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Oligodendrocytes, the myelin-forming cells of the CNS, are
generated from multiple foci distributed along the developing
neural tube. Little is known about the endogenous guidance
cues controlling the migration of oligodendrocyte precursor
cells (OPCs) from their site of emergence toward their final
destination, mainly the future white matter tracts. During em-
bryonic development, the optic nerve is populated by OPCs
originating in the diencephalon that migrate from the chiasm
toward the retina. Here we show that OPCs migrating into the
embryonic optic nerve express the semaphorin receptors
neuropilin-1 and -2, as well as deleted in colorectal cancer
(DCC) and, to a lesser extend unc5H1, two of the netrin-1
receptors. Using a functional migration assay, we provide evi-

dence that Sema 3A and netrin-1 exert opposite chemotactic
effects, repulsive or attractive, respectively, on embryonic
OPCs. In addition, we show that Sema 3F has a dual effect,
chemoattractive and mitogenic on embryonic OPCs. The local-
ization of cells expressing Sema 3A, Sema 3F, and netrin-1 is
consistent with a role for these ligands in the migration of OPCs
in the embryonic optic nerve. Altogether, our results suggest
that the migration of OPCs in the embryonic optic nerve is
modulated by a balance of effects mediated by members of the
semaphorin and netrin families.
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During embryonic development, oligodendrocytes colonize the
CNS from multiple ventricular foci (Yu et al., 1994; Ono et al.,
1997; Spassky et al., 1998). Their migration pathways toward the
presumptive white matter tracts and the gray matter have been
analyzed, notably in birds in which long distance migrations have
been described in the forebrain (Ono et al., 1997; Olivier et al.,
2001). The molecular mechanisms guiding the oligodendrocyte
precursor cells (OPCs) during their migration remain poorly
understood. Contact-mediated cues have first been implicated,
notably cell adhesion molecules and components of the extracel-
lular matrix such as integrins (Payne and Lemmon, 1993; Milner
and Ffrench-Constant, 1994), the polysialylated form of neural
cell adhesion molecule (NCAM) (Wang et al., 1994), and

tenascin-C (Kiernan et al., 1996; Garcion et al., 2001). Growth
factors like basic fibroblast growth factor (FGF-2) and platelet
derived growth factor (PDGF), secreted along their migratory
pathways may also promote the migration of OPCs (Armstrong et
al., 1990; Milner et al., 1997). Chemotactic factors of the sema-
phorin (Messersmith et al., 1995) and netrin (Serafini et al., 1994)
families are expressed in the CNS and control the guidance of
axonal growth cones (Raper, 2000). Some of them have also been
implicated in the migration of neural cells. This is the case for
Sema 3A, which has a chemorepulsive effect on neural crest cells
(Eickholt et al., 1999) Sema 3A and Sema 3F, which repel cortical
interneurons (Marı́n et al., 2001), and for netrin-1, which guides
the migration of precerebellar, cerebellar, and hypothalamic neu-
rons (Bloch-Gallego et al., 1999; Deiner and Sretavan, 1999; Yee
et al., 1999; Alcántara et al., 2000). Because neurons and OPCs
share common sites of origin in the embryonic neural tube and
further develop in close timing (Szele and Cepko, 1998; Perez
Villegas et al., 1999; Richardson et al., 2000), we questioned
whether semaphorins and netrin molecules could not only act on
neurons, but also on glial cells.

Using the mouse optic nerve (ON) as an experimental system,
we examined the motility effects of secreted class 3 semaphorins
and netrin-1 on OPCs. The ON is a neuron-free extension of the
CNS, which is colonized by extrinsic OPCs (Raff et al., 1983;
Skoff, 1990). In the rat, OPCs enter the nerve before birth
[embryonic day 16 (E16)] and migrate in a chiasmal-to-retinal
direction during the first postnatal week (Small et al., 1987). In
the present study, we visualize the OPC migration in the embry-
onic mouse ON. The OPCs enter the chiasm from E14.5 onward
and reach the retina at E16.5. To determine whether and how
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secreted semaphorins and netrin-1 could act as guiding cues on
the migration of ON OPCs, we analyzed the expression of class 3
semaphorins, netrin 1, and their specific receptors in OPCs and
performed in vitro migration assays on E16.5 ON explants. Alto-
gether, our findings suggest that class 3 semaphorins and netrin-1
act in collaboration during OPC migration.

MATERIALS AND METHODS
Animals. Transgenic plp-shble-lacZ (Spassky et al., 1998), neuropilin
2-lacZ knock-in (Chen et al., 2000), and OF1 (Iffa-Credo, L’Arbresle,
France) mice were used. After anesthesia of the dams, embryos were
dissected out and collected in 0.1 M PBS and 0.6% D-glucose. For the
detection of �-galactosidase (�-gal) activity and for in situ hybridization,
embryos older than E14.5 were perfused with 4% paraformaldehyde
(PFA) in PBS, pH 7.3.

Optic nerve cultures. ONs from E16–E16.5 plp-shble-lacZ or neuropilin
2-lacZ knock-in embryos were used to establish the migratory test for
OPCs. The ON was cut into 150–300 �m tissue explants. ON explants
were cocultured in rat tail collagen, at a distance (200–500 �m) of
aggregates of either EBNA-293 cells stably transfected with netrin-1-C-
myc (Keino-Masu et al., 1996) or COS (transformant of CV-1 cells by
origin-defective SV-40) cells transfected with Sema 3A-myc (Messer-
smith et al., 1995), Sema 3F-AP (Chen et al., 1997), Sema 3C-AP (Chen
et al., 1997), or Sema 3E-myc (Chedotal et al., 1998). Control aggregates
were EBNA-293 cells or COS cells either untransfected or mock-
transfected with a cmv-GFP vector. After each experiment, semaphorin
and netrin-1 expression was controlled by Western blot analysis of the
culture supernatant using the monoclonal 9E10 anti-myc antibody, or a
polyclonal anti-AP antibody (Dako, Glostrup, Denmark). All ON ex-
plants, alone or with cell aggregates, were embedded in rat tail collagen,
as previously described by Lumsden and Davies (1986). Explants and
cell aggregates were cocultured at 37°C, in Bottenstein–Sato (B–S)
medium supplemented with 1% L-glutamine, 0.5% fetal calf serum, and
20 ng/ml FGF-2 (Boehringer Mannheim, Mannheim, Germany), in a 5%
CO2, 95% humidity incubator. For blocking experiments, antibodies
specific of DCC [AF5 monoclonal antibody (mAb); Oncogene Sciences,
Uniondale, NY] and neuropilin-1 were added to the culture medium at
a final concentration of 1 �g/ml, as reported by Keino-Masu et al. (1996)
and Bagnard et al. (2001), respectively. After 2 d in vitro (DIV), the
cocultures were fixed in 4% PFA for immunocytochemistry. To visualize
the nuclei, the cultures were then incubated with 5 mM Hoechst 33258
(Sigma, St. Louis, MO) before being mounted in Fluoromount-G (Cli-
nisciences, Paris, France).

ON cell suspensions were derived from E16.5 plp-shble-lacZ embryos
following a procedure slightly modified from Raff et al. (1983). ON
nerves were dissected, cut into pieces with microscalpels, and treated for
30 min at 37°C with collagenase (Sigma; 60 �g/ml) and trypsin (Biolog-
ical Industries, Israel; 2.5 ng/ml) diluted in HBSS without calcium or
magnesium (Invitrogen, Gaithersburg, MD). Enzymatic digestion was
stopped by addition of an equal volume of 20% heat-inactivated fetal calf
serum (FCS; Invitrogen) in HBSS. After centrifugation at 1000 � g and
resuspension in B–S medium containing 10% FCS, the tissues were
triturated with a 20 �l siliconized plastic tip, and the cells were recovered
by centrifugation at 1000 � g. On average, 8000 cells were obtained per
E16.5 ON. The resulting cell suspension was seeded at a density of 25,000
cells per well on a monolayer of astrocytes derived from the cerebral
cortex and the striatum of E17.5 rats. The astroglial cells were obtained
from 2-week-old primary glial cultures, prepared according to Lima et al.
(2001), after withdrawal of microglial cells. The ON cells astrocyte
coculture was then grown in 500 �l of B–S medium supplemented with
1% L-glutamine, 1% FCS, and the peptide trophic factors glial growth
factor (NeoMarkers, Fremont, CA; 50 ng/ml) and NT3 (ReproTech; 1
ng/ml). After 5 DIV, the cultures were fixed in 4% PFA before
immunolabeling.

�-galactosidase reaction. The �-galactosidase activity was detected in
plp-shble-lacZ and neuropilin-2-lacZ ONs, either with 5-bromo-3-indolyl-
�-D-galactoside (Bluo-gal; Invitrogen) or with 5-bromo-4-chloro-3-indolyl-
�-D-galactoside (X-gal; United States Biochemical, Cleveland, OH).

Antibodies. To characterize the OPCs, we used mAbs A2B5 (mouse
IgM; American Type Culture Collection, Rockville, MD), O4 (mouse
IgM; Sommer and Schachner, 1981), as well as the rabbit polyclonal
antibody anti-AN2, which recognizes the proteoglycan NG2 (Niehaus et
al., 1999; Schneider et al., 2001). A2B5 and O4 mAbs were diluted 1:10
in solution A (5% bovine serum albumin, 10% FCS, 1% gelatin, and

0.05% sodium azide in PBS), whereas anti-AN2 was diluted 1:500 in the
same solution. Oligodendrocytes were labeled with the O1 mAb (mouse
IgM; Sommer and Schachner, 1981) diluted 1:5 in solution A. The
astroglial cells were detected with the rabbit polyclonal antibodies anti-
glial fibrillary acidic protein (GFAP; Dako) and anti-Pax2 (Babco, Rich-
mond, CA) diluted 1:200 and 1:100, respectively, in solution B (0.2%
gelatin and 0.2% Triton X-100 in PBS). The neurons were identified with
the mouse mAb TuJ1 directed against the �-tubulin isoform III (IgG2a;
Easter et al., 1993; gift of A. Frankfurter, University of Virginia, Char-
lottesville, VA) diluted 1:2000 in solution B. The rabbit polyclonal
anti-neuropilin-1 (Bagnard et al., 2001) was diluted 1:200 in a solution of
1% FCS and 0.25% Triton X-100 in PBS. The rabbit polyclonal anti-
DCC raised against the ectodomain of DCC was diluted 1:500 in PBS
(Alcántara et al., 2000). To detect �-gal-expressing cells, the anti-�-gal
mAb (mouse IgG1; Chemicon, Temecula, CA) was used diluted 1:200 in
0.1% Triton X-100 and 1% FCS in PBS.

Quantitation. After staining with A2B5 mAb and Hoechst, ON ex-
plants were examined on a Zeiss Axiophot microscope (Zeiss, Ger-
many). Microphotographs of each individual explant were digitally
scanned with a Nikon-CP-9003 camera and transferred to a computer
(Imstar). In the homogeneous group of explants selected for quantifica-
tion, the distance explant-aggregate (D) was 200 � D � 500 �m. In
addition, the average surface (S) of the ON explants was S � 663 � 31
�m 2. The counting was performed by a blind observer, using the mor-
phometrical analysis program (Imstar), as previously described by de
Castro et al. (1999). The ON explant was virtually divided into four
quadrants with respect to the source of secreted factors (see Fig. 5A).
The number of A2B5- or Hoechst-stained cells was counted in the
proximal and distal quadrants, as well as all around the explant. Data
were expressed as mean � SEM and were statistically analyzed using the
Student’s t test, ANOVA, and the Pearson’s correlation tests (Sigmastat,
Jandel Scientific, Germany). Minimal statistical significance for each test
used was fixed at p � 0.05.

In situ hybridization. Brains were processed for in situ hybridization, as
reported in Spassky et al. (1998). The antisense riboprobes were labeled
with digoxigenin-dUTP (Boehringer Mannheim), using the following
cDNAs: DCC and neogenin (Keino-Masu et al., 1996), unc5H1, unc5H2,
and unc5H3 (Leonardo et al., 1997), netrin-1 (Serafini et al., 1996), Sema
3A (Messersmith et al., 1995), Sema 3F (a gift of Dr. Harry Drabkin),
neuropilin-1 (He and Tessier-Lavigne, 1997), and neuropilin-2 (Chen et
al., 1997). The antisense riboprobes were detected with an anti-
digoxigenin antibody (Boehringer Mannheim).

Bromodeoxyuridine assays. Mouse optic nerves at E16.5 were dissected
and dissociated cultures established in 96 well plates, coated with poly-
L-lysine by adding either control or Sema 3F COS cells culture medium,
respectively. Bromodeoxyuridine (BrdU) was added at a concentration
of 1:1000 (Garcion et al., 2001), and the cultures were kept at 37°C for an
average of 43 hr. Immunocytochemistry was performed using a BrdU
labeling kit (Sigma), and the BrdU � cells were counted on a Leica
(Nussloch, Germany) inverted fluorescent microscope.

RESULTS
Imaging of optic nerve colonization by OPCs
To provide a chronological picture of oligodendroglial coloniza-
tion in the ON, we took advantage of the plp-shble-lacZ transgenic
mouse. In this line, �-gal reporter is expressed under the control
of regulatory sequences of plp, a gene encoding the major myelin
protein. We have previously shown that in the brain of these mice
the expression of �-gal is one of the earliest markers of OPCs
(Spassky et al., 1998). ONs were isolated from E13.5-E18.5 plp-
shble-lacZ embryos and treated with Bluo-gal (Fig. 1). At E13.5,
�-gal-expressing cells were restricted to the suprachiasmatic area
in the basoventral diencephalon, and none were detected in the
ON. At E14.5, scattered �-gal� cells appeared in the chiasmal
part of ON (Fig. 1A). In rostral contact with the ON, a robust
expression of �-gal was also detected within the medial part of the
telencephalic preoptic area (Fig. 1A). At E15.5, the �-gal� cells
in the ON had increased in number and extended toward the
retina (Fig. 1B). At E16.5, a few �-gal� cells had reached the
retinal segment (Fig. 1C). At E17.5, �-gal� cells were distributed
all along the nerve. They were, however, more numerous in the
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proximal chiasmal half of the ON, and none were observed in the
retina (Fig. 1D). Most of these cells showed long cytoplasmic
processes orientated parallel to the retinal ganglion cell axons
(Fig. 1C, inset), reminiscent of the migrating OPCs with growth
cone-like structures observed in the chick (Ono et al., 1997) and
rat ON (Kitsukawa et al., 1997). Plp-expressing cells appear
therefore to colonize the mouse ON in a chiasmal-to-retinal
gradient between E14.5 and E17.5.

We next investigated the expression of specific markers of early
oligodendroglial cells, such as AN2/NG2 and the antigen recog-
nized by A2B5 mAb (Raff et al., 1983; Schneider et al., 2001) in
ON �-gal� cells. ON explants were isolated from plp-shble-lacZ
embryos at stage E16.5. After 2 DIV, cultures were treated with
Bluo-gal and labeled with either A2B5 mAb or AN2 antibody.
Almost all (98%) Hoechst-positive migrating cells (Fig. 2A–C)
were strongly labeled with A2B5 mAb (Fig. 2B,C,E,F,H,J). They
were also both �-gal-positive (Fig. 2D,F) and AN2/NG2-positive
(Fig. 2G). In addition, none of these cells were stained with
anti-GFAP Ab, indicating that they were not astrocytes (Fig. 2 I).
To unambiguously demonstrate that embryonic ON �-gal� cells
differentiate into oligodendrocytes and thus are OPCs, ONs of
E16.5 plp-shble-lacZ embryos were dissociated and seeded on a
monolayer of rat astrocytes. After 5 DIV, cultures were fixed,
treated with Bluo-gal, and immunolabeled with either O4 or O1
mAbs. At 5 DIV, 34 � 2% of the �-gal� cells were O4� (n � 4),
and 33 � 1% were O1� (n � 4). Additional immunolabeling with
the neuron-specific antibody TuJ1 and the astroglial markers
anti-GFAP and anti-Pax2 (Mi and Barres, 1999) showed that
none of the �-gal� cells were neurons or astrocytes, and were
therefore most probably undifferentiated OPCs. Based on their

expression of AN2/NG2 proteoglycan and reactivity to A2B5
mAb, as well as on their elongated morphology and their ability
to differentiate into O1� oligodendrocytes, the �-gal� cells in-
vading the plp-shble-lacZ ON from E14.5 onward fulfill the es-
tablished criteria for OPCs.

Sema 3F modulates the proliferation of OPCs
Using ON explants isolated at E16.5 as a source of OPCs, we
questioned whether the secreted factors netrin-1, Sema 3A, Sema
3C, Sema 3E, and Sema 3F acted on OPC proliferation. After 2
DIV, the distribution of OPCs was revealed by staining with
A2B5 mAb and Hoechst, and the number of cells that exited from
explants was quantitated. The number of OPCs migrating from
ON explants in control cultures (414 � 37 cells per explant; n �
30) and in the presence of Sema 3A (416 � 43 cells per explant;

Figure 1. Spatiotemporal pattern of ON colonization by plp-expressing
cells. ON isolated from E14.5-E17.5 plp-shble-lacZ embryos were treated
in whole mount with Bluo-gal substrate to detect �-gal enzymatic activity.
The �-gal � cells, which are plp expressing cells, colonize the nerve in a
chiasmal-to-retinal gradient at E14.5 (A), E15.5 (B), E16.5 (C), and E17.5
(D). They show long cytoplasmic extensions parallel to the chiasmal-retinal
axis (C, inset; the arrow points toward the retina). ch, Chiasm; poa, preoptic
area; r, retina. Scale bar: A, B, 110 �m; C, D, 85 �m; C, inset, 25 �m.

Figure 2. Cells migrating out from E16.5 ON explants belong to the
oligodendroglial lineage. ON explants were microdissected from E16.5
plp-shble-lacZ mouse embryos and cultured in a collagen matrix for 48 hr.
A–C, The ON explant was stained with Hoechst reagent (A, blue) and
immunolabeled with A2B5 mAb (B, red). C, Higher magnification show-
ing that Hoechst-labeled cells ( purple nuclei) migrating from the explant
are strongly A2B5 �. D–F, The ON explant was double-labeled with X-gal
and A2B5 mAb. Migrating cells are X-gal � (D) and A2B5 � (E). F shows
an overlay of X-gal ( purple) and A2B5 ( green) staining. G, H, The ON
explant was double-labeled with anti-AN2 (G) and A2B5 ( H ) Abs. All
the A2B5 � cells expressed the AN2/NG2 proteoglycan, specific of oligo-
dendrocyte progenitors. I, J, The ON explant was double-labeled with
anti-GFAP ( I ) and A2B5 ( J) Abs. None of the A2B5 � cells were GFAP �.
Scale bar: A, B, 230 �m; D, E, I, J, 150 �m; C, 60 �m; F–H, 25 �m.
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n � 22), Sema 3C (510 � 111 cells per explant; n � 9), Sema 3E
(385 � 100 cells per explant; n � 11), or netrin-1 (424 � 35 cells
per explant; n � 33) was similar ( p � 0.1; Student’s t test). In
contrast, a significantly higher number of migrating cells was
observed in cocultures with Sema 3F-secreting cells (553 � 61
cells per explant; n � 16; p � 0.05). To determine whether the
amount of cell migration was influenced by the concentration of
secreted factors, we evaluated the number of migrating cells in
function of the distance between ON explant and factor-secreting
cells (Fig. 3). No significant correlation between the number of
migrating cells in function of the distance between ON explant
and factor-secreting cells was observed for ON explants cocul-
tured with netrin-1, Sema 3A, and Sema 3E, suggesting that these
factors did not affect the proliferation of OPCs (Fig. 3A–C,E). In
contrast, a significant increase in the number of cells was ob-
served around ON explants near the source of Sema 3F (r �
�0.5546; Pearson’s correlation test, p � 0.05) (Fig. 3F). The
mitogenic effect of Sema 3F was further evidenced by the evalu-
ation of BrdU incorporation in ON dissociated cell cultures. In
the presence of Sema 3F, there was a 43% increase in the number
of BrdU� cells (15.6 � 1.7 BrdU� cells of 103 � 7.4 A2B5� cells;
n � 17) compared with control (9.5 � 1.2 BrdU� cells of 89 � 4.2
A2B5� cells; n � 7). In addition, a small increase in the number
of migrating cells was also observed in the presence of Sema 3C
(Fig. 3D). This could be attributable to a number of possible

actions of this factor. However, because no significant chemo-
tropic effect was detected for Sema 3C (see below), further
investigations about this factor were not pursued in this paper. It
is worth noting that, under all the culture conditions used, only
very few picnotic nuclei were observed around the explants (data
not shown), suggesting that neither the presence nor the absence
of secreted factors induced cell death in OPCs.

Sema 3F, Sema 3A, and netrin-1 guide OPC migration
We next examined a possible directional effect of class 3 sema-
phorins and netrin-1 on OPC migration. Cells labeled with A2B5
mAb showed three main types of migration around ON explants.
In control experiments, all four quadrants of each explant were
homogeneously colonized by the A2B5� OPCs (Fig. 4A,B). The
number of migrating cells was similar in the proximal (PQ) and
distal (DQ) quadrants surrounding the explants (PQ � 104 � 10;
DQ � 96 � 10) (Fig. 5). The same radial pattern of migration was
observed around the ON explants confronted to Sema 3C- and
Sema 3E-secreting cells (Fig. 4C,D). No differences were ob-
served in the number of migrating cells in the proximal and distal
quadrant of Sema 3C (PQ � 108 � 28; DQ � 111 � 26) and Sema
3E (PQ � 145 � 32; DQ � 135 � 30) cultures. In spite of a quite
large variance in the means of results, this finding suggests that
neither Sema 3C nor Sema 3E acts on the guidance of OPCs. In
contrast, in the presence of Sema 3A (Fig. 4G), the migrating cells

Figure 3. OPC migration as a function of the dis-
tance from semaphorins and netrin-1 secreting cells.
ON explants were confronted to control cells ( A),
netrin-1 (B), Sema 3A ( C), Sema 3C ( D), Sema 3E
(E), or Sema 3F (F) secreting cells. To examine
whether the amount of cell migration was depen-
dent on the concentration of secreted factor avail-
able, a correlation (r, Pearson’s correlation coeffi-
cient; p, statistical significance of the test) was
established between the number of cells migrating
out from ON explants and the distance between the
ON explant and the source of secreted factor. The
correlation is significant only for Sema 3C and Sema
3F ( p � 0.05), which suggests that both factors
might have a trophic effect on OPCs.
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were mostly distributed in the quadrant of ON explants distal of
the source compared with the proximal quadrant (PQ � 90 � 9;
DQ � 133 � 15; p � 0.05) (Fig. 5). The opposite effect was
observed in the presence of Sema 3F or netrin-1 (Fig. 4E,F). The

migrating OPCs were attracted toward the source of Sema 3F
(PQ � 181 � 19; DQ � 121 � 21; p � 0.005), and netrin-1 (PQ �
138 � 12; DQ � 108 � 11; p � 0.05) (Fig. 5).

To assess the apparent attractive effect of Sema 3F and

Figure 4. Directional effects of Sema 3A, Sema 3F, and netrin-1 on OPC
migration. ON explants dissected from E16.5 mouse embryos were cocul-
tured for 48 hr with chemotropic factor secreting cells and stained with
the A2B5 mAb (red). The explants were faced with either control COS
(COS-CT) (A), or control EBNA (EBNA-CT) cell aggregates (B), or
COS cells secreting either Sema 3C (C), Sema 3E ( D), Sema 3F (E), or
Sema 3A (G), or EBNA cells secreting netrin-1 (F). White dotted circles
indicate the position of ON explants, and white dashed lines indicate the
position of COS or EBNA cell aggregates. A–D, Confronted to control
COS or EBNA cells, or COS cells secreting Sema 3C or 3E, A2B5 � cells
migrate radially from explants. E, F, Sema 3F and netrin-1 show an
attractive effect on OPCs. G, In contrast, Sema 3A appears to repel OPCs.
Scale bar: A–G, 140 �m.
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netrin-1, we performed “tandem coculture experiments” like
those used to demonstrate directionality of axon guidance
(Lumsden and Davies, 1983; Ebens et al., 1996) and pontine cell
migration (Yee et al., 1999). In these experiments (n � 5), two
ON explants were cocultured at different distances from an ag-
gregate of Sema 3F (Fig. 6A–C) or netrin-1-secreting cells. In the
presence of either Sema 3F or netrin-1, the number of migrating
cells in the proximal quadrant of the far ON explant was double
than the number of migrating cells in the distal quadrant of the
near ON explant (Fig. 6D). Therefore, the concentration of
factor, which is higher near the secreting source than further from
it, is probably not the major determinant accounting for the
directional effect of Sema 3F or netrin-1. The guidance of OPCs
by Sema 3F and netrin-1 might more likely reflect a chemotactic
response to a gradient between the source of factor and ON
explants. Similar “tandem coculture experiments” between ON

explants and Sema 3A-secreting cells confirmed the apparent
repulsive effect of Sema 3A on OPCs in the mouse ON (Fig. 6D).
Altogether, these results provide evidence that OPCs entering
the mouse ON are attracted by netrin-1 and Sema 3F and repelled
by Sema 3A.

OPCs express both Sema 3 and netrin-1 receptors
Based on the motility effects observed in vitro for Sema 3A, Sema
3F, and netrin-1, we examined whether OPCs expressed their
corresponding receptors. Using the culture system described
above, we analyzed the oligodendroglial expression of DCC, a
netrin-1 receptor (Keino-Masu et al., 1996), neuropilin-1, the
high-affinity receptor of Sema 3A (Kitsukawa et al., 1997; Kolod-
kin et al., 1997), and neuropilin-2, an essential component of the
Sema 3F receptor (Chen et al., 1997, 2000; Giger et al., 2000).
E16.5 ON explants were immunolabeled at 2 DIV with A2B5
mAb (Fig. 7A,C) and either anti-DCC (Fig. 7B), or anti-
neuropilin-1 Ab (Fig. 7D). Almost all the migrating A2B5� cells
(�95%) also expressed both DCC and neuropilin-1. Expression
of neuropilin-2 was investigated in neuropilin-2 -lacZ knock-in
heterozygous mice in which lacZ is inserted into the neuropilin-2
locus (Chen et al., 2000). ON explants from E16.5 heterozy-
gous neuropilin-2-lacZ mice were cultured for 48 hr and immu-
nolabeled with both anti-�-gal and A2B5 antibodies. We ob-
served that A2B5 � cells expressed �-gal �, i.e., were
neuropilin-2 � (Fig. 7E,F ).

To determine whether the receptors for class 3 semaphorins
and for netrin-1 were expressed in vivo in the ON at the time of
OPC colonization, cryosections of E18.5 ON were hybridized
with the antisense riboprobes of semaphorin receptors
neuropilin-1 and neuropilin-2, and of the different netrin-1 recep-
tors: DCC, neogenin, unc5H1, unc5H2, and unc5H3. No signal for
neogenin, unc5H2, or unc5H3 transcripts were detected in the ON.
In contrast, a specific expression of neuropilin-1, neuropilin-2,
DCC, and unc5H1was observed in ON cells (Fig. 8). The
neuropilin-1� cells were scattered within the nerve as well as
along the perineural mesenchyme (Fig. 8A). On plp-shble-lacZ
ON cryosections, double-labeling with the neuropilin-1 riboprobe
and anti-�-gal Ab showed that the vast majority of neuropilin-1�

cells were also �-gal� (Fig. 8A, inset), which indicates that they
are OPCs. Neuropilin-2 transcripts were also detected in the
developing ON, and the distribution of neuropilin-2� cells was
similar to that of neuropilin-1� cells (Fig. 8B). Double-labeling
experiments with the neuropilin-2 riboprobe and anti-�-gal Ab on
E18.5 plp-shble-lacZ ON confirmed that neuropilin-2 transcripts
were expressed by �-gal� cells (Fig. 8B, inset). The DCC tran-
scripts were also expressed in the ON (Fig. 8C), by �-gal� cells
(Fig. 8C, inset). The DCC� cells were more numerous in the
temporal side of the ON chiasmal segment (Fig. 8D), as well as in
the retinal end, close to the papilla. At E18.5, the average number
of DCC-expressing cells per optic nerve was 2346 � 367 (n � 2).
Cells positive for unc5H1were also detected in the E18.5 ON (Fig.
8E). However, they were less numerous (1153 � 196; n � 2), and
the intensity of the signal was weaker, as suggested by the fact
that, in comparison with DCC mRNAs, the detection of unc5H1
transcripts required a longer period of revelation in nitroblue-
tetrazolium-chloride–5-bromo-4-chlor-indolyl-phosphate substrate
(4 and 6 hr, respectively). To determine whether the pattern of
expression of these two receptors of netrin-1 was modified during
ON development, we compared DCC and unc5H1 expression at
postnatal day 5 (P5). At P5, the level of expression of unc5H1 had

Figure 5. Quantitation of the directional effects of Sema 3A, Sema 3F,
and netrin-1 on OPC migration. E16.5 mouse ON explants were
cultured as illustrated in Figure 4. Only explants distant 200 –500 �m
from COS–EBNA cell aggregates were analyzed. A, Each explant was
virtually divided into four quadrants with respect to the source of
secreting factors. PQ, Proximal quadrant; DQ, distal quadrant. B, The
number of Hoechst � cells migrating from ON explants was counted in
both the proximal quadrant (black columns) and the distal quadrant
( gray columns). *p � 0.05; ***p � 0.005 (Student’ s t test between PQ
and DQ in each case).
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increased, and unc5H1 transcripts were detected in �-gal� cells of
the ON (Fig. 8F, inset), especially in the retinal end, close to the
papilla, whereas the DCC-expressing cells were randomly distrib-
uted in ON cells (data not shown). The average number of labeled
cells was 5380 � 905 (n � 2) and 4950 � 85 (n � 2) for DCC and
unc5H1, respectively. Altogether, these results indicate that OPCs
migrating into the ON express receptors for class 3 semaphorins
and netrin-1.

Inhibition of Class 3 semaphorins and netrin-1
receptors changes the migratory properties of OPCs
To determine whether the guidance effect of Sema 3A, Sema 3F,
and netrin-1 was mediated by the interaction of these ligands with
their specific receptors, we performed experiments in which the
biological activity of the receptors neuropilin-1, neuropilin-2, or
DCC were abolished. Two blocking antibodies raised against
neuropilin-1 and DCC were added to ON explants cocultured
with Sema 3A and netrin-1, respectively. Although no significant
effect on the number of migrating cells was observed in the

presence of anti-neuropilin-1 (421 � 19; n � 11) or anti-DCC
(360 � 36; n � 13) Abs, the directional effects of Sema 3A and
netrin-1 were abolished (Fig. 9). The migratory cells were equally
distributed in the proximal and distal quadrants of ON explants
cultured with Sema 3A � anti-neuropilin-1 (PQ � 106 � 19;
DQ � 104 � 19), and with netrin-1 � anti-DCC (PQ � 81 � 17;
DQ � 89 � 18). Because blocking antibodies against neuropilin-2
were not available, we used the ON of neuropilin-2-lacZ knock-in
mice, which bears a loss of function mutation of neuropilin-2
receptor, as a source of tissue. In the presence of Sema 3F, the
amount of cell migration from ON explants derived from ho-
mozygous neuropilin-2�/�- lacZ embryos (n � 7) and in control
ON explants derived from heterozygous neuropilin-2 �/�- lacZ
embryos (n � 12) was similar. In contrast, the directional migra-
tion of OPCs observed in control cultures (PQ/DQ � 1.95; p �
0.005) was no longer observed in cultures derived from homozy-
gous neuropilin-2�/�- lacZ (PQ/DQ � 1. 03). These results there-
fore strongly suggest that the effects of Sema 3A, Sema 3F, and

Figure 6. Tandem cocultures confirm tropic effect of Sema 3F
and netrin-1 on migrating OPCs. A–C, Two ON explants were
cocultured for 48 hr at different distances (average difference,
1:2) from an aggregate of Sema 3F-COS secreting cells, the
position of the more distant explant ( fON ) being approximately
twice as far from the COS-secreting cells as the near explant
(nON ). Cell migration from the proximal side of the far explant
appears greater than that from the distal side of the near explant.
D, Quantitation of the chemotropic effect of Sema 3A, Sema 3F,
and netrin-1 on OPCs was performed on tandem cocultures of
ON explants and either Sema 3A, Sema 3F, or netrin-1-secreting
cells (n � 5, for each condition). In the presence of Sema 3A, the

number of cells counted in the proximal quadrant of the far explant (black columns) was significantly lower than the number of cells localized in the distal
quadrant of the near explant ( gray columns) (average ratio, 2.0; *p � 0.05). In contrast with Sema 3F or netrin-1, the number of cells counted in the
proximal quadrant of the far explant (black columns) was significantly higher than the number of cells localized in the distal quadrant of the near explant
( gray columns), both in the presence of Sema 3F (average ratio, 1.5; p � 0.05) and in the presence of netrin-1 (average ratio, 2.2; p � 0.05). These data
are indicative of a chemotactic response of OPCs to a gradient of Sema 3A, Sema 3F, and netrin-1 between the source of factor and ON explants. Scale
bar: A, 400 �m; B, C, 290 �m.
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netrin-1 on OPC migration require an interaction with
neuropilin-1, neuropilin-2, and DCC, respectively.

Expression of Sema 3A, Sema 3F, and netrin-1 in the
ON territory
To determine whether, in vivo, the site of expression of Sema 3A,
Sema 3F, and netrin-1 was compatible with the chemotropic effect
above described, cryosections of embryonic brain isolated at
E16.5 and E18.5 were hybridized with Sema 3A, Sema 3F, and
netrin-1 antisense riboprobes. Cells expressing Sema 3A tran-
scripts were only detected in the perineural mesenchyme, which
surrounds the nerve (Fig. 10A,B) and extends toward the retina as
well as under the ventral diencephalon. Netrin-1-expressing cells
were localized in the anterior part of the chiasm and in the nerve.
At E18.5, netrin-1� cells were concentrated in the optic papilla
(Fig. 10C) and in the temporal quadrant (Fig. 10D) of the ON.
This distribution pattern of netrin-1� cells is reminiscent of the
one described for DCC. Immunolabeling of ON cryosections was
performed with either anti-GFAP or anti-NG2 antibodies after in

situ hybridization with the netrin-1 antisense riboprobe. The
majority of netrin-1� cells in the temporal quadrant and the
papilla of the ON were GFAP� astrocytes (Fig. 10E, inset). The
NG2� cells migrating in the chiasmal segment were netrin-1-
negative (Fig. 10F). However, at the retinal end, a few NG2�

cells were also netrin-1� (Fig. 10F, inset), suggesting that more
mature oligodendrocytes express netrin-1, as previously shown
(Manitt et al., 2001). The transcripts of Sema 3F were not de-
tected along the ON, but were highly expressed all through the
retina (Fig. 10G), in the photoreceptor and the retinal ganglion
cell (G, inset) layers.

DISCUSSION
Early OPCs colonize the ON
In the present study, we visualize migrating OPCs by using
plp-shble-lacZ transgenic mice. We show that the mouse ON is
colonized in a chiasmal-to-retinal gradient from E14.5 onward.
The OPCs migrating into the embryonic mouse ON are NG2�/

Figure 7. Semaphorin 3 and netrin-1 receptors are ex-
pressed by OPCs in vitro. A–D, ON explants from E16.5 OF1
mice were cultured for 48 hr and then immunolabeled with
A2B5 mAb (A, C) and either anti-DCC ( B) or anti-
neuropilin-1 (D) antibodies. Almost all the migrating A2B5 �

cells (A, C) express DCC (B) and neuropilin-1 (D). E, F, ON
explants from E16.5 neuropilin-2�/�-lacZ heterozygous mice
were cultured for 48 hr and then immunolabeled with A2B5
(E) and anti-�-gal (F) antibodies. Scale bar: A, B, 40 �m; C,
D, 25 �m; E, F, 10 �m.
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A2B5�. This is in agreement with the report by Fanarraga et al.
(1995), according to which OPCs are initially A2B5� then down-
regulate A2B5 expression for a few days before starting to express
O4-reactive antigen. In the rat ON, Small et al. (1987) have shown
that OPCs enter the chiasm from E16 and migrate toward the
retinal end of the nerve. Considering that the developmental
process in the rat is delayed by �48 hr in comparison with the
mouse, the chronology of ON colonization by OPCs appears
identical in these two species.

In the mouse ON, the first PDGFR�-expressing OPCs are
detected in the chiasmal segment only at E19–P0 (our unpub-

lished results; Wallace and Raff, 1999). The earlier invasion of the
ON by plp-expressing OPCs raises the question of the relation-
ship between these cells and the PDGFR�� OPCs (Richardson
et al., 2000; Spassky et al., 2000). The existence of a population of
OPCs that do not depend on PDGF receptor signaling for their
survival, proliferation, and differentiation has recently been dem-
onstrated in the mouse olfactory bulb (Spassky et al., 2001).
Similarly, Fu et al., (2002) have shown that in the mouse spinal
cord, in addition to PDGFR�� OPCs emerging from the pMN
domain there is, in the p3 domain, a population of OPCs that do
not express PDGFR�. These findings suggest that the invasion of

Figure 8. Semaphorin 3 and netrin-1 receptors are expressed by ON OPCs, in vivo. ONs were isolated from plp-shble-lacZ mice at E18.5 (A–E) and
P5 (F). Longitudinal (A–C, E, F ) and coronal ( D) cryosections were hybridized with digoxigenin-labeled neuropilin-1 (A), neuropilin-2 (B), DCC (C, D),
and unc5H1 (E, F ) antisense riboprobes (in blue). To detect OPCs, cryosections were additionally labeled with anti-� gal Ab (in brown) (insets in A–C,
F, respectively). A–D, At E18.5, the ON express neuropilin-1 (A), neuropilin-2 (B), and DCC (C, D). As shown on insets in A–C, the labeled cells are
�-gal � OPCs (in brown and blue; arrows). Note that the DCC transcripts are expressed within the temporal quadrant of the nerve (t in D). n, Nasal; t,
temporal. E, F, At E18.5, the signal for unc5H1 is weak and detectable in few cells in the ON. In contrast, at P5, numerous cells are expressing unc5H1
(F), and these cells are �-gal � OPCs (F, inset). Note the concentration of unc5H1� cells in the retinal end of the ON. Scale bar: D, F, 50 �m; E, 35 �m;
A–C, 30 �m; A, B, insets, 20 �m; C, inset, 15 �m; F, inset, 10 �m.
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the ON may occur in two waves: first, starting from E14.5, the
plp� OPCs reported in this study, then around birth, the PDG-
FRa� OPCs. The existence of subpopulations of OPCs that
depend or not on PDGF-A, explains the only partial and region-
dependent loss of oligodendrocytes in the PDGF-A knock-out
mouse (Fruttiger et al., 1999). In this respect, because the ON
is populated by both populations of oligodendrocyte, it is
surprising that the ON is one of the region that experienced
the most severe loss of myelin in the PDGF-A knock-out
mouse (Fruttiger et al., 1999). This apparent contradiction will
require further investigations.

OPC migratory properties correlate with expression of
semaphorin and netrin receptors
Using cultures of ON explants derived from E16.5 plp-shble-lacZ
embryos, we have analyzed the molecular control of OPC migra-
tion. We provide evidence for a mitogenic effect, which may be
trophic, of Sema 3F on OPCs. We also show that Sema 3F and
netrin-1 are chemoattractive on OPCs. In addition, we confirm
that Sema 3A exerts a chemorepulsive influence on OPCs (Sugi-
moto et al., 2001).

The neuropilins, a small family of type I transmembrane pro-
teins that includes neuropilin-1 and neuropilin- 2, bind class 3

semaphorins with a high affinity (Chen et al., 1997; He and
Tessier-Lavigne, 1997; Kolodkin et al., 1997). It has recently been
reported that neuropilin-1 is expressed by mature oligodendro-
cytes and mediates the effect of Sema 3A on the extension of
oligodendrocyte processes (Ricard et al., 2000). We report that
most OPCs in the ON (ON OPCs) also show neuropilin-1 ex-
pression and that anti-neuropilin-1-function blocking antibody
inhibits the chemorepellent effect of Sema 3A. The neuropilin-1
receptor is therefore most probably mediating a repulsive re-
sponse of OPCs to Sema 3A. In contrast to the effect of Sema 3A
on neurons in culture (Bagnard et al., 2001), no cell death is
promoted by this factor neither on mature oligodendrocytes
(Ricard et al., 2000, 2001) nor on migrating OPCs (present study),
suggesting that there are different transduction pathways medi-
ated by neuropilin-1 in the oligodendroglial lineage and in neu-
rons. The ON OPCs also express neuropilin-2, and we show that
in explants derived from neuropilin 2�/�-lacZ mice, the chemoat-
tractive effect of Sema 3F on OPCs disappears. It is therefore
likely that the attractive response of OPCs to Sema 3F requires
interaction with neuropilin-2.

DCC, a member of the Ig superfamily (Ig-CAMs), is a compo-
nent of the receptor complex that mediates chemoattractive re-
sponses to netrin-1 (Keino-Masu et al., 1996). Here, we show that
E18.5 ON OPCs express predominantly DCC, that DCC� cells
are localized in the expression domain of netrin-1, and that the
chemoattractive effect of netrin-1 is blocked, in vitro, by anti-
DCC-function blocking antibody. It is worth noting that, accord-
ing to the reports of Mehlen et al. (1998) and Forcet et al. (2001),
the expression of netrin-1 in the environment of DCC� cells might
protect OPCs from cell death. A second family of netrin-1 recep-
tors, the unc5-related proteins, has been suggested to mediate
chemorepulsive action of netrin-1 (Leonardo et al., 1997). Here
we show that unc5H1 is also expressed by OPCs in the ON and
that the number of unc5H1-expressing cells increases significantly
between E18.5 and P5. This suggests that the effect of netrin-1
might be modulated by a developmentally regulated change in the
expression of its receptors DCC and unc5H1. DCC receptor
alone might be involved mainly at the time when OPCs enter the
nerve, whereas, later in the course of development, DCC in
cooperation with unc5H1 might participate in the signaling to
stop migration. For instance, the strong expression of netrin-1 in
the retinal papilla, at the junction between the nerve and the
retina, would prevent unc5H1-expressing OPCs to accumulate at
the retinal end of the nerve and to enter the retina. The recent
report of Sugimoto et al. (2001), that in the rat postnatal ON,
netrin-1 is repulsive for OPCs supports this hypothesis.

Therefore, ON OPCs express a variety of receptors to class 3
semaphorins and netrin-1 factors, allowing multiple and adaptive
responses to the environmental cues found in the course of their
migration. This might be related to the presence of different types
of OPCs, originating from different ventricular sources. Alterna-
tively, it might indicate that, in the course of ON colonization,
OPCs modulate their response to one secreted factor by changing
the expression of its specific receptors.

OPC migration correlates with semaphorin 3A, 3F, and
netrin-1 expression
The distribution of Sema 3A, Sema 3F, and netrin-1-secreting
cells is shown in a schematic representation of the embryonic ON
and its related structures (Fig. 10H). Sema 3A is expressed around
the ON at E16.5–E18.5. This pattern of Sema 3A expression
delineates a clear boundary between the outside and the inside of

Figure 9. Blocking of neuropilin-1 and DCC change the migratory prop-
erties of OPCs. E16.5 mouse ON explants were cocultured with either
Sema 3A or netrin-1-secreting cells, in the presence of blocking antibodies
against either neuropilin-1 (NPN1) or DCC, respectively. Quantitation of
the results was as indicated in Figure 5. Histogram shows the distribution
of OPCs in the proximal (black columns) and distal ( gray columns)
quadrant of the ON explants. The repulsive action of Sema 3A as well as
the attractive effect of netrin-1 (Fig. 5) are inhibited when their specific
receptor is blocked with anti-neuropilin-1 or anti-DCC Ab, respectively.
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the nerve, which could force the OPCs to stay within the nerve
and migrate along its length. The Sema 3F transcripts are not
detected around or inside the ON, but are found in the retina,
including the retinal ganglion cell layer. Sema 3F might therefore
be synthesized by retinal ganglion cells and transported along the
axons, or be deposited along their path, to act as a chemoattrac-
tant on migrating ON OPCs. Netrin-1 is expressed all along the
temporal quadrant and in the retinal end of the nerve. Because
this factor provides a directional cue and facilitates cellular mi-
gration, notably by attracting cell processes far from the source
(Yee et al., 1999), we suggest that the source of netrin-1 in the
retinal papilla might guide OPCs toward the optic nerve end, and
that in the chiasmal region, the temporal source of netrin-1 might
help OPCs to enter the nerve from the extramural stream of the

ventral diencephalon. However, the absence of regionalization of
OPCs in the nerve, together with the restricted distribution of
netrin-1 to one quadrant of the ON, strengthen the hypothesis
that subpopulations of ON OPCs might migrate following distinct
routes in the nerve (Ono et al., 1997).

Possible partners of chemotactic factors during
OPC migration
No alterations in the pattern of oligodendrocyte distribution have
yet been reported in mice lacking either semaphorin 3A (Tanigu-
chi et al., 1997) or netrin-1 (Serafini et al., 1996). Nor has the loss
of neuropilin-1 (Kitsukawa et al., 1997), neuropilin 2 (Chen et al.,
2000; Giger et al., 2000), or DCC (Fazeli et al., 1997) resulted in
any obvious defects in myelination. For the netrin-1, neuropilin-1,

Figure 10. Expression patterns of Sema 3A, 3F, and
netrin-1 in the ON and associated structures. Coronal
cryosections across E18.5 retina (A, C, G) and optic
nerve (B, D–F ) were hybridized with digoxigenin-
labeled Sema 3A (A, B), netrin-1 (C–F), and Sema 3F
(G) antisense riboprobes. A, B, All along the nerve,
perineural mesenchymal cells express Sema 3A tran-
scripts (A, arrow). C, D, In contrast, the netrin-1 tran-
scripts are detected within the ON, in the optic papilla
( p in C) and in the temporal quadrant of the nerve (t in
D). E, Double-labeling with antisense netrin-1 ribo-
probe (blue) and anti-GFAP Ab (brown) shows that
netrin-1 mRNAs are expressed by astrocytes (arrows).
Inset in E shows a higher magnification of a double-
labeled netrin-1 �/GFAP � cell. F, In the chiasmal seg-
ment of the ON, double labeling with netrin-1 ribo-
probe (blue) and anti-NG2 mAb (brown, arrows) shows
an exclusion of the two markers at the cellular level. In
the papilla, however, NG2 � cells also express netrin-1
mRNA (F, inset). G, Sema 3F mRNAs are detected in
the retina, including the photoreceptor layer and the
retinal ganglion cell layer (G, inset, arrow). No signal for
Sema 3F was detected along the ON. H, A schematic
representation of the distribution pattern of cells ex-
pressing Sema 3A (blue), netrin-1 (orange), and Sema 3F
( purple). n, Nasal; t, temporal. Scale bar: A–C, D, G, 60
�m; G, inset, 30 �m; E, F, 17 �m; E, F, insets, 9 �m.
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or DCC knock-out mice, the lack of data might be related to the
fact that the animals die before the onset of myelination, impair-
ing the observation of oligodendroglial anomalies. In addition,
the factors probably operate in a mutually redundant manner
while controlling the process of OPC migration, such that the loss
of a single molecule has little impact on the outcome of the final
migration pattern. Double mutant animals might therefore be
needed to demonstrate in vivo effects of chemotactic factors and
their receptors on OPC migration. Finally, the detection of OPCs
in vivo has been greatly eased by the use of a reporter gene driven
by the plp regulatory sequence. The introduction of such reporter
into the genetic background of mutants will therefore facilitate
the detection of changes in OPC migration. The corresponding
interbreeding programs are underway in our laboratory.

The OPCs are axonophilic and the pattern of electrical firing in
the nerve might provide additional information to migratory
OPCs along the ON. The participation of adhesion molecules
might also act in unison, as suggested by the interaction of
neuropilin-1 with Ng-CAM/L1 in the corticospinal tract (Castel-
lani et al., 2000). On the other hand, similarities with the polysi-
alic acid-independent gliophilic radial migration of neural precur-
sors (Rakic, 1974; Hatten, 1990) have been suggested (Ono et al.,
1997), based on the fact that OPC migration was unaffected by the
removal of polysialic acid associated with NCAM in the chick ON.
The effort to identify secreted molecules controlling OPC migra-
tion might nevertheless be considered a priority, in the perspec-
tive of repair strategies of demyelinated zones. These factors
could be manipulated to guide either endogenously generated or
transplanted OPCs toward the demyelinated sites to improve
remyelination of lesions in diseases like multiple sclerosis.
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