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Galactocerebroside and sulfatide, major galactosphingolipid
components of oligodendrocyte plasma membranes and mye-
lin, are first expressed at a critical point, when progenitors
cease to proliferate and commence terminal differentiation. We
showed previously that an antibody to galactocerebroside/
sulfatide arrested terminal differentiation, suggesting a role for
these galactolipids in oligodendrocyte differentiation. We have
now investigated the differentiation of oligodendrocytes (1) in
response to other anti-galactolipid antibodies, showing that
anti-sulfatide O4 but not anti-galactocerebroside O1 blocks
terminal differentiation, perhaps by mimicking an endogenous
ligand, and (2) in a transgenic mouse unable to synthesize these
lipids because of mutation of the gene for ceramide galacto-
syltransferase, a key enzyme for galactosphingolipid synthesis.
We find that galactosyltransferase mRNA expression begins
at the late progenitor [pro-oligodendroblast (Pro-OL)] stage
of the lineage and that the late progenitor marker pro-
oligodendroblast antigen is not synthesized in the absence of

galactosyltransferase. The principal outcome of the elimination
of these galactolipids is a two- to threefold enhancement in the
number of terminally differentiated oligodendrocytes both in
culture and in vivo. Because the general pattern of differentia-
tion and the level of progenitor proliferation and survival appear
to be unaltered in the mutant cultures, we conclude that the
increased number of oligodendrocytes is caused by an in-
creased rate and probability of differentiation. In agreement with
these two experimental approaches, we present a model in
which galactosphingolipids (in particular galactocerebroside
and/or sulfatide) act as sensors and/or transmitters of environ-
mental information, interacting with endogenous ligands to
function as negative regulators of oligodendrocyte differentia-
tion, monitoring the timely progress of Pro-OLs into terminally
differentiating, myelin-producing oligodendrocytes.
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An understanding of environmental signals that regulate oligo-
dendrocyte (OL) development and of molecules on the OL cell
surface through which these signals act is basic to an understand-
ing of both normal OL development and the process of remyeli-
nation in demyelinating disease. Oligodendrocytes, the cells of
the CNS that produce myelin, proceed through a regulated lin-
eage culminating in the assembly of the components of the myelin
membrane (Pfeiffer et al., 1993; Miller, 1996). Briefly, the bipolar
early progenitor (O2A) differentiates into a multipolar late pro-
genitor [pro-oligodendroblast (Pro-OL)] defined by the expres-
sion of pro-oligodendroblast antigen (POA) (Bansal et al., 1992),
followed by the transient pre-GalC stage (Bansal and Pfeiffer,
1992). The onset of terminal differentiation (immature OL stage)
is defined by the synthesis of galactocerebroside (GalC), sul-
fatide, 29,39-cyclic nucleotide 39-phosphohydrolase (CNP), and
myelin-associated glycoprotein (MAG). After a short lag, mature

OLs appear that are characterized by the expression of terminal
markers such as myelin basic protein (MBP) and proteolipid
protein (PLP) and the production of extensive process networks
and myelin-like membranes. The developmental pathway ob-
served in culture is consistent with lineage progression in situ
(Hardy and Reynolds, 1991; Warrington and Pfeiffer, 1992) and
can be formalized according to the scheme: [O2A]3 [Pro-OL]3
[pre-GalC] 3 [immature OL] 3 [mature OL] 3 [myelination].

The galactosphingolipids GalC and sulfatide together com-
prise 27% of total myelin lipid, leading to the prediction that
these lipids play an important role in OL and myelin biology.
Because GalC and sulfatide synthesis begins as OLs enter
terminal differentiation, before myelin wrapping per se, we
have proposed previously that GalC and/or sulfatide, in addi-
tion to their eventual roles as structural components of myelin,
are involved in the regulation of OL differentiation (Bansal et
al., 1988). Consistent with this hypothesis, both perturbation
with specific anti-galactolipid antibodies and inhibition of ga-
lactolipid synthesis alter OL differentiation and the mainte-
nance of myelin-like membranes (Bansal et al., 1988; Bansal
and Pfeiffer, 1989, 1994a,b). Specifically, exposure of OL pro-
genitors to the anti-GalC/sulfatide monoclonal antibody
R-mAb results in the reversible inhibition of the onset of
terminal differentiation at the pre-GalC–immature OL inter-
face (Bansal and Pfeiffer, 1989). These data and additional
data presented in this report [using anti-sulfatide (O4) and
anti-galactocerebroside (O1) antibodies] suggest that these
anti-galactolipid antibodies mimic a lipid-binding ligand and
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initiate a constitutive inhibitory signal across the plasma mem-
brane via interaction with GalC and/or sulfatide.

A direct approach to analyzing the function of glycolipids in
OL differentiation is offered by the generation of mice lacking the
GalC-generating enzyme UDP-galactose ceramide galactosyl-
transferase (CGT-KO) (for review, see Stoffel and Bosio, 1997;
Coetzee et al., 1998). These mice lack GalC and sulfatide but
have somewhat elevated levels of glucocerebroside. Their abnor-
malities in myelin structure and function (Bosio et al., 1996;
Coetzee et al., 1996; Dupree et al., 1998) indicate the importance
of these lipids as structural components of myelin. However, the
present work shows that the absence of GalC and sulfatide also
leads to enhanced OL differentiation both in culture and in vivo,
presumably via alterations of developmental regulation. On the
basis of these and previous data (above; Discussion), we propose
that GalC and/or sulfatide act as negative regulators of the entry
of OLs into terminal differentiation, prior to their role in myelin
formation and maintenance.

A preliminary report of these data has been presented (Bansal
et al., 1997).

MATERIALS AND METHODS
Cell culture
Rat brain. Developmentally synchronized purified populations of cells
were prepared at three stages of the OL lineage: early progenitors (O2A),
late progenitors (Pro-OLs), and OLs in terminal differentiation (mature
OLs) as described in Bansal et al. (1996). The purity and phenotype of
each population were extensively characterized by immunolabeling cells
with a panel of antibodies (Bansal et al., 1996).

Mouse brain. Mixed primary cultures of neonatal [postnatal day 1
(P1)–P2] mouse telencephala were prepared by plating dissociated cells
in 10% fetal calf serum in DMEM (FCS/DME) at a density of 2.5 3 10 5

cells/cm 2 into polylysine-coated (50 mg/ml; Sigma, St. Louis, MO) 35
mm tissue culture plates for protein isolation and in four-well plates for
immunofluorescence microscopy. After 1 d the cultures were changed to
mN2 (below) plus 1% FCS and 1% horse serum. Isolated OL progenitor
cultures were prepared from 9-d-old mixed primary mouse cultures.
Several minor but essential variations in the method were used to isolate
OL progenitors from mouse, as opposed to rat, cultures. Mixed primary
cultures grown in tissue culture flasks were maintained in 10% FCS/
DME before being shaken overnight (McCarthy and DeVellis, 1980) at
340 rpm (Duchala et al., 1995) (5% FCS and a shake speed of 200 rpm
are used for rat cultures). The cells dislodged after the “shake” were
passed through a nylon mesh (62 mm) to remove any released sheets of
monolayers (not necessary for rat cultures) and further enriched by
differential adhesion on tissue culture dishes (more effective than the
Petri dishes used for rat cultures) to eliminate astrocytes and macro-
phages (Bansal and Pfeiffer, 1992). Because “shaken-off” mouse OL
progenitors have a much greater tendency to form clumps than do rat
OLs, they were triturated to single cells by passing through a flamed
Pasteur pipette, suspended in 4% DNase and 10% FCS/DME as an
additional deterrent to clumping. For immunofluorescence microscopy
the cells were plated at a density of 1 3 10 4 cells/cm 2 into poly-D,L-
ornithine–coated (50 mg/ml; Sigma) four-well plates in an area of ;1
cm 2 in the middle of the well in 50 ml. After allowing cell attachment for
30 min, the wells were flooded with media (10% FCS/DME). After 2–3
hr the cells were changed to a serum-free, defined medium [mN2 (Gard
and Pfeiffer, 1989)] containing DME with D-glucose (4.5 gm/l), human
transferrin (50 mg/ml), bovine pancreatic insulin (5 mg/ml), 3,3,5-tri-
iodo-L-thyronine (15 nM), sodium selenium (30 nM), D-biotin (10 nM),
hydrocortisone (10 nM), sodium pyruvate (0.11 mg/ml), penicillin-
streptomycin (10 IU/ml and 100 mg/ml, respectively), and 0.1% BSA (all
ingredients from Sigma).

Comparison of the phenotypic characterization of OL-lineage cells f rom
isolated mouse and rat cultures. Mouse OL progenitors were isolated from
mixed primary cultures and grown in serum-free defined media for up to
6–8 d, a time during which progenitors normally differentiate into OLs
in the rat. Whereas mouse OL progenitors in culture exhibited similar-
ities with those of the rat, we observed several significant differences
between these two groups. In the rat, A2B5 and GD3 monoclonal

antibodies (both recognizing gangliosides) are considered specific mark-
ers for OL progenitors, but not astrocytes, in culture. However, in
agreement with previous reports (Duchala et al., 1995; Fanarraga et al.,
1995; Bambrick et al., 1996), these antibodies labeled both mouse OL
progenitors and astrocytes and could not be used as specific progenitor
markers for mouse cultures. Unlike rat, mouse cultures also contained a
population (;20% of total cells) not identified by common markers of
OL progenitors (e.g., A2B5, GD3, NG2, and O4), mature OLs (e.g.,
GalC, O4, and MBP), astrocytes [glial fibrillary acidic protein (GFAP)],
or macrophages (OX42). These cells had a broad, rod-like morphology
distinct from OL-lineage cells or astrocytes and were present in control
and CGT-KO cultures in similar proportions. It is possible that these
cells represent fibroblast-like cells reported by Fanarraga et al. (1995).
The proportion of astrocytes in control and CGT-KO mouse cultures was
similar and comparable with those in rat cultures (i.e., ;2% up to day 3
and increasing to ;13% by day 8) (Bansal et al., 1996). By 2–3 d after
plating, in rat cultures 98% of total cells plated (early progenitors)
differentiate into Pro-OLs (O4 1), whereas in mouse cultures, only 70–
80% of total cells become Pro-OLs (;20% being the unidentified pop-
ulation). In the rat, 80–90% of the O4 1 Pro-OLs differentiate into
CNP 1/MBP 1 OLs; in the mouse cultures only 35% of O4 1 Pro-OLs
acquire CNP and 20% acquire MBP by 5 d in the same culture condi-
tions. Thus, although mouse early progenitors differentiated normally
into Pro-OLs by 2 d after plating in mN2, the proportion of Pro-OLs that
differentiated in OLs is much lower in mouse than in rat.

CGT-KO mice. CGT-KO mice were identified by PCR. Genomic DNA
was isolated from newborn pup liver (Laird et al., 1991). Two sets of
primers were used to identify the wild-type, homozygote, and heterozy-
gote genotype of the pups in the litter: (1) 59-CTCTCAGAAGGCAGA-
GACATTGCC-39, (2) 59-CATCCATAGGCTGGACC-CATGAAC-39,
(3) 59GGAGAGGCTATTCGGCTATGAC-39, and (4) 59-CGCATT-
GCATCAGCC-ATGATGG-39). A 558 bp product corresponding to the
wild-type gene was amplified using primers 1 and 2 (Coetzee et al.,
1996), and a 315 bp product corresponding to the homozygote and
heterozygote mice was amplified using primers 3 and 4. PCR was per-
formed (Gen Amp PCR kit; Perkin-Elmer, Branchberg, NJ) using 30
cycles (2 min at 94°C, 30 sec at 94°C, 30 sec at 60°C, and 30 sec at 72°C)
followed by 10 min at 72°C. Products were separated on 1.6% agarose
gels, and band positions were aligned with control cDNA and molecular
weight markers.

Three groups of mice were analyzed: homozygous mutants (referred
to as CGT-KO), heterozygous mutants (1/2), and normal wild types
(1/1). Dissociated cells from individual telencephala were plated sepa-
rately into tissue culture dishes or 25 cm 2 flasks from each pup in the
litter to keep the three groups separate. Wild type and heterozygote
mutants were analyzed independently, but no major differences were
observed between these two groups, in agreement with previous data
(Coetzee et al., 1996; Bosio et al., 1996). Therefore, the data from these
two groups were combined in some cases and referred to as control.

Antibody perturbation experiments
The hybridoma cells producing O4 or O1 monoclonal antibodies were
grown in heat-inactivated FCS/DME, concentrated from the hybridoma
culture supernatants by ammonium sulfate precipitation and dialysis, and
characterized as described (Bansal et al., 1988). Supernatant from a
nonantibody-producing parent cell line grown and concentrated similarly
was used as a control. Antibody concentrations used for perturbation
studies were chosen that gave bright immunofluorescence staining (1:25,
corresponding to ;6 mg of IgM per ml) that brought the final concen-
tration of serum components in each group to an equivalent of 6% by
volume. Isolated rat OL progenitors (98% A2B5 1/GalC 2) were plated in
mN2 media at a low density (1.5 3 10 4 cells/cm 2) to ensure that the cells
remained well spread out on the dish. This is important because cells
tend to aggregate at high densities in isolated progenitor or in mixed
primary cultures as a result of antibody treatment, leading to secondary
effects (Bansal et al., 1988). Progenitors were grown in either control or
antibody-containing media for up to 8 d after plating, with a change of
culture medium every 2 d for the duration of antibody treatment. To test
for the reversibility of the O4 effect, we removed the antibody in one set
of cultures after 4 d of O4 exposure and grew the cells in control media
for 4 additional days.

Immunofluorescence microscopy
Cells were incubated with HEPES-buffered Earle’s balanced salt solu-
tion (EBSS-HEPES) containing 3% normal goat serum (also used for
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diluting antibodies) to block nonspecific absorption and were immuno-
labeled (15 min at 4°C; live staining without fixation is important to
retain the specificity of these antibodies) for the plasma membrane
surface antigens POA and sulfatide (O4 mAb; 1:50) (Sommer and
Schachner, 1981; Bansal et al., 1989, 1992), sulfatide (Sulph-1 mAb; 1:50)
(Fredman et al., 1988), GalC (O1 mAb; 1:50) (Sommer and Schachner,
1981; Bansal et al., 1989), GalC and sulfatide (R-mAb; 1:25) (Ranscht et
al., 1987; Bansal et al., 1989), PLP (O10 mAb; 1:50) (Jung et al., 1996),
gangliosides (A2B5 mAb; 1:25) (Eisenbarth et al., 1979), proteoglycan
NG2 (anti-NG2 mAb; 1:100; Dr. W. B. Stallcup, La Jolla, CA), and
MAG (anti-MAG polyclonal; 1:50; Dr. J. Roder, Montreal, Quebec,
Canada). For double-labeling with O4 and O1 (both IgMs), O1 was
biotinylated and applied together with O4. OLs were double-labeled for
internal antigens, with polyclonal anti-MBP and monoclonal anti-CNP
(1:100 diluted in 3% BSA and 0.5 M Tris-HCl, pH 7.6; Sternberger
Monoclonals, Baltimore, MD) after fixation (4% p-formaldehyde; 20
min), detergent treatment (0.05% saponin; 5 min), and blocking in 3%
BSA and Tris at room temperature (30 min or overnight at 4°C).
Astrocytes were labeled for GFAP (anti-GFAP mAb; 1:100; Virginia
Lee, University of Pennsylvania) after fixation with methanol at 220°C
for 2 min. Cells were then incubated with a combination of two second-
ary antibodies for 20 min: FITC-conjugated goat anti-mouse IgM (1:50;
m-chain specific, for O4, O1, O10, and A2B5; Chemicon, Temecula, CA)
plus either tetramethylrhodamine isothiocyanate (TRITC)-conjugated
avidin (1:100; for biotinylated O1; Vector Laboratories, Burlingame,
CA), TRITC-conjugated goat anti-rat IgG (1:50; for GFAP; Chemicon),
cy3-conjugated goat anti-mouse IgG (1:600; g-chain specific, for CNP,
R-mAb, and Sulph-1; Jackson ImmunoResearch, West Grove, PA), or
cy3-conjugated donkey anti-rabbit IgG (1:600; for MAG and MBP;
Jackson ImmunoResearch). Cells were mounted in 50% glycerol, pH 8.6,
and 2.5% diazobicyclo-(2,2,2) octane to suppress fading and examined by
epifluorescence microscopy. Total cell number was determined by count-
ing cells labeled with a nuclear counterstain (1 mg/ml Hoechst dye 33342;
Sigma) included with the secondary antibodies. Washing between steps
was performed with three 5 min changes of 1% NGS and EBSS-HEPES
or of Tris for MBP. The use of 3% BSA and Tris for MBP staining
reduced the background.

To identify cells that were in the S phase of the cell cycle, we exposed
cells to bromodeoxyuridine (BrdU) at a final concentration of 50 mM for
24 hr at 37°C for incorporation into newly synthesized DNA. The cells
were fixed with ethanol /glacial acetic acid (95:5) at 220°C (2 min),
denatured with 2N HCl (10 min), neutralized with 0.1 M sodium borate,
pH 8.5 (10 min), and incubated with anti-BrdU (1:50; 20 min; Becton
Dickinson, Lincoln Park, NJ) followed by goat anti-mouse IgG conju-
gated to cy3 (Jackson ImmunoResearch).

In situ hybridization
Postnatal day 7 rat pups were anesthetized and perfused through the
heart with 4% paraformaldehyde (PF). Brains were removed and post-
fixed for 2 d in 3% PF at 4°C, transferred to 10 and 30% sucrose in PBS
sequentially for 24 hr each, and frozen in OCT. The whole brain was
sagittally sectioned at 10 mm thickness on a cryostat (Alert Scientific).
Hybridization was performed as described in Fuss et al. (1997). Briefly
the sections were thaw-mounted onto RNase-free Superfrost-Plus micro-
scope slides (Fisher Scientific, Pittsburgh, PA) and fixed in 3% PF in PBS
for 30 min. The sections were treated with 0.1 M HCl (5 min) followed by
acetylation with 0.1 M triethanolamine, pH 8, containing acetic anhydride
(10 min), washed in 23 SSC, and air dried. Hybridization was performed
overnight using digoxigenin-labeled sense and antisense cRNA probes in
the presence of 50% formamide at 50°C (probe specific for PLP covering
the entire coding region was a gift from Drs. B. Fuss and W. B. Macklin,
Cleveland, OH). After RNase treatment (RNase A, 20 mg/ml; RNase T1,
1 unit; 37°C; 30 min), the sections were washed in 0.23 SSC at 50°C (5
min) and at room temperature (5 min). After equilibration in 100 mM
Tris-HCl plus 150 mM NaCl (10 min) and blocking nonspecific binding in
1% blocking buffer (Boehringer Mannheim, Indianapolis, IN) and 0.5%
BSA (30 min; room temperature), the bound cRNA was detected using
an alkaline phosphatase–coupled anti-digoxigenin antibody (1:500; 2 hr;
Boehringer Mannheim). After equilibration in 100 mM Tris-HCl, pH 9.5,
100 mM NaCl, and 50 mM MgCl2, color development in the presence of
4-nitroblue tetrazolium chloride, 5-bromo-4-chloro-3-indolylphosphate,
and levamisole was performed in the dark at room temperature. The
sections were then incubated in either Hoechst dye 33342 (1 mg/ml;
Sigma) or propidium iodide (5 mg/ml) to counterstain the nucleae,
air-dried, and mounted with 90% glycerol. Analysis and cell counting

were performed as follows: twenty-six pups were analyzed (9 KO and 16
controls) from eight liters. Comparisons between mutants and controls
were made within the same litters. Two to four 10 mm sections from each
animal, cut sagittally from midline to laterally, were analyzed. Control
and CGT-KO sections were matched so that they were equidistant from
the midline. The total number of PLP mRNA 1 cells present in the whole
corpus callosum and cerebral cortical area of the brain section was
counted systematically using a grid and 203 objective.

RNA isolation and Northern blotting
Total cellular RNA was isolated by guanidinium thiocyanate–phenol–
chloroform extraction (Chomczynski and Sacchi, 1987). For Northern
blots (Ausubel et al., 1991), radioactive probes were prepared by random
priming (Prime-it II; Stratagene, La Jolla, CA), purified on NucTrap
push-columns (Stratagene), and hybridized in the presence of salmon
sperm DNA. Membranes were washed (23 SSC and 0.1% SDS; 5 min;
room temperature; 23 SSC and 1% SDS; 30 min; 62°C; and 0.13 SSC;
30 min; room temperature). Blots were quantified (Packard Instant
Imager 2024; Packard Canberra) and exposed (24–72 hr; 270°C) to
Kodak X-Omat film with an intensifying screen. Blots were stripped
(0.13 SSC; 1% SDS; 100°C; 15 min) and reprobed for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) to normalize for RNA loading.
The cDNA probe used was a 595 bp PCR product specific to the second
exon of CGT (Coetzee et al., 1996); this exon is not homologous to UDP
glucuronosyl transferases and detects only CGT mRNA.

Western and immunodot blotting
MBP was quantified by immunodot blotting and computer-enhanced
densitometric scanning; MBP isoforms were visualized by SDS-PAGE
and Western blotting (Ausubel et al., 1991; Bansal and Pfeiffer, 1994a,
1997). Briefly, cell pellets in 1% SDS and 0.5% deoxycholate were
sonicated (30 sec; 4°C) and incubated (30 min) in 1% SDS at 37°C.
Serially diluted samples (100 ml) were applied to nitrocellulose filter
paper in a 96-well microfiltration apparatus (Schleicher & Schuell,
Keene, NH) at 0.03–4 mg of protein per well. After 30 min, the filter was
removed from the manifold and dried at room temperature for 30 min.
Filters immunostained with anti-MBP (1:10,000; overnight incubation; at
room temperature), followed by horseradish peroxidase–conjugated
anti-rabbit IgG (1:6000; Amersham, Arlington Heights, IL), were devel-
oped using the ECL technique (Amersham).

RESULTS
To examine the role of GalC and sulfatide in the differentiation of
OLs, we studied myelinogenesis using two different experimental
approaches: (1) perturbation of normal OL differentiation by
anti-galactolipid antibodies and (2) analysis of OL development
in a mouse unable to synthesize these lipids because of a targeted
mutation of the CGT gene (referred to as CGT-KO).

Oligodendrocyte progenitor differentiation is reversibly
inhibited by antibodies against galactolipids
We have shown previously that the monoclonal antibody R-mAb
reversibly inhibits OL differentiation at the “pre-GalC” stage
(Bansal and Pfeiffer, 1989). Because R-mAb recognizes both
GalC and sulfatide (Bansal et al., 1989), we have extended these
studies to investigate whether a similar block could be instigated
by two other anti-galactolipid antibodies, O4 that recognizes
sulfatide but not GalC or O1 that recognizes GalC but not
sulfatide (Bansal et al., 1989). Isolated rat OL progenitor cultures
were grown in the presence of either O4 mAb or O1 mAb for 8 d
after plating. Control cultures were maintained either in serum-
free mN2 media alone or in mN2 supplemented with serum
components present in the antibody preparations (see Materials
and Methods) to control for possible effects of their presence.
Entry into terminal differentiation was determined by immuno-
fluorescence microscopy for the differentiation markers O1 (Fig.
1) and MBP (which showed a similar pattern; data not shown). In
serum-free medium, progenitors developed into O11 (GalC1)
OLs on the usual schedule (Fig. 1, open triangles). As expected,
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the presence of serum components alone retarded the differenti-
ation slightly (Fig. 1, closed triangles). However, when OL progen-
itors were exposed to O4 mAb, terminal differentiation was com-
pletely blocked at the pre-GalC stage as demonstrated by the
absence of the appearance of O11 OLs (Fig. 1, closed circles).
Characteristic of the pre-GalC stage, the blocked cells had a
multipolar, simple, but branched morphology and were O41

[many of which were also R-mAb1 but O12 (Bansal and Pfeiffer,
1992)]. Total cell counts were unaffected by O4 treatment, and
the cells remained viable. Although the cells were unable to enter
terminal differentiation, they were not actively proliferating, in-
dicated by the low rate of BrdU incorporation (e.g., at 4 d, 1.6 and
1.4% BrdU1 cells were present in O4-treated and control cells,
respectively). The capacity of cells blocked by O4 to reinitiate
differentiation was tested by replacing the O4-containing media
with control media after 4 d of antibody treatment. These cells
readily differentiated into O11 OLs and reached levels compa-
rable with controls within 2 d (Fig. 1, dashed line, open circles). As
for R-mAb, O4 induced only a partial inhibition in the absence of
serum components (data not shown), suggesting that molecules
present in serum participate with O4 to induce inhibition of dif-
ferentiation. In contrast to O4, monoclonal antibody O1 that rec-
ognizes GalC but not sulfatide produced only a slight inhibition
over that induced by serum components alone (Fig. 1, squares).

O4 recognizes POA on Pro-OLs (which do not synthesize
sulfatide), as well as sulfatide on OLs (Bansal et al., 1992) (see
below). The block of differentiation is apparently caused by the
interaction of O4 with sulfatide because R-mAb (which recog-
nizes sulfatide but not POA) instigates a similar inhibition (Ban-

sal and Pfeiffer, 1989, 1992). We conclude that O4 mAb inhibits
entry into terminal differentiation, that this inhibition is fully
reversible, and that interactions with sulfatide rather than with
GalC or POA may be involved in the inhibitory phenomenon.

To test further the proposed inhibitory role of these galacto-
lipids on the differentiation of OLs, we next analyzed the func-
tional impact of the elimination of these lipids in a mouse unable
to synthesize them because of a targeted mutation of the CGT
gene. We first examined the developmental expression pattern
of CGT.

CGT mRNA is first expressed at the Pro-OL stage,
before the synthesis of galactocerebroside and
sulfatide by mature OLs
In addition to the major glycosphingolipids GalC and sulfatide,
CGT also catalyzes the synthesis of a number of other glycolipids
during OL development (e.g., monogalactosyldiglyceride, its sul-
fated form seminolipid, and perhaps others) (Singh and Pfeiffer,
1985; Bansal et al., 1992; van der Bijl et al., 1996) that may be
important for OL development. Therefore, the possibility was
investigated by Northern blotting that CGT may be expressed in
the progenitor stages of the OL lineage. Isolated OL-lineage cells
from rat telencephalon at three stages of development were
analyzed (Fig. 2). CGT mRNA was not detected in early progen-
itors (O2A; A2B51/O42), first appeared at the late progenitor
stage (Pro-OLs; A2B51/O41/GalC2) at ;20% of the maximal
level, and reached maximal levels as the cells differentiated into
mature OLs (GalC1/MBP1). As shown previously (Bansal and
Pfeiffer, 1997), the level of CGT mRNA in OLs was dramatically
downregulated by fibroblast growth factor (FGF-2), in parallel
with other markers of terminal differentiation. CGT mRNA was
not detected in astrocytes. The lower level of CGT mRNA
detected in Pro-OL cultures was not caused by a small, contam-
inating population of mature GalC expressing OLs, because
immunofluorescence analysis showed that these cultures had only

Figure 1. Reversible inhibition of OL differentiation by antibody O4
analyzed by immunofluorescence microscopy. Isolated rat OL progenitors
were grown for 0–8 d in serum-free defined media alone (open triangles)
or with the addition of either O4 antibody (closed circles), O1 antibody
(closed squares), or control serum components that are present in both
antibody solutions (closed triangles). In one group, cells grown in O4 were
transferred to antibody-free media after 4 d and grown further in the
absence of the antibody to test for the reversibility of the inhibition
(dashed line, open circles). The percent of total OL-lineage cells that
became immunolabeled for O1 (i.e., GalC 1) as they enter terminal
differentiation has been plotted as a function of time. A representative
experiment is shown. Error bars show the spread of the means. Note that
although addition of serum components by themselves slightly retarded
terminal differentiation, exposure to O4 antibody in addition totally
inhibited it. Antibody O1, on the other hand, was unable to induce such
an arrest.

Figure 2. Developmental expression of CGT mRNA during OL-lineage
progression. Northern blot analysis of mRNA from purified populations
of astrocytes (Ast; negative control), rat early progenitors (O2A), late
progenitors (Pro-OL), and mature OLs (OL) grown for 2 d in the absence
(2) or presence (1) of FGF is shown. Total RNA (20 mg/ lane) was
loaded, and the blots were first hybridized with a cDNA probe for CGT
and then rehybridized with a probe for GAPDH. The mRNA levels were
quantified and normalized for RNA loading (GAPDH), and values were
expressed as relative mRNA levels; the highest level was set at 100%.
Error bars represent SEM (n 5 3–6). Note that CGT mRNA is first
expressed at the Pro-OL stage in the OL lineage.
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negligible levels of differentiated OLs (see Bansal et al., 1996).
We conclude that CGT mRNA is produced as early as the Pro-OL
stage, before the synthesis of GalC and sulfatide. One marker of the
Pro-OL stage in particular, POA, was therefore investigated next.

Expression of proligodendroblast antigen requires CGT
activity, as shown by the loss of O4 expression by Pro-
OLs in the CGT-KO mice
We have shown previously that mAb O4 first recognizes the
Pro-OL marker POA [an unidentified molecule referred to as
proligodendroblast antigen (Bansal et al., 1992)] and subse-
quently, as differentiation proceeds, sulfatide on mature OLs. In
contrast, the monoclonal antibody Sulph-1 (Fredman et al., 1988)
recognizes sulfatide but not POA. By double-labeling cultures
with these antibodies (at a developmental stage when both Pro-
OLs and mature OLs were present), we examined whether or not
POA expression is associated with CGT expression (Fig. 3). As
expected, in control cultures, O4 labeled both Pro-OLs and
mature Ols, whereas Sulph-1 labeled only mature OLs. In con-
trast, in CGT-KO cultures, both O4 and Sulph-1 labeling was
absent. The absence of POA expression suggests that it is a lipid
and its synthesis requires CGT activity during the Pro-OL stage.
Consequently, the CGT mutation could in principle affect the
physiology of not only mature OLs but also of Pro-OLs. To
investigate this, we next examined the differentiation of OLs to
gain further insight into the role of these lipids in OL development.

The phenotype and morphology in culture of mature
OLs lacking ceramide galactosyltransferase is similar
to that of control cells
The effect of eliminating CGT on the morphology and phenotype
of mature OLs derived from CGT-KO mice was first examined in

culture by immunofluorescence microscopy. As expected for cells
without CGT activity, these cells did not express galactocerebro-
side (O12) (Fig. 4) or sulfatide (O42, Sulph-12) (Fig. 3). How-
ever, they expressed the myelin markers MBP (see Figs. 4, 6, 7),
PLP (O101) (Fig. 5), CNP (Fig. 6A), and MAG (data not
shown) in a similar manner as control OLs. CGT-KO OLs made
extensive membranes that were comparable in both scope and
design with that in control cells in both enriched OL cultures
(Figs. 4, 6) and mixed primary cultures (Fig. 7). We conclude that
for mature OLs in culture, the absence of GalC and sulfatide
from the OL plasma membrane does not lead to major disrup-
tions in the synthesis and incorporation of major myelin proteins
or to a disorganization of the cytoarchitecture.

PLP transport to the OL plasma membrane proceeds
in the absence of galactolipids
Inhibition of the synthesis of glycosphingolipids has been re-
ported to disrupt the transport of PLP to myelin membrane,
leading to a suggestion that glycolipids (probably sulfatide) are
coupled to the intracellular transport of PLP to the plasma
membrane surface (Pasquini et al., 1989; Brown et al., 1993). Our
present approach of analysis has allowed us to test this hypothesis
more directly. To determine whether PLP could reach the plasma
membrane surface in the absence of these glycolipids, unfixed,
nonpermeabilized OLs from CGT-KO cultures were immunola-
beled with a mAb that recognizes an extracellular domain of PLP
[O10 (Jung et al., 1996)]. CGT-KO OLs were immunolabeled for
PLP on their surfaces (Fig. 5). We conclude that the lack of
sulfatide in the CGT-KO did not deter PLP transport to the cell
surface. These data do not preclude the possibility that sulfatide
and PLP are normally cotransported in a noncompulsory manner.

Figure 3. CGT-KO mice do not express POA, a
marker of the Pro-OL stage (identified by O4 anti-
body). Parallel mixed primary cultures from control
and CGT-KO were double-stained with antibodies O4
and Sulph-1 at a time in culture when both Pro-OLs
and OLs are present. In the control cultures both
Pro-OLs (arrows; expressing POA) and OLs (star;
expressing sulfatide) were stained by O4, whereas only
OLs (star) were labeled by Sulph-1. In the CGT-KO
cultures, both OLs and Pro-OLs remain unstained by
O4 as well as by Sulph-1, showing that not only sul-
fatide but also POA was absent, suggesting that CGT
activity is required for the synthesis of POA. Scale
bar, 50 mm.
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Oligodendrocyte differentiation is enhanced in purified
progenitor cultures from CGT-KO mice with respect to
both rate and extent
We next examined the effects of the CGT mutation on the timing
and extent of differentiation in the culture of progenitors to
mature OLs. Purified populations of progenitors from parallel
control and CGT-KO cultures were analyzed as a function of
time by immunofluorescence microscopy (Fig. 6). The general
pattern of the OL developmental time course from the two groups
was similar, as shown, for example, by the maintenance of the
normal lag between the expression of CNP and MBP by the cells.
However, in CGT-KO cultures, the number of both CNP1 and
MBP1 cells was increased approximately twofold compared with
that in control cultures. This was true when the data were ex-
pressed either as percents (Fig. 6A) or as cell numbers per 403
field. For example, at day 4 in culture there were 4.9 6 0.6 and
10.4 6 1.1 MBP1 cells in the control and CGT-KO populations,
respectively, whereas the total number of cells was comparable in
the two groups (i.e., 35 6 4.8 and 36 6 2.8, respectively). In
addition, the rate of differentiation was faster in the mutant
cultures. That is, in addition to an increased number of CNP1

cells, as early as the second day after plating the majority of
mutant CNP1 cells exhibited a more complex, mature OL mor-
phology with intense CNP staining, compared with the relatively
weakly stained, morphologically immature OLs in control cells.
For example, the number of mature CNP1 OLs (i.e., intensely
stained, morphologically mature cells) present in CGT-KO versus
control cultures was 6-fold more at 2 d, 2.6-fold more at 3 d, and

2.1-fold more at 4 d. With time, although the majority of OLs in
control cultures became morphologically indistinguishable from
CGT-KO OLs, they remained fewer in number at least up to 5 d,
the last time studied (Fig. 6A). We conclude that CGT-KO OLs
matured faster and in higher numbers than did their control
counterparts when grown as purified cell cultures.

The difference between the differentiation potential of
control and CGT-KO oligodendrocyte progenitors is
more pronounced in mixed primary cultures
It is routinely observed that in normal control mixed primary
cultures, the rate and extent of OL differentiation are lower than
in isolated cultures (e.g., Bansal and Pfeiffer, 1989). Therefore, we
predicted that because of the lowering of the control baseline, the
difference between the differentiation potential of OLs in control
and mutant cultures should be even more pronounced in mixed
than in purified cultures (see also Discussion). To test this we
examined the differentiation by CGT-KO OLs in mixed primary
cultures (Fig. 7). The expression of MBP was assayed as a marker
for OL maturation by immunofluorescence microscopy (Fig. 7A)
and Western/dot blot analysis (Fig. 7B,C) as a function of time.
The level of MBP expression was comparable in the wild-type
and heterozygous groups (Fig. 7B, solid lines). In contrast, in the
CGT-KO cultures there was a 3.5-fold increase in the level of
MBP protein expression compared with that in controls (Fig. 7B,
dashed line), an enhancement also reflected in a dramatic increase
in the number of mature OLs immunolabeled for MBP (Fig. 7A).
The level of MBP expression remained high throughout the

Figure 4. Phenotype and morphology of mature
OLs in CGT-KO cultures. Double-immunolabeling
with anti-MBP and anti-GalC is shown. CGT-KO
OLs express MBP, but not GalC, and produce
extensive membranous sheaths comparable with
control mouse OLs in culture. A single, typical OL
(arrow) covering the entire 403 field is shown.
Scale bar, 50 mm.

Figure 5. Analysis of PLP expression on the
plasma membrane of CGT-KO OLs. Purified OL
cultures from CGT-KO mice were double-
immunolabeled with MBP and anti-PLP (O10)
without previous fixation. PLP expression by
CGT-KO OLs suggests that PLP was transported
to the OL plasma membrane surface in the ab-
sence of sulfatide and GalC. Scale bar, 50 mm.
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course of the experiment, i.e., 23 d. All observed isoforms of
MBP were elevated in CGT-KO OLs (Fig. 7C). Therefore, we
conclude that the relative difference between control and
CGT-KO in the extent of OL differentiation potential is increased
in mixed primary cultures (Fig. 7) compared with purified
CGT-KO OL cultures (Fig. 6).

The increase in OL number in CGT-KO mouse cultures
is not attributable to better proliferation or survival of
Pro-OLs
The increase in the number of mature OLs in CGT-KO cultures
could be caused by either (1) a greater efficiency of Pro-OLs for
terminal differentiation or (2) an increased number of available
Pro-OLs for differentiation to mature OLs. An increase in
Pro-OL number could, in turn, be attributable either to an in-
creased proliferation rate and/or an enhanced survival of Pro-
OLs. Experiments were next performed to investigate which of
these mechanisms are operative [note that a direct measurement
of the number of CGT-KO Pro-OLs was experimentally not
feasible, because the loss of POA from these cells precluded the
immunoidentification of these cell by O4 mAb (Fig. 3), which is
the only definitive marker for this stage of OL development].

To test for proliferation of Pro-OLs, the numbers of cells that
incorporated BrdU during a 24 hr exposure were examined at 2
and 3 d after plating by immunofluorescence microscopy with
anti-BrdU (Fig. 8A). The majority of cells in the control culture
at 2 d are at the Pro-OL stage of development (see Materials and
Methods). Normally in control cultures grown as described above,
;15% of cells incorporate BrdU after 2 d in N2 media; the
number falls to ;5% by 3 d as progenitors differentiate (Fig. 8A,
black bars). In the CGT-KO cultures, at both 2 and 3 d, we did not
observe increased BrdU incorporation compared with that in
control cultures (Fig. 8B, striped bars). Therefore, increased
Pro-OL number because of increased proliferation could not have
accounted for an increase in mature OL numbers in the mutant
cultures. The earlier decline in BrdU incorporation in the
CGT-KO compared with controls is consistent with an earlier
differentiation of progenitors into postmitotic mature OLs in
these cultures (Fig. 6A). The data in Figure 8A are expressed as
percents to allow normalization of multiple experiments. How-
ever, results expressed as the number of cells for any given
experiment led to the same conclusion. For example, at 2 d in
culture the numbers of BrdU1 cells per 403 field in control and
CGT-KO cultures were 9.4 6 0.9 and 2.9 6 1.4, respectively,
whereas the total number of cells was comparable in the two
groups, i.e., 59 6 6.6 and 65 6 8.6 per 403 field, respectively.

Because the proliferation data indicated that more progenitors
are not being produced in CGT-KO compared with control cul-
tures, we next examined whether the survival of CGT-KO pro-
genitors was enhanced relative to control progenitors (Fig. 8B).
For mouse, a loss of OL-lineage cells in cultures of purified OL
progenitors, grown as described above, is routinely observed with
time. To compare the extents of survival between the two groups,
total live cell numbers were determined by counting the number
of nonpyknotic nucleic (stained with Hoescht dye) as a function
of time. Note that at 2 d the majority of cells are progenitors (see
Materials and Methods). The number of cells at this time point
was found to be comparable in the two groups (Fig. 8B). This
suggests that the survival of CGT-KO progenitors was not better
than the controls, and therefore this factor could not contribute to
an increase in progenitor number. In addition, this shows that
higher numbers of differentiated OLs could not have been artifi-
cially attained because of a preferential loss of progenitors in the
CGT-KO population.

Therefore, because CGT-KO OL progenitors neither prolifer-
ated nor survived more avidly than did their counterparts in
control cultures, we conclude that the higher percent of terminally
differentiated OLs is attributable not to an increased Pro-OL

Figure 6. Analysis of OL differentiation in purified progenitor cultures
from CGT-KO mice by immunofluorescent microscopy. A, Time course of
OL differentiation. The percent of total cells immunolabeled at each time
point for CNP (solid lines, circles) or MBP (dashed lines, triangles) from
the control group ( filled circles, filled triangles) or CGT-KO mice (open
circles, open triangles) is plotted as a function of time. Both weakly labeled
immature OLs and mature OLs are included in the cell counts. At each
point 400–600 cells were counted. Error bars represent SEM (n 5 3–5).
Note that cultures of CGT-KO progenitors yield a higher number of
differentiated OLs compared with control cultures. B, Isolated OLs
double-immunolabeled for MBP and a nuclear stain, Hoescht dye ( H ),
after 4 d in culture. Note that in the fields shown, in the control group only
two out of six cells shown in the field (arrows) are differentiated, whereas
in the CGT-KO group three out of three cells are differentiated. Scale bar,
50 mm.
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population size but rather to an enhancement in the timing and
extent of their differentiation program.

Oligodendrocyte differentiation is also enhanced in
vivo in CGT-KO mice
Next we asked whether the enhancement of OL differentiation
observed in culture also occurs in vivo (Figs. 9,10). Using immu-
nohistochemistry for MBP and in situ hybridization for PLP
mRNA, we analyzed OL differentiation in mouse postnatal day 7
forebrains. The OL differentiation program is just beginning at this
age in the corpus callosum; therefore any increases in OL number
should be easily detectable. In addition, the analysis of forebrain
provided for anatomical consistency with our studies in culture that
used telencephalon. As expected, GalC, sulfatide (R-mAb1,
O41), and POA (O41) were absent from CGT-KO brains (data
not shown). MBP immunolabeling revealed more myelinated fibers
in CGT-KO corpus callosum compared with controls (data not
shown). Because an estimation of the number of MBP1 OLs is
difficult because of the background of highly immunolabeled my-
elinated fibers, we quantified these effects by counting PLP
mRNA1 cells, which identified individual cells. When parallel
sagittal sections from control and CGT-KO groups from the same
litter were compared, we observed in the CGT-KO group a marked
increase in the number of cells expressing PLP mRNA throughout

the corpus callosum and a wider spread of positive cells into the
cortical region (Fig. 9). Although no marked differences in cell
numbers were observed between wild-type and heterozygous mice,
in the homozygous mutants, the numbers of OLs per section were
approximately twofold more than that in the controls (Fig. 10). The
increased number of PLP mRNA1 cells in the CGT-deficient
brains was unlikely to be due to better survival of OLs since
examination of condensed nuclei by Hoescht or propidium iodide
staining (indicative of cell death) did not show any differences
between the two groups at P7 (data not shown). We conclude that
more OLs developed in the CGT-KO mice in vivo compared with
wild-type mice, consistent with our findings in culture.

DISCUSSION
The molecular regulation of the onset of terminal differentiation
is a key issue of cell and developmental biology. Galactocerebro-
side (GalC) and sulfatide are synthesized and transported to the
outer leaflet of the oligodendrocyte (OL) plasma membrane at a
critical point in differentiation, when OL progenitors cease to
proliferate and commence terminal differentiation (Raff et al.,
1978; Hardy and Reynolds, 1991; Pfeiffer et al., 1993). We hy-
pothesized that OL surface “galactolipids such as galactocerebro-
side and sulfatide have functional roles in the regulation of

Figure 7. Analysis of OL differentiation in mixed primary
cultures from CGT-KO by immunofluorescent microscopy.
A, Mixed primary cultures of similar age from control and
CGT-KO mice immunolabeled for MBP. Although both
fields have a similar number of total cells determined by
phase contrast (data not shown), note that in the control
only one differentiated OL is seen, whereas in the CGT-KO
cultures numerous mature OLs are already present. Scale
bar, 50 mm. B, Biochemical analysis of CGT-KO OL dif-
ferentiation in mixed primary cultures. MBP expression
was measured by immunodot blotting followed by densito-
metric scanning as a function of time in culture. The MBP
expression levels were comparable in the wild-type ( filled
circles) and heterozygous ( filled triangles) groups, whereas
the CGT-KO group (open circles, dashed line) showed
markedly elevated levels. Error bars represent SEM (n 5 2
for wild type; n 5 4 for heterozygous and n 5 4 for
homozygous groups from a litter of 10 pups). One repre-
sentative experiment out of five is shown. Note that the
extent of OL differentiation in mixed primary cultures is
even more pronounced than that in the purified OL cul-
tures. C, Western blot analysis of MBP isoform expression
in CGT-KO (KO) and control (Cont) cultures, showing that
all isoforms of MBP were elevated in the mutants.
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oligodendrocyte differentiation and myelination by acting as sen-
sors/transmitters of environmental information” (Bansal et al.,
1988; Bansal and Pfeiffer, 1989). This hypothesis has been sup-
ported by our findings using anti-galactolipid antibody perturba-
tion and biochemical inhibition of sulfatide synthesis (Bansal et
al., 1988; Bansal and Pfeiffer, 1989, 1994a,b) (this report), as well
as by a number of other observations related to the role of not
only galactolipids but also gangliosides (for review, see Bansal et
al., 1988; Coetzee et al., 1998; e.g., Diaz et al., 1978; Dorfman et
al., 1979; Ranscht et al., 1982, 1987; Dyer and Benjamins, 1988;
Pettmann et al., 1988; Wu and Ledeen, 1991; Yim et al., 1994).
These studies demonstrate that the interaction of these galacto-
lipids with the environment leads to biological responses. The
present study analyzing OL development in a mouse unable to

synthesize these lipids because of a targeted mutation of the
ceramide galactosyltransferase gene (CGT-KO) provides addi-
tional, direct support for the hypothesis.

The principal observation of this study is that terminal differ-
entiation of OLs is enhanced by the elimination of galactolipids
whose synthesis is catalyzed by CGT, demonstrated by the
marked increase in the number of terminally differentiated
CGT-KO OLs compared with that of normal controls, both in
culture and in vivo. Because the general pattern of differentiation,
level of progenitor proliferation, and cell survival appear to be
unaltered in the mutant cultures, we conclude that the increased
number of OLs is caused by an increase in the propensity of late
progenitors (Pro-OLs) to differentiate. Consistent with these data
are the observations that CGT mRNA expression begins at the
Pro-OL stage of the OL lineage and that POA (Sommer and
Schachner, 1981; Bansal et al., 1992) expression is lost, indicating
that POA is a lipid requiring CGT for its synthesis.

We now extend the original hypothesis to propose that GalC
and/or sulfatide interact with external ligands and negatively
regulate OL terminal differentiation (Fig. 11). Accordingly, the
absence of GalC/sulfatide in the CGT-KO mouse precludes the
instigation of the negative regulation, thus allowing terminal
differentiation to proceed more efficiently. This hypothesis is also
consistent with an arrest of the terminal differentiation of OL by
the anti-galactolipid antibodies R-mAb (Bansal and Pfeiffer, 1989)
and O4 (present study). The antibodies presumably mimic an in
vivo endogenous ligand that constitutively activates the proposed

Figure 8. Comparison of the proliferation and survival of Pro-OLs in
purified cultures from CGT-KO and control mice. A, Cells were analyzed
2 and 3 d after plating in mN2 after exposure to BrdU for the last 24 hr.
The incorporation of BrdU was analyzed by immunolabeling of cultures
and counting the percent of total cells that were BrdU 1. No increase in
proliferation was seen in CGT-KO progenitors (striped bars). In fact, an
expected reduction is seen compared with control cultures (black bars) as
a result of entry into postmitotic terminal differentiation earlier than in
control populations. Error bars represent SEM (n 5 3). B, The number of
total live cells per field was determined by counting the nonpyknotic
nuclei labeled with the Hoescht dye as a function of time in culture. No
differences were observed between the control (solid line) and CGT-KO
(dashed line) groups. Error bars represent SEM (n 5 4–6).

Figure 9. Enhancement of oligodendrocyte differentiation in vivo in
CGT-KO mice. P7 forebrain sagittal sections taken from parallel regions
of control (A, D, G) and CGT-KO (B, E, H ) mice brains were analyzed by
PLP mRNA in situ hybridization. PLP mRNA 1 cells in regions of the
corpus callosum over the hippocampus are shown at low magnification
(A–C) and high magnification ( D–I). Sections hybridized with either
antisense (A, B, D, E) or sense (C, F) PLP cRNA probes were costained
with Hoescht dye (G, H, I ) to show that similar brain regions of control
and CGT-KO mice were analyzed. Representative sections show a higher
number of PLP mRNA 1 cells in CGT-KO (B, E) compared with control
(A, D) mice of the same age. Sections hybridized with sense cRNA probes
showed no labeling. Scale bars: A–C, 500 mm; D–I, 100 mm.

Bansal et al. • Oligodendrocyte Development in CGT-Null Mice J. Neurosci., September 15, 1999, 19(18):7913–7924 7921



negative regulatory pathway, blocking terminal differentiation. In
fact, ligand binding to cell surface proteins can be mimicked by
antibodies in a number of instances to produce transmembrane
signals (for review, see Dyer, 1993): anti-integrin antibody activates
integrin signaling (Coppolino et al., 1995); antibodies against the
EGF or insulin receptors induce effects normally mediated by their
ligands (Jacobs et al., 1978; Schreiber et al., 1981); anti-b-
adrenergic receptor stimulates adenyl cyclase (Courand et al.,
1981); anti-syndecan-1, a transmembrane proteoglycan, induces
clustering of syndecan-1 and reorganization of the actin filaments
(Carey et al., 1994); and antibodies to GM1 and CD59 lead to the
accumulation of actin and tyrosine-phosphorylated proteins in
glycolipid clusters (Harder and Simons, 1999).

The model therefore predicts the existence of a “ligand” that
interacts with these galactolipids. In studies of both CGT-KO
mice and antibody perturbation, alterations of OL differentiation
occurred in highly enriched populations of OL progenitors.
Therefore, soluble factors or extracellular matrix molecules se-
creted by OLs or the few remaining astrocytes in the cultures
apparently provide the source of this ligand. It is, however,
noteworthy that in each case (antibody perturbation and
CGT-KO studies), the effects on differentiation were more pro-
nounced in mixed primary cultures and/or in the presence of fetal
calf serum, suggesting that the endogenous ligand concentration
was increased in these conditions. This would indicate that a
common molecule, whether secreted by OLs or astrocytes or pro-
vided via serum components, can serve as a source of the ligand.

Two observations suggest that sulfatide is the more likely
candidate as the key cellular molecule in this regulation. First,
treatment of enriched cultures of OLs with anti-sulfatide (O4-
mAb), but not a true anti-GalC (O1 mAb) (Fig. 1), dramatically
inhibited OL terminal differentiation. Second, sulfatide carries a
negative charge and can therefore bind to positively charged
proteins by electrostatic forces, a characteristic that may account
for the large number of sulfatide–protein interactions (for review,

see Vos et al., 1994). Of particular interest is a well documented
role for sulfatide, but not for GalC, in adhesion with extracellular
matrix molecules, such as tenascin-R/janusin/J-1, laminin, and
thrombospondin (Roberts and Ginsburg, 1988; Pesheva et al.,
1997), that are present in the CNS (McLoon et al., 1988; O’Shea
et al., 1990; Bartsch et al., 1992) and are secreted by the OLs and/or
astrocytes in culture (Oh and Yong, 1996; Pesheva et al., 1997).

What is the mechanism by which the negative signal is propa-
gated? One view emanates from the observation that the binding
of anti-GalC or anti-sulfatide to cells leads to an influx of Ca 21

(Dyer and Benjamins, 1990, 1991), perhaps via the activation of a
novel type of Ca21 channel (Joshi and Mishra, 1997). In addition,
there is increasing evidence that a number of extracellular mol-
ecules induce sphingolipid hydrolysis and that their metabolic
products, such as ceramide, sphingosine, and sphingosine-1-
phosphate, may act as mediators in signaling pathways leading to
diverse responses (for review, see Hannun and Obeid, 1995; Testi,
1996; Riboni et al., 1997). These include cell proliferation, differ-
entiation, or growth arrest and apoptosis, depending on cell type,
cell compartment, and concentration of the metabolite. It is
possible that GalC/sulfatide, like sphingomyelin, may serve as a
source of these sphingolipid hydrolysis products.

Alternatively, galactosphingolipids could be involved indirectly
by affecting the orientation and/or lateral movement of other outer
leaflet, plasma membrane–signaling macromolecules. These sig-
naling complexes may exist to bring together signaling molecules
such as growth factor receptors, integrins, and cell adhesion mol-

Figure 10. Quantification of the enhanced expression of PLP mRNA 1

cells in vivo. P7 forebrain sagittal sections from control and CGT-KO mice
were hybridized with an antisense PLP cRNA probe. All PLP mRNA
positive cells in the cortical and corpus callosum region were counted for
each section. Two to four sections each from 16 control (1/1, 5; 1/2,12)
and 9 homozygous mutant animals were counted. Comparisons of each
control and CGT-KO were made on littermates. Control numbers (aver-
age of control for all 1/1 and 1/2 animals) were set to 100%, and
CGT-KO (2/2) levels are shown relative to that. Error bars represent
SEM. The differences were statistically significant with 96% confidence
limits using the Student’s t test. Figure 11. A model for the role of galactosphingolipids as negative

regulators of oligodendrocyte terminal differentiation. Based on previous
studies (Bansal and Pfeiffer, 1989) and Figure 1, the model suggests that
specific anti-galactosphingolipid antibodies, presumably mimicking an
external ligand, either directly or indirectly continuously activate negative
regulatory pathways, thus inhibiting terminal differentiation of oligoden-
drocyte progenitors. In the studies of oligodendrocyte differentiation in
the CGT-KO mice, the model suggests that the absence of GalC/sulfatide
precludes the instigation of the negative regulation, thus allowing termi-
nal differentiation to proceed more efficiently. Sul, Sulfatide.
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ecules, resulting in their activation and the onset of intracellular-
signaling cascades. The absence of galactosphingolipids in the
CGT-KO would be likely to affect the composition and/or geogra-
phy of plasma membrane proteins and thus the functional bio-
chemistry of the OL plasma membrane. Thus, GalC and sulfatide
could operate by facilitating these clustering phenomena. Several
structures are recognized that could participate in the formation of
these signaling complexes, including caveolae (Liu et al., 1996;
Mineo et al., 1996; Okamoto et al., 1998) and “lipid rafts” [lipid–
protein detergent-insoluble glycolipid (DIG) complexes] enriched
in glycolipids and glycosylphosphatidylinositol-anchored proteins
(Kim et al., 1995; Koch et al., 1997; Simons and Ikonen, 1997;
Harder and Simons, 1999). In fact, we have observed changes in the
protein composition of DIGs prepared from CGT-KO mice com-
pared with that of normal brains, suggesting the role of GalC/
sulfatide in regulating such protein–lipid interactions (T. Kim, R.
Bansal, and S. E. Pfeiffer, unpublished observations).

Lateral mobility of molecules in the plasma membrane could
also facilitate the concentration of adhesion molecules at sites of
cell–cell contact or of integrins at focal adhesion sites (Clark and
Brugge, 1995) and thereby dramatically increase adhesion
strength (Tozeren et al., 1992). Sulfatide may act as a primary or
“coadhesion molecule” to bring together the ligand and the inte-
grins to form a more stable adhesion/clustering/signaling com-
plex. For example, OLs express several classes of integrins (Mil-
ner and ffrench-Constant, 1994) that can serve as receptors for
the same ECM molecules that bind to sulfatide (above) and
transduce signals to regulate OL adhesion and differentiation. In
fact, integrin-mediated inhibition of OL differentiation (similar to
that induced by anti-galactolipids) occurs in OL cultures treated
with RGD peptide, a sequence in the ECM molecules recognized
by the integrins (Cardwell and Rome, 1988; Malek-Hedayat and
Rome, 1994). Similarly tenascin-R, which is secreted by OLs in
culture (Pesheva et al., 1997), binds to both sulfatide and F3/F11/
contactin (Nörenberg et al., 1995) on the OL surface (Koch et al.,
1997; Pesheva et al., 1997). F3 intern binds to Fyn, a nonreceptor
tyrosine kinase that is implicated as an important signaling mol-
ecule in OL development and myelin formation (Osterhout et al.,
1999; Umemori et al., 1999). The isolation of these components in
the DIG complex from myelin (Koch et al., 1997) is suggestive of
such an interaction compartment of the OL plasma membrane.

In summary, the present observation of an enhanced OL dif-
ferentiation program in the absence of GalC and sulfatide, to-
gether with the previously reported myelin structural and func-
tional abnormalities in the CGT-null mice, suggests that
galactosphingolipids play dual roles, one as structural components
of mature myelin and another as negative regulators of the OL
differentiation program leading to myelinogenesis.
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