortically derived OL
progenitor species (Miller, 1996). Furthermore, the general de-
velopmental defects exhibited by CNTF 2/2 mice are much less
severe than are those exhibited by CNTFa receptor 2/2 mice,
suggesting that an additional CNTF-like protein(s) may contrib-
ute to gp130/LIFb receptor heterodimeric signaling during de-
velopment in vivo (Stahl and Yancopoulos, 1994; DeChiara et al.,
1995). Moreover, recent analysis of mice lacking the LIFb recep-
tor subunit has shown that these animals display many more
widespread developmental deficits than does the CNTFa recep-
tor knock-out mouse, including abnormal gliogenesis (DeChiara
et al., 1995; Ware et al., 1995). This genetic evidence strongly
suggests that CNTF and additional gp130-related cytokines, such
as oncostatin M (OSM) or cardiotrophin-1, may contribute to
LIFb receptor-mediated signaling during gliogenesis in vivo. The
effects of OSM on developing forebrain oligodendrocytes are
similar to those of CNTF (Reynolds et al., 1993; Gard et al.,
1995a; Marmur and Mehler, unpublished observations). Further-
more, cortical astrocytes secrete a protein with LIF-like activity
that supports the survival of a greater number of cortical OL
progenitors than either LIF or CNTF supports (Gard et al.,
1995b). Because we have demonstrated that selective activation of
gp130/LIFb heterodimeric receptors enhances the generation of
differentiated OLs from cortical multipotent progenitor cells, the
detailed characterization of additional CNTF- or LIF-like pro-
tein(s) will facilitate our understanding of how differentiated OLs
are generated during cortical gliogenesis in vivo.
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