
The Journal of Neuroscience, September 1987, 7(9): 2737-2744 

Bipotential Glial Precursor Cells of the Optic Nerve Express the NG2 
Proteoglycan 
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We have studied the expression of the NG2 chondroitin sul- 
fate proteoglycan on bipotential glial precursor cells in cul- 
tures of postnatal rat optic nerve. Purified populations of 
these precursor cells were prepared by panning dissociated 
optic nerve cells on dishes coated with monoclonal A,B, 
antibody. Using immunofluorescence double staining, we 
found that NG2 was present on almost 95% of the purified 
A,B,+ precursor cells. The NG2 core protein from optic nerve 
cells was identified by immune precipitation and PAGE and 
was found to be identical to the 300,000 Da NG2 core protein 
from a clonal rat cell line 849. Over a culture period of 5 d 
in medium containing 10% fetal calf serum, more than 80% 
of the NG2+ precursor cells acquired the glial fibrillary acidic 
protein (GFAP), an astrocyte-specific marker. Under these 
conditions, fewer than 10% of the NG2+ cells expressed 
galactocerebroside (GC), an oligodendrocyte-specific mark- 
er. These GFAP’GC- type II astrocytes continued to express 
the NG2 antigen for up to 10 d in culture. During a 5 d culture 
period in hormonally supplemented, serum-free medium, 
fewer than 15% of the NG2+ cells expressed GFAP, while 
up to 40% expressed GC. The NG2 antigen continued to be 
expressed for only a shot-l period of time by these GFAP-GC+ 
oligodendrocytes, so that mature oligodendrocytes in the 
cultures became NG2-. These results support our previous 
suggestion that the NG2 antigen is found on a class of neural 
cells that can differentiate along more than one pathway. 

The question of how and when cells become committed to 
particular lineages is one of the key problems of developmental 
neurobiology. The analysis of this problem is aided considerably 
by the use of antibodies that recognize antigens expressed by a 
particular class of cell or at a particular stage of cellular devel- 
opment. In previous reports, we have suggested that the NG2 
antigen can be useful for the study of certain cell lineages in the 
developing rat nervous system. The NG2 antigen was initially 
defined in terms of its expression on a few rat neural cell lines 
that exhibited properties characteristic of both nerve and glial 
cells (Wilson et al., 1981). Subsequently we have shown that 
the NG2 molecule from these cell lines is a chondroitin sulfate 
proteoglycan of roughly 500,000 Da with a core glycoprotein of 
300,000 Da (Stallcup et al., 1984). By immunohistochemical 
means, NG2 has been localized to populations of stellate-shaped 
cells in primary cultures of embryonic brain and postnatal cer- 
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ebellum (Stallcup, 198 l), as well as in frozen sections of devel- 
oping and mature rat brain (Stallcup et al., 1984). The most 
recent electron microscopic evidence now indicates that NG2- 
positive cells in the molecular layer of the adult rat cerebellar 
cortex may be smooth protoplasmic astrocytes containing few 
glial filaments (Levine and Card, 1987). However, in vitro stud- 
ies with early postnatal cerebellum show that NG2-positive cells 
may not be locked into this lineage but can display a degree of 
phenotypic plasticity in response to environmental conditions 
(Levine and Stallcup, 1987). In serum-free medium, NG2-pos- 
itive cells express neither the glial fibrillary acidic protein (GFAP), 
an astrocyte-specific marker (Bignami et al., 1972), nor galac- 
tocerebroside (GC), an oligodendrocyte-specific marker (Raff et 
al., 1978). These cells thus resemble the smooth protoplasmic 
astrocytes seen in vivo. However, in the presence of fetal calf 
serum, NG2-bearing cells acquire GFAP and appear to be 
equivalent to type II astrocytes. 

The stellate morphology ofcerebellar NG2-bearing cells, their 
ability to bind tetanus toxin and A,B, antibody (Stallcup, 198 1; 
Levine and Stallcup, 1987), and their phenotypic plasticity in 
vitro are highly reminiscent of the bipotential glial precursor 
cells identified by Raff and coworkers in the rat optic nerve. 
Three types of glial cells have been identified in optic nerve 
cultures: type I astrocytes, which are GFAP+A,B,m; type II as- 
trocytes, which are GFAP+A,B,+; and oligodendrocytes, which 
are GC+A,B,+ (Raff et al., 1983a, b). Type I and II astrocytes 
in vitro are thought to correspond to protoplasmic and fibrous 
astrocytes in vivo, respectively (Miller and Raff, 1984). Oligo- 
dendrocytes and type II astrocytes have been shown to arise in 
vitro from a common precursor cell with the phenotype 
A,B,+GFAP-GC-. This bipotential precursor gives rise to type 
II astrocytes in the presence of fetal calf serum and to oligo- 
dendrocytes in serum-free, defined medium (Raff et al., 1983b, 
1984). 

Since the NG2-bearing cells in our cerebellar cultures appear 
to be similar to the A,B,+ bipotential precursor cells in optic 
nerve, and since the optic nerve is at present the definitive 
system for identifying these precursor cells, we have examined 
the expression of NG2 by optic nerve cells in culture. Our results 
show that the NG2 and A,B, markers are coexpressed by the 
glial precursor cells in these cultures and suggest that NG2- 
bearing cells in optic nerve and cerebellar cultures may not 
behave in identical fashion. 

Materials and Methods 
Cell culture. The B49 cell line (Schubert et al., 1974) was maintained 
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal 
calf serum (Tissue Culture Biologicals). Primary cultures of optic nerve 
were prepared from 6-d-old Sprague-Dawley rat pups. Optic nerves were 
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Table 1. Phenotypic plasticity of purified optic nerve cells 

Days in culture (%) 
Phenotype 2 3 4 5 

NG2+ cells 
In GFAP’ (O/o) 10 46 79 88 
serum GC’ (%) 3 6 5 8 

A,B,+ cells 
NG2’ (%) 91 97 92 96 
GFAP’ (%) 12 38 II 79 
GC’ (%) 4 3 4 9 

Stellate cells 
NG2’ (O/o) 91 95 93 87 

NG2+ cells 

Without GFAP’ (%) 6 9 12 15 
serum GC’ (Oh) 5 19 36 38 

A,B,+ cells 
GFAP’ (O/o) 8 13 10 13 

GC’ (O/o) 9 25 55 59 
Stellate cells 

NG2’ (Oh) 86 74 51 34 

Values represent the percentage of NG2+ or A,B,+ cells that are also positive for 
GFAP or GC. This was determined by immunofluorescence double-staining. Phase 
contrast and immunofluorescence were used to determine the percentage ofstellate 
cells that were NG2’. In all cases, at least 100 cells were scored. Rather than score 
replicate plates within one experiment, we elected to repeat these experiments 3 
times. The pattern of GFAP acquisition-NG2 retention in sernm and GC 
acquisition-NG2 loss in the absence of serum was clearly reproduced in these 3 
independent sets of cultures. Table 1 is not an average of these 3 trials but presents 
the complete results obtained from I of the 3 sets of cultures. 

removed from decapitated pups and incubated for 30 min at 37°C in 2 
ml of Ca2+-Mg2+-free HEPES-buffered DMEM containing 0.1% trypsin 
and 0.1% collagenase (Sigma). The tissue was then dispersed by tritura- 
tion with a Pasteur pipet and incubated at 37°C for an additional 30 
min. Following the addition of 2 ml of DMEM containing 10% fetal 
calf serum, the tissue was again dispersed by pipetting, and any undis- 
sociated pieces were allowed to settle. The dissociated cells remaining 
in suspension were then removed and washed 3 times with DMEM 
containing 10% fetal calf serum. 

The dissociated optic nerve cells recovered from this procedure were 
subjected to panning on dishes coated with A,B, monoclonal antibody 
(Eisenbarth et al., 1979). The panning dishes were prepared as described 
by Danielsen et al. (1983). Briefly, 100 mm petri dishes (Falcon) were 
allowed to stand overnight at 4°C with 0.02 M Tris-Cl, pH 9.5, containing 
20 &ml of an IgG fraction prepared by ammonium sulfate precipitation 
from A,B, ascites fluid. Under these conditions some of the antibody 
bound no&pecifically to the plastic dishes. Coated dishes were washed 
3 times with HEPES-buffered DMEM, followed by incubation for 4 hr 
with HEPES-buffered DMEM containing 1% fetal calf serum to block 
remaining nonspecific binding sites. After replacing the blocking solu- 
tion with 6 ml/dish of fresh HEPES-buffered DMEM containing 1% 
fetal calf serum, the optic nerve cell suspension was added to the dishes 
and allowed to remain undisturbed at 4°C for 1 hr. Typically, 3 dishes 
were used for panning the cell suspension obtained from an average 
litter of 12-l 4 pups. The dishes were gently swirled, and unbound cells 
were removed by aspiration. In some cases, these unbound cells were 
saved and put into culture for comparison with bound cells. Following 
2 gentle washes to remove any remaining unbound cells, the bound cells 
were detached from the dishes by pipetting and transferred to a single 
fresh A,B,-coated dish for a second round of panning. Bound cells from 
this second panning were again detached by pipetting and harvested by 
centrifugation. 

The A,B,-panned cells were resuspended in 1 ml HEPES-buffered 
DMEM containing 1% fetal calf serum, rabbit antibody against GC at 
a 1:50 dilution (gift of Dr. R. Milner) and guinea pig complement at a 
1: 10 dilution (GIBCO). Incubation at 37°C for 1 hr effectively killed 
GC-positive cells in the suspension. A second round of cytotoxic killing 
did not appreciably improve the killing efficiency. The resulting A,B,- 

panned, anti-GC-killed cells were washed twice in DMEM plus 10% 
fetal calf serum, resuspended in this same medium, and plated on 35 
mm tissue culture dishes (Falcon) coated with poly(L-lysine) (Sigma). 
Cells were allowed 15 hr to attach and recover from the isolation pro- 
cedures. Thev were then fed with DMEM ulus 10% fetal calf serum or 
washed with -DMEM and switched to a serum-free, hormonally defined 
medium. This medium consisted of a 50:50 mixture of DMEM and 
Ham’s F12 medium and contained insulin, transferrin, progesterone, 
putrescine, and selenium in place of serum (Bottenstein and Sato, 1979). 
Total days in vitro were measured from the initial time of plating the 
cells. 

ImmunoJluorescence. Immunofluorescent labeling of the cultures was 
performed essentially as described previously (Stallcup, 198 1; Stallcup 
et al., 1984). Double staining for the NG2 and A,B, markers was ac- 
complished using a guinea pig anti-NG2 antibody and a mouse mono- 
clonal A,B, ascites preparation. Rhodamine-labelled goat antibody 
against guinea pig immunoglobulin (R-GaGPIg, prepared in our labo- 
ratory) and fluorescein-labeled goat antibody against mouse immuno- 
globulin (F-GaMIg) served as secondary antibodies in this case. Com- 
parison of NG2 with the GC or GFAP markers was performed using 
guinea pig antibody against NG2 and rabbit antibodies against either 
GC or GFAP (Accurate Chemical). R-GaGPIg and fluorescein-labeled 
goat antibody against rabbit immunoglobulin (F-GaRIg) were used as 
second antibodies for these experiments. When A,B, antibody was com- 
pared with anti-GC or anti-GFAP, R-GaMIg and F-GaRIg served as 
second antibodies. Except in the case of anti-GFAP, all staining was 
performed on live cells. Prior to staining with anti-GFAP, cells were 
fixed in 95% ethanol at - 20°C for 10 min due to the intracellular location 
of the antigen. 

A Nikon Optiphot microscope equipped for fluorescein and rhoda- 
mine epifluorescence was used to examine the stained cultures. At least 
100 NG2+ or A,B,+ cells were scored in the case of each of the com- 
parisons presented in Table 1. Kodak Tri-X 400 film was used for the 
photography. 

Immunoprecipitation and electrophoresis. B49 cells and primary optic 
nerve cultures were surface-labeled with lzsI (Amersham) using the lac- 
toperoxidase method (Hubbard and Cohn, 1972). Iodinated cells were 
washed 4 times with PBS, harvested, and extracted using 0.5 ml of 1% 
Nonidet P-40 (NP-40) in PBS, containing 1 mM PMSF (Cal Biochem) 
to inhibit proteolysis. Insoluble material was removed after 10 min by 
centrifugation, and the resulting supematant was used for preparing 
immune precipitates. Samples of extract, 200 ~1, were incubated with 
10 ~1 rabbit antibody against NG2 for 1 hr, followed by addition of 30 
~1 goat antibody against rabbit immunoglobulin to effect immunopre- 
cipitation. As a control, some samples of extract were incubated with 
primary antibody that had been absorbed with B49 cells to remove anti- 
NG2 activity. Precipitates were washed 3 times with PBS, dissolved in 
electrophoresis sample buffer containing 3% SDS and 5% mercaptoeth- 
anol, and subjected to PAGE on 3-20% polyacrylamide gradient gels 
(Laemmli, 1970). Gels were dried, and immunoprecipitated compo- 
nents were identified on autoradiograms prepared using Kodak 
XAR-5 film and Cronex intensifying screens. 

Results and Discussion 
The stellate morphology of NG2+ cells in rat cerebellar cultures, 
their capacity to be labeled with A,B, antibody and with tetanus 
toxin, and their phenotypic plasticity are characteristics very 
similar to those described by Raff and coworkers for bipotential 
glial precursor cells in cultures of rat optic nerve. The experi- 
ments reported here provide a direct comparison of the expres- 
sion of the NG2 and A,B, markers by the bipotential glial pre- 
cursor cells of the optic nerve. For this comparison, we prepared 
purified cultures of the precursor cells using a cell-panning tech- 
nique. Because the NG2 molecule is highly sensitive to the 
trypsinization procedure used to dissociate the tissue, NG2 can- 
not be effectively utilized as the basis for panning freshly dis- 
sociated cells. However, the gangliosides recognized by A,B, 
antibody (Kasai and Yu, 1983; Kundu et al., 1983) are resistant 
to trypsin treatment, and A,B,-coated dishes can be used to 
separate A,B,+ cells from A,B,- cells. Although very few of these 
A,B,+ cells express GFAP at the time of dissociation, a signif- 
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Figure 1. Anti-NG2 and anti-A,B, antibodies label the same cells in optic nerve cultures. u-c, A,B,-panned, anti-GC-killed optic nerve cells were 
double-stained for the NG2 and A,B, markers after 3 d in serum-containing medium. The 2 antibodies label the same cells in these purified cultures. 
a, Phase contrast; b, anti-A,B, (fluorescein optics); c, anti-NG2 (rhodamine optics). d-f; Cells that were not bound to A,B,-coated dishes during 
the panning procedure were grown in culture for 3 d and double-stained for the A,B, and GFAP markers. The large majority of these cells were 
A,B,-negative flat cells, many of which are GFAP+ type I astrocytes. a, Phase contrast; b, anti-A,B, (rhodamine optics); c, anti-GFAP (fluorescein 
optics). 

icant number express GC. To simplify interpretation of sub- cells had the phenotype A,B,+GFAP-GC-. The importance of 
sequent experiments, these A,B,+GC+ cells were killed with anti- using this purified population will become more apparent as the 
GC antibody and complement. The combination of cell panning discussion progresses. 
and complement-mediated killing allowed us to begin our ex- The morphology of the A,B,-panned cells after 3 d of culture 
periments with cell populations in which more than 90% of the in serum-containing medium is shown in Figure la. Double- 
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Figure 2. Identification of NG2 molecules on optic nerve and B49 
cells. Material immunoprecipitated by anti-NG2 antibodies from de- 
tergent extracts of 1251-labeled cell cultures was analyzed by SDS-PAGE 
and autoradiography. NG2-immunoreactive material from B49 cells 
(lane a) and purified optic nerve cultures (lane b) contains indistin- 
guishable core proteins (0) of about 300,000 Da but different sized 
proteoglycans (PC). Anti-NG2 preabsorbed with B49 cells does not 
immunoprecipitate either component from optic nerve cells (lane c). 
Molecular weight markers at left are in kilodaltons. 

staining experiments showed that these stellate cells were pos- 
itive for both A,B, (Fig. 1 b) and NG2 (Fig. 1 c). Cell counts from 
4 separate sets of double-stained cultures indicated that 94 + 
5% of A,B,+ cells in the purified population were positive for 
NG2 (Table 1). This confirms our initial speculation concerning 
the apparent similarities between A,B,+ and NG2+ cells. Cells 
that did not adhere to the A,B,-coated dishes, and thus were 
not included in the purified cell population, had very different 
phenotypes, as shown in Figure 1, d-f: A few of the stellate 
A,B,+ cells were found in these cultures (Fig. le), but the vast 

majority of cells had a flat morphology and were negative for 
A,B, (Fig. 1, d, e). Some of these A& cells expressed GFAP 
(Fig. lf, and were classified as type I astrocytes, while others 
were positive for fibronectin and were probably fibroblasts (not 
shown). Approximately a third of the fibronectin-positive cells 
were also positive for NG2. Eliminating these NG2+ fibroblasts 
from the cultures by means of cell panning was thus useful in 
avoiding confusion during examination of the properties of NG2+ 
cells of the stellate, A,B,+ type. 

After surface labeling the purified optic nerve cultures with 
lz51, we used immunoprecipitation with anti-NG2 antibody to 
isolate the NG2-immunoreactive molecule from a detergent 
extract of the cells. SDS-PAGE was used to compare the im- 
munoprecipitated material with the NG2 molecule expressed 
by the cloned B49 cell line. Figure 2a shows that 2 components 
were immunoprecipitated from B49 cells: (1) a smear in the 
molecular-weight range of 450,000-500,000 Da, and (2) a well- 
defined band of 300,000 Da. We have shown that these 2 com- 
ponents correspond, respectively, to a chondroitin sulfate pro- 
teoglycan (PG) and the core protein for this proteoglycan (CP) 
(Stallcup et al., 1984). Our antibody recognizes the CP rather 
than the chondroitin sulfate chains. In immune precipitates pre- 
pared from extracts of stellate optic nerve cells, we observed a 
core protein indistinguishable from that derived from B49 cells. 
However, the proteoglycan from the optic nerve cells was small- 
er and more polydisperse than that from B49 cells (Fig. 2b). No 
components were immunoprecipitated from the 1251-labeled op- 
tic nerve material when we used anti-NG2 antibody absorbed 
with B49 cells (Fig. 2~). Since the core protein ofthe B49-derived 
NC2 is identical in size to that of optic nerve-derived NG2, the 
difference between the size of the 2 proteoglycans must be due 
to the chondroitin sulfate portion of the molecules. Similar dif- 
ferences have been observed in the size of NG2 proteoglycans 
from several rat neural cell lines (Stallcup et al., 1984). These 
differences in size could be due to variability in the length and/ 
or the number of chondroitin sulfate chains attached to a com- 
mon NG2 core protein. 

Since A,B,+GFAP-GC- precursor cells in optic nerve cultures 
can differentiate into either A,B,+GFAP+GC- type II astrocytes 
or A,B,+GFAP-GC+ oligodendrocytes, depending on the pres- 
ence or absence of fetal calf serum (Raff et al., 1983b, 1984), 
we determined the effect of serum-containing and serum-free 
defined media on the expression of the NG2 proteoglycan. Fig- 
ure 3, b and e, shows that after 4 d in serum-containing medium, 
almost all of the stellate optic nerve cells were still positive for 
NG2. The majority of these NG2+ cells had also acquired GFAP 
(Fig. 3~). Arrows in Figure 3, b and c, indicate rare NG2+ cells 
that had not yet expressed GFAP. In contrast, the NG2+ cells 
did not express the GC marker after 4 d in serum-containing 
medium (Fig. 3f). The upper half of Table 1 presents a more 
detailed accounting of the phenotype of NG2+ cells in serum- 
containing cultures. The percentage of NG2+ cells expressing 
GFAP was initially low (< 10%) and increased to almost 90% 
after 5 d in culture. The GC marker was rarely expressed under 
these culture conditions (< 10% of the NG2+ population). We 
can conclude that the NG2+GFAP+ cells seen after several days 
in serum-containing medium were derived from NG2+GFAP- 
precursors and not from NG2-GFAP’ cells (type I astrocytes) 
or from NG2+GFAP-FN+ cells (fibroblasts), since these 2 cell 
types were removed from the starting population during the 
purification of stellate A,B,+NG2+ cells. Table 1 also shows the 
results of screening parallel sets of cultures for expression of 
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GFAP and GC by A,B,+ cells. Since Raff et al. (1983b, 1984) 
have clearly delineated the fate ofA,B,+ precursor cells in culture 
and since A,B, and NG2 were both found on the purified pre- 
cursor cells, it is not surprising that the conversion of 
A,B,+GFAP-GC- cells to A,B,+GFAP+GC- cells closely par- 
alleled the conversion of NG2+GFAP-GC- cells to the 
NG2+GFAP+GC- phenotype. Thus, both the A,B, and NG2 
markers were retained as the precursors differentiated into type 
II astrocytes. A,B, and NG2 continued to be expressed by GFAP+ 
type II astrocytes for at least 10 d in vitro, the latest time point 
we tested. The stability of NG2 expression in serum-containing 
medium is also reflected by the fact that 90% of stellate optic 
nerve cells (identified by phase-contrast microscopy) were pos- 
itive for NG2 throughout the 5 d culture period (Table 1). This 
is consistent with our finding that 94% of A,B,+ cells are NG2+. 

In serum-free, defined medium, NG2+ cells had a somewhat 
different morphology than in serum-containing medium. In the 
absence of serum, the processes of NG2+ cells were finer, more 
numerous, and more branched than those in serum-containing 
medium (compare Fig. 4, b, e, with 3, b, e). Few of the NG2+ 
cells expressed GFAP after 4 d in defined medium (Fig. 4c), in 
direct contrast to what was observed in the presence of serum. 
Conversely, the proportion of NG2+ cells that expressed GC in 
defined medium was much greater than that seen in serum- 
containing medium. Figure 4, e andJ; shows 2 cells that were 
positive for both NG2 and GC (NG2+GC+, indicated by small 
arrows). Another cell was weakly positive for NG2 and positive 
for GC (NG2*GC+, large arrow). A fourth cell was strongly 
positive for GC and negative for NG2 (NG2-GC++, asterisk). 
We consistently noted that NG2+GC+ cells in these cultures were 
not labeled as brightly with anti-GC antibody as were the 
NG2*GC+ or NG2-GC++ cells. In addition, the NG2+GC+ cells 
were less intensely stained with anti-NG2 than were NG2+GC- 
cells. Table 1 gives a daily accounting of the expression of NG2, 
GFAP, and GC in serum-free medium, and it also presents the 
proportion of A,B,+ cells that expressed GFAP or GC in parallel 
sets of cultures. NG2+ and A,B,+ cells behaved indistinguishably 
in terms of GFAP expression. Low percentages of A,B, and 
NG2+ cells expressed GFAP after 4 or 5 d in serum-free medium 
(approximately lo-15% compared with 80-90% in serum). In 
contrast, although both the NG2+GC+ and A,B,+GC+ pheno- 
types were seen more frequently after 4-5 d in the absence of 
serum, the A,B,+GC+ phenotype was more common than the 
NG2+GC+ phenotype (55-60% compared to 35-40%). In mak- 
ing this comparison, it was very important to be able to start 
our experiments with a population of cells that had been de- 
pleted of GC+ cells (to a level of roughly 5%) by complement- 
mediated lysis. In the absence of this depletion, we commonly 
found that 25-30% of the cells in the A,B,-panned population 
were GC+. The ability to begin with a population containing 5% 
GC+ cells rather than 30% gave us much more confidence in 
the relative increases in the A,B,+GC+ and NG2+GC+ pheno- 
types observed in serum-free medium. The fact that NG2+GC+ 
cells were outnumbered by A,B,+GC+ cells appears to be due 
to a fairly rapid loss of the NG2 marker from developing oli- 
godendrocytes. Our observations that (1) NG2-GC++ and 
NG2*GC+ cells in the serum-free cultures were more brightly 
stained with anti-GC antibody than were NG2+GC+ cells and 
(2) NG2+GCm cells were more brightly stained with anti-NG2 
antibody than were NG2+GC+ cells are consistent with the idea 
that the NG2+GC+ phenotype is a transient intermediate. Fur- 
thermore, the decline in the percentage of stellate cells that 

express NG2 from almost 90% on day 2 to ~40% on day 5, 
provides a clear illustration of the loss of NG2 in the absence 
of serum (Table 1). This is similar to the observation of Raff et 
al. (1983b) that A,B, is lost over a period of time from GC+ 
cells. Loss of NG2 seems to occur more quickly, however, so 
that the NG2+GC+ phenotype is more transient than A,B,+GC+. 
It is clear that the NG2+GC+ cells and the subsequent NG2-GC++ 
cells that appeared in these cultures must have arisen from 
NG2+GC-, rather than NG2-GC+, precursors, since the latter 
phenotype was not present in significant quantity in the purified 
starting population. 

In summary, the bipotential glial precursor cells of the rat 
optic nerve expressed both the A,B, and NG2 markers. When 
cultured in fetal calf serum, these cells continued to express both 
ofthese surface markers and, in addition, acquired the astrocyte- 
specific GFAP marker. When maintained in serum-free medi- 
um, these cells did not express GFAP, but instead acquired the 
oligodendrocyte-specific GC marker. NG2 and GC were only 
transiently coexpressed, so that fully developed oligodendro- 
cytes were negative for NG2. These results strengthen our pre- 
vious perception that NG2 is expressed by a class of cells that 
are not terminally differentiated and can develop along more 
than one lineage pathway (Stallcup, 198 1; Levine and Stallcup, 
1987). 

The behavior of the NG2+A,B,+ optic nerve cells in serum- 
containing medium is entirely consistent with the behavior of 
NG2+A,B,+ cells in serum-containing cultures of cerebellum 
(Levine and Stallcup, 1987). In both cases the precursor cells 
develop into type II astrocytes. However, NG2+A,B,+ optic nerve 
cells maintained in serum-free medium appear to behave dif- 
ferently from the NG2+A,B,+ cells we have studied in serum- 
free cerebellar cultures. Whereas up to 40% of optic nerve NG2+ 
cells become GC+ in the absence of serum, we have never ob- 
served a significant number of cerebellar NG2+ cells that express 
GC (< 5%). Cerebellar NG2+ cells in serum-free medium express 
neither GC nor GFAP, and in this respect, they resemble smooth 
protoplasmic astrocytes, which may be a third member of the 
oligodendrocyte-type II astrocyte (O-2A) lineage (Levine and 
Stallcup, 1987). 

Our results with cerebellar cultures would seem to be at odds 
with previously published reports by Williams et al. (1985) and 
Levi et al. (1986) that A,B,+ cells in serum-free cultures of 
embryonic brain and cerebellum, respectively, acquire the GC 
marker. It might be argued that this discrepancy can be ex- 
plained by our finding that NG2 continues to be expressed for 
only a short period of time by optic nerve cells once they are 
placed in serum-free medium and begin to acquire the properties 
of oligodendrocytes. If expression of NG2 by cerebellar cells 
also is transient in serum-free medium, it is possible that we 
may have missed seeing cells with an NG2+GC+ phenotype. 
This possibility seems unlikely for the following reason. NG2 
expression by stellate cells in cerebellar cultures is actually much 
more stable in serum-free medium than in serum-containing 
medium, so that NG2+GC+ cells should be easily detectable in 
the absence of serum (Levine and Stallcup, 1987). This is in 
contrast to the situation that exists in our optic nerve cultures, 
where NG2 expression is much more stable in the presence of 
serum. An alternative explanation that could account for our 
failure to observe many NG2+GC+ cells in cerebellar cultures 
is based on the observation that in serum-free medium type I 
astrocytes are able to promote the proliferation of bipotential 
glial precursor cells and delay their differentiation into oligo- 
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Figure 4. Phenotype of NG2-positive cells grown in serum-free medium. Purified optic nerve cultures were maintained in defined medium for 4 
d and then double-labeled with anti-NG2 and anti-GFAP (u-c) or anti-NG2 and anti-& (d-J). These cells do not acquire GFAP, but many express 
GC in a transient fashion. Note the difference in morphology from Figure 3. a, Phase contrast; b, anti-NG2 (rhodamine optics); c, anti-GFAP 
(fluorescein optics); d, phase contrast; e, anti-NG2 (rhodamine optics);f; anti-GC (fluorescein optics). In e andf; small arrows denote cells that are 
positive for both NG2 and GC, the large arrow identifies a cell that is positive for GC and only weakly labeled with anti-NG2, and the asterisk 
marks a cell that is GC+, NG2-. 

dendrocytes (Noble and Murray, 1984; Raff et al., 1985). Since 
our cerebellar cultures typically contain many type I astrocytes, 
it is possible that in the absence of serum relatively few NG2+ 
precursor cells leave the proliferative cycle and differentiate into 
oligodendrocytes. This would explain the continued presence of 
numerous NG2+GC- cells in serum-free cerebellar cultures. Ob- 
viously, the resolution of these hypotheses will require further 
experimentation, perhaps utilizing the cell-panning technique 
to prepare cerebellar cultures depleted of type I astrocytes. For 
the present, the possibility remains that NG2+ cells in different 
parts of the nervous system may be able to differentiate along 

different lineage pathways. The local environment at these dif- 
ferent sites would be a key factor in determining the develop- 
mental fate of these cells. 
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