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Oligodendrocytes Originate in a Restricted Zone of the Embryonic
Ventral Neural Tube Defined by DM-20 mRNA Expression
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Products of the PLP gene, proteolipid protein and its iso-
form DM-20, are the most abundant proteins in CNS myelin,
and are markers of the oligodendrocyte, the myelin-form-
ing cell in the CNS. The DM-20 transcript has previously
been reported to be expressed in newborn oligodendrocyte
progenitor cells and during embryonic development. We
have therefore used a DM-20 cRNA probe to follow, by in
situ hybridization, the oligodendrocyte lineage during em-
bryonic development. DM-20-expressing cells were first de-
tected at E9.5 in the ventricular germinal layer of the later-
obasal plate of the diencephalon. At E14.5, DM-20* cells
had largely disappeared from the diencephalic ventricular
.germinal layer and had colonized the ventral mantle layer
at the posterior part of the basal diencephalon. Between
E17.5 and P1, the number of DM-20+* cells increased and
progressively invaded the major white matter tracts. In the
hindbrain, DM-20+ cells appeared at E12.5 in the caudal
part of the rhombencephalon, and at E14.5 all along the
ventral spinal cord. Between E14.5 and P1, DM-20" cells
progressively colonized, first ventrally then dorsally, all the
spinal cord and more extensively the white matter tracts.
At E14.5, a large gap separated, rostrally, the medullary
columns from the mantle layer cells in the prosencephalon,
suggesting that oligodendrocytes in the mid- and forebrain
originate from a different pool of precursors than in the
rhombencephalon and the spinal cord. Together, these ob-
servations suggest that expression of the DM-20 transcript
is an early marker of commitment to the oligodendrocyte
lineage, and that oligodendrocyte precursors originate in a
ventrally restricted region.
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Proteolipid protein (PLP) and its isoform DM-20 are produced
by alternative splicing of a single gene transcript. In the CNS,
these proteins account for more than 50% of myelin protein
(Lees and Brostoff, 1984). They are not constituents, however,
of peripheral nervous system (PNS) myelin, although the tran-
script and the protein are expressed in Schwann cells (Puckett
et al., 1987). Mutations of the PLP/DM-20 gene are associated
with severe disorders of the CNS, but not the PNS, characterized
by abnormal development and premature death of oligodendro-
cytes and hypomyelination, as in the jimpy mouse (Skoff, 1976;
Privat et al., 1982; Knapp et al., 1986; Knapp and Skoff, 1987),
or by hypomyelination alone, as in the rumpshaker mutant
(Schneider et al., 1992). One or both of these proteins seem,
then, to be necessary for the early development of oligodendro-
cytes, as well as for myelin compaction, but these two functions
appear to be dissociable.

PLP begins to be expressed postnatally, during the final stages
of oligodendrocyte maturation (Dubois-Dalcq et al., 1986; Mon-
ge et al., 1986), too late to explain the abnormal development
of oligodendrocytes in the jimpy mutant mouse. We have re-
ported, however, that oligodendrocyte progenitors, purified from
newborn rat brain, expressed a transcript hybridizing with a
PLP/DM-20 cDNA probe (Lubetzki et al., 1991). Furthermore,
DM-20-encoding mRNA has been detected in the mouse by
PCR at embryonic day 11 (Ikenaka et al., 1992) and by in situ
hybridization at embryonic day 9.5 (Timsit et al., 1992). These
data suggested that products of the PLP gene may, therefore,
play a role in glial cell differentiation.

To approach this question, we have determined the profile of
DM-20 expression during development of the mouse from em-
bryonic day 8.5 (E8.5) to postnatal day 1 (P1) by in situ hy-
bridization with a PLP/DM-20 cRNA probe that labels only
DM-20 transcripts during the premyelination period. DM-20*
cells first appear at E9.5 in the laterobasal plate of the dien-
cephalon, and extend at E12.5 to other parts of the prosenceph-
alon. At E14.5, isolated labeled cells appear in the ventral mantle
layer at these locations. A separate pool of DM-20* cells was
detected, between E12.5 and E14.5, in the rhombencephalon,
and at E14.5 in the spinal cord, ventral to the central canal,
progressively colonizing the white matter tracts. The DM-20*
cells seen at E14.5 are most probably precursors of oligoden-
drocyte progenitor cells. This may also be the case for the early
(E9.5-E12.5) DM-20-1abeled cells. The DM-20 transcript would
therefore be an early marker of commitment to this lineage.



Figure 1.
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DM-20+ cells in frontal sections of E9.5 (A) and E12.5 (8) mouse embryos. Arrows point to DM-20* ventricular cells in the laterobasal

plate of the diencephalon. Note that at E9.5 (A), DM-20~ cells occupied the entire thickness of the germinal layer, while at E12.5 (B), DM-20*
cells disappeared from the ventricular layer and concentrated in the incipient mantle layer. The inset (C) shows the plane of section in A and B
and the longitudinal extent of the labeied zone (dark gray). Note the DM-20 expression in the trigeminal ganglion primordium (tr). Scale bars: A,

200 pm; B, 300 pm.

Materials and Methods

Animals. Embryos from outbred OF1 mice (IFFA-CREDO, Lyon,
France) were taken at E8.5, E9.5, E12.5, E14.5, and E17.5, and post-
natal animals at P1, that is, 1 d after birth. The average gestation period
lasts 19.5 d. The midpoint of the dark interval during which mating
occurred was designated as day O and the embryos were considered to
be E0.5 on the morning following breeding.

In situ hybridization. Embryos were fixed at 4°C by overnight im-
mersion in 4% paraformaldehyde in 0.12 m phosphate buffer, pH 7.4.
At P1, animals were perfused intracardially before immersion in the
same fixative. After fixation, tissues were dehydrated and paraffin em-
bedded (Paraplast Plus). Serial sections (7.5 pm thick) were collected
on gelatin chrom-alum-coated glass slides and stored at 4°C. Sections
were processed as in Fontaine and Changeux (1989).

Radiolabeled RNA probes. **S-UTP-labeled (1000 Ci/mmol; Amer-
sham, Les Ulis, France) sense and antisense cRNA probes were tran-
scribed from the pBS-DM-20 plasmid (Timsit et al., 1992) with T7 and
T3 RNA polymerase (Pharmacia LKB Biotech., Uppsala, Sweden), re-
spectively, and the reagents of the Riboprobe kit (Promega Corp., Mad-
ison, WI). Specific activities of both probes were in the range of 1-1.5
X 10" cpm/pg of RNA. Before hybridization, the probes were hydro-
lyzed for 45 min in 0.4 M Na,CO, at 60°C to generate fragments of
about 150 bases.

Immunostaining on paraffin sections. Serial 7.5 pm sections were
collected and alternatively hybridized with the DM-20 **S-cRNA probe,
or the TuJ1 mouse monoclonal antibody (gift of Dr. Frankfurter) diluted
1:1000 (Easter et al., 1993; Moody et al., 1989) or the anti-F4/80 rabbit
polyclonal antiserum (prepared by Drs. P. Dri and S. Gordon) diluted
1:1000. The sections were incubated overnight at 4°C with the diluted
first antibodies, washed, and incubated with either a fluorescein-labeled
goat anti-mouse IgG1 (Southern Biotech) diluted 1:100, or the Vectas-
tain avidin-biotin-peroxidase system (Vector Laboratories).

In situ hybridization and immunolabeling on whole-mount embryos.
Hybridization on whole-mount embryos at E12.5 and E14.5 was done
as described in Bally-Cuif et al. (1992). Briefly, cRNA probes were
labeled with digoxigenin-UTP (Boehringer Mannheim) following the
manufacturer’s instructions, Embryos were fixed in 4% paraformalde-
hyde for 4 hr, and the neural tube was dissected from the embryos,
gradually dehydrated, and stored at —20°C. All the other treatments,
including hybridization and detection of probe with anti-digoxigenin-
alkaline-phosphatase-labeled antibody, were as described (Bally-Cuif et
al.,, 1992). After development of the alkaline phosphatase activity, em-
bryos were incubated overnight at 4°C in anti-neurofilament monoclonal
antibody (anti—165 kDa, clone 2H3, DSHB) diluted 1:5000 in PBS con-
taining 0.25% Triton X-100 and 0.2% bovine serum albumin. After
extensive washes, embryos were incubated with peroxidase-conjugated
anti-mouse IgG antibody (Sigma), diluted 1:200, overnight at 4°C.

Bound antibody was detected by a 20 min incubation in diaminoben-
zidine tetrahydrochloride (Sigma) and H,O, (Merck).

Embryonic cell cultures. Preparation of neural tube cultures have
been described elsewhere in detail (Lafont et al., 1993). Briefly, cortex,
mesencephalon, diencephalon, ventral, dorsal, and total spinal cord were
dissected from mice embryos at E12.5 and E13.5. After removing the
meninges, monolayer culture cells were established by mechanical dis-
sociation. Cells were cultivated in a defined medium as described (La-
font et al., 1993), in the absence of any added growth factors. After 4
d in vitro (DIV) the cells were fixed with 4% paraformaldehyde and
processed for immunodetection, as described (Lafont et al., 1993), using
either mouse monoclonal anti-galactosylceramide (GalC) (Ranscht et
al., 1982) diluted 1:50 or affinity-purified rabbit polyclonal anti-myelin
basic protein (MBP) diluted 1:300 (Allinquant et al., 1991). Specific
binding of antibodies was visualized using appropriate fluorescent-con-
jugated secondary antibodies (Amersham) diluted 1:100.

Results

The specificity of the antisense probe was tested on sections of
adult mouse cerebellum, where the expected pattern of hybrid-
ization was observed (Trapp et al., 1987). No signal was de-
tected when adult cerebellar sections or sections from embryonic
or postnatal mice (E8.5, E9.5, E12.5, E14.5, E17.5, and P1) were
hybridized with the labeled sense DM-20 cRNA (not shown).
DM-20 expression could first be detected with the antisense
probe at E9.5, both in the neural tube and in neural crest deriv-
atives. During development, DM-20 was expressed in four spa-
tially distinct regions: prosencephalon, brainstem and spinal
cord, olfactory system, and neural crest—derived cells. We used
the model of Bulfone et al. (1993) and Puelles and Rubenstein
(1993) for subdivision and terminology.

Expression of DM-20 transcripts in the prosencephalic region

Cellular localization. At E9.5, DM-20 expression was restricted
to cells in the lateral basal plate of the diencephalon on both
sides of the median line (Fig. 14,C). These cells occupied the
entire thickness of the germinal layer. Neither the ventral para-
median zone nor the alar plate were labeled.

At E12.5, DM-20* cells disappeared from the ventricular lay-
er and concentrated in the incipient mantle layer (Fig. 18). On
serial sagittal sections, DM-20* cells extended from the latero-
basal plate of the diencephalon along two axes (Fig. 2). First, a
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Figure 2. DM-20" cells in sagittal sections of E12.5 mouse embryos (A-E) and a cross section at the level of the leg limb buds (F). The sagittal
sections are slightly oblique. A, Lateral on one side of the embryo; B and C, near to the midline; D and E, more lateral on the other side of the
embryo. Small arrows in B and D point to the DM-20* domain in the diencephalic and hypothalamic (hr) basal plate (best seen in D). Arrowheads
in A—C point to a linear transverse domain at the P2/P3 interprosomeric boundary (zona limitans intrathalamica). DM-20 mRNA is also expressed
in the entopeduncular area (ep). ch, cerebellum. Note that DM-20 mRNA is also detected in peripheral territories such as the trigeminal ganglion
(¢r), the facial (f) and statoacoustic (s) nerves, the olfactory blastema (ob), the motor roots (mr), the spinal ganglia (sg), and the spinal nerve (sm).

Scale bar, | mm.

narrow line of radially aligned cells extended dorsally from the
region of the posterior tuberculum, dividing the posterior and
the anterior thalamus at the P2/P3 interprosomeric boundary (ar-
rowheads in Fig. 2A-C). The second axis extended rostrally
from the basal plate of the diencephalon, along the basal plate
of the hypothalamus (mammillary and tuberal regions), which
was intensely labeled and remained so until P1 (Figs. 2D, 3A,C).

The number of positive cells was greater along this second axis
than along the P2/P3 interprosomeric boundary (compare Fig.
2, D and A-C). This basal hypothalamic domain also respected
the ventral paramedian zone (Fig. 2C). In addition, a separate
patch of labeling appeared in the anterior entopeduncular area
adjacent to the medial ganglionic eminence in the basal telen-
cephalon (Fig. 2A,B,D,E).




At E14.5, DM-20* cells had largely disappeared from the
diencephalic ventricular germinal layer, but distinctly labeled
cells were observed some distance away from the ventricular
lumen, in the mantle layer (subventricular zone), at the posterior
part of the basal diencephalon outside a halo of densely packed
cells surrounding the third ventricle (Fig. 3B).

At E17.5, the number of DM-20-expressing cells had signif-
icantly increased along the external layer of the mantle zone and
some DM-20 cells were already seen inside, or in the close
vicinity, of the major fiber bundles (not shown).

At P1, DM-20 expression was clearly seen in the eminentia
media at the level of the third ventricle and in tracts such as the
medial forebrain bundle (Fig. 3D). In the telencephalon, DM-
20* cells were observed in the supralenticular internal capsule
and the subcortical white matter, extending dorsomedially to-
ward the corpus callosum and ventrolaterally along the capsula
extrema, deep into the piriform cortex (Fig. 3E). On more rostral
sections, at the level of the lateral ventricles, DM-20"* cells were
also seen in the subventricular layer (not shown).

Characterization of DM-20" cells in the prosencephalic region

To characterize the type of cells expressing DM-20, sections
adjacent to those hybridized with the DM-20 probe were im-
munostained with the TuJ1 antibody, which is specific for neu-
ron class III B-tubulin, or with anti-F4/80 polyclonal antiserum,
which is specific for macrophages and microglial cells.

At E12.5, labeling with anti-F4/80 antibody (Fig. 4C)
showed a scattered pattern of staining, without any definite
spatial distribution, illustrating the small number of macro-
phages present in the neural tube at this age. In particular, the
presence of macrophages in the DM-20" area was aleatory. The
comparison of distribution of neuronal cell bodies and DM-20*
cells was performed on alternate serial sections. Neuronal cell
bodies (TuJ1*) were always found on the external margin of
the germinal layer (Fig. 4B). The group of DM-20 cells was
located in a more internal and dorsal position than the neuronal
cell bodies (Fig. 4A4). The most ventral and external portion of
the DM-20~* group of cells overlapped, however, with the most
dorsally and internally localized neurons. To better characterize
the DM-20* cells, double labeling was performed on whole-
mount embryos with DM-20 digoxigenin cRNA antisense
probe and anti-neurofilament antibodies (Fig. 5). The mor-
phology of DM-20* cells in the laterobasal plate of the dien-
cephalon (Fig. 5A,B) appeared to be different from that of the
hypothalamic group of DM-20* cells, which were also more
intensely labeled (Fig. 54,D). No neurofilament-positive neu-
rites were seen to emerge from the DM-20 groups of cells. In
the P2/P3 interprosomeric boundary, DM-20+ cells appeared
as a double layer of closely apposed neurofilament-negative
cells (Fig. 5C).

Expression in the caudal rhombencephalon and spinal cord

The first DM-20+ cells were observed at E12.5 in the caudal
rhombencephalon and at E14.5 in the spinal cord. A large gap
separated the rhombencephalic DM-20* cells from the mantle
cells in the diencephalon, as shown by the absence of labeling
on a series of frontal serial sections from the caudal part of the
diencephalon to the rostral part of the thombencephalon (Fig.
6A).

At E14.5, DM-20* cells were localized in the ependymal
layer of the spinal cord, in contact with the lumen. The DM-
20 signal was restricted to the ventral basal region. No positive
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cells were seen in the floor plate. These DM-20* cells formed
two sparse columns on either side of the central canal (Fig.
7A,B), and could be followed throughout the pons (Fig. 64),
the medulla oblongata (Fig. 6C), and along the spinal cord,
where DM-20 mRNA seemed to be expressed simultaneously
at all levels of the rostrocaudal axis. In the spinal cord, the two
columns of DM-20" cells consisted of a single layer of cells
(Fig. 7A). In the medulla oblongata, however, DM-20* cells
were more numerous, and some were located at a short distance
from the ventricular zone (Fig. 6C).

From E14.5 to P1, the clusters of DM-20~ cells disappeared
from the ventricular zone, and were found scattered throughout
the white and gray matter, extending dorsally and colonizing
progressively the brainstem and the spinal cord (Fig. 6B).

At P1, DM-20" cells had almost completely invaded the
brainstem (Fig. 6D) and the spinal cord (Fig. 7D). In the upper
brainstem, DM-20* cells preferentially colonized the ventral
tegmentum (pons), superficial tracts like the descending tri-
geminal nerves, and the deep white matter of the cerebellum
(Fig. 6D). In the spinal cord, the ventral marginal layer was
intensely labeled and only the superficial laminae of the dorsal
horns were devoid of DM-20* cells (Fig. 7D).

At E14.5, no overlap was seen between cells labeled by the
DM-20 probe, or the TuJ1 and anti-F4/80 antibodies, as shown
for the pons, on serial frontal sections of the rostral rhomben-
cephalon (Fig. 4D-F). Immunolabeling of serial spinal cord
sections with TuJ1 antibody showed an absence of colocali-
zation of DM-20+ cells with neuronal cell bodies (Fig. 6E).
Similarly, microglial cells, labeled with the anti-F4/80 antise-
rum, never colocalized with DM-20+ cells (data not shown).

Regional differentiation of neural tube in culture

Assuming that DM-20 is an early marker of oligodendrocyte
progenitors, and taking into account the selective regional pat-
tern of expression of DM-20 at E12.5, we tested the potential
of various regions of the neural tube to generate oligodendro-
cytes. Cultures were derived from different regions of neural
tubes from E12.5 and E13.5 mouse embryos. To accelerate the
differentiation of putative oligodendrocyte precursors, no
growth factors were added to the defined culture medium
(Richardson et al., 1988). Under our culture conditions, the
vast majority of the cells were differentiating neurons (Lafont
et al.,, 1993). However, as shown in Table 1, in some of the
regions analyzed GalC*, MBP™* cells were observed. These
cells had the typical multiprocess morphology of mature oli-
godendrocytes (not shown) (Lubetzki et al., 1993). Oligoden-
drocytes were observed only in cultures derived from dien-
cephalon and ventral spinal cord, two regions of the neural tube
expressing DM-20, but never in cultures derived from cortex,
mesencephalon, or dorsal spinal cord, which did not express
DM-20 between E12.5 and E14.5. Similar data were obtained
with both E12.5 and E13.5 embryos.

The olfactory system

At E12.5, on sagittal sections, a linear signal was detected ven-
tral to the telencephalon, in the olfactory blastema and the ol-
factory tracts (Fig. 2B,C). At E14.5, afferent fibers from both
the lateral and the vomeronasal regions were labeled, as well
as the olfactory epithelium in the nasal fossae (Fig. 8A); no
signal, however, could be detected in the vomeronasal organ
per se. In addition, at E14.5, a restricted zone in the medial
amygdala was also DM-20* (Fig. 3C), but no signal was de-






tected in the inner layer of the olfactory bulb, indicating that
the secondary olfactory neurons did not express DM-20 tran-
scripts. At E17.5 and Pl (Fig. 8B), DM-20 labeling of the ol-
factory system remained unchanged, with the exception of the
olfactory epithelium in the nasal fossac where the signal had
disappeared.

Neural crest derivatives

DM-20" cells were observed from ES.5 onwards in neural crest
derivatives such as the trigeminal ganglion (Fig. 1A). At E12.5,
the trigeminal ganglion and its three roots were intensely la-
beled, as were the facial and statoacoustic nerves (Fig. 2A,B).
DM-20 transcripts were also detected in some cells of the spi-
nal ganglia, in the sensory and motor roots, and in the sym-
pathetic prevertebral and perivascular ganglia (Fig. 2E,F). In
the spinal ganglia. not all the cells expressed the DM-20) tran-
script. This was confirmed by bright-field microscopy (data not
shown). A linear DM-20" signal was also detected along the
pathways of the peripheral nerves in the limb buds and the tail
(Fig. 2F). The signal was confined to the perikarya of cells
lying along the axons, suggesting that thcy were Schwann cells
or their precursors. In older animals, expression of the DM-20
transcript persisted in the PNS, in the spinal ganglia, for ex-
ample (Fig. 74).

Discussion

Our findings raise scveral questions concerning the role of DM-
20 as a marker of the oligodendrocyte lineage, the possible
early commitment of a subset of cells as precursors of oligo-
dendrocyte progenitors, and finally the role of DM-20 as a
general marker of all ensheathing glial cells: oligodendracytes,
Schwann cells, and the ensheathing cells of the olfactory tract.

Specificity of the DM-20 probe

Although the DM-20 ¢RNA probe used in the present study
would hybridize with PLP transcripts as well as with its alter-
natively spliced isoform DM-20. it may be assumed that the
mRNA detected by in situ hybridization in embryonic brain
belongs solely to the DM-20 species, since the longer PLP
isoform cannot be detected before birth (Ikenaka et al., 1992,
Timsit et al., 1992). Furthermore, the nucleotide sequence of
RT-PCR products from E13 brain RNA, amplified with primers
corresponding to exons 1 and 7 of the PLP/DM-20 ¢cDNA, was
shown to correspond solely to DM-20 message (Timsit et al.,
1992). Recently, a family of gencs related to PLP/DM-20 have
been identified in the shark, the ray (Kitagawa et al., 1993),
and the mouse (Yan ct al., 1993). In our study, wc cannot
exclude that the DM-20 cRNA probe cross-hybridized with an-
other member of the PLP/DM-20 family. This possibility ap-
pears rather unlikely, however, since the pattcrns of hybridiza-
tion obtained with murine cRNA probes corresponding to other
members of this family were different than that of the PLP/
DM-20 ¢cRNA (Yan et al., 1993; C. Lagenaur, personal com-
munication).

o
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DM-20 as an early marker of the oligodendrocyte lineage?

In the prosencephalon. 1solated DM-20- cells appeared in the
subventricular zone at E14.5 in the caudal diencephalon. The
number of these cells incrcased dramatically from E14.5 and
were found in the future myelinated tracts at P1. At this point,
it is not possible to distinguish between DM-20 in cells that
migrate and proliferate, or the induction of DM-20 in cells
already present in a given area. There are arguments suggesting
that DM-20- cells in the mantle zone represent oligodendrocyte
progenitors. First, it is generally agreed that oligodendrocyte
precursors arise from this zone and migrate into and through
the nearby white and gray matter, as shown at the ultrastruc-
tural level by Privat and Leblond (1972) using *H thymidine
incorporation. More recently, Levine and Goldman (1988), us-
ing a variety of antibodies to label immature neuroectodermal
cells and developing oligodendrocytes in several areas of the
rat CNS, also concluded that oligodendrocytes in the forebrain
arise fronr the subventricular (mantle) zone. In this respect, it
was of particular interest to observe at P1 DM-20* cells in the
forebrain subventricular zone. Sccond, a transcript of the PLLP
gene was detected in oligodendrocyte progenitor cells by
Northern blot analysis (Lubetzki et al., 1991). This transcript
was probably DM-20 mRNA; since it has been shown that PLP
mRNA is not expressed prenatally (TIkenaka et al., 1992; Timsit
et al., 1992). Third, the diencephalic DM-20* cells are proba-
bly glial cells, since we have not been able to show colocali-
zation with neuronal or microglial markers (Figs. 4, 5). Taken
togcther, these data suggest that the DM-20" cells detected in
the mantle layer at E14.5, and which progressively invade the
major white matter tracts, belong to the oligodendrocyte lin-
eage.

At this stage, however, we cannot affirm that the cells ex-
pressing DM-20 at E14.5 are all oligodendrocyte progenitors.
Although we have not observed colabeling of DM-20* cells
with ncuronal markers, we cannot exclude the possibility that
some of these DM-20- cells might belong to a subpopulation
of neurons which do not express the markers used in the pres-
ent study. Alternatively, it is also possible that some of the
cells expressing DM-20 at E14.5 are still pluripotent progeni-
tors, sincc the generation of neurons and oligodendrocytes
from a common precursor cell has been reported by Williams
et al. (1991). Similarly, de Vitry et al. (1980) also reported
that, until P10 in the mouse, pluripotential progenitor are pres-
ent in the hypothalamus. This latter finding is in agreement
with our observation of a hypothalamic pool of DM-20-ex-
pressing cells from E12.5 to PI.

In the rhombencephalon and the spinal cord. Cells express-
ing DM-20 were first observed in the ventricular zone of the
brainstem at E12.5 and in the spinal cord at E14.5. A similar
temporal lag in the rostral to caudal direction during develop-
ment of the spinal cord has previously been reported (Nornes
and Das, 1974; Altman and Bayer, 1984). After E14.5, the
number of DM-20* cells increased, appearing outside the ven-

Figure 3. Evolution of DM-20 mRNA labeling on frontal sections of embryonic mouse brain between E14.5 and P1. A, DM-20 labeling in the
medial amygdala (am), ventral hypothalamus (/1t), and trigeminal ganglion (tr) at E14.5 (mv, mesencephalic vesicle). B, Presumptive oligodendrocyte
precursors at the basal diencephalic mantle layer (arrowheads) at E14.5 (di, diencephalon). C, DM-20-]labeled cells in the ventral hypothalamus
(ht) and amygdala (am) at P1. D, Colonization by labeled cells of the medial forebrain bundle (mfb) and eminentia media (em) at P1 (3V, third
ventricle). E, DM-20" cells in the telencephalic internal capsule (ic) and subcortical white matter (s¢) at P1. Scale bars: A and C, 900 pm; B, 160

pm; D, 260 pm; E, 60} pm.
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Figure 4. Patterns of expression of DM-20+, neuronal, and microglial markers. Semiadjacent serial frontal sections of E12.5 (A-C) or E14.5 (D—
F) were treated with DM-20 *S-UTP-labeled cRNA probe (A, B), neuron-specific TuJl antibody (B, E), or microglial-specific anti-F4/80 polyclonal
antiserum (C, F). DM-20 labeling was revealed by autoradiography, TuJ1 antibody by indirect immunofluorescence, and anti-F4/80 antibodies with
a peroxidase-conjugated anti-rabbit antibody. For E12.5 embryos, the plane of section was similar to the one shown in Figure 1C. Dotted line in
B represents the region of DM-20* cells shown in A. Note the partial regional overlap between the territory occupied by DM-20* cells (A) and
TuJ1* neurons (B). At E14.5, DM-20" cells (arrowheads in D) in the ventral pons did not colocalize with TuJ1* neuronal cell bodies (small arrows
in £ point to some of the TuJl* cells). Microglial cells (arrowheads in C, F) never colocalized with DM-20" cells. ba, basilar artery; di,

diencephalon; p, pons. Scale bars: A-C, 90 pm; D-F, 50 pm.

tricular zone in the gray and white matter of the spinal cord
following a ventrodorsal gradient, and colonizing the spinal
cord almost completely at P1.

The longitudinal columns of DM-20* cells observed at
E14.5, which do not overlap with neuronal and microglial
markers, are probably the oligodendrocyte progenitors of the
spinal cord and the medulla oblongata (Fig. 9). In two recent

studies, Warf et al. (1991) and Noll and Miller (1993) dem-
onstrated that oligodendrogenesis occurred only at E14.5 and
E16.5 from the ventral region along the rostrocaudal axis of
the spinal cord. The dorsal region of the thoracic and lumbar
spinal cord developed this capacity later. These authors there-
fore suggested that commitment to the oligodendrocyte lineage
occurred in a specific population of ventrally located glial pre-
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Figure 5.  Whole-mount analysis of DM-20 in situ hybridization and anti-neurofilament immunolabeling. Flat-mount of E12.5 embryo is oriented
rostral end toward the right side. Embryos were hybridized with digoxigenin-labeled DM-20 cRNA probe and immunolabeled with anti-165 kDa
neurofilament antibody (brown). DM-20* cells (purple) are seen in the hypothalamus (Hr) (A, D), the basal plate of the diencephalon (BPD) (A,
B), and the P2/P3 interprosomeric boundary (IPB) zona limitans between the ventrothalamic (VT = P3) and the dorsothalamic (DT = P2) prosomers
(A, C). FLM, fasciculus longitudinalis medialis; /Vn, trochlear nerve; PCT, posterior commissure tract. Scale bars: A, 200 pm; B-D, 20 pm.

cursors in the embryonic spinal cord. In the present study, we
also compared the fate of cultures derived of ventral and dorsal
spinal cord from E12.5 or E13.5 mouse embryos. Oligoden-
drocytes were observed only in the cultures derived from the
ventral spinal cord and never from the dorsal spinal cord (Table
1). Our data are in agreement with those previously reported

by Wharf et al. (1991) in the rat. The longitudinal columns of
PDGF-a-receptor-positive cells observed by Pringle and Rich-
ardson (1993) in the ventral half of the spinal cord on each
side of the central canal, which appeared to proliferate and
subsequently disseminate throughout the spinal cord, were also
thought to include the earliest precursors of the oligodendro-
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Figure 6. Evolution of DM-20 mRNA labeling in the mouse embryo rhombencephalon between E14.5 and P1. A, Frontal section through the
pons and the mesencephalon at E14.5. Presumptive DM-20* oligodendrocyte precursors (arrowheads) are located in the ventral pons (p). Note the
absence of labeling in the mesencephalon (m). B, Frontal section through the pons (p), diencephalon (di), and telencephalon (te) at E17.5. Note
the increased number of DM-20* cells (arrowheads) in the pons. C, Frontal section through the medulla oblongata (mo), cerebellum (cb), and
mesencephalon (m) at E14.5. DM-20* cells (arrowheads) are seen at or near the basal plate of the medulla oblongata. D, Transverse section across
the upper brainstem and cerebellum at P1. Note the extension of the territory of DM-20* cells in the ventral tegmentum (vt) and the deep white
matter tract of the cerebellum (cb). LV, lateral ventricle; mv, mesencephalic vesicle; frn, trigeminal nerve. Scale bars: A and C, 400 pm; B, 1000

pm; D, 360 pm.

cyte lineage. O2-A cells, the immediate precursors of oligo-
dendrocytes, express both the PDGF-a-receptor (Hart et al,
1989; McKinnon et al., 1990) and the PLP/DM-20 transcripts
(Lubetzki et al., 1991). Therefore, it is not unlikely that the
DM-20* cells in the ventral spinal cord may be regarded as
precursors of oligodendrocytes.

It has been proposed that, in the spinal cord, both astrocytes
and oligodendrocytes differentiate directly from embryonic ra-
dial glial cells (Choi and Kim, 1983; Choi et al., 1985; Hirano
and Goldman, 1988), and would therefore share a common
precursor. From the work of Warf et al. (1991), Pringle and
Richardson (1993), and the present study, it seems likely that




the radial glial cells in the dorsal region of the spinal cord arc
not the immediate precursors of oligodendrocytes. If oligoden-
drocytes do develop directly from radial glia. this transforma-
tion may occur only in the radial glial cells of the ventral spinal
cord. The present data do not indicate whether the DM-20*
cells at the ventricular surface are already committed to the
exclusive production of oligodendrocytes, or if they still are
pluripotent precursors cells with the capacity to give rise to

Table 1. Percentage of oligodendrocytes that developed from
different regions of E12.5 mouse embryo neural tube in culture

Neural tube regions % Oligodendrocytes

Cortex 0
Diencephalon 0.8 + 0.1
Mesencephalon 0
Dorsal spinal cord 0
Ventral spinal cord 42 = 05
Total spinal cord 30+ 03

Oligodendrocytes were defined as MBP- or GalC~ cells. % is the ratio of
oligodendrocytes to the number of differentiated neurons present in the culture
X 100, About 1500 cells were counted on each coverslip. The results are
expressed as means + SD of cell counts from at least two different coverslips
in two to five separate experiments.
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Figure 7. Evolution of DM-20
mRNA labeling in the mouse spinal
cord between E14.5 and P1. A, Frontal
section through the spinal cord at
El14.5. DM-20-labeled cells (arrow-
heads) are seen as a double column on
either side of the central canal even in
the most caudal part (arrow points to
the lumen of the central canal). Note
the labeling of the spinal ganglia (sg).
The section is oriented rostral to the top
and caudal to the bortom. B and C,
Semiadjacent semioblique transverse
sections of the spinal cord at E14.5
treated with DM-20 **S-UTP-labeled
cRNA probe (B), and neuron-specific
Tull antibody (C). DM-20" cells (ar-
rowheads) are located in the ventral re-
gion of the spinal cord (8) and do not
colocalize with Tull-labeled neuronal
cell bodies (C). D, Transverse sections
showing postnatal (P/) DM-20" cells
in the spinal cord. Note the intense la-
beling in the superficial ventral tracts
(arrowheads). In B-D, ventral is to the
bottom and dorsal to the rop. Scale
bars: A, 400 pm; B-D, 1000 pm.

astrocytes in addition to oligodendrocytes. Miller and Szigeti
(1991) found evidence for the production of several different
types of astrocytes in the developing rat spinal cord, although
it is not yet known whether any of these express DM-20.

Early commimment 1o the oligodendrocyite lineage in the
prosencephalon?

Whereas the cells that express DM-20 at E14.5 probably be-
long to the oligodendrocyte lineage, this is less clear for the
DM-20-cxpressing cells that appear earlier, from E9.5 to E12.5.
In a recent study, Pringle and Richardson (1993) observed that
at E13 a group of cells, located in the ventricular and mantle
zone in the ventral region of the diencephalon, which express
mRNA for the PDGF-a-receptor, radiated out into the devel-
oping thalamus and hypothalamus (EI4-E15) and then into
more dorsal regions, including the cerebral cortex (E18-P0).
They suggested that all forebrain oligoedendrocytes might there-
fore develop from precursor cells that migrate from a special-
ized region in the ventricular zone of the diencephalon. DM-
20 was clearly evident in cells accompanying early
differentiated tracts, like the posterior commissure, that will
become myelinated. The laterobasal plate of the diencephalon
and hypothalamus might therefore contain the pool of gliob-
lasts which will later differentiate into oligodendrocytes in the
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Figure 8. Expression of DM-20 mRNA in the olfactory system. A, Labeling in the superficial axonal layers of the olfactory bulb (ob) and
associated cells in the olfactory nasal epithelia (arrows) at E14.5. B, Olfactory bulbs at P1. Scale bars: A, 900 pm; B, 750pm.

forebrain and the midbrain (Timsit et al., 1992). This hypoth-
esis is schematically represented in Figure 9 and is supported
by our in vitro experiments. Indeed, we studied the potential
for oligodendrocytes to be generated in cultures derived from

E12.5

different brain regions taken from E12.5 or E13.5 mouse em-
bryos. Oligodendrocytes were observed only in diencephalic
cultures which contained DM-20" cells, but not in mesence-
phalic or cortical cultures which did not. As these experiments

©

Figure 9. Schematic reconstruction showing the pattern of distribution and putative migration of DM-20-expressing oligodendrocyte precursors,
The localization of DM-20" cells in the brain and in the spinal cord is shown in squares E 12.5 and E 14.5, respectively. In the rhombencephalon,
DM-20* cells are disposed along two columns along the ventral portion of the central canal. In the prosencephalon, one group of DM-20" cells is
radially aligned along the zona limitans between the ventral and dorsal thalamus; a second group of DM-20+ cells located in the basal plate of the
diencephalon and hypothalamus and in the entopeduncular area corresponds to the pool of putative oligodendrocyte precursors in the mid- and
forebrain. Large arrows indicate the presumptive migration pathways of oligodendrocyte precursors. EP, entopeduncular area; VT, ventral thalamus;
DT, dorsal thalamus; PT, pretectum; ZL, zona limitans intrathalamica, the P2/P3 interprosomeric boundary (IPB) zona limitans between the ven-
trothalamic (VT = P3) and the dorsothalamic (DT = P2) prosomers; M, mesencephalon; Rh, rhombencephalon; SC, spinal cord.



were performed in a chemically defined medium in the absence
of any added growth factors such as PDGF or basic FGE our
data strongly suggest the existence, in the E12.5 diencephalon,
of precursor cells with a restricted potentiality to differentiate
into oligodendrocytes. Although oligodendrocytes developed
in cultures of regions containing DM-20* cells, we cannot af-
firm that it was these cells that gave rise to the oligodendro-
cytes.

There are arguments, indeed, against the possibility that the
DM-20* cells detected before E14.5 reflect early commitment
to the oligodendrocyte lineage. First, the transition from early
labeled cells in the neuroepithelium to isolated oligodendrocyte
progenitors in the mantle layer and white matter was limited
to the longitudinal zone of the basal plate, and fewer cells were
produced than would be expected. Second, the above discussed
restriction concerning neuronal markers applied even more at
E12.5, since at E14.5 there are fewer postmitotic neurons. Ex-
pression of DM-20 in glial precursors that are generated and
begin to migrate at E14.5 may therefore occur independently
of earlier expression of the PLP/DM-20 gene in basal plate
ventricular cells. Since the basal plate gives rise to diverse
neuronal populations (Marchand et al., 1986; Puelles et al,,
1987), the products of the PLP/DM-20 gene might play a tran-
sitory role in neurogenesis or in the histogenesis of the fore-
brain. The clear-cut transitory presence of DM-20 at one in-
terneuromeric boundary at E12.5, the P2/P3 interprosomeric
boundary (intrathalamic zona limitans, Fig. 5C), suggests a
role in positional specification, possibly in conjunction with
other genes, such as Wnt-3A (Roelink and Nusse, 1991; Bul-
fone et al., 1993), that are also partially restricted to this locus
that differentiates into a palisade of radial glia.

Expression of DM-20 mRNA in Schwann cells and
ensheathing cells

In the present study DM-20 mRNA was detected in neural crest
derivatives throughout the embryonic development of the
mouse PNS. At E12.5, in addition to the ganglionic signal ap-
pearing at E9.5, DM-20* cells were also observed in the limb
bud and in the wall of the gut, suggesting that all three types
of glial cells in the PNS—satellite glia, Schwann cells, and
enteric glia—expressed the transcript, although we have not
determined whether the signal corresponds to DM-20, PLP, or
both.

DM-20-expressing cells observed in the peripheral olfactory
system may be ensheathing cells, derived from the olfactory
placodes, that enwrap the olfactory nerve. They may also in-
clude immature neurons, however, since prospective GnRH
neurons originate in the’vomeronasal organ and migrate to the
preoptic area (Schwanzel-Fukuda et -al., 1985; Wray et al.,
1989). Although secondary neurons of the olfactory pathways
were not labeled, it is interesting to note that DM-20* cells
were observed in projection sites of the olfactory system, that
is, the lateral and accessory olfactory nuclei in the medial
amygdala.

At present, the function of PLP/DM-20 in neural crest glial
derivatives is unclear, inasmuch as PLP mutants do not display
evident abnormalities in the PNS. It is well established that
PLP/DM-20 is not a constituent of the PNS myelin, but several
authors have reported that products of the PLP gene are ex-
pressed in the Schwann cells (Puckett et al., 1987; Pham-Dinh
et al., 1991).

In conclusion, we propose DM-20 as a marker of the oli-
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godendrocyte lineage during embryonic development. The dis-
tribution of DM-20" cells suggests, as illustrated diagrammat-
ically in Figure 9, that oligodendrocytes arise from two
different pools of ventral precursors. One pool, localized in the
hindbrain and spinal cord, is uniformly distributed along the
central canal. As suggested by Warf et al. (1991), the commit-
ment of these cells toward the oligodendrocyte lineage may
result from cordal induction. The second pool of progenitors,
localized in the caudal part of the diencephalon at E14.5, will
give birth to the oligodendrocytes in the mid- and forebrain.
Whether this second pool arises from an already committed
subgroup of cells in the laterobasal plate of the diencephalon,
expressing DM-20 at E9.5, remains to be established. The dra-
matic perturbation of the oligodendrocyte lineage in PLP/DM-
20 mutants, such as jimpy, strongly suggests that DM-20 plays
a central role in differentiation along the oligodendroglial path-
way.
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