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SUMMARY

Oligodendrocyte precursors are produced in restricted foci  guidance of repulsive cues secreted from the optic chiasma.
of the germinative neuroepithelium in embryo brains and We detected the expression of netrin 1 and Sema3a in the
migrate to their sites of function, while astrocytes are optic chiasma, and that of Unc5hl and neuropilin 1 in the
produced in a wider area in the neuroepithelium. We optic nerve. Co-culture experiments of the optic nerve with
investigated the guidance mechanisms of glial precursor cell clusters expressing guidance cues revealed that the
(GP) cell migration in the optic nerve. GP cell migration in  migrating GP cells in the optic nerve were heterogeneous.
newborn rat optic nerve was monitored by the UV- Netrin 1 repelled a subtype of NG2-positive and PLP-
thymine-dimer (TD) method. A double labeling study using positive GP cells with small nuclei. Sema3a repelled a
NG2 and TD revealed that many of these in vivo migrating subtype of GP cells with large nuclei.

cells were NG2 positive, while some of them with large TD-

positive nuclei were NG2 negative. An in vitro cell

migration study using optic nerve with chiasma and/or Key words: Cell migration, Glial precursor, Netrin 1, O-2A, Optic
eyeball tissue revealed that the GP cells migrated under the nerve, Sema3a, Rat

INTRODUCTION We examined the guidance mechanisms of GP cells in
newborn rat optic nerves. O-2A progenitors (Raff, 1989), a GP-
In the mammalian central nervous system (CNS)cell type in the optic nerve, originate at a focal point on the
oligodendrocyte precursors are produced in restricted foci of tHfeor of the third ventricle located just above the optic chiasma
germinative neuroepithelium (Ono et al., 1997; Spassky et alOno et al., 1997) and then migrate distally in the optic nerve
1998), while astrocyte precursors originate in a wider area of t&mall et al., 1987). The optic nerve is the most suitable tissue
neuroepithelium. These glial cell precursor (GP) cells aréor the study of GP cell migration because it contains glial
produced in the perinatal period. At the time of their productiongells, but no intrinsic neurons. Moreover, the optic nerve can
the embryo brain has developed and the distance between theregarded as a part of the CNS and glial cell types in the CNS
site of origin and the site of function has expanded. Thereforglay roles in the maintenance of the optic nerve. The optic
the GP cells, especially oligodendrocyte precursors musterves were cultured either alone or with connected structures,
traverse a great distance. To guide cell migration, neurons folloguch as the eyeball and chiasma. To study the guidance
radial fibers (Rakic, 1990) or gradients of secreted trophic cuesechanisms underlying GP cell migration, we used a new
(Yee et al., 1999) and repulsive cues (Wu et al., 1999; Zhu et ainethod to detect cell migration both in vivo and in vitro
1999; Tamamaki, 1999). However, the guidance mechanisnfamamaki et al, 1999). We also used a collagen gel culture
underlying GP cell migration are not yet known. Labeledsystem to investigate further the effect of guidance cues.
GP cells in slice cultures were seen to migrate in a distinct
manner (Kakita and Goldman, 1999). The migrating GP cells
had a leading process and a tailing process, which wel@ATERIALS AND METHODS
indistinguishable from those of tangentially migrating neurons
in the intermediate zone (Tamamaki et al., 1997). This similarityv-thymine-dimer labeling
in morphology of the two cell types during migration, led us toNewborn rats were deeply anesthetized hypothermically. The skull
speculate that the GP cells also used trophic and repulsig@ound the bregma was removed and the brain tissue over one side of
guidance cues to find proper trajectories of cell migration.  the optic nerve was aspirated. The proximal parts of the optic nerves
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were irradiated with UV light through a fiber optic cable of 0@  a viral solution with a titer of 310° PFU/ml was obtained. 10 of

diameter for 5 seconds. Five hours after the irradiation, the optithe viral solution were added to the medium (MEM+5% FCS) of BHK
nerves were processed for thymine-dimer (TD) detection in parafficells in 3 cm diameter culture dishes. One hour after infection, BHK
wax sections or in cryostat sections as described previouslgells were treated with 0.1% trypsin in PBS and collected in fresh
(Tamamaki et al., 1999). For investigation of the cell migration inmedium. The BHK cells were cultured in a hanging drop of the
vitro, the optic nerves with their adherent optic chiasmas and/amedium, overnight, to obtain BHK cell clusters. Medium containing
eyeballs were immersed in culture medium (DMEM+10% FCS)10% FCS was added on top of the collagen gel. After culturing for 3

irradiated with UV light, and cultured for 5 hours. days, the cocultures were fixed with 4% paraformaldehyde in
] phosphate-buffered saline (pH 7.4) overnight. Whole collagen gel
Double labeling for TD and NG2 cultures were incubated with an anit-NG2 (1/2000; Stallcup and

Cryostat sections were incubated with a 1/2000 anti-NG2 rabbBeasley, 1987), an anti-O4 (fg/ml; Boehringer Mannheim,
antibody (Stallcup and Beasley, 1987) and 1/300 anti-TD mous€&ermany), an anti-PLP (1/50; Chemicon, USA), or an anti-GFAP
monoclonal antibody (Kyowa Medics, Co. Japan). The sections wer@iluted DAKO, Denmark) antibody for 3 days. The whole gels were
further incubated with biotinylated anti-mouse IgG goat serum andurther incubated with an ABC reaction solution and stained using a
avidin-biotinylated peroxidase complex (ABC; Vector, USA), and theNi-DAB reaction.

TD-positive sites were colored black by a Ni-DAB reaction. In

addition, the sections were incubated with anti-rabbit IgG goat serum

and an ABC complex, and processed for a simple DAB reaction tRESULTS

reveal NG2-positive cells in brown.

In situ hybridization and RT-PCR GP cell migration observed in vivo and in organ

cDNA fragments ofietrin 1, Sema3aUnc5hlandneuropilin 1(Nrp) culture
were amplified by polymerase chain reaction (PCR) from a cDNAThe method for detecting cell migration involves UV-light
obtained from E16 rat brains. For the PCR amplifications, thérradiation of the cells through a fiber-optic cable (Tamamaki
following primers were used: CTTCGTCAACTCGGCCTTCG andet al.,, 1999). The irradiated cells were subsequently
GCCTCCTGCTCGTTCTGCTT fometrin 1 AGCACAGCTTCC-  identified on the basis of the TD formation and their
TCTACACC and TCTCTGTGACTTCGGACTGC forSema3a  jmmunohistochemical detection in the nuclei (Fig. 1A). TD-
g-?fggTGngCUTn%éHTA-?gg Angcg A Ag:‘:gggfégigrcgg' pqsitive (TD+) migr_atin_g cells_with negligible levels of dama_lge
migrated normally in vivo. This method allowed us to monitor

CGTTGGCGTCCCCTGAAATG forNrp. Each PCR product was GP cell mi L din sh iod |
cloned into a pCRII plasmid (Invitrogen). Sense and antisense cRNB?b.e ce m|g_rat|on InVivo andin s Qrt-perlo organ cu tures
probes labeled witB5S were made and used for in situ hybridization With the least risk of dedifferentiation in GP cells, which often

as described previously (Simmons et al., 1989). occurs in GP cells in culture on plastic dishes. Newborn rat
Optic nerves were collected from ten newborn rats afte©ptic nerves were irradiated in vivo or in vitro for 3-5 seconds
decapitation. Selectively, mRNA in the optic nerves was purifiedvith UV light through a 20Qum diameter cable attached to the
(Invitrogen, USA) and reverse-transcribed into cDNA with
Superscript (Gibco, USA). For detectionldricchlandNrp cDNAs,

the same primer pairs shown above were used in PCRs. Fig. 1.GP cell migration in optic nerves in in vivo or in vitro cultures
) together with the optic chiasma and/or the eyeball. Migrating cells
Coculture of an optic nerve and COSL cells exiting from the UV-irradiated area were observed when the optic

Newborn rats anesthetized by hypothermia were decapitated. Braingrve was cultured with the optic chiasma. (A) schematic diagram
were removed leaving the optic chiasmas and optic nerves on the scal®wing the principle of the UV-TD labeling method used to study
bases. The middle part of the optic nerve, visible on the scale basmll migration. The UV-irradiated site was identified by TD-positive
was irradiated with UV light, removed leaving a short stump of thestationary cells (see Tamamaki et al., 1999 or the text for details).
optic nerve attached to the chiasma, and embedded in collagen ¢B) TD-labeled cells observed in a paraffin section of an optic nerve
with COS1 cell clusters secreting netrin 1 and/or Sema3a. The optixed immediately after UV irradiation. (C) TD-labeled cells

nerves were cultured for 5 hours, in DMEM+10% FCS. After theobserved in an optic nerve fixed after culture for five hours. (D) TD-
culture period, the optic nerves were fixed and processed as for thelabeled cells in an optic nerve cultured with the optic chiasma and
vivo labeling study. The expression vectors for netrin 1 (0 GNETleyeball for five hours. (E-G) reconstructed UV-irradiated area.

myc) and Sema3a (pCOS-H-semalll-myc), the anti-Nrp antibody anBhotographs of serial sections were taken on transparent paper and
the netrin mutant mice were kind gifts from Dr Marc Tessier-Lavignethey were overlapped to confirm the UV-irradiation area.

Green Lantan plasmid (GibcoBRL) for the GFP expression vector wa$i-1) Reconstructed pattern of the TD-labeled nuclei distribution
used as a control. The expression vectors were transiently transfecttbwn in C and D. The labeled migrating cells (red dots) were traced
into COS1 cells using Fugene-6 (Boehringer-Mannheim, Germanyhnto the transparent photographs, which were then overlapped to
The expression of netrin 1 and Sema3a in the COS1 cells wahow the distribution of the labeled migrating cells. Arrows in C, F
confirmed by western blot analysis or immunohistochemistry for thend H, and D, G and | indicate the same cells. Arrowheads indicate

myc tag. the UV-irradiated area, as estimated from the distribution of TD-
] ) o labeled stationary cells. (J) NG2-negative immunoreactive cells in
Guidance of dispersed-GP-cell migration the newborn rat optic nerve. (K) Double staining study for TD and

Optic nerves were obtained as described above, cut into short piede€&2 immunoreactivity. The rectangular area in the figure was

and embedded in collagen gel with BHK cell clusters. One cluster waanlarged in L. (L) NG2-positive migrating cells (single arrows) and
placed in contact with a cut end of the optic nerve. The other wadG2-negative migrating cells (double arrows). (M) An optic nerve
placed several hundred micrometers away from the opposite cut ermziltured with an eyeball and the chiasma in vitro. (N) Schematic
The BHK cells were infected with recombinant Sindbis virusdiagrams summarizing the condition under which the GP cell
(Invitrogen, USA) for the expression of netrin 1, Sema3a, or GFP. Futhigration was observed. The optic chiasma was necessary to guide
length cDNAs ofnetrin 1-my¢ Sema3a-myand GFP were cloned the GP cell migration distally. Scale bar in B, 100 (B-I); in K is

in a shuttle vector, pSinRep5. Following the recommended protocol,00um; in J and L are 1Am.
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nerve surface. Immediately after UV irradiation of the opticin the optic nerve (Fig. 1B,E). Thus, we regarded the TD-
nerve, the boundary of the irradiated area was found to hmositive cells outside the irradiated area as migrating cells.
contoured clearly by TD-positive nuclei in the perineurium and O-2A progenitors in the optic nerve were identified by
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Migration Migration No migration No migration
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Fig. 2.1n situ hybridization
to detect the expression of
repulsive cues in the optic
chiasma and that of their
receptors in the optic nerve
(A) Netrin 1 expression in a
frontal section of a postnate
day 1 (P1) rat brain. The
ependymal layer of the thirc
ventricle and the lateral
edges of the optic chiasma
were netrin 1 mRNA-
positive. (B) In a horizontal
section of the optic chiasme
a netrin 1 signal was found
the anterior pole and lateral
edge of the optic chiasma.
(C) A Sema3a signal was
also found in the anterior
pole and lateral edges of th ) '

optic chiasma in a horizontal section. Arrows indicate the significant accumulation of signals. (D) Many cell nuclei i tee\@ptiere
positive for Unc5h1l mRNA. The inset shows the sensing probe signal. (E) Many cell nuclei were also positive for Nrp mRidat Shews
the sensing probe signal. (F) Results of RT-PCR using mRNA obtained from a newborn rat optic nerve. Lane 1, Unc5h1;dan&@, mol
marker 0X17Haclll digested; lane 3, Nrp. CH, optic chiasma; OP, optic nerve. The calibration bar in A-Clis1&@d that in D-E is 1QAm.

immunohistochemical staining with an anti-NG2 antibodyGuidance cues released from the chiasma

(Stallcup and Beasley, 1987) (Fig. 1J). A double labelingrherefore, we investigated the expression of several guidance
study of NG2 and TD revealed that in vivo many of thesgues in the optic chiasma of newborn rats by in situ
migrating cells were NG2 positive (arrow in Fig. 1L), while hypyridization and detected the expression of netrin 1 (Serafini
some of them with large TD-positive nuclei were NG2et a|., 1994) and Sema3a (Kolodkin et al., 1993) (Fig. 2A-C).
negative (two arrows in Fig. 1L). Therefore, we concluded\etrin 1 was expressed not only in the ependymal layer of the
that the migrating TD-positive cells in the optic nerves werghird ventricle, but also in the lateral edges of the optic chiasma
heterogeneous and consisted of NG2-positive O-2AFig. 2A). In horizontal section, the anterior pole and lateral
progenitors and NG2-negative GP cells. The double labelingdges of the optic chiasma also appeared as netrin 1 positive
study gave convincing staining only in the sample that wagrig. 2B). The netrin 1 expression at the junction of the eyeball
UV-irradiated and fixed in vivo. _and optic nerve (Serafini et al., 1994; Serafini et al., 1996;
When the optic nerve was cultured alone for 5 hours (Figheiner et al., 1997; Deiner et al., 1999) was at a background
1C,FH), a small number of TD-positive cells migrated bothevel on the day of birth. Sema3a was also expressed in the
distally and proximally from the irradiated area. In eagin¥  anterior pole and lateral edges of the optic chiasma, and the
thick section of five optic nerves, 11+6.6 cells migratedsheath of the optic nerve in its proximal part (Fig. 2C).
43.3+15.3um distally and 7.73.2 cells migrated 33.3+5im  Currently, DCC, Unc5h1, Unc5h2, and Unc5h3 are known
proximally. Differences in the cell number and in migrationtg pe netrin 1 receptors (Leonardo et al., 1997), and Nrp
distance were not significant. Even without any guidance, TDkawakami et al., 1995; He et al., 1997; Kolodkin et al., 1997)
positive cells were assumed to migrate a short distance becagseknown to be a Sema3a receptor. We investigated the
O-2A progenitors in the optic nerves are highly motile (Small egxpression of these receptors and found expression of Unc5h1
al., 1987). Thus, we regarded any cell migration less th@m60 (Fig. 2D) and Nrp (Fig. 2E) in the optic nerve. The mRNA
as migration under no guidance. However, when the optic nenggnal of these receptors covered the nuclei of many cells in
was irradiated in vivo (Fig. 1K,L) or in culture together with thethe optic nerve. RT-PCR also revealed expression of these
optic chiasma and the eyeball (Fig. 1D,G,I,M), 100+51.1 TDyeceptors in the optic nerves (Fig. 2F). In situ hybridization
positive cells migrated 162+26y8n distally and 15+3.7 cells ysing sensing probes for these secreted factors and receptors

migrated 56.0+16.jAm proximally. A significant number of TD-  did not show any significant accumulation of silver grains in
positive cells were guided distalltest: P<0.05). the tissue sections (insets).

When the optic nerve was cultured with the optic chiasma
(Fig. 1L), 68.8+20.41=5) GP cells migrated 109+22;8n  Assay of the guidance cue effects in the organ
(n=5) toward the distal cut end. The migration toward theculture
proximal cut end was less than fith (n=5). However, the In order to determine whether netrin 1 and Sema3a guided the
eyeball alone did not have the ability to attract the GP cellgP cells expressing Unc5hl or Nrp, netrin 1 and/or Sema3a,
toward the eyeball. Both the migration toward the distal an@éxpression vectors were transfected into COS1 cells (Fig. 3N).
proximal cut ends was less than §0On. All the data In co-cultures of UV-irradiated optic nerve with a netrin 1-
consistently indicated that some repulsive cues were secretedcreting COS1 cell cluster placed at the proximal cut end of
from the optic chiasma or surrounding tissues to guide the Gfe optic nerve (Fig. 3A), most migrating cells were found on
cells in the optic nerve toward the eyeball (Fig. 1N). the distal side to the irradiated area (39.2+18.6 ce#s5).
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They migrated a maximum distance of 88.0£3in® (h=5) in  Taniguchi et al., 1997). Thus far, the number of cells responsive
5 hours. In co-cultures with a Sema3a cluster (Fig. 3B), most Sema3a in the optic nervesS#ma3anutant mice has been
migrating cells were directed distally from the irradiated aremormal (Fig. 3L). However, the size of the nuclei of cells
(35.41£14.2 cells; 94.0+11.44m, n=5). In co-cultures with responsive to Sema3a in mutant mouse optic nerves was small
clusters secreting netrin 1 and Sema3a (Fig. 3C), mo$8.6+1.1um; n=30) and comparable to those found in rat optic
migrating cells were also directed distally (23.4+11.3 cellsperves under treatment with Nrp blocking serum (Fig. 3M).
n=5; 74.0£18.2um, n=5). However, we could not detect any o ) )
significant enhancement either in the number of migratinddentification of GP cells responsive to guidance
cells, or in the migration distance, over a 5-hour period. TEUES
confirm that the cues were repulsive, COS1 cell clusterAt this point, we clarified that migrating GP cells were
secreting netrin 1 or (and) Sema3a were placed at the distal di@terogeneous. In vivo, some of them appeared NG2 positive
end of the optic nerve and cultured. As expected, the TDwith small nuclei, and others as NG2 negative with large
positive cells migrated toward the proximal cut end of the optiouclei. Netrin 1-guided GP cells with small nuclei in
nerves (Fig. 3D-F), which was opposite to the direction obrgan culture. Sema3a-guided GP cells had large nuclei.
normal cell migration in vivo (Fig. 1K). However, a double labeling study using TD and NG2
To further identify the cell populations guided by netrin limmunohistochemistry, in cultured optic nerves, did not give
and Sema3a, COSL1 cell clusters secreting netrin 1 and thosenvincing staining, and did not show that netrin 1 guided the
secreting Sema3a were placed at opposite cut ends of the optiG2-positive GP cells. A double labeling study using NG2
nerve. As shown in Fig. 3G, the TD-positive cells migrated anémmunohistochemistry and an Unc5hl in situ hybridization
appeared both distal and proximal to the UV-irradiated areatudy did not give convincing staining, either. To prove that the
The TD-positive cells responsive to netrin 1 (64.6+17.9 cellsSNG2-positive GP cells were guided by netrin 1 directly, we
90+25.5 um, n=5) were not repelled by Sema3a. The TD-investigated the migration of dispersed GP cells in a collagen
positive cells responsive to Sema3a (61.2+13.4 cells; 93+12dkl culture system.
um, n=5) were not repelled by netrin 1, either. Thus, the cells GP cell migration was observed by inducing them out of the
responsive to netrin 1 and those responsive to Sema3a wexgtic nerve into a collagen gel using a guidance cue. A short
considered to be different cell types. Each migrating GP cepliece of optic nerve was placed in contact with a BHK cell
had a leading process directed away from the netrin 1 aluster expressing netrin 1, Sema3a, or GFP (Fig. 4A). To
Sema3a source (Fig. 3J,K). The TD-positive nuclei of the cellsbtain BHK cells expressing netrin 1, Sema3a, or GFP, we
responsive to netrin 1 were 4.8+Juth (h=30) long. The TD- produced recombinant Sindbis virus expressing netrin 1,
positive nuclei of the cells responsive to Sema3a were 5.7+t12ema3a or GFP. The efficiency of Sindbis virus infection on
pm (n=30) long. The difference in the nuclear size wasBHK cells was close to 100% in the titer we used. After the
significant {-test: P<0.01). infection, BHK cells stopped migration and proliferation, and
The guidance of GP cells with large nuclei by Sema3a-Nrfinally caused cell death after 3 days. Therefore, they did not
interaction was confirmed by blocking Nrp with an anti-Nrpmigrate out from cell-clusters and did not disturb our
antibody (Chen et al., 1998). Following rinsing of the opticobservation of GP cells during the three days of the culture
nerves in the antibody solution for 30 minutes and applicatioperiod. During the 3 days of culture, the short piece of optic
of the antibody in the bathing medium of the collagen geherve became spherical in most cases.
cultures, the number of migrating cells guided by Sema3a was During the culture period, even in cases in which a piece of
significantly reduced (8.9£3.2=5; t-test: P<0.05) (Fig. 3H).  optic nerve was cultured alone, some GP cells (421:38)
The migrating cells, even after Nrp blocking serum treatmentnigrated from the optic nerve (Fig. 4A), because the GP cells
had significantly smaller nuclei (3.8+1ydm, n=30; t-test:  were highly motile (Fig. 1; Small et al., 1987). Control BHK
P<0.01) than those of the cells responsive to Sema3a in tlells expressing GFP did not enhance the GP cell migration
normal condition. Nonetheless, following the application offrom a piece of optic nerve (data not shown). In the
this antibody, the GP cell migration guided by netrin 1 wagxperiments with BHK cells expressing netrin 1 or Sema3a,
normal (36.7£11.2; 116.7+2048n, n=5) (Fig. 3I). another source of netrin 1 or Sema3a was placed in a collagen
Control COS1 cell clusters did not show any guidance effegel and cultured for 3 days as shown in Fig. 4B,C. Numerous
on cell migration in the optic nerve (migration less than 6GGP cells migrated out of the optic nerve into the collagen gel

pum). under the effect of the guidance cues. In the culture with netrin
o ) ) 1, 110+36 (=13) GP cells migrated out of the optic nerve. In
Analysis using mutant mice and blocking serum the culture with Sema3a, 110+5%(2) GP cells migrated out

We also investigated mutant mice deficient in guidance cues of the optic nerve. The effects of netrin 1 and Sema3a were
corresponding receptor&élnc5h1l mutant mice have not yet quantified by counting cells contained in the sectors shown in
been bred. Anetrin 1gene knockout was lethal after birth and the figure (Fig. 4D). Sectors containing the source of guidance
caused hypoplasia of the optic nerves (Serafini et al., 1996ues were set 10@m wider on both sides. Cells in the sectors
Deiner et al., 1997; Deiner et al., 1999). Until now, because afontaining the source of guidance cues and those in the sector
the technical difficulties involved, there has been no success with less effect of guidance cue were counted, and the numbers
experiments to detect cell migration in the optic nerveetfin ~ of cells contained in 10° of the sectors were compared.
1 mutant mice in vitro. ANrp gene knockout was also lethal in However, the difference in the number of cells contained in the
the early embryonic stage, and optic nerves with GP cells wedd® of the sectors was not significant with either netrin 1 or
not available fronNrp mutant mice (Kitsukawa et al., 1997). Sema3a as the guidance source (Fig. 4B,C). Cells migrating
A Sema3aene knockout was not lethal (Behar et al., 1996without guidance could have disturbed our observation.
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Fig. 3. GP cell migration in an optic nerve co-cultured with COS1 cell cluste N a

secreting netrin 1 and /or Sema3a. The cell migration was shown by | __'J e
reconstructed distribution of TD-labeled migrating cells 5 hours after UV | A4 Y
irradiation. The left sides of all the figures represent the distal direction of tl N '| .; Cos ¢
optic nerve. (A-I) Small arrowheads indicate the UV-irradiation area. Large — s U} g
arrowheads indicate the direction of diffusion of guidance cue. (A) Cell mig._.._.. ~ Distalside Proximal side g

in an optic nerve co-cultured with COS1 cell clusters secreting netrin 1. The

COS1 cell clusters were placed at the proximal cut end of an optic nerve. (B) Cell migration in an optic nerve co-cul@Q@8 bl
clusters secreting Sema3a. The COS1 cell clusters were placed at the proximal cut end of an optic nerve. (C) Cell raigogitanrierve
co-cultured with COS1 cell clusters secreting both netrin 1 and Sema3a. (D-F) The same conditions as in A-C, except®iateie CO
clusters were placed at the distal cut end of the optic nerves. (G) Cell migration in an optic nerve co-cultured with wedl €iGSérs, one
of which was secreting netrin 1 and the other was secreting Sema3a, placed at opposite cut ends of an optic nerve.ritip@étl amg
optic nerve treated with anti-neuropilin blocking serum and co-cultured with COS1 cell clusters secreting Sema3a. The migrdtéergpf
cells significantly decreased. (1) Cell migration in an optic nerve treated with the anti-Nrp serum and co-cultured witHl ClOStErse
secreting netrin 1. The number of migrating cells was similar to that in A. (J) Migrating cells seen with Nomarski opticEDLzogitive
migrating cells responsive to Sema3a had a leading process (arrowhead) directed away from the Sema3a source. (K) Simall TD-posit
migrating cells responsive to netrin 1 had a leading process (arrowhead) directed away from the netrin 1 source. (L}i@elinnaigraptic
nerve obtained from &ema3anutant mouse and co-cultured with COS1 cell clusters secreting Sema3a. (M) The smallest TD-positive
migrating cells responsive to Sema3a (indicated by an arrow in L) had a leading process (arrowhead) directed away frad3a Swu8ema
(N) Schematic diagram of the experimental arrangement. Scale bar in Ajsn1@01,L); in J is 5um (J,K,M).

We further added an immunohistochemical procedure to thine netrin 1 source. GFAP-positive cells appeared in this
analysis. Immunoreactivity of NG2, O4 (Sommer et al., 1981gxperiment to migrate at random.
and PLP (Fuss et al., 2000), which are possible markers of We conducted the same set of experiments with the Sema3a
oligodendrocyte precursors, were found in some of the cellsources. Immunoreactivity of NG2, O4, PLP and GFAP were
migrating out of a piece of the optic nerve; 29+5.6%, 46+2.4%found to be less than with netrin 1 as the source. 5.1+7.6%,
and 39+2.9%, respectively (Fig. 4E-U; Table 1). GFAP-14+5.3%, 5.3£1.1%, and 6.7+2.6% of the GP cells migrated
positive cells also appeared in the gel and made up 13+2.36tit of the optic nerve, respectively (Fig. 4V-Y; Table 1).
of the migrating cells (Fig. 4R-U; Raff, 1989). Most of the According to the sector analysis in the distribution of the
NG2-positive, O4-positive, PLP-positive and GFAP-positivelabeled cells, NG2+, O4+, PLP+, and GFAP-positive cells
cells were bipolar (Fig. 4G,K,0,S). According to the sectomigrated at random and ignored the Sema3a sources (Table 1).
analysis of the distribution of the labeled cells, NG2-positiveThe GP cells responsive to Sema3a seemed to be only those
and PLP-positive cells significantly avoided the sectorsround the netrin 1 source, where the GP cells responded to
containing the netrin 1 source. That is they were responsive teetrin 1 repulsively (Fig. 4E,F). We found larger GP cells
netrin 1 (Table 1). O4-positive cells also seemed to avoidegative for the four markers around the netrin 1 source. They
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Fig. 4. GP cell migration in
collagen gel co-cultured with
BHK-cell-clusters secreting netr
1 or Sema3a. (A) GP cell
migration observed without the
effect of a guidance cue. (B) GF
cell migration observed under tt
effect of netrin 1 expressed by
BHK cell clusters at a proximal
cut end and at an additional poil
(C) GP cell migration observed
under the effect of Sema3a
expressed by BHK cell clusters.
(D) A schematic diagram showi
the arrangement of BHK cell
clusters secreting a guidance ct
and a piece of optic nerve (ON)
a collagen gel culture. Gray
indicates the guidance cue sour
Pink indicates the sectors
containing the guidance cue
source and green indicates the
sector with a smaller guidance ¢
effect. The sectors containing th
guidance cue source were draw
100um wider on both sides.
(E-I) The distribution of NG2-
positive cells in the co-culture
with netrin 1 sources. (E) Low
magnification photograph.

(F) NG2-negative cells with larg
nuclei found near the netrin 1
source. (G) Bipolar NG2-positivt
cells. (H) Diagram of the culture
in E. Red in H and | indicates th
NG2-positive migrating cells.

(1) Diagram of the culture in E
showing the distribution of NG2-
positive cells. (J-M) The
distribution of O4-positive cells i
the co-culture with netrin 1
sources. (J) Low magnification
photograph. (K) Bipolar O4-
positive cells. (L) Diagram of the
culture in J. Red in L and M
indicates the O4-positive
migrating cells. (M) Diagram of
the culture in J showing the
distribution of O4-positive cells.
(N-Q) The distribution of PLP-
positive cells in the co-culture
with netrin 1 sources. (N) Low
magpnification photograph.

(O) Bipolar PLP-positive cells.
(P) Diagram of the culture in N.
Red in P and Q indicates the PL
positive migrating cells.

(Q) Diagram of the culture in N
showing the distribution of PLP-
positive cells. (R-U) The
distribution of GFAP-positive cells in the co-culture with netrin 1 sources. (R) Low magnification photograph. (S) BipolgdSE®cells.
(T) Diagram of the culture in R. Red in T and U indicates the GFAP-positive migrating cells. (U) Diagram of the cultu@nim thle
distribution of GFAP-positive cells. (V) Diagram of a co-culture of an optic nerve and Sema3a sources showing the distiiEfen
positive cells (red). (W) Diagram of a co-culture of an optic nerve and Sema3a sources showing the distribution of Qzkl®$itad.

(X) Diagram of a co-culture of an optic nerve and Sema3a sources showing the distribution of PLP-positive cells (red)a(y)pD&go-
culture of an optic nerve and Sema3a sources showing the distribution of GFAP-positive cells (red). N, netrin 1; ON,e@@icS@na3a.
Scale bar in A is 50Qm, (A-C,E,J,N,R); in F is 50m (F,G,K,0,S).
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Table 1. Guidance cue effects on GP cells labeled with
oligodendrocyte markers

studies in vivo and in vitro were consistent with those from in
the dispersed culture. The two methods were reliable in

different aspects, and contributed to the conclusion described
below in a complementary manner.

IR cells Responsive Nonresponsive-test

Response to netrin 1

NG2 25+5.6 (%) 1.50£0.11 (/10°) 0.13+0.11 (/16%0.05 . :

04 4742 4 5 54068 134041 P=01 GP cells gwded by netrin 1 and ngasa -

PLP 39+2.9 1.5+0.14 0.52#0.17 P<0.05 The netrins and the semaphorins belong to families of
GFAP 13+2.3 0.24+0.13 0.16+0.07  P=0.50

phylogenetically conserved guidance cues that can function as
both attractants and repellents in guiding different classes of

R ) 2 ;
esponse to Semada axons toward their targets (Serafini et al., 1994; Kolodkin et

NG2 5.1+7.6 (%) 0.21%0.30 (/10°) 0.32:+0.24 (/10°) ¢ LI

04 14453  0.340.16 0.36+0.29 al., 1993). They also guide neuronal cell migration (Yee et al.,
PLP 53+1.1  0.31:0.11 0.22+0.08 1999; Tamamaki, 1999). Here, in addition, we reported that
GFAP 6.742.6  0.28+0.04 0.110.10

two of these guidance cues (netrin 1 and Sema3a) guided GP

Cells in the sectors containing the source of guidance cues and that in cell migration in the '_nfant rat optic nerve towar(_j the eye.
sectors with smaller guidance cue effects were counted, and the numbers of | € source of netrin 1 was found in the ventricular zone of
cells contained in 10° of the sectors were compared. the third ventricle, lateral and anterior edges of the optic

chiasma. Sema3a was also found around the optic chiasma.
o ) The junction of the eyeball and optic nerve (Serafini et al.,
had significantly larger somata measuring 23.445n=30;  1994; Serafini et al., 1996; Deiner et al., 1997; Deiner et al.,
t-test:P<0.01) than NG2-positive, PLP-positive or O4-positive 1999) ceased expressing netrin 1 by the day of birth. Netrin-1
cells (15.9+1.9um; n=30). and Sema3a released from these expression sites act as
guidance cue gradients in the optic nerve. However, we are still
uncertain how netrin 1 or Sema3a guides the GP cells from the
ventricular zone of the third ventricle into the optic nerve. A
) ] ) few days after birth, the ventricular zone starts to supply GP
Technical considerations cells to the optic tract (unpublished data). The mechanisms that
To investigate the mechanisms of GP cell migration in the rajuide the GP cells first to the optic nerve, and then to the optic
optic nerve, we used two methods, a UV-TD labeling methottact at the optic chiasma, cannot be explained simply by netrin
and a collagen gel co-culture method. Both methods werk and Sema3a. We speculate that netrin 1, Sema3a and other
essential to reach the conclusion reported in this study. guidance cues participate in guiding the GP cells in the proper

The UV-TD labeling method has several advantages andirections in the optic chiasma.
disadvantages. First, it can be used to visualize all migrating Our data showed that the migrating GP cells in the optic
cells at any point and at any time, regardless of their originerve at PO were heterogeneous and divided at least into two
without any retrograde transport of the labeling by neurons. Gfypes. One was a GP cell type that was responsive to netrin 1
the techniques we tried, the UV-TD labeling method was thand had a smaller nucleus and soma. The GP cells that were
only method that could monitor the GP cell migration in in vivorepelled by netrin 1 appeared as NG2 positive in a dispersed
and in vitro organ cultures for 5 hours. One disadvantage a@ulture (Fig. 1). In the collagen gel, they further differentiated
the method was that UV irradiation caused some damage &md most of them became oligodendrocyte precursors (O4+,
some of the cells. However, by reducing the irradiation period?LP+). In our study, the culture medium with 10% FCS did
the method allowed monitoring of only TD-positive migratingnot prevent O-2A progenitors from differentiating into
cells that had escaped UV damage. We showed previously th@igodendrocyte precursors, and did not induce as many GFAP-
in both in vitro and in vivo experiments UV damage did notpositive cells as reported by Raff (Raff, 1989). This suggested
disturb the direction of cell migration significantly (Tamamakithat collagen gel in dispersed culture or netrin 1 (substrates or
et al., 1999). Migrating TD-positive cells in the neocortex tookguidance cues) interact with the molecular mechanisms of O-
a similar trajectory to reach the cortical plate. 2A progenitor differentiation.

The response of dispersed GP cells to guidance cues couldThe other type of GP cells responsive to Sema3a have large
also be monitored in a collagen gel culture without any harmfuluclei and somata (Figs 3J and 4K). The large NG2-negative,
effects (Fig. 4). However, when dispersed from an optic nerv@D-positive migrating cells found in vivo (Fig. 1L) may belong
and placed in culture, it is well known that O-2A progenitorto the GP cell type. O-2A progenitors in the optic nerve had
cells prematurely stop dividing and differentiate within 2 daysbeen thought to be only motile GP cells, and were identified
(Raff et al., 1983; Raff et al., 1984). If these cells are culturetly the expression of NG2 in culture (Small et al., 1987).
in 10% FCS they become type-2 astrocytes, whereas if they ade found, however, that NG2-negative GP cells were also
cultured in the absence of FCS they become oligodendrocytasigrating in the optic nerves under the guidance of Sema3a.
Therefore, it is possible that the response of GP cells tohe markers we used in this study did not label the GP cells.
guidance cues in vitro may be different from that in vivo. TD-Therefore, the GP cells responsive to Sema3a may not belong
labeled GP cells in the optic nerve migratedBd/hour at to any cell types previously found in the optic nerve.
most (unpublished data). However, they migrated only several The cells responsive to Sema3a, even after blocking the NP1
hundredum in the collagen gel co-culture in 3 days. It is easywith antiserum and iBema3anutant mice, had smaller nuclei
to speculate that the substrates for cell migration and gradiertsan those of the two GP cell types described above. This
of guidance cues were different in the collagen gel culture anobservation suggests the presence of some unknown receptors
in the optic nerves. Thus far, the results of the UV-TD labelinghat interact with Sema3a on the smallest cells. Although the

DISCUSSION
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smallest cells may be cells of the third type responsive tRawakami, A., Kitsukawa, T., Takagi, S. and Fujisawa, H.(1995).
guidance cues in the optic nerve, we do not have a properDevelopmentally regulated expression of a cell surface protein, neuropilin,

; jg the mouse nervous systedn.Neurobiol.29, 1-17.
marker and need tQ mak.e prc_)gress in the research of these CE”sgukawa, T., Shimizu, M., Sanbo, M., Hirata, T., Taniguchi, M., Bekku,
before we can clarify this point.

y . Y., Yagi, T. and Fujisawa, H. (1997). Neuropilin-semaphorin [lI/D-
The O-2A progenitors were repelled by netrin 1 from the mediated chemorepulsive signals play a crucial role in peripheral nerve

base of the third ventricle (Ono et al., 1997) toward the eye andprojection in miceNeuron19, 995-1005. _

stopped at the barrier found at the junction of the eyeball arftplodkin, A. L., Matthes, D. J. and Goodman, C. (1993). The semaphorin

; _ . .genes encode a family of transmembrane and secreted growth cone guidance
optic nerve (Ffrench-Constant et al., 1988; Huang et al., 19915 e cules Cell 75, 1389-1399.

Laeng et al., 1996). This is a distance of a few millimeters iRqogkin, A. L., Levengood, D. V., Rowe, E. G., Tai, Y., Giger, R. J. and
newborn rats. If the same molecular mechanism were adoptedsinty, D. D. (1997). Neuropilin is a semaphorin 1l recep®@ell 90, 753-

in human optic nerves, the distance which GP cells must 762. _
migrate would be a few centimeters. Such a powerfu'raelf‘glz P-HMO('jthage”' M., Yu, E. G-”ar_‘d Bar:tSCh' U1996). Transplantation
molecular mechan!sm for guiding O-2A progenitor migration gf ?gﬁﬁalega;‘;ﬁfﬁ E;ﬁgaex”;féﬁié'%%fz%ét retina: exiensive myelnaton
may become an important tool for establishing treatmentSeonardo, E. D., Hinck, L., Masu, M., Keino-Masu, K., Fazeli, A., Stoeckli,

for brain damage associated with a marked loss of E. T, Ackerman, S. L., Weinberg, R. A., Tessier-Lavigne, M(1997).
oligodendrocytes (Rizzo et al., 1989; Lessmann et al., 1997;Guidance of developing axons by netrin 1 and its recepBmsl Spring

: i Harb. Symp. Quant. Bio62, 467-478.
Bulte et al., 1999; Franklin et al., 1999)' Lessmann, H., W. Bruck, W., Lucchinetti, C. and Rodriguez, M(1997).

. . . Remyelination in multiple sclerosidult. Scler.3, 133-136.
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