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The neuroepithelial cells of the mammalian neural tube are 
thought to give rise to all classes of differentiated neurons 
and macroglial cells in the adult CNS. In most cases, the 
regulation and timing of commitment of neuroepithelial cells 
to specific differentiative pathways are unknown. It has been 
proposed that in developing spinal cord, the macroglial 
cells-astrocytes and oligodendrocytes-arise either by the 
direct transformation of radial glial cells in the developing 
cord or, alternatively, by the differentiation of distinct pre- 
cursor cells which migrate to presumptive white matter from 
the region of the central canal during development. In this 
study, the timing of oligodendrocyte differentiation in differ- 
ent levels of the spinal cord and the capacity of specific 
regions of the spinal cord to give rise to oligodendrocytes 
at various ages was tested in vitro. At embryonic day 14, all 
complete segments, as well as all ventral regions along the 
rostral-caudal axis of the spinal cord, have the capacity for 
oligodendrogenesis. By contrast, dorsal regions of the tho- 
racic and lumbar spinal cord do not develop the capacity for 
oligodendrogenesis until later in development. The capacity 
of dorsal rat spinal cord to give rise to oligodendrocytes 
appears to be associated with the ventral-to-dorsal migra- 
tion of oligodendrocyte precursors. These observations sug- 
gest that commitment to an oligodendrocyte differentiative 
pathway appears to occur in a distinct population of ventrally 
located glial precursors in the embryonic rat spinal cord. 

The spinal cord has provided a useful model for the study of 
CNS development since the early work of Retzius (1898) and 
Ramon y Cajal(l909). Although the development (Nomes and 
Das, 1974; Altman and Bayer, 1984) and organization (Rexed, 
1952; Brown, 198 1) of neurons in the vertebrate spinal cord has 
been extensively studied and is comparatively well understood, 
the origin of spinal cord macroglial cells is less clear. 

Like other regions of the CNS, the spiral cord contains two 
major classes of macroglial cells, oligodendrocytes and astro- 
cytes. While oligodendrocytes are the myelinating cell of the 
CNS (Bunge, 1968; Peters et al., 1976) the functions of astro- 
cytes are not well defined. However, astrocytes have been pro- 
posed to play a role in supporting axonal outgrowth (Silver et 
al., 1982; Smith et al., 1990) and neuronal cell migration (Rakic, 
197 1; Hatten, 1990), formation of the blood brain barrier (Jan- 
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zer and Raff, 1987) and maintenance of the extracellular ionic 
environment (Hertz, 198 1). 

Previous studies have examined the proliferation and differ- 
entiation of spinal cord astrocytes and oligodendrocytes during 
late embryonic and early postnatal stages of development (Fu- 
jita, 1965; Gilmore, 197 1; Ling, 1976; Sturrock, 1982). Con- 
sistent with the developmental sequence in other regions of the 
CNS, the majority of neurons in developing spinal cord undergo 
their final division before the majority ofglial cells (Altman and 
Bayer, 1984). Furthermore, the majority of astrocytes differ- 
entiate before the majority of oligodendrocytes (Ling, 1976) 
and both astrocytes and oligodendrocytes or their precursors 
continue to proliferate postnatally (Gilmore, 197 1). 

Morphological and immunocytochemical analyses of the de- 
veloping spinal cord have resulted in two distinct hypotheses 
to explain the origin of astrocytes and oligodendrocytes. First, 
it has been proposed that, as in forebrain (Smart, 196 1; Privat 
and Leblond, 1972) immature glial cells develop first in the 
region of the central canal and subsequently migrate to the white 
matter, where they proliferate and differentiate into mature as- 
trocytes or oligodendrocytes (Fujita, 1965; Gilmore, 197 1). Al- 
ternatively, it has been proposed that both astrocytes and oli- 
godendrocytes differentiate directly from the embryonic radial 
glial cells of the developing spinal cord (Choi et al., 1983; Choi 
and Kim, 1985; Hirano and Goldman, 1988). While there is 
good evidence that in other parts of the CNS radial glial cells 
share a number of properties with astrocytes (Schmechel and 
Rakic, 1979; Levitt and Rakic, 1980) and may be the direct 
precursor of at least some astrocytes (Culican et al., 1990) it is 
less clear that radial glial cells represent the immediate precursor 
for oligodendrocytes. Recently, radially oriented cells in the 
presumptive white matter of postnatal rat spinal cords were 
shown to express antigens characteristic of oligodendrocytes as 
well as of radial glia. These observations provide some support 
for the radial glial origin of oligodendrocytes (Hirano and Gold- 
man, 1988). 

Tissue culture techniques have helped to elucidate certain 
aspects of CNS glial cell development (Culican et al., 1990; Raff, 
1989). For example, in cultures of neonatal rat optic nerve, three 
distinct types of differentiated macroglial cells have been iden- 
tified (Raff, 1989): oligodendrocytes, which have a large number 
of branched processes and are the only cells which react with 
antibodies against galactocerebroside (GC) (Raff et al., 1978; 
Ranscht et al., 1982); and two distinct types ofastrocytes, called 
type- 1 and type-2 astrocytes, both of which contain glial fibril- 
lary acidic protein (GFAP+) intermediate filaments (Bignami 
et al., 1972; Bignami and Dahl, 1974; Pruss, 1979). 

Most type-l astrocytes have few processes, are Ran-2 
(Bartlett et al., 1981) immunoreactive but lack A2B5 (Eisen- 
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barth et al., 1979) reactivity. By contrast, most type-2 astrocytes 
have a process-bearing morphology and label with A2B5 but 
not with Ran-2 (Raff et al., 1983a). These three macroglial cells 
develop from two separate lineages (Raff et al., 1984). One 
lineage gives rise to type- 1 astrocytes, while in the second lineage 
a bipotential (O-2A) progenitor cell develops into either oligo- 
dendrocytes or type-2 astrocytes depending on the culture en- 
vironment (Raff et al., 1983b; Hughes and Raff, 1987; Lillien 
and Raff, 1990). Two types of astrocyte with characteristics 
similar to type- 1 and type-2 optic nerve astrocytes (Williams et 
al., 1985; Levi et al., 1986a), as well O-2A progenitor-like cells 
(Behar et al., 1988; Levi et al., 1986b), have been found in 
cultures of rat cerebrum and cerebellum, suggesting that such 
glial cell heterogeneity is a common feature of the rodent CNS. 

The timing of glial cell differentiation does not appear to 
depend on CNS morphogenesis, since it can be reconstituted in 
vitro in the absence of morphogenetic cues. In dissociated cell 
cultures, type- 1 astrocytes, ependymal cells, oligodendrocytes, 
and type-2 astrocytes develop on the same schedule as they do 
in vivo (Abney et al., 1981; Williams et al., 1985; Lillien and 
Raff, 1990). These observations have led to the proposal that 
CNS glial cell differentiation is primarily regulated by cellular 
biological clocks that operate independently of positional in- 
formation (Abney et al., 198 1; Williams et al., 1985). 

We have examined the timing of oligodendrocyte differenti- 
ation in the rat spinal cord and assessed the capacity of different 
regions of spinal cord to give rise to oligodendrocytes in vitro, 
at various stages of development. We show that oligodendrocyte 
differentiation follows both a rostral-caudal and ventral+lorsal 
sequence and that each segment of the spinal cord has the ca- 
pacity to give rise to oligodendrocytes when cultured at embty- 
onic day 14 (E14). More importantly, in El4 thoracolumbar 
segments, the capacity to give rise to oligodendrocytes is re- 
stricted to ventral regions of the spinal cord. Later in devel- 
opment, dorsal spinal cord regions appear to aquire the capacity 
for oligodendrogenesis through the ventral-to-dorsal migration 
of oligodendrocyte precursor cells. 

Materials and Methods 
Preparation of cell suspensions. Embryonic Sprague-Dawley rat spinal 
cords between the ages of El5 and postnatal day 0 (PO; E22) were 
separated into cervical, thoracic, and lumbar segments, and each seg- 
ment was further separated into dorsal or ventral regions. Cell suspen- 
sions were prepared by mechanical dissociation. The tissue was chopped 
into small pieces, triturated through a fire-polished Pasteur pipette, 
passed through a 30-Km nylon filter, and plated for 4 hr on poly-L- 
lysine-coated coverslips as previously described (Raff et al., 1984). To 
identify oligodendrocytes, cells were labeled for 30 min with a mouse 
monoclonal antibody against galactocerebroside (anti-GC) [ascites fluid 
1:400 in Dulbecco’s modified Eagle’s medium (DMEM)] (Ranscht et 
al., 1982), followed by goat anti-mouse Ig conjugated to rhodamine 
(Cappel 1:200). Cells were then fixed in 5% glacial acetic acid in meth- 
anol at -20°C rinsed, and examined with epifluorescence illumination 
on a Nikon Optiphot microscope. Cell suspensions from at least three 
different litters, composed of not less than 1.5 x lo6 cells at each age, 
were analyzed, and the first appearance of GC+ cells was recorded for 
each different region of the spinal cord. 

Preparation ofdorsaland ventralspinalcord cultures. Dorsal or ventral 
regions of thoracolumbar spinal cord from E14, E16, or El 8 rats were 
separated along the sulcus limitans, the meninges were removed, and 
cells were dissociated as previously described (Smith et al., 1990). Brief- 
ly, spinal cords were incubated in calcium-magnesium free buffer (MEM- 
CMF) containing 0.025% trypsin for 30 min at 37°C. Cells were dis- 
sociated by trituration through fire-polished Pasteur pipette, pelleted at 
1000 x g and resuspended in DMEM-F12 with 10% fetal bovine serum 
(FBS). Debris and nondissociated cells were removed by passage through 
a 30-pm nylon filter, and the cells plated at a density of either 0.5 or 1 

x 10” viable cells/well on poly+-lysine coated 12-mm diameter cov- 
erslips. After 12 hr, cultures were switched to N2 medium (Bottenstein 
and Sato, 1979) containing 1% FBS. 

To assay cultures for the presence of oligodendrocytes and astrocytes, 
cells were labeled before fixation with anti-GC followed by goat anti- 
mouse Ig conjugated to rhodamine. After fixation and permeabilization 
with 5% glacial acetic acid in methanol at -20°C for 10 min, cells were 
labeled with rabbit anti-GFAP antibody (Accurate 1:200), followed by 
goat anti-rabbit Ig conjugated to fluorescein (Cappel 1:200). In all cases, 
antibodies were diluted in DMEM containing 10% normal goat serum 
(NGS) and incubations were for 30 min at room temperature. 

To determine when oligodendrocytes first appeared in vitro, cultures 
were labeled each day after plating. For quantitative studies, oligoden- 
drocyte number was determined at the equivalent age of PO, a time 
when many GC+ cells were found in all regions of the spinal cord. To 
ensure that oligodendrocyte differentiation was not simply delayed in 
El4 dorsal spinal cord cultures, some cultures were allowed to develop 
until the equivalent of PlO before labeling with anti-GC. Cocultures of 
dorsal and ventral spinal cord cells were assayed using similar proce- 
dures. In some experiments, platelet-derivedgrowth factor-AA (PDGF- 
AA) (Collaborative Research) was added to the appropriate cultures at 
a concentration of 10 r&ml (Noble et al., 1988) for the duration of the 
experiment. Cultures were examined on a Nikon Optiphot microscope 
equipped with epifluorescence illumination, and images were recorded 
on Tri-X film at 400 ASA. Deletion of the primary antibodies or sub- 
stitution of normal mouse or rabbit serum resulted in the complete 
absence of specific staining. 

Preparation of explant cultures. -Thoracolumbar spinal cords were 
dissected from El4 embryos, the meninges were removed, and cords 
were separated along the sulcus limitans. Explant cultures were prepared 
by chopping the tissue into small fragments, passing tissue fragments 
through 500-pm nylon mesh at least twice, and plating the resultant 
fragments on 12-mm poly+lysine-coated coverslips in a small amount 
of medium at a density of approximately 20 explants/coverslip. After 
9 d in N2 medium + 1% FBS, cultures were double-labeled with anti- 
GC and anti-GFAP antibodies as described above. 

To define the antigenic characteristics of cells migrating from El4 
ventral explants, cultures were labeled after 5 d with anti-GC, anti- 
GFAP, and the monoclonal antibody A2B5, which identifies O-2A pro- 
genitor cells in the optic nerve. A2B5 labeling was performed on cells 
prior to fixation using ascites fluid diluted 1: 100 in DMEM + 10% NGS 
for 30 min followed by goat anti-mouse Ig conjugated to rhodamine. 

To determine whether coculture of dorsal spinal cord cells with non- 
CNS, ventrally derived tissue resulted in oligodendrocyte development, 
explants were also established from El4 notochord or ventral tissue 
masses (including heart and ventral somites). These explants were then 
cocultured with 0.5 x lo6 El4 dorsally derived spinal cord cells for 9 
d in N2 medium and then labeled with anti-GC and anti-GFAP as 
described above. 

Determination of oligodendrocyte cell number. To determine number 
of oligodendrocytes that developed in cultures ofdissociated spinal cord, 
cells were labeled with anti-GC and the number of GC+ cells was 
counted in 10 consecutive fields under a 20 x objective using rhodamine 
filters. Counts were then adjusted to reflect the area occupied by all cells 
on the coverslip. In all cases, the results represent the means + SD of 
cell counts from at least two different coverslips taken from each of 
three separate experiments. In Table 2, cell counts were taken from 
cultures originally plated at a density of 1 x lob viable cells/coverslip 
and allowed to develop until the equivalent age of P 1. In Table 2, cell 
counts were made at E 14 + 9 (an equivalent age of P 1) by an individua! 
not informed of culture conditions. 

Analysis of ventral-to-dorsal cell migration. To examine the ventral- 
to-dorsal migration of oligodendrocyte precursor cells, two different 
approaches were taken. First, spinal cords were removed from E 18 rat 
embryos, the ventral meninges were split, and a small crystal of 1, l- 
diactadecyl-3,3,3,3-tetramethyl indocarbocyamine perchlorate (DiI) 
(Honig and Hume, 1986; Godement et al., 1987) was placed on the 
exposed region and allowed to remain for 10 min before being removed. 
The cord was then washed, cut into small segments, and grown in organ 
culture in DMEM-F12 + 10% FBS for 18 hr before being fixed by 
immersion in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) 
containing 7% sucrose for 1 hr at room temperature. Following fixation, 
spinal cord segments were incubated in 1 M sucrose in the same buffer 
for 30 min. Tissue was then frozen, and 30-pm transverse sections were 
collected on gelatin-subbed slides, mounted in Gelvatol (Monsanto), 
and examined with rhodamine optics. In a second series of experiments, 
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Table 1. Initial appearance of GC+ oligodendrocytes in cell suspensions of developing rat spinal cord 

Segmental level and region of spinal cord 

Cervical Thoracic Lumbar 

Age Ventral Dorsal Ventral Dorsal 

El5 - - - - - 

El6 + - - - - 

El7 + + - - - 

El8 + + + +/- - 

El9 + + + + +/- 
PO + + + + + 

Oligodendrocyte maturation followed both a rostrakaudal and ventral-dorsal temporal sequence. GC+ oligodendrocytes 
were first seen in the cervical level spinal cord at E 16, thoracic level at E 17, and lumbar level at E 18. In both thoracic 
and lumbar regions, GC+ cells appeared approximately 1 d earlier in ventral than in dorsal regions. Cell suspensions 
were prepared by mechanical dissociation, plated on poly-L-lysine-coated coverslips and labeled 4 hr later with anti- 
GC antibodies by indirect immunofluorescence. Less than 5% of spinal cord cells were GC+ in any cell suspension. 
The absence of significant numbers of oligodendrocytes (<5/coverslip) is denoted by - and the presence of more than 
100 by +. Animals from three litters at each age were examined. 

segments of freshly dissected E2 1 spinal cord were cut by hand, labeled 
on the ventral surface with a crystal of DiI for 10 min, and thoroughly 
washed. The segments were then cultured for up to 18 hr, washed, and 
labeled with anti-GC antibody followed by goat anti-mouse Ig conju- 
gated to fluorescein as described above. Following staining, the segments 
were fixed in 4% paraformaldehyde, mounted in Gelvatol, and examined 
by epifluorescence, microscopy. To control for initial nonspecific lo- 
calization of the DiI label, some segments were analyzed immediately 
after labeling. To control for diffusion through the tissue, some segments 
were fixed immediately after labeling and assayed 18 hr later. In both 
cases, DiI labeling was restricted to the ventral region of the spinal cord. 

Results 
Developmental sequence of oligodendrocyte 
dlflerentiation in vivo 
To determine when differentiated oligodendrocytes first ap- 
peared in each level of the developing spinal cord, cell suspen- 
sions were prepared from dorsal and ventral regions of isolated 
cervical, thoracic, or lumbar segments of spinal cord from an- 
imals between embryonic day 15 (El 5) and postnatal day 2 (P2). 
The dissociated cells were labeled by indirect immunofluores- 
cence with anti-GC antibodies to identify oligodendrocytes. The 
results of these experiments are summarized in Table 1. In cell 
suspensions from E 15 spinal cord, no GC+ cells were found at 
any segmental level. Significant numbers of GC+ cells were first 
seen in cell suspensions from cervical segments at E 16, thoracic 
segments at E 17, and lumbar segments at E 18. In addition to 
the rostrocaudal gradient, in thoracic and lumbar segments, 
GC+ oligodendrocytes were detected approximately 1 d earlier 
in cell suspensions of ventral cord than in those from dorsal 
cord. For example, in cell suspensions of dorsal-thoracic spinal 
cord, GC+ cells were first seen at El 8, and in cell suspensions 
of dorsal-lumbar spinal cord at E19. At birth (PO), many GC+ 
cells were present in cell suspensions prepared from all regions 
of the spinal cord. These results demonstrate that oligodendro- 
cyte differentiation follows both a rostrocaudal and ventrodorsal 
sequence of differentiation similar to that described for the other 
major cell classes in the spinal cord (Kingsbury, 1926; Nornes 
and Das, 1974; Sturrock, 1982). 

Development of oligodendrocytes in vitro 

Spinal cord oligodendrocyte development in vitro follows a time 
course similar to that observed in vivo. For example, when cul- 

tures prepared from complete thoracolumbar spinal cord at ei- 
ther El4 or El 6 were allowed to mature in culture, GC+ cells 
first appeared at the equivalent of El 7, that is, E14+3 days in 
vitro (DIV), or E 16 + 1 DIV. By the equivalent of Pl, numerous 
GC+ oligodendrocytes were seen in all cultures. Thus, between 
El4 and birth, the timing of oligodendrocyte development in 
the rat spinal cord does not appear to be dependent on positional 
information present only in the intact spinal cord. 

Although oligodendrocytes developed on schedule in cultures 
derived from E 14 complete spinal cord segments, the potential 
for oligodendrogenesis was not present throughout the whole 
cord but was restricted to ventral regions at this age. When 
cultures from ventral or dorsal El4 thoracolumbar spinal cord 
were labeled with anti-GC and anti-GFAP antibodies at the 
equivalent age of Pl, (E14+9DIV), a stage when numerous 
GC+ cells were found in cell suspensions from all regions of 
the spinal cord, the cellular compositions of the two cultures 
were different. While cultures from both ventral and dorsal spi- 
nal cord cultures were densely populated with neural cells in- 
cluding GFAP+ astrocytes, only the ventrally derived cultures 
contained significant numbers of GC+ oligodendrocytes (Fig. 
1). Furthermore, significant numbers of oligodendrocytes failed 
to develop in El 4 dorsally derived spinal cord cultures even 
when the cultures were allowed to mature to the equivalent of 
PlO (E14+ 19DIV). 

While oligodendrocytes did not develop in cultures of El4 
thoracolumbar dorsal spinal cord, they did develop from dor- 
sally derived cultures established from older animals. For ex- 
ample, by the equivalent of P 1, GC+ cells were seen in both 
ventrally and dorsally derived cultures established from animals 
at either E 16 or E 18 (Table 2). Many more oligodendrocytes, 
however, developed in cultures derived from E 18 dorsal spinal 
cord than from E 16. Thus, although isolated dorsal thoracolum- 
bar spinal cord lacked the capacity for oligodendrogenesis at 
E14, it had acquired that capacity by El 6. 

Development of ventrally derived oligodendrocytes is 
unaffected by coculture with dorsal cells 

The absence of oligodendrocytes in E 14 dorsally derived spinal 
cord cultures could be due to the presence of a dorsally located 
inhibitory signal or to the lack of a ventrally derived inductive 
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Figure 1. Dissociated cell cultures from El4 dorsal (A-C) or ventral (0-1;1 rat spinal cord after 9 d in culture. Cultures are shown with phase 
optics (A and D) and following double labeling by indirect immunofluorescence with anti-GFAP antibodies to identify astrocytes (B and E) and 
anti-GC antibodies to identify oligodendrocytes (C and 8’). While both sets of cultures contain large numbers of neural cells (A and D) including 
GFAP+ astrocytes (B and E), only the ventrally derived cultures contained GC+ oligodendrocytes (C and F). Scale bar, 100 pm. 

signal. To examine these possibilities, a number of experiments change in the number of oligodendrocytes was seen following 
were performed. First, a constant number of El4 ventrally de- the addition of increasing numbers of E 14 dorsally derived cells 
rived spinal cord cells were grown either alone or in the presence compared to that seen in cultures containing only ventrally de- 
of increasing numbers of E 14 dorsally derived cells. The number rived cells (Table 3). Second, astrocytes have been shown to 
of GC+ oligodendrocytes that developed in each condition was produce PDGF (Richardson et al., 1988), which is a potent 
assayed at the equivalent of Pl (E14+9DIV). No significant mitogen for oligodendrocyte precursor cells in other systems 



Table 2. Oligodendrocyte development in dorsal or ventral spinal Oligodendrocytes do not develop in El4 dorsal spinal cord 
cord cultures explant cultures 

Initial age + 
davs in culture 

Number of GC+ cells 

Dorsal Ventral 

El4 + 9 86 f 110 17,100 + 2800 

El6 + 7 1570 f 30 24,850 f 1871 

El8 + 5 12,400 k 1650 21,500 k 2989 

AT E 14, large numbers ofoligodendrocytesdeveloped in ventrally derived cultures 
but few oligodendrocytes developed in dorsally derived cultures. By Elg, signif- 
icant numbers of oligodendrocytes developed in both ventrally and dorsally de- 
rived cultures. Thoracolumbar segments of embryonic rat spinal cords were sep- 
arated at the sulcus limitans, dissociated into single cells, plated at a density of 1 
x 1 O6 viable cells/coverslip, and allowed to develop until the equivalent age of 
Pl. Cultures were then labeled with anti-GC to identify oligodendrocytes (as 
described in Materials and Methods), and the total number of oligodendrocytes 
in each culture was determined. Results indicate the mean k SD of counts from 
two different coverslips taken from each of three separate experiments. 

(Noble et al., 1988). Since dorsal spinal cord cells contained 
many astrocytes that may alter the level of PDGF in these 
cocultures, ventrally derived spinal cord cells were also grown 
in the presence of 10 @ml PDGF, and the number of oligo- 
dendrocytes was assessed as above. Again, no significant dif- 
ferences were found in the number of oligodendrocytes that 
subsequently developed. These results suggest that even in the 
presence of ventrally derived cells, E 14 dorsal spinal cord cells 
did not give rise to oligodendrocytes, and that the number of 
ventrally derived oligodendrocytes was not substantially altered 
by coculture with dorsally derived cells. Finally, to determine 
whether a source of an oligodendrocyte induction signal resided 
ventrally, but outside the spinal cord, E 14 dorsally derived spi- 
nal cord cells were cocultured with explants of notochord or 
other non-CNS tissue from around the ventral spinal cord region 
ofthe same-aged animals. After 9 d in vitro, numerous astrocytes 
were seen in these cultures, but no oligodendrocytes developed 
(data not shown). Thus, the lack of oligodendrogenesis in El4 
dorsally derived spinal cord cultures does not appear to be due 
to the absence of a ventrally derived inductive signal or to the 
presence of a dorsally located inhibitory signal. 

The Journal of Neuroscience, August 1991, 7 I(8) 2481 

An alternative explanation for the lack of oligodendrocytes in 
El4 dorsally derived spinal cord cultures is that their devel- 
opment is dependent on local cellular interactions that occur 
later in dorsal than in ventral regions of the developing spinal 
cord and were disrupted by cell dissociation at E 14. To address 
this possibility, explant cultures, which preserve local cytoar- 
chitecture, were established from dorsal or ventral El4 spinal 
cord. These explants were allowed to mature in vitro until the 
equivalent of Pl (E14+9DIV), and the appearance of GC+ 
oligodendrocytes and GFAP+ astrocytes was assayed by indi- 
rect immunofluorescence. Large numbers of GFAP+ astrocytes 
developed from both dorsal and ventral explants (Fig. 2). By 
contrast, while oligodendrocytes developed from the majority 
of ventral explants (187/332 or 56%), less than 1% of the dorsal 
explants gave rise to any GC+ cells (3/363). In ventral explant 
cultures, many of the oligodendrocytes that developed did so 
on the surrounding substrate (Fig. 2), suggesting that immature 
oligodendrocytes or their precursors migrated out of the main 
bulk ofthe explant. It is unlikely that the lack of oligodendrocyte 
development in E 14 dorsally derived spinal cord cultures is due 
to the disruption of local cell-cell interactions, since the local 
cytoarchitecture is comparatively well preserved in explant cul- 
tures. Not all ventral explants gave rise to oligodendrocytes, 
suggesting that even in this region of spinal cord oligodendrocyte 
precursors are not uniformly distributed. 

To determine whether the cells that migrated from the explant 
had the characteristics of immature oligodendrocytes or their 
precursor cells, El4 ventral explant cultures were labeled after 
5 d in culture with A2B5, anti-GC, and anti-GFAP antibodies. 
At this stage, the majority of the cells that had migrated from 
the bulk of the explant had a process-bearing morphology and 
were immunoreactive with A2B5, but not with anti-GC or GFAP 
(Fig. 3). This antigenic phenotype is more characteristic of 
O-2A progenitor cells than immature oligodendrocytes and is 
consistent with the migration of precursor cells rather than im- 
mature oligodendrocytes. 

Ventral-to-dorsal migration of oligodendrocyte precursors 

A likely explanation for the temporal difference in the ability 
of ventral and dorsal spinal cord to give rise to oligodendrocytes 

Table 3. Number of oligodendrocytes that developed from a constant number of El4 ventral spinal 
cord cells in coculture with dorsal cells. 

Culture conditions 

0.5 x lo6 El4 ventral cells 

0.5 x lo6 El4 ventral cells 

0.5 x lo6 El4 ventral cells 

0.5 x lo6 El4 ventral cells 

0 El4 ventral cells 

0.5 x lo6 El4 ventral cells 

+0 dorsal cells 

+0.25 x lo6 dorsal cells 

+0.5 x lo6 dorsal cells 

+0.75 x lo6 dorsal cells 

+0.5 x lo6 dorsal cells 

+ 10 rig/ml PDGF 

Number of 
GC+ 
cells at E14+9 
(Pl equivalent) 

12,077 + 2380 

11,573 f 2265 

10,860 f 1625 

10,943 f 1082 

210 f 142 

11,120 k 1835 

The number of oligodendrocytes that develop from a constant number of ventrally derived E I4 spinal cord cells is not 
altered by coculture with variable numbers of dorsally derived cells nor by the addition of PDGF. Dissociated cell 
cultures were prepared from dorsal or ventral spinal cord, and the total number of GC+ oligodendrocytes that developed 
in each culture was determined as described in Materials and Methods. The results represent means and standard 
deviations of cell counts from at least two different coverslips taken from each of three separate experiments. Cell counts 
were made at E14+9 (an equivalent age of PI) by an individual not informed of culture composition. 
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Figure 2. Explant cultures derived from either dorsal (A-C) or ventral (0-F) El4 thoracolumbar spinal cord after 9 d in culture. Cultures were 
examined with phase optics (A and D) and following double immunofluorescent labeling with anti-GFAP antibodies (B and E) and anti-GC 
antibodies (C and F). While explants from both dorsal and ventral spinal cord yielded large numbers of GFAP+ astrocytes (B and .I$, Gc+ 
oligodendrocytes developed only from the ventrally derived explants (C and F). Scale bar, 100 pm. 

is that oligodendrocytes or their precursors arise in ventral spinal 
cord and then migrate dorsally during development. To deter- 
mine if ventral-to-dorsal migration occurred in embryonic spi- 
nal cord, cells in the ventral region of E 18 spinal cord segments 
were locally labeled with DiI (Fig. 4). In approximately 50% of 
the live segments, DiI-labeled cells were located in the pre- 
sumptive dorsal funiculi 18 hr later (Fig. 4). Isolated labeled 
cells were also seen in the dorsolateral and lateral funiculi. In 
control experiments, when the distribution of label was exam- 
ined immediately after DiI labeling, or following initial fixation 
and then 18 hr of incubation, the label was localized only at the 
ventral region of the spinal cord and no labeled cells were seen 
in the dorsal funiculi of any segments (Fig. 4). These observa- 
tions suggest that the labeled cells had migrated from ventral 
to dorsal regions in the living spinal cord segments. 

To determine whether the cells that migrated from ventral to 
dorsal locations had the capacity to develop into oligodendro- 

cytes, DiI labeling experiments were repeated on E21 spinal 
cords followed by labeling anti-GC antibodies. E2 1 spinal cords 
were chosen for two reasons. First, many more GC+ cells are 
present in the dorsal spinal at E21 than at earlier ages, and, 
second, the larger size of the axial segment allowed for accurate 
ventral application of the DiI crystal. As in the experiments on 
El 8 spinal cords, 18 hr after DiI labeling of the ventral quarter 
of the cord, DiI-labeled cells were detected in the dorsal funiculi 
of the E2 1 spinal cord. Double-labeling with anti-GC antibodies 
revealed that some of the DiI-labeled cells in the dorsal funiculi 
were GC+ oligodendrocytes (Fig. 5). The majority of dorsally 
located GC+ oligodendrocytes were not labeled with DiI in 
these experiments. However, since dissociated culture experi- 
ments suggested that considerable migration of oligodendrocyte 
precursors had occurred as early as El 8 (Table 2), it seems 
probable that the GC+ DiI-labeled cells seen at E2 1 developed 
from cells that had migrated from ventral regions before E2 1. 
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Figure 3. The majority of cells that migrate from an El4 ventrally derived spinal cord explant have the antigenic characteristics of progenitor 
cells and not oligodendrocytes. A and B, Phase contrast; C and D, A2B5 labeling visualized with rhodamine optics; D, anti-GFAP labeling of the 
same field as in panels A and C, visualized with fluorescein optics; E, anti-GC labeling of the same field as in panels B and D, visualized with 
fluorescein optics. Note that the migratory cells (asterisks) are process-bearing and have A2B5 immunoreactivity but not anti-GFAP or anti-GC 
immunoreactivity. Scale bar, 30 rtm. 
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Figure 5. The dorsal region of an E2 1 sagittal segment of rat spinal cord, 18 hr after application of DiI label to the ventromedial surface. A, Phase 
contrast; B, DiI labeling visualized under rhodamine optics; C, anti-GC labeling visualized under fluorescein optics. The ventrally derived DiI- 
labeled cell (arrow in panels Band C) has begun to express GC (arrow in panel C). Another GC-positive cell (arrowhead) is not D&labeled, possibly 
because it had left the ventral region of the cord before the application of DiI. Scale bar, 100 pm. 

That not all the dorsally located DiI-labeled cells stained with 
anti-GC antibodies may reflect the migration of precursor cells 
rather than GC+ oligodendrocytes. The observation that cells 
in the dorsal funiculi at E2 1 expressed both DiI and GC provides 
strong evidence that at least some oligodendrocytes in the dorsal 
funiculi developed from cells originally located ventrally in the 
spinal cord. 

Discussion 
In this study, we show that the differentiation of oligodendro- 
cytes in the rat spinal cord occurs in a rostrocaudal and ven- 
trodorsal sequence. At E14, all segmental levels of the spinal 
cord have the capacity for oligodendrogenesis. However, in 
thoracolumbar segments at E14, the ability to give rise to oli- 
godendrocytes is restricted to ventral regions of the spinal cord. 
During subsequent development, dorsal regions aquire the ca- 
pacity for oligodendrogenesis through the ventral-to-dorsal mi- 
gration of oligodendrocyte precursors. 

While the role of oligodendrocytes in myelin formation in the 
spinal cord (Meinecke and Webster, 1984) and other regions of 
the CNS is clear (Bunge, 1968; Peters et al., 1976), the origin 
of oligodendrocytes in the spinal cord is not well understood. 
A number of explanations may account for the appearance of 
oligodendrocytes in the developing spinal cord. For example, 
oligodendrocytes may be generated at specific rostral-caudal 
levels of the CNS and migrate longitudinally through the spinal 
cord during development. Alternatively, oligodendrocytes may 

t 

be generated from cells around the central canal at all levels of 
the spinal cord and migrate radially to the white matter (Gil- 
more, 197 1; Sturrock, 1982). Finally, oligodendrocytes may be 
derived directly from the radial glial cells of the embryonic 
spinal cord (Choi et al., 1983; Choi and Kim, 1985; Hirano and 
Goldman, 1988). To distinguish between these possibilities, the 
development of oligodendrocytes and the capacity of different 
regions of the spinal cord to give rise to oligodendrocytes in 
vitro were examined. Oligodendrocytes were found to develop 
in both a rostrocaudal and ventrodorsal sequence, consistent 
with previous studies that have suggested a similar develop- 
mental sequence for neuronal and glial cell populations during 
spinal cord development (Names and Das, 1974; Sturrock, 1982). 

The timing of spinal cord oligodendrocyte differentiation does 
not require the presence of an intact spinal cord. In cultures 
established from either El4 or El6 thoracolumbar spinal cord, 
the first GC+ oligodendrocytes appeared at the equivalent age 
of El7 (that is, after 3 or 1 d in culture, respectively). This is 
the same age at which GC+ oligodendrocytes were first detected 
in freshly isolated cell suspensions. It seems that the capacity 
for oligodendrocytes to develop on schedule in culture is a gen- 
eral phenomenon, as GC+ oligodendrocytes appear at approx- 
imately the same equivalent age in cultures of embryonic brain 
as they do in vivo (Abney et al., 1981; Williams et al., 1985). 

If oligodendrocyte precursors migrated longitudinally down 
the spinal cord from a localized source, this migration must 
have occurred prior to E14. When isolated cervical, thoracic, 

Figure 4. Transverse sections through E 18 thoracolumbar rat spinal cord labeled 18 hr previously in the ventral region with DiI. A and B, Control 
segment that was fixed after initial label and then incubated for 18 hr. A, Phase contrast; B, DiI label visualized with rhodamine optics. Note that 
the DiI label is mainly restricted to the ventral region of the spinal cord. Although dorsal meninges are lightly labeled, the dorsolateral and dorsal 
funiculi of the spinal cord are completely devoid of label. C, Phase contrast; D, DiI label in the dorsal region of a spinal cord segment following 
18 hr of incubation prior to fixation. Although there is some labeling of the meninges, in the dorsal region of the spinal cord labeled cells are seen 
only in the developing dorsal funiculus (arrows). E and G, Higher magnification of dorsally located DiI-labeled cells. Scale bars: A and B, 300 pm; 
C and D, 100 am; E and G, 40 pm. 
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or lumbar segments of El4 spinal cord, including both dorsal 
and ventral regions, were grown for 9 d in vitro, oligodendrocytes 
developed in all cultures. These observations indicate that all 
segments of the spinal cord contained oligodendrocyte precur- 
sors by that age. While early longitudinal migration of oligo- 
dendrocyte precursors cannot be ruled out, it seems unlikely 
given the general immaturity of the spinal cord at E 14. A more 
likely explanation is that oligodendrocyte precursors arise from 
neuroepithelial cells at all levels of the spinal cord. 

Although oligodendrocytes developed in cultures derived from 
all segmental levels of the spinal cord at E14, the potential for 
oligodendrogenesis appeared to be restricted to ventral regions 
of the thoracolumbar cord at that age. Large numbers of oli- 
godendrocytes developed after 9 d in all cultures derived from 
ventral spinal cord, while virtually no oligodendrocytes devel- 
oped in culture derived from dorsal spinal cord of the same 
animals; this was the case even if the cultures were allowed to 
develop for a further 10 d. The absence of oligodendrocytes in 
El4 cultures from dorsal cord is unlikely to be the result of 
selective death or failure of proliferation of precursor cells in 
these cultures, since numerous oligodendrocytes developed in 
dorsal cultures established from E 18 spinal cord. Furthermore, 
the addition of variable numbers of dorsally derived cells to 
cultures containing a constant number of ventrally derived cells 
did not affect the number of oligodendrocytes that developed. 
Furthermore, in explant cultures that preserve the local cytoar- 
chitecture, oligodendrocytes developed in the majority of ven- 
tral but less than 1% of the dorsal cultures. It is unlikely that 
oligodendrocyte differentiation was dependent on local cell-cell 
interactions that were disrupted by cell dissociation. 

The most likely explanation for the lack of oligodendrogenesis 
in isolated E 14 dorsal spinal cord is that oligodendrocyte pre- 
cursor cells are not present in the dorsal thoracolumbar spinal 
cord at that age. According to this proposal, oligodendrocyte 
precursors that were initially located ventrally migrate dorsally 
and differentiate into oligodendrocytes. A number of observa- 
tions are consistent with this hypothesis. First, the majority of 
GC+ cells that developed from El4 ventral explants were lo- 
cated some distance from the bulk of the explant, demonstrating 
that spinal cord oligodendrocyte precursors have the capacity 
to migrate. Second, cells labeled by the application of DiI to 
the ventral spinal cord were found in the developing dorsal 
funculi in segments of E 18 spinal cord, showing that ventro- 
dorsal cell migration occurred; and, third, in E21 spinal cord 
segments, some of the dorsally located DiI-labeled cells were 
also GC+, showing that the migratory cells gave rise to oligo- 
dendrocytes. 

The characteristics of the ventrodorsal migrating oligoden- 
drocyte precursor cells in spinal cord are unknown. These cells 
may be immature, but committed, oligodendrocytes. The ca- 
pacity of immature oligodendrocytes or their precursors to mi- 
grate long distances through the CNS has previously been shown 
using transplantation techniques (La Chapelle et al., 1984). Al- 
ternatively, the ventrodorsal migrating cells may be progenitor 
cells whose fate is restricted but that are not committed to the 
oligodendrocyte pathway. The best known example of restricted 
progenitor cells is the O-2A progenitor cell initially described 
in cultures from the rat optic nerve (Raff et al., 1983b) and more 
recently in other regions of the CNS (Levi et al., 1986b; Behar 
et al., 1988). In culture, 02-A progenitor cells show A2B5 im- 
munoreactivity and are bipotential, differentiating into either 
oligodendrocytes or type-2 astrocytes depending on environ- 

mental signals (Raff, 1989). In vitro, progenitor cells are highly 
motile until they differentiate into oligodendrocytes (Temple 
and Raff, 1986; Small et al., 1987) and indirect evidence sug- 
gests that O-2A progenitor cells migrate into the optic nerve 
from the brain during development (Small et al., 1987). 

It seems likely that the ventrodorsal migrating oligodendro- 
cyte precursors in the embryonic rat spinal cord are analogous 
to O-2A progenitor cells for a number of reasons. First, at the 
time when this migration commences (El516) there are no 
cells in the spinal cord that possess GC immunoreactivity, a 
marker of mature oligodendrocytes (Raff et al., 1978). Second, 
many of the cells in dorsal funiculi that had been labeled by the 
ventral application of DiI at E2 1 lacked GC immunoreactivity. 
Finally, many of the cells which initially migrated from the 
explants of E 14 ventral spinal cord had a process-bearing mor- 
phology similar to O-2A progenitor cells and labeled with A2B5 
but not with antibodies against GC or GFAP. Preliminary stud- 
ies suggest that at least some of these migrating cells can give 
rise to either oligodendrocytes or type-2-like astrocytes in vitro 
depending on the culture environment (J. Fok-Seang and R. H. 
Miller, manuscript in preparation). 

Although at El4 dorsal spinal cord appeared to lack the ca- 
pacity to give rise to oligodendrocytes, it did have the capacity 
to give rise to astrocytes and contained vimentin immunoreac- 
tive radial glial cells (B. C. Warf, J. Fok-Seang, and R. H. Miller, 
unpublished observation). It therefore seems likely that the ra- 
dial glial cells in the dorsal region of the thoracolumbar spinal 
cord are not the immediate precursors of oligodendrocytes. If 
oligodendrocytes did develop directly from radial glia as pro- 
posed (Choi and Kim, 1983; Choi et al., 1985; Hirano and 
Goldman, 1988) this transformation may occur only from the 
radial glial cells of the ventral spinal cord. 

It is unclear why astrocytes but not oligodendrocytes develop 
from the glial precursors in the early embryonic dorsal spinal 
cord. It may be that glial precursors in the dorsal region lack 
the capacity to produce oligodendrocytes or that they fail to 
receive some inductive signal. If such an inductive signal exists, 
the source must be located ventrally. The absence of dorsally 
derived oligodendrocytes in dorsal-ventral coculture experi- 
ments made it unlikely that such a signal is transmitted by 
ventral spinal cord cells themselves. Furthermore, the absence 
of dorsally derived oligodendrocytes after coculture with no- 
tochord and other ventral tissue masses suggest that even if such 
a ventral signal were present, dorsal spinal cord cells may be 
unresponsive. 

One attractive hypothesis to explain the initial ventral loca- 
tion of oligodendrocyte precursors is that a source of the oli- 
godendrocyte inductive signal that may commit glial precursors 
to the O-2A lineage is located outside the CNS, possibly in the 
notochord, and that only ventrally located spinal cord cells have 
the capacity to respond. Indeed, in the chick, transplantation of 
the notochord has been shown to have a profound effect on 
spinal cord development in the region of the transplanted no- 
tochord (Van Stratten et al., 1989), and more recently both the 
ventral floor plate region of the spinal cord and the notochord 
have been shown to be a source of morphogens including reti- 
noic acid (Wagner et al., 1990). Since retinoic acid influences 
both neuronal and astroglial spinal cord cell differentiation in 
vitro (Wuarin et al., 1990), it is possible that the localized con- 
centration of retinoic acid in the ventral region of the spinal 
cord may also influence the differentiation of spinal cord oli- 
godendrocytes. 
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