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Density-Dependent Feedback Inhibition of Oligodendrocyte

Precursor Expansion
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The myelin sheath in the vertebrate CNS is formed by oligo-
dendrocytes. The number of oligodendrocytes in a mature axon
tract must be sufficient to myelinate all appropriate axons. How
the number of oligodendrocytes is matched to axonal require-
ments and whether such matching involves axon-oligodendro-
cyte signaling or intrinsic oligodendrocyte self-regulation are
not clear.

Using a combination of in vitro analyses, we demonstrate
that oligodendrocyte precursors closely regulate their numbers
through interactions between adjacent precursors. In low-
density rat spinal cord cultures, the number of oligodendrocyte
lineage cells increases rapidly. The addition of large numbers of
oligodendrocyte precursors substantially reduces precursor
expansion and results in a normalization of oligodendrocyte
lineage cell numbers in the cultures over time. Thus, the num-
ber of oligodendrocyte lineage cells that develop appears de-

pendent on the density of oligodendrocyte lineage cells. This
normalization of cell number is reflected in assays of clonal
potential and proliferation. For example, precursors gave rise to
fewer progeny and proliferated less at high density. Reduced
precursor expansion at high density was not attributable to the
depletion of growth factors. Cocultures of high and low densi-
ties did not inhibit precursor expansion in low-density cultures,
suggesting the requirement for local cell-cell interactions. The
inhibition of precursor expansion was cell-type-specific and
dependent on the presence of oligodendrocyte lineage cells.
We propose that this density-dependent feedback inhibition of
oligodendrocyte precursor expansion may play a primary role in
regulating the number of oligodendrocytes in the developing
spinal cord.

Key words: spinal cord; oligodendrocyte precursors; cell pro-
liferation; retroviral analysis; density dependence

The effective functioning of the mammalian CNS depends on the
correct matching of numbers of interacting cell populations. One
critical cell-cell interaction involves the wrapping of CNS axons
by oligodendrocytes forming the myelin insulating sheath (Bunge,
1968). Although an individual oligodendrocyte can wrap many
different axons, during development a sufficient number of oligo-
dendrocytes must be generated to ensure that all axons destined
to be myelinated are ensheathed along their entire length. How
such a matching of cell number is accomplished is currently
unclear.

Cells of the oligodendrocyte lineage can be characterized by
stage-specific antigenic markers (Pfeiffer et al., 1993). In cultures
of rodent CNS, immature oligodendrocyte precursors bind the
monoclonal antibodies A2B5 (Raff et al., 1983) and GD3 (Pfeiffer
et al., 1993), are highly migratory (Noble et al., 1988), and pro-
liferate in response to both PDGF and bFGF (Noble et al., 1988;
Raff, 1989; Bogler et al., 1990). More mature oligodendrocyte
precursors bind the monoclonal antibody O4 (Sommer and
Schachner, 1981), proliferate in response to bFGF (Fok-Seang
and Miller, 1994), and are less migratory. Differentiated oligoden-
drocytes express galactocerebroside on their surface (Raff et al,,
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1978; Ranscht et al., 1982) and are primarily nonmigratory and
nonproliferative.

In the developing spinal cord, most oligodendrocyte precursor
proliferation occurs in the developing white matter (Fujita, 1965;
Gilmore, 1971), and the timing of appearance of spinal cord
oligodendrocytes appears to be influenced by their local environ-
ment (Schwab and Schnell, 1989). For example, myelinating oli-
godendrocytes appear in ventral tracts of the spinal cord approx-
imately at the day of birth, whereas in the dorsal cortical spinal
tract, oligodendrogenesis continues for an additional 2 weeks, and
differentiated oligodendrocytes do not develop until the third
postnatal week (Schwab and Schnell, 1989).

A number of mechanisms may regulate the final number of
oligodendrocytes in the developing CNS. Analysis of rat optic
nerve oligodendrocyte precursor proliferation suggests that indi-
vidual precursors undergo a defined number of cell divisions, and
the progeny of a single cell ceases proliferation and differentiate
at approximately the same time (Raff et al., 1985; Temple and
Raff, 1986). The number of divisions of a particular progenitor is
regulated by an intrinsic clock that has been proposed to depend
on AP-1 activity (Barres and Raff, 1994). Thus, the maximal
number of oligodendrocytes generated depends directly on the
initial number of progenitor cells and their subsequent number of
divisions. Control of the final number of optic nerve oligodendro-
cytes may then be regulated by availability of a number of survival
factors (Barres et al., 1992, 1994). Other factors also influence
oligodendrocyte precursor proliferation. For example, condi-
tioned medium from cultured oligodendrocyte lineage cells inhib-
its proliferation of oligodendrocyte precursors in vitro (Louis et
al., 1992). This effect may be mediated in part by transforming
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growth factor B, which inhibits the proliferation of oligodendro-
cyte precursors in purified cultures (McKinnon et al., 1993).

Here, we show that in cultures of embryonic rat spinal cord,
oligodendrocyte lineage cells reach a steady-state density inde-
pendent of the initial number of precursors. This normalization of
cell number appears to reflect a feedback inhibition of precursor
expansion at high density, is cell-type specific, and does not appear
to be mediated by a diffusible factor. These data imply that local
cell-cell interactions between adjacent oligodendrocyte precur-
sors have the potential to regulate the generation of the correct
number of oligodendrocytes in specific areas of the vertebrate
spinal cord.

MATERIALS AND METHODS

Cell culture. Cultures of embryonic rat spinal cord were prepared as
described previously (Warf et al., 1991). The thoracic and lumbar regions
of embryonic day 18 (E18) Sprague Dawley rat spinal cords were dis-
sected and the meninges removed. Tissue was finely chopped and incu-
bated in 0.05% trypsin in Minimum Essential Medium (S-MEM) (Life
Technologies, Gaithersburg, MD) with 0.025% EDTA for 30 min at 37°C.
Tissue was dissociated into single cells by trituration (10 X) through a
fire-polished Pasteur pipette. After centrifugation at 1000 X g for 5 min,
cells were resuspended in DMEM with 10% FBS and plated at a density
of 7.5 X 10 live cells/12 mm poly-L-lysine (PLL)-coated coverslip (base
culture) or at a density of 2-3 X 10° live cells/75 cm? PLL-coated flask.
Twenty four hours after plating, the medium was changed to DMEM/N2
medium (Bottenstein and Sato, 1979) containing 5 ug/ml insulin, 5 ug/ml
transferrin, 5 ng/ml sodium selenite, 1.6 pg/ml putrescine, 0.4 wg/ml
thyroxine, 0.34 ug/ml tri-iodo-thyroxine, 60 ng/ml progesterone, 2.86%
BSA, 1% FBS 5 ng/ml PDGF, and in some cases 10 ng/ml PDGF
(Collaborative Research, Bedford, MA). The medium was replaced to-
tally every other day.

Generation of enriched oligodendrocyte precursors. To generate large
numbers of spinal cord oligodendrocyte precursors of the appropriate
age, a preplating approach was used. E18 spinal cord cells were grown for
2 d in 75 mm? flasks (see above). To selectively remove less adherent
cells, flasks were washed three times with S-MEM with 0.025% EDTA
and incubated in 0.01% trypsin in S-MEM for 5-7 min at 37°C. The
enzymatic digestion was stopped by addition of 3 ml DMEM + 10% FBS
and the detached cells collected. After centrifugation at 1000 X g for 5
min, the detached cells were resuspended in DMEM/N2 medium with 5
ng/ml PDGF and plated at a density of 1.8 X 10° live cells/coverslip that
was either PLL-coated or supported an E18 spinal cord (base) culture
plated 2 d earlier. The DMEM/N2 medium was changed every other day
and contained 5 ng/ml PDGF unless specified.

To estimate the proportion of oligodendrocyte precursors in the de-
tached cell population, cultures were labeled with A2B5 antibody by
indirect immunofluorescence 4-5 hr after plating (see below). Approxi-
mately 50-60% of the cells were A2B5™, whereas the majority of the cells
that remained attached to the flask were glial fibrillary acidic protein-
positive (GFAP™) type 1-like astrocytes.

Immunocytochemical analysis and complement-mediated cell lysis. Cell
types were identified by indirect immunofluorescence labeling procedures
as described previously (Fok-Seang and Miller, 1994; Zhang and Miller,
1995). Immature oligodendrocyte precursors were identified by labeling
with A2BS antibody (Raff et al., 1983; Pfeiffer et al., 1993), more mature
oligodendrocyte precursors were identified by labeling with O4 antibody
(Sommer and Schachner, 1981), and newly differentiated oligodendro-
cytes were identified with the Rmab (Ranscht et al., 1982), which recog-
nizes galactocerebroside as well as other oligodendrocyte antigens (Ban-
sal et al., 1989). Astrocytes were identified by labeling with antibodies to
GFAP (Bignami et al., 1972; Bignami and Dahl, 1974). For cell surface
antigens (A2B5, O4, Rmab), live cells were incubated in either superna-
tant at a dilution of 1:1 (A2B5,04) or ascites fluid at a dilution of 1:100
(Rmab) followed by appropriate secondary antibody. For anti-GFAP
labeling, cells were fixed in 5% acetic acid in methanol at —20°C for 10
min and then incubated in rabbit anti-GFAP (Cappel, Cochranville, PA)
at a dilution of 1:100 followed by appropriate secondary antibody. All
antibody dilutions were made in DMEM containing 10% normal goat
serum, and all fluorescein or rhodamine conjugated secondary antibodies
were used at a concentration of 1:100. Specificity of immunoreactivity was
confirmed by substituting the primary antibody with normal serum or by
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labeling with the secondary antibody alone. In both cases, no specific
labeling was seen. Coverslips were mounted in glycerol containing 5%
N-propyl gallate to reduce fading of fluorescence, and labeled cells were
examined on a Nikon Optiphot microscope equipped with the appropri-
ate filters. Photographs were recorded on Tri-X film rated at 400ASA.

To generate spinal cord cultures lacking oligodendrocyte lineage cells,
complement-mediated cell lysis was used. A cocktail of A2B5, O4 anti-
body (supernatant 1:1), and Rmab (ascites 1:50) was incubated with
spinal cord cells for 30 min at 37°C in the presence of a 1:8 dilution of
rabbit complement (Life Technologies). The efficiency of cell lysis was
determined by comparing the number of oligodendrocyte lineage cells
surviving antibody and complement treatment with the number of oligo-
dendrocyte lineage cells in parallel cultures treated with complement
alone. In all cases, antibody + complement treatment virtually eliminated
the oligodendrocyte lineage cells, whereas complement treatment alone
had no significant effect.

To examine the effects of cell density on the generation of spinal cord
oligodendrocytes, an in vitro assay system was developed. In these studies,
a base culture was established at a density of ~7.5 X 10* total cells/12 mm
coverslip, and to this, 2 d later, an age-matched enriched population of
oligodendrocyte lineage cells at a concentration of ~1.8 X 107 cells/
coverslip was added. The cultures were allowed to develop further for 1,
3, and 6 d and the number of cells of the oligodendrocyte lineage at
different stages of maturation assayed.

To determine the relative number of A2B5*, O4*, and Rmab™ cells in
base and experimental high-density cultures, representative cultures were
labeled with appropriate antibodies, and the total number of labeled cells
on a minimum of six nonoverlapping fields under a 40X objective was
counted and the data pooled. Counts were repeated on at least two
different coverslips from each preparation, and each experiment was
repeated from at least three different litters of animals. Because the exact
number of cells of a particular phenotype varied slightly between each
preparation, the data were normalized to the cell number seen in control
cultures after 3 d in vitro. Astrocyte densities were determined by count-
ing the number of GFAP* cells in four nonoverlapping fields under a
20X objective from at least two different coverslips in three different
experiments.

Retroviral clonal analysis. To assay the clonal expansion from an indi-
vidual precursor cell in cultures of different densities, retrovirus-mediated
gene transfer techniques were used (Sanes et al., 1986; Price et al., 1987;
Miller and Szigeti, 1991). Two to three hours after plating, the
replication-incompetent retrovirus BAG2 carrying the Escherichia coli
Lac Z gene (PSI 2BAG o ATCC No 9560) was added to the E18 base
culture. After 8 d in culture, cells expressing the Lac Z product (B-gal)
were detected histochemically using X-gal as a substrate. For histochem-
ical detection of B-gal-expressing cells, cultures were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, for 10 min. Cultures
were rinsed and incubated in the staining solution containing 1 mg/ml
X-gal, 40 mMm potassium ferricyanide, 40 mMm potassium ferrocyanide, 2
mMm MgCI2 in phosphate buffer for 40—60 min at 37°C to develop a blue
product in the cytoplasm of clonally related cells. As described previously
(Zhang and Miller, 1995), all batches of supernatant used in these studies
were tested for the presence of replication-competent helper virus on
National Institutes of Health 3T3 cells (Sanes et al., 1986), and in no case
was infective virus detected.

To ensure that each cluster of B-gal™ cells represented a clone derived
from a single precursor, the amount of virus added to the coverslip was
adjusted such that only three to four clones were present on any single
coverslip (0.8 ul). In additional controls, separate cultures were infected
with increasing amounts of virus and the number of clones and number of
cells/clone assayed (Zhang and Miller, 1995). With increasing amounts of
virus, the number of spatially distinct clones increased linearly, whereas
the mean number of cells within an oligodendrocyte clone remained
relatively constant (Zhang and Miller, 1995).

To determine clone size of oligodendrocyte lineage cells grown at
different densities, the number of cells in clones of small process-bearing
cells was counted. To ensure that these clones represented cells of the
oligodendrocyte lineage, cultures were labeled with an antibody cocktail
of A2BS5, O4, and Rmab antibodies and the cultures processed for X-gal
staining as described previously (Zhang and Miller, 1995). As in previous
studies (Zhang and Miller, 1995), virtually all multicellular clones con-
taining small process-bearing cells were composed of cells of the oligo-
dendrocyte lineage. From three different preparations, a total of 41
clones of oligodendrocyte lineage cells were assayed in base cultures and
45 clones in experimental cultures and the data pooled.
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Figure 1.
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Experimental cultures contain more oligodendrocyte lineage cells than base cultures 1 d after adding A2B5-enriched cells. A-D, The number

of A2B5* (A4, C) and total (B, D) cell number is lower in base cultures (4, B) than in experimental cultures (C, D). Similarly, the number of 04" (E, G)
and total (F, H) cell number is lower in base cultures (E, F) than in experimental cultures (G—-H ). Scale bar, 50 wm.

Bromodeoxyuridine (BrdU) incorporation assays. To examine the prolif-
eration of A2B5" and O4™ cells in cultures of different densities, a BrdU
incorporation assay was used (Fok-Seang and Miller, 1994). Base and
experimental high-density E18 spinal cord cultures were grown for 5 d
and incubated for the final 24 hr in 10 uM BrdU. The proportion of
A2B5" and O4" cells that had incorporated BrdU was determined by
double-labeling with anti-BrdU and A2BS5 or O4 antibodies as described
previously (Fok-Seang and Miller, 1994; Zhang and Miller, 1995). Quan-
titation of the number of double-labeled cells was similar to that de-
scribed above for cell phenotypes.

RESULTS

To examine the effects of cell density on the generation of spinal
cord oligodendrocytes, base cultures of E18 rat spinal cord were
plated at a density of 7.5 X 10* total cells/coverslip. Because
~20% of the plated population were A2B5* oligodendrocyte
precursors (Zhang and Miller, 1995), this translated into an ap-
proximate density of 8 X 10° um?/oligodendrocyte precursor.
Thus, these cells were clearly spatially separate. In experimental
cultures, 1.8 X 10° oligodendrocyte lineage-enriched cells were
added to these cultures. The enriched population was always
composed of >50% A2B5* cells. The combination of the base
and added cells gave a final density of ~2 X 10° um?*/oligoden-
drocyte precursor. This represents an approximate three- to four-
fold increase in total oligodendrocyte progenitor density between
the base and experimental cultures at the time of plating.
Cultures of embryonic spinal cord represent a good model in
which to assay the development of oligodendrocytes. At E18, the
majority of rat spinal cord oligodendrocyte precursors were
A2B5*, and few O4™" or Rmab™ cells were detectable (Zhang and
Miller, 1995). The cultures supported the proliferation and sub-
sequent differentiation of oligodendrocyte lineage cells on the
same time schedule as observed in vivo (Warf et al., 1991; Zhang

and Miller, 1995), suggesting that many of the mechanisms that
regulate oligodendrocyte differentiation were accurately repro-
duced in this in vitro system. For example, after 3 d in vitro
(equivalent of P0), both base and experimental cultures contained
significant number of A2B5 and O4 immunoreactive cells (Figs. 1,
2). By 8 d in vitro, all cultures contained large numbers of O4 and
Rmab immunoreactive cells (Fig. 2).

Normalization of oligodendrocyte lineage cell number
in spinal cord cultures of different density

The total number of oligodendrocyte lineage cells that developed in
spinal cord cultures was not directly correlated with the original
number of oligodendrocyte precursors. Initially, experimental cul-
tures contained substantially more oligodendrocyte precursors than
base cultures. For example, 1 d after adding experimental cells, the
number of A2B5™ immature oligodendrocyte precursors was 2.5- to
3.5-fold higher in experimental high-density cultures than in base
cultures (Figs. 1, 2A4). The relative difference in the number of
immature oligodendrocyte precursors between experimental and
base cultures was maintained for an additional 2 d in culture (Fig.
2A). By contrast, after an additional 3 d of culture [8 d in vitro (DIV)
total], the number of A2B5™ cells in experimental and base cultures
was similar (Figs. 24, 3). In all preparations, the normalization of the
number of immature oligodendrocyte recursors reflected a slight
decrease in the number of A2B5™ cells in experimental cultures over
time, as well as an increase in the number of A2B5™ cells in base
culture (Fig. 24). These observations suggest that A2B5™ cells are
depleted through maturation in experimental cultures and not totally
replaced by cell proliferation, whereas in base cultures, the number
of A2B5" cells generated by proliferation greatly outnumbers those
depleted through maturation.
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Figure 2. The number of oligodendrocyte lineage cells in base and
experimental cultures normalizes during 6 d of culture. 4, The relative
number of A2B5™ cells. Although experimental cultures contained two to
three times more A2B5™" cells 1 d after addition (day 3), 6 d later, both
control and experimental cultures contain similar numbers of cells. B, The
relative number of 04" cells. As with A2B5™ cells, the number of O4*
cells in base and experimental cultures normalizes over the 6 d culture
period. Note that the number of O4™" cells increases in both cultures. C,
The relative numbers of Rmab™ cells in base and experimental cultures.
Although both cultures show an increase in Rmab™ cells, there is no
difference in the number of Rmab™ cells between base and experimental
cultures. The data represent one experiment, because the initial relative
number of cells of each phenotype varied among individual experiments.

A similar normalization in the number of more mature O4*
oligodendrocyte precursors occurred over time. For example, as
expected, experimental cultures contained between 5- and 10-fold
as many O4" cells than base cultures during the first 5 d in vitro
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(Figs. 1, 2B). By contrast, at the end of the culture period, similar
numbers of O4" cells were present in both experimental and
control cultures (Figs. 2B, 3). This normalization of O4™ cell
number resulted from a dramatic increase in O4* cells in base
cultures compared with a smaller increase in the number of O4*
cells in experimental cultures (Fig. 2B).

Differentiated oligodendrocytes did not show the same normal-
ization in cell number. In contrast to oligodendrocyte precursors
as assayed by A2B5 and O4 antibodies, there was little initial
difference in the number of Rmab™ cells between the base and
experimental cultures, reflecting the immature status of the cell
population. Although experimental cultures contained many more
oligodendrocyte precursors than base cultures at the start of the
culture period, the number of Rmab™ cells that subsequently
developed in both cultures was similar (Fig. 2C). Thus, a larger
initial precursor pool is not directly reflected in a subsequent
comparable increase in the number of differentiated oligodendro-
cytes over the period of the assay. These observations suggest that
the normalization of cell number that occurs in these spinal cord
cultures is primarily a response of precursor cell populations
rather than differentiated oligodendrocytes.

Astrocyte cell numbers also increased during the course of the
experiment. Initially, base cultures contained astrocytes at a den-
sity of ~3 X 10° um?/astrocyte, whereas experimental cultures
contained a slightly higher density of ~1.7 X 10° um?/astrocyte.
Within 1-2 d, astrocyte density in both base and experimental
cultures stabilized at a density of ~1.3 X 10*> um?/astrocyte and
were unchanged for the duration of the experiment.

Clone size is reduced at high density

A number of factors may contribute to the normalization of oligo-
dendrocyte precursor cell number in cultures of different densities.
Because the number of oligodendrocyte precursors did not increase
dramatically in experimental cultures, it seemed likely that clonal
expansion of oligodendrocyte precursors was reduced at high density.
To compare clonal expansion of oligodendrocyte precursors in base
and experimental cultures, a retroviral clonal analysis was used
(Zhang and Miller, 1995). BAG2 retrovirus was added to the cultures
at the time of initial plating, 2 d before adding additional cells to
experimental cultures. Cultures were grown for 8 d to allow prolif-
eration and differentiation and the size of clones of the oligodendro-
cyte lineage determined. Although similar numbers of clones/cover-
slip were present in both base and experimental cultures, clones in
base culture contained more cells than clones in experimental cul-
tures (Figs. 4, 5). In base cultures, from 41 clones assayed, the
average clones size was 23 (Fig. 5), and 16% of the clones contained
>40 cells. By contrast, in experimental cultures, the average clones
size was four cells, and no clones contained >40 cells. These obser-
vations indicate a substantial reduction in the number of progeny
generated by a single oligodendrocyte precursor in high-density ex-
perimental cultures compared with base cultures. This difference in
clonal expansion contributes to the normalization of the number of
oligodendrocyte lineage cells in cultures of different densities over
time.

Oligodendrocyte precursor proliferation is reduced at
high density

To determine whether the proliferation of oligodendrocyte pre-
cursors was influenced by cell density, base and experimental
cultures were grown for 5 d with the thymidine analog BrdU
present for the final 24 hr. The proportion of immature A2B5*
and more mature O4" oligodendrocyte precursors that had in-
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Figure 3. Experimental and base cultures contain similar numbers of oligodendrocyte lineage cells after 6 d of culture. A-D, The number of A2B5* (4,
C) cells is comparable in base (4, B) and experimental (C, D) cultures. Similarly, the number of O4" (E, G) are comparable in base (E, F) and
experimental (G, H) cultures. Note that although the number of A2B5" has not increased significantly from that seen in the experimental cultures 5 d
earlier (Fig. 1C), the number of O4™ cells has increased significantly in both base and experimental cultures. B, D, F, H, Phase-contrast micrographs. Scale

bar, 50 wm.

corporated BrdU at the different densities was compared. In base
cultures, 35-45% of A2B5™ cells incorporated BrdU. In experi-
mental cultures, the proportion of A2B5* cells that had incorpo-
rated BrdU was reduced by ~40% (Fig. 6). The reduction in the
proportion of O4™ cells that incorporated BrdU between exper-
imental and control cultures was more striking. In base cultures,
~20% of O4* cells incorporated BrdU, and this was reduced by
>80% in experimental cultures (Fig. 6). These data suggest that

Figure 4. Clonal expansion of oligodendrocyte lineage cells is greater in
low-density base cultures (4) than in high-density experimental cultures
(B). E18 spinal cord cells were infected with BAG?2 retrovirus at the time
of plating. Two days later, A2B5-enriched cells were added to experimen-
tal cultures. After an additional 6 d in vitro, the size of clones of oligo-
dendrocyte lineage cells was determined. 4, B, Low-magnification micro-
graph of X-gal-stained oligodendrocyte lineage clones from base (4) and
experimental (B) cultures. Note that there are far more cells in the base
culture clone than in the experimental culture clone. Scale bar, 100 wm.

increased precursor density predominantly inhibits proliferation
of O4™ oligodendrocyte precursors.

Reduction in oligodendrocyte precursor expansion at
high density is not attributable to limited supply

of mitogen

To test the possibility that a limited supply of mitogen/survival
factor was responsible for the reduction in cell proliferation and

80
70
s
60 . control
1 exp.
50
40 1F

30 1

Percent of Clones

20 1

30-39 40-49 50-59 60-69 70-

Clone Size

Figure 5. Experimental high-density cultures contain more smaller clones
and fewer large clones of oligodendrocyte lineage cells than base cultures.
Data represent the proportion of clones containing different numbers of
cells from 41 control (base) clones and 45 experimental clones. Although
~16% of the clones in control cultures contain >40 cells, no experimental
clones contain >40 cells.
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Percent Decrease in BrdU Labeled Cells

A2B5 04

Figure 6. The proliferation of oligodendrocyte lineage cells is reduced at
high density. Quantification of the proportional decrease in BrdU incor-
poration of A2B5™ and O4™ cells between base and experimental cultures.
In base cultures, ~35-45% of the A2B5™ cells incorporated BrdU, and this
was reduced by 40% in experimental cultures. The reduction in prolifer-
ation of O4™ cells at high density was more striking. Approximately 20%
of 04" cells proliferated in control cultures, and this was reduced by
>80% in experimental cultures. Data represent the mean * SD from
three different experiments.

clone size seen at high density, the effects of the addition of 10
ng/ml PDGF were evaluated. The addition of PDGF to experi-
mental cultures did not result in an increase in the number of
A2B5" cells over the culture period (Fig. 7). Likewise, the in-
crease in A2B5" cells in base cultures was not substantially
different in the presence or absence of PDGF (compare Figs. 7
and 2). Similarly, the addition of PDGF did not result in a
substantial increase the number of O4* or Rmab™ cells that
developed in experimental or base cultures during the course of
the experiment (Fig. 7B,C). Thus, addition of exogenous PDGF
appears to have little effect on the generation of oligodendrocyte
lineage cells in these spinal cord cultures. Consistent with these
observations, retroviral clonal analysis indicated that the average
clone size in base and experimental cultures with exogenously
added PDGF was not significantly different from that seen in
control cultures (data not shown). These studies suggest that both
base and experimental cultures contain saturating levels of PDGF
and that the limited precursor expansion in experimental high-
density cultures is not attributable to a limiting supply of this
factor.

Inhibition of oligodendrocyte precursor proliferation
depends specifically on oligodendrocyte

precursors density

Spinal cord cultures contain many types of neural cells that may
regulate the proliferation of oligodendrocyte precursors. At-
tempts to isolate large numbers of enriched spinal cord oligoden-
drocyte lineage cells without prolonged subculture were not suc-
cessful. Therefore, in an alternative approach, oligodendrocyte
lineage cells were specifically eliminated from E18 spinal cord
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Figure 7. The addition of increased amounts of PDGF does not signifi-
cantly alter the relative number of oligodendrocyte lineage cells in base
and experimental cultures. 4, The relative numbers of A2B5" cells.
Although at 3 DIV, there were threefold more A2B5™ cells in experimen-
tal than base cultures, after 8§ DIV, the number is similar. B, The relative
number of O4" cells that normalize over the culture period. C, The
relative number of Rmab™ cells, which is similar in both cultures. Note
that the overall pattern of cell numbers in these cultures, which contained
an additional 10 ng/ml PDGF in the medium, is indistinguishable from
that in standard culture conditions, as shown in Figure 2.

cultures by a combination of A2B5- and O4-mediated comple-
ment cell lysis and the influence of the residual cell population on
oligodendrocyte precursor cell number assayed.

In the absence of oligodendrocyte lineage cells, spinal cord cells
at high density had no effect on the expansion of oligodendrocyte
precursors (Fig. 8). Both base and experimental cultures initially
contained the same number of oligodendrocyte lineage cells,
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Figure 8. Addition of oligodendrocyte lineage-depleted spinal cord cells
did not inhibit the expansion of oligodendrocyte lineage cells in the base
culture. 4, The relative number of A2B5" cells in control (base) culture
and experimental culture containing additional nonoligodendrocyte lin-
eage spinal cord cells. There is no significant difference in the number of
A2B5™" cells between the two cultures at any stage. B, C, The relative
numbers of O4" and Rmab™ cells in base and experimental cultures are
comparable, even though the experimental cultures contained nearly three
times as many total cells.

because these cells selectively depleted from the added spinal
cord cells. Experimental cultures, however, contained more than
twice as many astrocytes as base cultures. Similar numbers of
A2B5™" cells developed in base and experimental cultures (Fig. 8),
even though experimental cultures contained nearly three times as
many total cells. Similarly, the number of O4* and Rmab™ cells
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was comparable between base and experimental cultures at all
stages assayed (Fig. 8). Consistent with these results, retroviral
clonal analysis indicated that there was no substantial difference in
the average clone size of oligodendrocyte lineage cells (~25
cells/clone from 20 clones assayed) between base and experimen-
tal cultures (data not shown). These results suggest that the
reduction in oligodendrocyte precursor expansion in experimental
cultures is a specific response to the high density of oligodendro-
cyte precursors in those cultures.

The inhibition of oligodendrocyte precursor
proliferation is not mediated by long-range
diffusible factors
To determine whether the inhibition of oligodendrocyte prolifer-
ation in high-density cultures reflects soluble inhibitory factors,
base low-density cultures were grown in “transwell” cultures with
high-density experimental cultures such that the cells were phys-
ically separated but growing in the same medium. The number of
A2B5™ cells was indistinguishable between base cultures grown in
the presence or absence of transwell high-density cultures (Fig. 9).
In both cases, the number of A2B5™ cells increased approximately
twofold during the culture period. Similarly, the number of O4™
cells that developed in control and transwell cultures was not
substantially different (Fig. 9), with an approximate twofold in-
crease in cell number. As in all other cases, the number of Rmab™
cells increased during the culture period, and there was no ap-
parent difference in the extent of increase between the control and
transwell cultures.

These data suggest that the inhibition of oligodendrocyte pre-
cursor cell proliferation in high-density cultures is unlikely to be
mediated through a long-range diffusible factor.

DISCUSSION

The regulation of cell number during the development of the
nervous system is of critical importance for the correct functioning
of the adult animal. For example, in CNS white matter, the
number of oligodendrocytes destined to myelinate CNS axons
must be sufficient to ensheath the full complement axons. Here,
we show that a density-dependent feedback inhibition of oligo-
dendrocyte precursor expansion can regulate the final number of
oligodendrocyte lineage cells. Such a mechanism may play a role
determining the local density of oligodendrocytes in discrete re-
gions of the developing spinal cord white matter. Several lines of
evidence suggest that this inhibition of proliferation is indepen-
dent of other cell types. First, the density of astrocytes in base and
experimental cultures rapidly equilibrate and remain constant
during the period when oligodendrocyte precursor proliferation is
different in the two cultures. Second, the addition of large num-
bers of nonoligodendrocyte lineage spinal cord cells had no effect
on the subsequent proliferation of oligodendrocyte precursors.
Finally, density-dependent feedback inhibition of oligodendro-
cyte precursor proliferation occurs in pure cultures in the absence
of other cell types (V. Szigeti, R. H. Miller, unpublished
observations).

We propose the following model to explain how the appropriate
number of oligodendrocytes is generated in specific regions of the
spinal cord during development. Initially, oligodendrocyte precur-
sors arise in specific regions of the ventricular zone of the spinal
cord (Noll and Miller, 1993; Pringle and Richardson, 1993;
Cameron-Currey and LeDouarin, 1995; Ono et al., 1995). The
progeny of these cells subsequently migrate laterally to populate
the developing white matter (Noll and Miller, 1993; Cameron-



Zhang and Miller « Regulation of Oligodendrocyte Cell Number

A,

e==gr control
= exp.

Relative No. of A2B5+ Cells

Days in Culture

B ]
2
g o
+
<
o 34
-
(=]
o
Z ,
Q
>
=
=3
o 17
[+
0 T T T T T T T 1
1 2 3 4 5 6 7 8 9

Days in Culture

k)
>
O 111
+
O
&)
—
°
. 71
o
P4
o
>
2
8 3
]
o
1 T : r : Y r T !
1 2 3 4 5 6 7 8 9

Days in Culture

Figure 9. Transwell cocultures of base cultures and high-density cultures
did not inhibit expansion of oligodendrocyte lineage cells. The relative
numbers of A2B5" (4), O4" (B), and Rmab* (C) cells in control and
transwell (experimental) cultures. Similar numbers of all three cell phe-
notypes develop in both cultures, even though the experimental transwell
cultures share medium with a high-density culture.

Currey and LeDouarin, 1995; Ono et al., 1995). In rat, this
migration is most likely accomplished by A2B5* immature pre-
cursors (Warrington et al., 1993). Once precursors reach devel-
oping white matter, they continue to proliferate and mature
(Fujita, 1965; Gilmore, 1971). At this stage, the local density of
precursors increases through proliferation until, depending on the
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size and number of available axons, a critical density is reached.
As a consequence of this elevated density, further expansion of
the precursor population is inhibited by a density-dependent
feedback inhibition of precursor expansion. Oligodendrocyte pre-
cursors subsequently differentiate and myelinate axons in their
vicinity.

This model is generally compatible with studies on oligoden-
drocyte development in clonal cultures of rat optic nerve cells
(Barres and Raff, 1994). In this case, the number of oligodendro-
cytes that develop in the optic nerve is directly dependent on the
number of precursor cells that migrate into the nerve. The cells
are proposed to undergo a defined number of divisions stimulated
by axonal activity (Barres and Raff, 1993) before differentiating in
accordance with a cell intrinsic clock (Temple and Raff, 1986; Raff
et al., 1988). The final number of oligodendrocytes is then estab-
lished through competition for limiting supplies of a number of
survival factors (Barres et al., 1992; Barres and Raff, 1994).

Unlike spinal cord, optic nerve does not contain an intrinsic
source of oligodendrocyte progenitors. Rather, these cells migrate
into the nerve from the brain (Small et al., 1987; firench-Constant
et al., 1988). If a relatively small number of precursors with limited
proliferative capacity initially populate the nerve, they may not
retain sufficient proliferative capacity to achieve the density re-
quired to evoke the density-dependent feedback inhibition of
proliferation on a large scale. Thus, the final number of cells
would be more directly correlated with the initial number of
founder cells. In spinal cord, where the general cell number may
be established by density-dependent inhibition, the final number
of oligodendrocytes in any specific region may be determined
through competition for local survival factors as in optic nerve
(Barres and Raff, 1994). It seems likely that additional influences
from surrounding axons and other cellular components of devel-
oping white matter also contribute to establishing the final density
of differentiated oligodendrocytes in vivo.

The mechanisms that inhibit oligodendrocyte proliferation are
not well understood. In cultures of purified oligodendrocyte pre-
cursors and in oligodendrocyte cell lines (Louis et al., 1992;
McKinnon et al., 1993), soluble factors secreted by oligodendro-
cyte lineage cells can inhibit their proliferation in an autocrine
manner. At least some of these factors belong to the TGF-B
family (McKinnon et al., 1993), which also inhibit the prolifera-
tion of astrocytes (Hunter et al., 1993). The inhibition of spinal
cord oligodendrocyte precursors through the action of long-range
diffusible factors seems unlikely. Transwell high-density cultures
did not inhibit oligodendrocyte precursor expansion in the low-
density culture, even though they shared the same fluid environ-
ment. Thus, density-dependent feedback inhibition of prolifera-
tion of spinal cord oligodendrocyte precursors appears to act
locally.

Local autocrine signals that regulate the expansion of oligoden-
drocyte precursor populations would allow for fine temporal/
spatial regulation of oligodendrocyte development in a complex
region of the vertebrate CNS. For example, during development
of the vertebrate spinal cord, different white matter regions ma-
ture at different times (Windle et al., 1934). In some cases,
adjacent axon tracts such as the cortico-spinal tract (CST) and
fasciculus cuneate and gracile develop >1 week apart (Schreyer
and Jones, 1982). Thus, whereas cuneate and gracile are com-
posed predominantly of myelinated axons, the CST still contains
predominantly elongating axons (Schwab and Schnell, 1989). In
fact, inhibitors of axon outgrowth on the oligodendrocyte lineage
cells of cuneate and gracile have been suggested to be involved in
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the guidance of growing axons in the CST (Schwab and Schnell,
1991). Thus, oligodendrocyte precursor proliferation is essentially
complete in cuneate and gracile before it has commenced in the
CST. Local regulation of oligodendrocyte proliferation would
allow for inhibition of proliferation in cuneate and gracile but
continued proliferation in the CST, thereby matching immediate
environmental requirements.

One prediction of the density-dependent inhibition of prolifer-
ation model is that experimental manipulation of oligodendrocyte
lineage cell number in the developing spinal cord should be
compensated for by alterations in the proliferative behavior of
remaining cells. Locally increasing the density of oligodendrocyte
lineage cells through injection of purified populations into neo-
natal rat spinal cord did suppress proliferation of local white
matter glia (L. Milner, H. Zhang, R. Miller, unpublished obser-
vations). Interpretation of these results is confounded, however,
by the injury responses in the spinal cord to the injection. More
importantly, selective loss of oligodendrocyte lineage cells in the
developing spinal cord results in increased proliferation of pre-
cursors (Skoff, 1982). In the hypomyelinated mouse mutant Jimpy,
there is selective and premature death of the oligodendrocyte cell
population (Knapp et al., 1986). This cell death results in a
significant reduction in the oligodendrocyte cell population
(Kraus-Ruppert et al., 1973; Meier and Bischoff, 1975; Skoff,
1976; Ghandour and Skoff, 1988). Analysis of cell proliferation in
Jimpy mouse spinal cord demonstrates a significant increase in the
number of proliferating glial precursors (Skoff, 1982) compared
with normal animals, the majority of which are oligodendrocyte
precursors (Skoff, 1982). These data are consistent with the
density-dependent feedback inhibition model, such that because
of loss of mutant oligodendrocytes, a critical density for feedback
inhibition is never obtained, and oligodendrocyte precursors con-
tinue to proliferate.

The concept of local cell density-dependent regulation of cell
number is not new (Wieser et al., 1990). Studies on normal
mammalian fibroblast-like cells in vitro indicate that cell-cell
interactions mediated by specific cell surface glycoproteins result
in an inhibition of cell proliferation (Wieser et al., 1990). Among
cells of the vertebrate CNS, interactions between granule cell
neurons and astrocytes of the cerebellum have been proposed to
inhibit the proliferation and promote differentiation of astrocytes
(Hatten, 1985, 1987; Hatten and Shelanski, 1988). Recently, cell-
cell interactions mediated through the neural cell adhesion mol-
ecule have been proposed to inhibit the proliferation of astrocytes
(Sporns et al., 1995). The molecular mechanisms mediating the
local inhibition of oligodendrocyte proliferation are currently
unclear.

In conclusion, we propose that one mechanism that regulates
the overall oligodendrocyte numbers in the developing spinal cord
is a local density-dependent feedback inhibition of precursor
expansion. This inhibition is specific for cells of the oligodendro-
cyte lineage and is mediated through either contact or very local-
acting diffusible factors.
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