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Primary cultures derived from neonatal rat forebrain grow al-
most entirely as glial cultures, with a large astrocytic prepon-
derance and smaller numbers of oligodendrocytic cells. Al-
though both astrocytic and oligodendrocytic characteristics are
acquired in vitro, the origins of both types of glia in primary
cultures have not been determined. We tested the hypothesis
that glia differentiate in vitro from immature neuroectodermal
cells by following the fate of germinal zone cells in primary
cultures. A monoclonal antibody that binds GD3 ganglioside
was used as a marker for cells of the subventricular zone (SVZ),
since antibody binding in newborn rat forebrain could be de-
tected by immunofluorescence only in the SVZ of newborn rats
(Goldman et al., 1984). We followed the expression of glial fi-
brillary acidic protein (GFAP), an astrocytic marker; galacto-
cerebroside (GC), an oligodendrocytic marker; and GD3 during
the first several weeks of culture. Both GFAP and GC expres-
sion were first detected in cells that bound the GD3 antibody.
Astrocytes developed during the first week in vitro; eventually,
they lost the ability to bind the GD3 antibody and most became
GD3-/GFAP+ cells. In high-density cultures, a population of
small cells that resided on top of the astrocytic monolayer re-
tained GD3 expression. GC-antibody binding was first observed
in these cells of the upper layer, although it was not readily
apparent until the second week of culture. Few GC+ cells were
seen in cultures grown at low density, however. When these
small, process-bearing GD3+ cells were isolated by rotary ag-
itation from high-density cultures at 7 d in vitro and subcultured
in the presence of 20% fetal calf serum, they did not acquire an
oligodendrocytic character, but rapidly began to express the as-
trocyte marker, GFAP. Germinal zone cells can thus give rise
to both astrocytic and oligodendrocytic cells in primary culture.
The developmental fate of glial precursor cells can be manipu-
lated, however. The isolation and controlled differentiation of
immature neuroectodermal cells should provide an important
approach to illuminating detailed steps in gliogenesis.

Early postnatal development of the rodent CNS is remarkable
for the rapid appearance of astrocytes and oligodendrocytes.
Developmental studies indicate that the glia in subcortical white
matter, including the corpus callosum, are derived from im-
mature neuroectodermal cells of the subventricular zone, the
major germinal zone of the cerebral hemispheres (Altman, 1966;
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Imamoto et al.,, 1978; Privat and Leblond, 1972). Although
much is known about morphological changes during glial dif-
ferentiation, little is known about the specific molecular changes
that immature cells undergo in acquiring glial characteristics,
or about the stimuli that induce specific glial differentiation.
Studies of dissociated cell cultures from neonatal and young
rodent CNS represent one experimental approach to under-
standing the details of glial development. Recent studies with
cultures derived from young optic nerve have revealed the de-
velopmental potential of a population of immature cells. This
population, recognized by the monoclonal antibody A2BS, is
able to differentiate in vitro along astrocytic or oligodendrocytic
lines (Raff et al., 1983b; Temple and Raff, 1985), the former
lineage prompted by serum, the latter by a serum-free, chemi-
cally defined medium.

In this study, we have used a monoclonal antibody directed
against GD3 ganglioside to trace glial differentiation in cultures
from neonatal forebrain. We have recently found that GD3
ganglioside is a characteristic glycolipid component of germinal
zone cells, both neuronal and glial precursors in the developing
rat CNS (Goldman et al., 1984). In newborn and young rat
hemispheres, GD3 could be detected in cells of the subventric-
ular zone (SVZ), the major hemispheric germinal plate. Since
newborn telencephalon constitutes the starting cell population
for the primary cultures that we and others have worked with,
we considered the possibility of using the anti-GD3 antibody
to define those cells derived from the SVZ in dissociated cell
cultures and to ask whether these cells acquire in vitro any of
the characteristics of mature glia. If so, this would point to SVZ
cells as a source of glia in primary forebrain cultures and would
also indicate that gliogenesis from germinal zone cells could be
studied ir vitro. This strategy would be possible if cells retained
GD3 expression, at least transiently, while they acquired com-
ponents of mature glia. Qur results indicate that they do, and
that these cells represent the major source of both astrocytes
and oligodendrocytes in forebrain primary cultures.

Materials and Methods

Cell cultures

Primary cultures were established from newborn Wistar rat forebrains
(Chiu and Goldman, 1984). Forebrains, stripped of meninges and dis-
sected from diencephalon, were minced and then incubated at 37°C in
Hank’s balanced salt solution with 0.25% trypsin for 10 min, resus-
pending the suspension after 5 min. After inhibiting the trypsin with
calf serum, the suspension was again disrupted with a pipette and filtered
through a 165 um and then a 75 um Nitex mesh. Cells were collected
by centrifugation at 200 x g and seeded onto poly-L-lysine-coated plas-
tic dishes (55 mm diameter) or T-flasks (75 cm? area) at 0.4 x 10° (low-
density) or 2.4 x 10° (high-density) cells/cm? Cultures were grown at
37°C in a humidified atmosphere of 5% CO, in a medium containing
(per 100 ml) 10 m] MEM with Earle’s salts (10 x), 20 ml fetal calf serum,
4 ml MEM vitamins, 2 ml MEM amino acids (100x), 1.8 ml 30%
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Figure 1.

Rat forebrain primary culture, established at high density (2.4 x 10° cells/cm?), 7 d in vitro. A, Immunofluorescence photomicrograph

with the anti-GD?3 antibody, visualized with Rh-goat anti-mouse Ig, demonstrating that small, process-bearing cells bind the antibody. B, Phase
contrast photomicrograph of the same field, showing many cells with large, oval nuclei and cytoplasmic processes, closely apposed to the coverslip,
and a number of smaller cells growing on top. The small cells are GD3+, while the cells of the bottom layer are GD3—, but are GFAP+ (not

shown, but see Fig. 2). x370.

glucose, | ml glutamine (100x), 1 ml penicillin/streptomycin (100 x),
and 3 ml NaHCO, (7.5%). All sera and media solutions were purchased
from Gibco, Grand Island, NY. Cells were maintained in 3 ml (dishes)
or 9 ml (T-flasks) of medium, with a change of medium every 3 d. For
indirect immunofluorescence, cells were grown on poly-L-lysine-coated
glass coverslips in 55 mm dishes.

Antisera

We used glial fibrillary acidic protein (GFAP) as an astrocytic marker
and galactocerebroside (GC) as an oligodendrocytic marker. Properties
ofthe rabbit anti-human GFAP, mouse monoclonal anti-GD3 (AbR24),
and rabbit anti-bovine GC have been described recently (Goldman and
Chiu, 1984a, for anti-GFAP; Goldman et al., 1984; Pukel et al., 1982,
for anti-GD3; Norton et al., 1983, for anti-GC). In addition, we have
determined that the anti-GC antiserum does not bind to SVZ cells in
tissue sections of young rat CNS.

Immunofluorescence

For indirect immunofluorescence with the GD3 antibody, live cells on
coverslips were washed with PBS and incubated sequentially at 22°C in
a diluent (PBS containing 10% fetal calf serum/10% lamb serum, both
heat-inactivated; Gibco) for 15 min; mouse anti-GD3 (ascites fluid,
1:300 in diluent), 30 min; rhodamine (Rh)-conjugated goat anti-mouse
Ig (1:50, Cappel Labs, Cochranville, PA), 30 min; and fixed with 10%
acetic acid in ethanol. The coverslips were washed with PBS between
each step, except between the blocking serum and primary antibody
incubations. For double-label immunofluorescence with the GFAP an-
tibody, incubations were continued past the fixation step; diluent, 15
min; rabbit anti-human GFAP (1:50 in diluent), 30 min; fluorescein-
isothiocyanate (FITC)-conjugated goat anti-rabbit Ig (1:50, Cappel Labs),
30 min. Cells were fixed with acid alcohol. For double-level immuno-
fluorescence with anti-GD3 and anti-GC antibodies, the monoclonal
antibody (1:300) and the rabbit antiserum (1:50) were mixed in diluent
and applied to live cells for 30 min. Visualization of antibody binding
was accomplished with the Rh-goat anti-mouse Ig and the FITC goat
anti-rabbit Ig, as described above. Coverslips were mounted with Gel-
vatol on glass slides and examined with a Zeiss standard microscope
equipped with a substage phase condenser and with epifluorescent optics
for both rhodamine and fluorescein viewing.

Cells in suspension, freshly derived from newborn rat forebrain, were
stained with the anti-GD3 monoclonal antibody according to the pro-
tocol outlined above, except that incubations were performed in a 5 ml
plastic test tube and cells were centrifuged at the end of each incubation
or wash and resuspended in the appropriate solution for the next step.
At the end of experiments, drops of cell suspensions were placed on
glass slides and coverslipped.

Controls for specificity of reactions included omission of primary
antisera and the use of antisera or a monoclonal antibody which had
been previously exposed to the specific antigen (Goldman and Chiu,
1984a; Goldman et al., 1984). We also determined that the FITC-

conjugated goat anti-rabbit Ig did not react with the mouse monoclonal
antibody, and the Rh-conjugated goat anti-mouse Ig did not bind the
rabbit antibodies.

Separation of GD3+ cells from cultures

The cells growing on top of high-density cultures were isolated by a
method similar to that of McCarthy and DeVellis (1980). Primary cul-
tures were grown at an initial seeding density of 2.4 x 10° cells/cm? in
75 cm? T-flasks (18 x 10¢ cells per flask). On the 7th d in vitro, flasks
were tightly closed and transferred to a 37°C room, attached to an orbital
shaker, and rotated at 200 rpm overnight (18 hr). The cells that had
been shaken off were removed, the flasks washed once with 9 ml of
serum-containing medium, and the cell suspension filtered through a
25 uwm Nitex mesh. Cells were then collected by centrifugation and
resuspended in culture medium. Cell number was determined with a
hemocytometer and cells seeded onto poly-L-lysine-coated glass cover-
slips in (uncoated) 55 mm plastic dishes at 2-2.5 x 10°* cells/dish.
Coverslips were removed for immunofluorescence staining at various
times after replating.

Results

In tissue sections of newborn rat hemispheres, the anti-GD3
monoclonal antibody bound to cells of the SVZ (Goldman et
al., 1984). To ask whether the SVZ population could be iden-
tified in the initial cell suspensions, cells were stained with the
anti-GD3 monoclonal antibody immediately after isolation from
forebrain. Those that displayed a bright rhodamine fluorescence
signal constituted between 6 and 10% of the total cell population.

GD3 and GFAP expression in primary cultures

Primary cultures were established at high and low densities.
Although cultures under both conditions came to be composed
predominantly of GFAP+ cells, the appearance of the cultures
was different (Goldman and Chiu, 1984a). Low-density cultures
became populated primarily with flat, polygonal cells, while
high-density cultures had a more complex quality. During the
first few days in vitro, high-density cultures were composed of
cells with a round or thin bipolar morphology. By 7 d, a degree
of stratification had taken place (Fig. 1B). A dense layer of cells
closely apposed to the culture dish had emerged. These cells of
the bottom layer had grown one or more cytoplasmic processes,
had variable amounts of perinuclear cytoplasm flattened to the
dish, and contained large, oval, relatively lucent nuclei. On top
of this layer grew cells with smaller, round cell bodies. Many
bore one or several thin cytoplasmic processes.

We wished to follow both the fate of SVZ cells and the de-
velopment of GFAP+ astrocytes, and to ask whether any of the
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Figure 2. Double-label immunofluorescence of primary culture at 3 d in vitro, showing 4, GD3+ cells and B, GFAP+ cells. Cells binding both
antibodies are marked by arrowheads in B, but there are GD3—/GFAP+ cells. The degree of anti-GD?3 antibody binding varies at this stage, with

some astrocytes brightly fluorescent and others far less bright. x600.

latter population were derived from the former. Double-label
immunofluorescence with the GD3 and GFAP antibodies was
therefore performed from the inception of the cultures. The
patterns of antibody binding went through two main stages, one
during the early growth phase of the cultures, and one at later,
more stable periods. At first, the proportion of cells that bound
the GD3 antibody was low, in the range of 6-10%, but increased
sizably during the first few days in vitro at both high and low
densities (Fig. 3, A, C). The maximal percentage was reached
at about 3 d, and declined thereafter to reach, eventually, a
small proportion of total cells. During these first several days,
in both high- and low-density cultures, many cells bound both
the GD3 and the GFAP antibodies (Fig. 2). These double-la-
beled cells appeared attached to the culture dish and displayed
some degree of cytoplasmic spreading, Cells which bound the
GD3 antibody, but not the GFAP antiserum appeared round
or bipolar and did not spread on the substrate. The GFAP+
population, which was low at first, increased so that by 3 d in
vitro the majority of cells bound the anti-GFAP antiserum, and
by 7 d the large majority did (Fig. 3, A4, C).

After longer periods in culture, a week or more, a second
pattern of antibody expression emerged. In high-density cul-
tures, a confluent layer of cells closely attached to the plate had
formed. These cells did not bind the GD3 antibody, but almost
all were GFAP+, displaying cytoplasmic filamentous patterns
(Fig. 5). A population of small cells resided on top of the high-
density cultures. These cells did bind the GD3 antibody (Figs.
1 and 5), giving a strong surface fluorescence which outlined
cell bodies and processes. A small number of cells of the top
layer bound both GFAP and GD3 antibodies (not shown), but
most of the small cells appeared GFAP—. To be classified as
GFAP+, a small cell had to show bright cytoplasmic fluores-
cence (a filamentous pattern was not discernible in such com-
pacted cells). Positively stained processes were a clearer sign of
the presence of the intermediate filament protein. In the absence
of the GFAP antiserum, the FITC conjugate produced a dim,
hazy fluorescent ring about the small cells in the upper layer.
In low-density cultures, characterized by flat, polygonal cells,
the large majority were GFAP+ (Goldman and Chiu, 1984a).
A notable difference between low- and high-density cultures was
that the former lacked an upper layer of small, process-bearing
cells and displayed few small GD3+ cells. Thus, eventually 85—
95% of cells in primary cultures of high and low densities ex-
pressed GFAP, a proportion consonant with that found in pre-
vious studies by others (Hansson et al., 1980; Manthorpe et al.,
1979; Raff et al., 1979; Steig et al., 1980) and of our own (Chiu
and Goldman, 1984).

The double-label immunofluorescence demonstrated that
GFAP expression first arose in cells that also bound the GD3
antibody. Examination of the proportions of cells that were
GD3+/GFAP—, GD3+/GFAP+, and GD3—/GFAP+ at var-
ious times revealed a profile consistent with the generation of
GFAP+ cells from GD3+ cells (Fig. 3, B, D). Thus, the pro-
portion of +/— cells rose and then declined; the proportion of
+/+ cells rose later and declined later; and eventually a group
of —/+ cells came to be the predominant population in the
cultures. These data can also be expressed as the proportion of
GFAP+ cells that are also GD3+ as a function of time in
culture: for example, in one experiment, this proportion was
86% at 2 d, 93% at 3 d, and fell to 44% at 5 d and 18% at 8 d.
Therefore, the large majority of cells in which GFAP expression
arose in vitro bore GD3 ganglioside.

In Figure 3 we have depicted proportions of total cells binding
GD3 or GFA antibodies, rather than numbers of cells. Forebrain
primary cultures at high density increase in cell number between
3 and 12 d, reaching a stable cell number by 14-16 d (Chiu and
Goldman, 1984). Numbers of cells in high-density cultures that
bind anti-GD3 or GFAP antibodies have been counted (Fig. 4).
Such counts indicate that the majority of cells in the initial
suspension do not survive in primary culture. There is an in-
crease in the number of GD3+/GFAP+ cells in the 1st week,
and a subsequent fall in the number of double-labeled cells.
There is a large increase in the number of GD3—/GFAP+ cells
in the 2nd week. GD3+ cells increase, but not to a major extent.
Interpretations of cell proliferation are difficult, however, with-
out thymidine labeling. Several processes are occurring in cul-
ture: increases in GD3+ cells through proliferation, and de-
creases in GD3+ cells both through cell death and through loss
of the ganglioside as GD3—/GFAP+ cells form. Cultures at low
density either do not grow appreciably, or grow slowly, doubling
cell number in a week, for example (Goldman and Chiu, 1984a,
b). In low-density cultures, therefore, there is little net cell growth
either during the period in which the proportion of GFAP+
cells is increasing or when the proportion reaches a stable, high
value.

GD3 and GC expression in primary culture

Several investigators have described oligodendrocytes in pri-
mary culture from neonatal rodent brain (Bologa-Sandru et al.,
1981; Labourdette et al., 1979; Raffet al., 1979) and have shown
that they grow as small, process-bearing cells on top of a con-
fluent cell monolayer. To ask whether cells with the oligoden-
drocyte marker, GC, might have originated from GD3+ cells,
we performed double-label immunofluorescence with anti-GC
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and anti-GD3 antibodies at various times after the beginning
of high-density primary cultures. GC+ cells were detected as a
population of small cells, growing on top of the astrocytic mono-
layer. While little GC antiserum binding was detected after 7 d,
GC expression was readily observed by 2-3 weeks (Fig. 6). All
GC+ cells at 14 d were also GD3+, although there were GC—/
GD3+ cells present. By 30 d in vitro, the longest period we
examined, GC+ cells still bound the GD3 antibody. By this
time, the large majority of the GD3+ cells were also GC+. We
have not observed GD3—/GC+ process-bearing cells, at least
up to 30 d in vitro. The proportion of GC+ cells in high-density
cultures varied somewhat from culture to culture, but ranged

tures established at 4, B, high density
(2.4 x 10° cells/cm?) and C, D, low
density (0.4 x 10° cells/cm?). 4, C,
Ordinate represents the fraction of to-
tal cells that bound either the GD3 or
GFAP antibodies. B, D, Ordinate
represents the fraction of total cells in
double-label experiments that bound
only the anti-GD3 antibody (GD3/
— —), only the GFAP antiserum
(- —/GFAP), or both (GD3/GFA).
Immunofluorescence was performed
on cells grown on coverslips. Each
point represents the average of at least
two experiments, with at least two
coverslips counted/point/experiment
and 150-300 cells (for low-density
cultures) or 400-600 cells (high-den-
sity cultures) counted/coverslip.

from 5 to 9%. In contrast to the high-density cultures, few GC+
cells were observed in cultures established at low density and
stained at 7, 14, and 21 d in vitro.

Isolation and subculture of GD3+ cells

Our results have indicated that the small, GD3+ process-bear-
ing cells of the top layer eventually develop an oligodendrocytic
characteristic if left in place. We examined whether these same
cells would still become oligodendrocytic if removed from the
astrocyte monolayer and maintained separately in the same cul-
ture medium. The localization of GD3 to cells in the top layer
of the high-density cultures suggested that we could isolate these
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Figure 4, Time course of GD3 and GFAP expression in primary cul-
ture established at high density (2.4 x 10° cells/cm? = 6 x 10¢ cells/55
mm dish) showing numbers of cells as a function of time in vitro. The
ordinate represents fotal (O) cells/dish, those that bound only the GD3
antibody (GD3/— —; x), only the GFAP antiserum (— —/GFA; Q), or
both (GD3/GFA; @). Inmunofluorescence and counting on coverslips
were performed as described in Materials and Methods and Figure 3.

cells by mechanical means. We followed the method of Mc-
Carthy and DeVellis (1980), who isolated a population of cells
from dense primary cultures by rotary shaking. After the 7th d
in vitro, flasks were shaken overnight and the dislodged cells
collected and placed in culture at 2-2.5 x 10° cells/55 mm dish
in our usual growth medium, containing 20% fetal calf serum.
The cells attached readily to the polylysine coating and within
24 hr had produced one or several cytoplasmic processes (Fig.
7). By 3-4 d, they had elaborated more processes, which grew
radially and branched, giving the cultures a background of a fine
filamentous network (Fig. 8). The morphology of these cells
appeared qualitatively similar to that described by McCarthy
and DeVellis (1980) and bore a similarity to oligodendrocytes
isolated from more mature brain and maintained in vitro (Nor-
ton et al., 1983). With longer times, some of the cells began to
spread out, with a sheet of cytoplasm forming between pro-
cesses. Eventually, cells with a flat, polygonal morphology, as

Figure 5. Double-label immunofluorescence of high-density culture. 4, Process-bearing cells on top bind the anti-GD3 antibody, visualized with
Rh-goat anti-mouse Ig. B, Cells of the bottom layer of the same field bind the anti-GFAP antiserum, visualized with FITC goat anti-rabbit Ig.
x600.
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well as those with a stellate, process-bearing shape, were ob-
served (Figs. 9 and 10).

Immunofluorescence analysis revealed that all of the shaken
and subcultured cells initially bound the GD3 antibody (Figs.
7 and 11). Thus, this method successfully separates out a pop-
ulation of cells distinguished by their expression of a ganglioside
characteristic of immature cells. A small proportion also showed
a cytoplasmic signal with the GFAP antiserum (Fig. 11). Within
3 d, however, the proportion of GD3+/GFAP+ cells had in-
creased and that of the GD3+/GFAP— cells declined, with
apparently inverse kinetics (Fig. 11). At this point, GFAP was
detected in the stellate, highly branched cells (Fig. 8). Thus, as
in the primary culture, GFAP first became detectable in cells
already bearing GD3 ganglioside. In some cells, at this point
the GFAP fluorescence appeared primarily juxtanuclear (Fig.
8), with fluorescence detected in one or more, but not necessarily
all of the thin cytoplasmic processes. Eventually a population
of GD3—/GFAP+ cells became appreciable, but lagged behind
the appearance of the +/+ population (Fig. 11). This —/+
population was composed of flat cells with round or polygonal
borders (Fig. 9). Flat cells labeled with both antibodies were
also seen, however (Fig. 9). In contrast to the flat cell population,
process-bearing astrocytes remained GD3+ (Fig. 10), with few
exceptions.

Subcultures were also stained with the anti-GC antibody over
the course of several weeks after subculture. In three experi-
ments, 1% or fewer of the cells bound the anti-GC antibody.
We did not find cells which bound both anti-GFAP and anti-
GC antibodies.

We have counted cell number in cultures shaken and replated
at this moderately low density and have found that the replating
efficiency lies between 30 and 40%. The cell number remains
unchanged over the course of our experiments. Thus, subcul-
turing does not select for a very small population of the GD3+
cells and there is no net cell growth in subcultures.

Discussion

The use of an anti-GD3 monoclonal antibody, which binds to
cells of CNS germinal zones, has enabled us to follow the fate
of SVZ cells in culture. We have found that many germinal zone
cells acquire an astrocytic characteristic within a few days. Dou-
ble-label experiments with antibodies to GD3 and GFAP in-
dicate that the astrocyte intermediate filament protein is first
detected in cells which express GD3 ganglioside. Eventually
GD3 expression is lost in many of these cells, since the pre-
dominant cell population after more than a week is GD3—/

Y y ‘ P -
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Figure 6. Double-label immunofluorescence of primary culture at 28 d in vitro. A, Process-bearing cells still bind the anti-GD3 antibody, visualized
with Rh-goat anti-mouse Ig. B, The same cells also bind the anti-GC antiserum, visualized with FITC goat anti-rabbit Ig. Anti-GC binding varies
from cell to cell, with those at the right binding the antibody relatively poorly. x600.

Figure 8. Double-label immunofluorescence of subcultured cells 3 d after replating. The stellate cells with radial processes bind both A4, anti-GD3
antibody and B, anti-GFAP antiserum. Detectable GFAP fluorescence begins in juxtanuclear zone. In many of these cells, GFAP fluorescence is

not visible in all processes. x 590.

GFAP+. This loss of GD3 appears to be similar to what is
found in vivo. That is, GD3-antibody binding was not detected
in the cerebral cortex or in the subcortical white matter of adult
rats (Goldman et al., 1984), Furthermore, in our previous stud-
ies, based on immunofluorescence methodology, we did not
observe GD3+/GFAP+ cells in developing white matter.

The increase in the proportion of GD3+ cells between Day
1 and Day 3 (Fig. 3) is likely due to a disproportionate loss of

GD3— cells (and the disproportionate survival of GD3+ cells)
during the first few days, although cell counts demonstrate some
loss of GD3+ cells as well. Primary cultures from newborn
rodent forebrain typically have a low initial plating efficiency:
on the order of 5-10% of the cells in the initial suspension are
found in culture after 3 d in vitro. The vast majority of neurons
do not survive under these culture conditions [there are small
numbers of cells bearing neuronal markers in cultures from
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Figure 9. Double-label immunofluorescence of flat cells in subcultures, showing an example of one that was 4, GD3+ and B, GFAP+ and one

that was C, GD3- and D, GFAP+. x590.

newborn rat forebrain (Raffet al., 1979)]. Furthermore, we have
not maintained cultures under conditions that can enhance neu-
ronal survival and suppress glial proliferation, such as the pres-
ence of FUdR or high concentrations of KCl (Raff et al., 1979).

Double-label experiments with GC and GD3 antisera dem-
onstrated that GC+ cells also arise from GD3+ cells. The ki-
netics of astrocytic and oligodendrocytic differentiation appear
to be different, with astrocytes appearing earlier in the life of
the cultures than oligodendrocytes. This lag in appearance be-
tween that of the two major glial cell types in primary cultures
and the analogy to gliogenesis in vive has been noted (Abney et
al., 1981).

That primary cultures from neonatal rat forebrain are het-
erogeneous has been recognized in many studies (Bologa-Sandru

et al., 1981; Hansson et al., 1981; Labourdette et al., 1979;
Manthorpe et al., 1979; Steig et al., 1980). Previous work has
pointed out the presence of such elements as oligodendrocytes
and macrophages, although all concur that the large majority
of cells are astrocytic. What has not been heretofore demon-
strated, however, is that such primary cultures contain an im-
mature cell population, derived from the subventricular ger-
minal zone, and that these cells give rise to both astrocytes and
oligodendrocytes. A population of cells—those that grow on top
of an astrocytic monolayer—continues to express GD3 ganglio-
side. Since there are GD3+/GC— cells, at least for several
weeks, among this population, it is possible that the continued
presence of such immature cells could explain the renewed gen-
eration of oligodendrocytes in primary culture after all GC+

Figure 10. Double-label immunofluorescence of 4, B, highly branched cell that is both 4, GD3+ and B, GFAP+. x590.
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cells have been eliminated by complement-dependent lysis (Bol-
oga et al., 1984). Immature cells may also be the source of
“transformed” lines established from neonatal CNS (Bressler et
al., 1983).

Since the GD3 + cells reside in an upper layer of the cultures,
we attempted to isolate these cells by mechanical means and
found that essentially all cells dislodged by rotary shaking were
GD3+. Such an experiment was of interest for several reasons.
It can be difficult in high-density cultures to be certain of a
positive GFAP reaction in small, compact cells sitting atop a
monolayer of GFAP+ cells. Subculturing the shaken cells at a
somewhat lower density allowed a clearer determination of GFAP
expression. In fact, GFAP was not detectable by immunofluo-
rescence in the majority of cells (about 80%) 18 hr after shaking
and subculture. The large majority, however, begin to express
GFAP within a few days. This experiment was also performed
to examine the developmental potential of these cells, and in-
dicated that the GD3+/GFAP— cells do not represent a subclass
of immature cells that has become committed to an oligoden-
drocytic lineage. While they eventually express GC and not
GFAP if left in primary culture, they will become astrocytic if
subcultured at low density in the same medium.

The previous characterization of the cells shaken off high-
density cultures as oligodendrocytes (McCarthy and DeVellis,
1980) should therefore be reexamined, particularly if subcul-
tures are carried out in a serum-containing medium. Although
the cells with thin, radially oriented processes appear oligoden-
drocytic, the large majority come to express GFAP within a few
days in the presence of 20% fetal calf serum. Rather than being
oligodendrocytes, these cells appear to be immature, derived
proximately from the germinal zone, whose developmental fates
have not yet been determined. We do not yet know whether
each germinal zone cell is pluripotent, although the fact that the
large majority express GC under primary culture conditions and
GFAP in subculture would argue strongly that these germinal
zone cells are bipotential. We also do not yet know when and
if specific glial differentiation becomes irreversibly determined.

Ultrastructural characterization of these cells during early
stages of subculture might demonstrate only a few, if any, in-
termediate filaments. Furthermore, examination of cell pro-
cesses might disclose few filaments, since it appeared from im-
munofluorescence that not all of the processes contained GFAP,
particularly the fine ones. The apparent absence of GFAP in
some processes may simply reflect the method’s limits of sen-
sitivity, but it may reflect a nonhomogeneous distribution of
intermediate filaments during the early stages of GFAP expres-
sion.

GFAP expression in subculture was accompanied by changes
in cell shape, from a round morphology with thin processes to
either flat or stellate forms, closely apposed to the culture dish.
Such forms may be analogous to the distinction Raffet al. (1983a)
have drawn between the stellate “Type 2 astrocytes that bind
a monoclonal antibody, A2BS, and flat “Type 1™ astrocytes
that do not bind A2BS. GD3 ganglioside itself does not appear
to be useful in distinguishing different morphological pheno-
types of astrocytes. Although GD3—/GFAP+ cells were of the
flat variety and most GD3+/GFAP+ cells were stellate, there
were some flat cells labeled with both antibodies, at least up to
8 d post-subculture. Perhaps distinctions would be clearer after
longer times. The presence, or absence, of GD3 ganglioside may
well confer important characteristics to astrocytes and other
cells, but it is not known what these might be.

The stimuli that induce astrocytic or oligodendrocytic differ-
entiation of germinal zone cells are not known. There is evidence
that serum promotes astrocytic differentiation from immature
cells in vitro. Thus, Raff et al. (1983b) found in cultures from
young mouse optic nerve that cells that bound the A2B5 mono-
clonal antibody expressed GFAP in the presence of fetal calf
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Figure 11. Time course of expression of GD3 and GFAP in subcul-

tures. Cells were shaken off primary cultures after 7 d and subcultured
for various times before immunofluorescence was performed to deter-
mine the fraction of cells that bound the anti-GD3 antibody only
(GD3/— —; x), the GFAP antiserum only (— —/GFA, O) or both (GD3/
GFA; @). Each point represents the average of two experiments, with
two coverslips counted/point/experiment and 100-300 cells counted/
coverslip.

serum. Fischer et al. (1982) cultured a GFAP— population of
cells from early postnatal mouse cerebellum in the presence of
serum-free medium. The addition of 10% horse serum induced
GFAP expression, determined by immunofluorescence. Prelim-
inary reports from several laboratories (Ingraham and Mc-
Carthy, 1984; Poduslo et al., 1984; Sanecto et al., 1984) have
noted that the population of cells shaken off primary forebrain
cultures varies in the proportions of cells with oligodendrocytic
or astrocytic qualities, depending on culture medium. In our
experiments, GD3+ cells became predominantly astrocytic in
the presence of 20% fetal calf serum. We have also examined
properties of dislodged cells subcultured in different media. While
few GC+ cells appear in 20% fetal calf serum, many appear in
5% serum. Furthermore, serum-free, chemically defined media
prevent the expression of GFA in the GD3 + cells (unpublished
observations). Serum is unlikely to be the only contributing
factor in determining glial differentiation from germinal zone
cells in primary culture, however. The continued presence of
GD3+/GFAP— cells and their development of an oligoden-
drocytic character in high-density cultures grown in serum in-
dicates that GD3+ cells do not necessarily become GFAP+ in
serum and indicates that other factors are at work. The lag period
between the generation of astrocytes and that of oligodendro-
cytes in the high-density cultures suggests that oligodendrocytic
differentiation from immature cells may depend upon interac-
tion of such immature cells with astrocytes. One could envision
a cell surface interaction or an astrocytic product promoting the
acquisition of oligodendrocytic characteristics. The presence and
type of such interactions can be tested experimentally.

The small, process-bearing cells that grow on top of the as-
trocyte monolayer are A2B5+ (Walker et al., 1984, and our
unpublished observations), while cells of the astrocyte layer are
A2B5—. Cells shaken off the top layer and subcultured in serum
become astrocytic (see above) and many retain the ability to
bind A2B5 (unpublished observations). Thus, GD3+ cells can
give rise in culture to both A2B5— (Type 1) and A2B5+ (Type
2) astrocytes. These observations suggest that the GD3+ stage
represents a developmental period earlier than that character-
ized by A2B5 antibody binding.

Our results in no way suggest that all astrocytes in postnatal
rat forebrain are immediately derived from SVZ cells. The glia
that have established subpial connections and become GFAP+
in the first several postnatal days presumably originate from
radial glia that were established some time previously and sub-
sequently lost their ventricular attachments, a transformation
that has been followed in monkey telencephalon, where radial
glia are GFAP+ (Livett and Rakic, 1982). Some of the astrocytes
of the subcortical white matter also may be derived from radial
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glia. In rodent forebrain, radial glia are not GFAP+, however.
Thus, using GFAP as an astrocyte marker is a limited criterion
for astroglial phenotype. That is, GFAP-radial glia may have
other, as yet unknown, qualities in common with GFAP+ glia.
In forebrain cultures, nevertheless, it appears that the large ma-
jority of GFAP+ cells develop from GD3+ cells. Such differ-
entiation may thus not accurately reflect the fate of the SVZ cell
population present at birth. Our results and those of others (Raff
et al., 1983b) may rather reflect the developmental potential of
SVZ cells, a potential that can be manipulated in vitro. The
isolation of a SVZ cell population can, in future studies, be used
to great advantage to define molecular characteristics of these
immature cells and also to probe stimuli that result in differ-
entiation along either astrocytic or oligodendrocytic lines.
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