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Netrin 1 mediates spinal cord oligodendrocyte precursor dispersal
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SUMMARY

In spinal cord, oligodendrocyte precursors that give rise to  inhibits chemorepulsion of ventral spinal cord explants and
myelin-forming cells originate in a restricted domain of netrin-secreting cells. In spinal cord slice preparations,
the ventral ventricular zone. During development, these addition of function-blocking anti-DCC antibody or

cells migrate widely throughout the spinal cord. Netrin 1 netrin 1 dramatically inhibits oligodendrocyte precursor

is expressed at the ventral ventricular zone during migration from the ventral ventricular zone. These data
oligodendrocyte precursors emigration, and, in vitro, indicate the initial dispersal of oligodendrocyte precursors
netrin 1 acts as chemorepellent and antagonizes platelet- from their localized origin is guided by a chemorepellent
derived growth factor (PDGF) chemoattraction. response to netrin 1.

Oligodendrocyte precursors express the netrin receptors

DCC and UNCS5 and function-blocking anti-DCC antibody  Key words: Oligodendrocyte precursor, Migration, Netrin, Chick

INTRODUCTION and immature neuron migration. For example, radial neuronal
migration occurs by association with radial glial cells (Rakic,
Development of the vertebrate central nervous system [972). Likewise, in forebrain, subventricular-derived glial
characterized by extensive cell migrations during which cellprecursors undergo radial migration (Kakita and Goldman,
initially generated in discrete regions of the neural tube migrat&999) and spinal cord oligodendrocyte precursors are found in
to their appropriate destination using a variety of moleculaclose association with radial glia (Hirano and Goldman, 1988).
cues (Hatten, 2002; Tessier-Lavigne and Goodman, 1996). Mon-radial dispersal or tangential migration is influenced
the mature spinal cord, oligodendrocytes are ubiquitouslpy both chemoattractive and chemorepulsive cues (Hatten,
distributed throughout gray and white matter; however, th@002; Tessier-Lavigne and Goodman, 1996) such as netrins
founder cells of the oligodendrocyte lineage arise in a specifigennedy et al., 1994). Netrins can act as either
domain of the ventral ventricular zone (Miller, 1996) that theychemoattractants or chemorepellents for distinct populations of
share with motoneurons (Rowitch et al., 2002). The expressiateveloping neurons (Alcantara et al., 2000; Bloch-Gallego et
of distinct transcription factors, growth factors and cell-al., 1999) depending on the specific combinations of receptors
surface antigens characterizes stages in the developmentexpressed (Hong et al., 1999; Keleman and Dickson, 2001).
oligodendrocyte precursors. The earliest well-characterize@iwo distinct receptor families have been implicated in
oligodendrocyte precursors expressing Oligl/2, (Lu et algrchestrating cellular responses to netrins (Ackerman et al.,
2000; Zhou et al., 2000) are bipolar, bind the monoclonal997; Chan et al., 1996; Leonardo et al., 1997), including DCC
antibody (mAb) A2B5 (Miller, 1996), express thereceptor and UNC5. The migration of oligodendrocyte precursors along
for platelet derived growth factor (PD@R) and proliferate in  the developing optic nerve from their origin in the floor of the
response to PDGF (Pringle et al., 1989; Pringle et al., 1992third ventricle is well established (Ono et al., 1997; Small et
As they mature, rodent oligodendrocyte precursors becons., 1987) and has been proposed to be mediated in part
multiprocessed, label with mAb O4 (Miller, 1996) and expressy chemorepulsion to netrin 1 secreted by cells at the optic
galactocerebroside a major myelin lipid (Raff et al., 1978)chiasm (Sugimoto et al., 2001), although netrin has also
Avian oligodendrocyte development is similar, althoughbeen suggested to be chemoattractive for optic nerve
immature oligodendrocyte precursors label with mAb O4pligodendrocyte precursors (Spassky et al., 2002). In the spinal
which is retained during differentiation (Ono et al., 1995). Incord, netrin 1 is expressed during early embryogenesis in the
vitro and after transplantation, immature precursors are thioor plate and ventral spinal cord (Kennedy et al., 1994).
most dispersive and migratory cells of the oligodendrocyt& his localization is close to the origin of oligodendrocyte
lineage (Noble et al., 1988; Warrington et al., 1993) and thiprecursors and suggests that netrin 1 might mediate spinal cord
migration is stimulated by the growth factors PDGF and FGIeligodendrocyte precursor migration.
(fibroblast growth factor) (Armstrong et al., 1990). In the current study, we demonstrate that netrin 1 is
Similar mechanisms may mediate oligodendrocyte precurs@xpressed in the ventral spinal cord during the period of initial
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oligodendrocyte precursor emigration from their origin. InQuantification of oligodendrocyte precursor migration

vitro, ventral spinal cord explants and netrin 1-secreting cellpirectional migration was analyzed by Metamorph (Universal
exert a chemorepulsive effect on migratory oligodendrocyténaging corporation). Migration distances of oligodendrocyte
precursors and netrin 1 antagonizes PDGF chemoattraction precursors were measured between the center of the explants and the
purified oligodendrocyte precursors in a chemotaxis assay. Wep 10% of the fastest migrating cells. The area covered by
further demonstrate that oligodendrocyte precursors expregigodendrocyte precursors was measured from the same images by

both DCC and UNCS5, and inhibiting DCC signaling blocks thesubtracting the area of the explants from the total area covered by O4+
effects of netrin and ventral spinal cord explants. In slic ells. The results from at least four different explants of each type

fi f b . hick spinal d iqrati rom three independent preparations were pooled and the results
preparations oI embryonic chick spinal cord, migration 0compared by the Student’s two-tailetst. In co-cultures, the relative

oligodendrocyte precursors to dorsal regions is inhibited Dyjstribution "of oligodendrocyte precursors was determined by

treatment with anti-DCC antibodies or recombinant netrin lpjsecting the explant into proximal and distal domains relative to the

These data suggest that netrin 1 provides a chemorepellgiittative guidance cue and the number of cells in each domain

signal that results in the initial dispersal of oligodendrocyteeompared. Only O4-positive cells from intermediate explants with

precursors from their localized origin in the ventral spinal cordbipolar or unipolar morphology pointing toward ventral explants were
counted in proximal regions (Fig. 6D). Explant culture results were
also analyzed by the Student'’s two-taitetést (Microsoft Excel).

MATERIALS AND METHODS Slice culture and statistical analysis

Exol d cell cul Slice cultures were prepared from stage 28 or 31-32 chick thoracic
xplant and cell cu tur_es ) ) ) spinal cords. Spinal cords were embedded in 4% low-temperature
Explant cultures of chick spinal cord (Fig. 1A) were established fromnemng agarose gel (Seaplaque, FMC bioproducts). Sections (250
appropriately staged embryos (Hamburger and Hamilton, 1951). FiM) were cut on a vibratome (Leica, VT1000S) and transferred to
co-cultures, explants were positioned 200-p00 apart. HEK 293  cylture medium (DMEM with 10 ng/ml PDGF, 10 ng/ml FGF, N2
cells transfected with chick netrin 1 were maintained as describeglipplement, 27 mM glucose and 1% BSA). Blocking antibodies and
(Serafini et al., 1996) and aggregates were formed fropl @Dcell  |igands were added at following concentrations: anti-DCC antibody
suspension containing *10° cells. Explants and aggregates were and control mouse 1gG at 4@y/ml, chick netrin 1 (R&D) at 500
covered with growth factor-reduced matrigel matrix (BD bioscienceshg/ml. Anti-NCAM antibody (clone 5e, Developmental Studies
in F12 medium containing 10 ng/ml bFGF and 10 ng/ml PDGFyhridoma Bank, The University of lowa) specific to the chick
and N2 supplement. After 72 hours, cultures were fixed with 4%xtracellular region of the protein (Frelinger and Rutishauser, 1986;
paraformaldehyde (PFA) for 15 minutes and labeled with mAbpatanabe et al., 1986) was added atpt@ml. After appropriate
O4. For antibody blocking experiments, anti-DCC antibodies incylture intervals, preparations were fixed with 4% PFA and labeled
phosphate-buffered saline (PBS) without sodium azide (Oncogeng)ith mAb O4 as previously described (Ono et al., 1995). For statistical
were added at concentration of @/ml. In controls, normal mouse analysis, O4-positive cells were counted in dorsal, intermediate and
lgG (R&D systems) was added at the same concentration. ventral regions of each slice. Because the controls were not expected
. e to approach a normal distribution, the proportions of O4-positive cells
Cell identification in each region were compared between control and experimental

Purified populations of oligodendrocyte precursors (>90%) fromkjices by a Mann-Whitney nonparametric test (SPSS version 11.0).
chick or rat spinal cords were prepared by immunopanning using

mAbs O4 and A2B5 as previously described (Barres et al., 1992; TsRT-PCR

etal., 2002). Purified oligodendrocyte precursors were double labeleghtal RNA was extracted by RNeasy Mini kit (Qiagen) and was
with A2B5 and anti-DCC antibodies (R&D systems) as previouslysybjected to reverse transcription for cDNA by Superscript first-strand
described (Tsai et al., 2002). For chick oligodendrocyte precursorgynthesis system (Gibco). The primers for DCC WefECGA(C/T)-

cells were fixed in 4% PFA and anti-DCC antibodies were diluted irCCTTCCAACCT(C/G)TATGC and'sTC(G/T)(A/G)AAGGT(A/G)-

10% normal goat serum/PBS with 0.1% Triton X-100. Anti-neogeninfTACATGGCTTC. The primers for UNC5-1 were-6AGTCAC-
antibodies (Santa Cruz) were diluted in 10% normal rabbiicTTCCCACCTCTAC and SAGACTGGCGATGATCTTTTG. The
serum/PBS. All incubations were for 30 minutes at room temperaturgyimers for UNC5-2 were'85TCTCAGGGTCTACTGTCTGG and
Slides were viewed under a fluorescent microscope (Leica DMR) argl-GTGGTATCTTGAAGGCATAGG. The primers for neogenin were
images were taken by Hamamatsu CCD camera using Simple P&bm published results (Vielmetter et al., 1994). The primers for chick
software (Compix). netrin 1 were STACTGCAAGGAAGGCTTCTAC and 5TCAT-

. GTTGATCTTCAGCTTCC. The PCR programs were run on DNA
Chemotaxis assay _ Engine thermocycler (MJ Research) using the following program:
Chemotaxis assays were performed using a 48-well Boyden chambgg°C for 30 seconds; 30 cycles of 93°C for 30 seconds, 56°C for 1
(Neuro probe, AP 48) (Tsai et al., 2002) (Fig. 4D). The lower chambeginute, 70°C for 1 minute; and the last step of 70°C for 10 minutes.
was flooded with PDGF (Sigma) and/or chick netrin 1 (R&D systemsyhe DCC receptor products were digested \BitiaHl (NEB) for 1

in F12 medium with N2 supplement (Gibco). Polycarbonatenour at 37°C after RT-PCR amplification. The products were analyzed
membranes (Osmonics, |8V) were coated with poly-L-lysine and on 1.2% agarose gel.

pan-purified oligodendrocyte precursors from E7 chick spinal cords

added to the upper chamber with PDGF and/or netrin 1. After

incubation for 20 hours at 37°C, the membrane was fixed in methan@ESULTS

for 15 minutes and stained with ethidium bromide (Molecular probes,

4 uM in PBS) for 8 minutes. Non-migrating cells on the upper sid ligodendrocyte precursors are repelled by ventral

of the membrane were removed and the number of migrating Ce‘fgpinal cord

counted. Experiments were performed in triplicate at least three times: . ) o .

Three to four fields were counted undex2fagnification for each  Spinal cord oligodendrocyte precursors originate in the ventral
well, and data are compared between groups by the Student's twgentricular zone and subsequently populate both gray and
tailedt-test (Microsoft Excel). white matter (Miller et al., 1997). In chick spinal cord,
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oligodendrocyte precursors can be identified by mAb O:
labeling at stage 28 where they form an integral component « A Q}.{)

the ventral ventricular lining (Ono et al., 1995). Subsequently i (38
these cells or their progeny migrate to populate the entire spin

cord. To examine whether this dispersal is a result of repulsic » |83
from the ventral ventricular zone, three regions of chick spine

cord were cultured in isolation, and their ability to generate 5{)
oligodendrocyte precursors and direct oligodendrocyte
precursor migration assessed.

Separation of stage 29 chick spinal cord into dorsal (D)
intermediate (I) and ventral (V) regions (Fig. 1A) provided
explants with different oligodendrogenic characteristics. Dorse
explants contained virtually no oligodendrocyte precursor:
or oligodendrocytes after 3 days in culture (Warf et al., 1991
(Fig. 1B,C). Intermediate explants contained migratory
oligodendrocyte precursors but no floor plate or ventricula
source. By contrast, ventral explants contained migrator
oligodendrocyte precursor cells as well as floor plate and
ventricular source of new cells resulting in substantially more
O4-positive cells associated with ventral than intermediat
explants (Fig. 1D,E). The extent and pattern of oligodendrocyt
precursor migration differed between ventral and intermediat
explants. Ventral explants displayed more extensive but nc
uniformly radial migration, while intermediate explants
displayed more uniformly radial migration. Ventrally derived
O4-positive cells migrated further (Fig. 1F) and covered a large
area (Fig. 1G) than intermediate derived cells.

The extensive migration of oligodendrocyte precursors fron
ventral explants may reflect ventral chemorepulsive activity. Ti
test this, stage 29 intermediate explants were co-cultured wi F
ventral explants to screen for directional cues. Intermediate
derived migrating oligodendrocyte precursors were repelled b
ventral explants. In isolation, O4-positive cell migration from
intermediate explants was uniformly radial (Fig. 2A). By
contrast, when co-cultured in close proximity to ventral
explants, the distribution of intermediate-derived migratory
oligodendrocyte precursors was no longer uniformly radia
(Fig. 2B), although the total number of O4-positive 0
oligodendrocyte precursors was not significantly different
suggesting that co-culture did not influence oligodendrocyt G
precursor survival or proliferation. A greater number of
oligodendrocyte precursors were present in regions c
intermediate explants distal to than proximal to ventra 200
explants (Fig. 2B). Quantification of the relative distribution of
O4-positive cells revealed that 61+3% were distal to ventre 100
explants while only 39+3% of O4-positive cells were proximal ’—[—‘
to ventral explants. This differential distribution of O4 cells 0
was seen in greater than 70% of ventral-intermediate c« Intermediate  Ventral
cultures (see Fig. 6E,F), although the magnitude varie spinal cord  spinal cord
depending on the proximity of the explants with a maximarig 1. Generation and migration of oligodendrocyte precursor depends
effect at distances of less than $00. The morphology of O4-  on the spinal cord region. (A) The spinal cord shows three distinct
positive cells proximal and distal to ventral explants wasdomains used in this study. The spinal cord was opened at the roof plate
slightly different. Distally the majority of cells were unipolar and cutting at the sulcus limitians generates dorsal explants. Ventral
with a leading process (Fig. 2D); however, cells orientedegions were then bisected into intermediate and ventral explants.
towards ventral explants had shorter or multiple processes (Fi(B:C) Dorsal explants from stage 29 chick embryos did not give rise to
2C). The observation that oligodendrocyte precursors Oriemeollgodendrocy‘[e precursors after 3 days in culture, consistent with

i d tral lants did not d trat holoai _previous findings (Warf et al., 1991), although numerous axon bundles
owards ventral explants did not demonstraté morpnologiCy,q q geen, (D,E) Ventral and intermediate explants generated O4-

characteristics of oriented growth may reflect two populationpasitive oligodendrocyte precursors that differed in number and

of oligodendrocyte precursors that differ in response to ventramigrational distances. (F,G) Ventral explants generated higher numbers

derived repulsive cues. of oligodendrocyte precursors that migrated farther than those from
Directed migration of oligodendrocyte precursors was onlyntermediate explant®<0.001. Scale bar: 25m.
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et al., 1994). To determine whether netrin 1 expression was
maintained during the period of initial oligodendrocyte
precursor emigration, the presence of netrin 1 mRNA in stage
29 ventral spinal cords was examined by RT-PCR. Using
primers specific for chick netrin 1, mRNA was detected in
samples of ventral spinal cord and rostral CNS that was
retained until E9 (Fig. 3). Control preparations without reverse
transcriptase did not amplify any detectable products (data not
shown). These data demonstrate the continued expression of
netrin 1 between the stages 29 (E6) and E9 in the chick ventral
spinal cord, a developmental period that correlates with the
initial migration of oligodendrocyte precursors from the ventral
ventricular domain.

Netrin 1 repels purified oligodendrocyte precursors
in a chemotaxis assay

The preferential migration of intermediate-derived
oligodendrocyte precursors away from ventral explants in
co-culture assays, combined with the expression of netrin 1
in ventral spinal cord suggests that netrin 1 may provide a
chemorepulsive signal to oligodendrocyte precursors.
However, such a signal may act directly on oligodendrocyte
precursors or indirectly through other netrin responsive
neural cells (Varela-Echavarria et al., 1997). To determine
unambiguously whether netrin 1 was chemorepulsive for, and
acted directly on chick spinal cord oligodendrocyte precursors
a chemotactic Boyden chamber (Harvath et al., 1980) assay
was employed. Purified oligodendrocyte precursors placed on
the filter surface migrate through the filter in response to
Fig. 2. Ventral explants provide a chemorepulsive cue for putative chemotactic molecules added to the upper or lower
intermediate explant derived migratory oligodendrocyte precursors. chamber (Fig. 4D). Addition of netrin 1 to the lower chamber
(A) The migration pattern of O4-positive cells from isolated stage 29sjgnificantly reduced the number of cells that migrated through
intermediate explants was un_lformly ra_ldlal after 3 days in cu_Iture. the filter compared with controls (Fig. 4A,B,E; control
(B) Co-culture of ventral and intermediate explants resulted innon- 13 1,0 g cellsffield versus netrin 1 treated (100 ng/ml)
radial migration of O4-positive cells. More cells migrated away fr0m7.7il.0). By contrast, addition of PDGF (20 ng/ml) to the

than toward to the ventral explant. Asterisk indicates position of theI hamber i d th b f cells th - d
ventral explant. (C,D) The morphology of O4-positive cells proximal ower chamber increased the number of cells that migrate

and distal from the ventral explant was subtly different. Distally (D), through the filter (Fig. 4C; 23t0.8 cells/field), indicating
04-positive cells had longer processes, whereas proximally (C) theythat PDGF but not netrin 1 is a chemoattractant for chick
had shorter and frequently multiple processes. Asterisks in C,D oligodendrocyte precursors, as it is for rodent cells (Armstrong
indicate location of intermediate explants. Scale bars: in Auh®0 et al., 1990). The reduction in migrating cells with netrin 1 in
for A,B; in D, 20pm for C,D. the lower chamber might reflect either chemorepulsion or an

St.29  E9
seen with ventral/intermediate explant combinations. Co
culture of two ventral explants did not result in preferential B VSC VvsC
migration away from adjacent explants, suggesting the
directional repulsive cues established by one explant may |
negated by those from the other. Likewise, co-culture of twi
intermediate explants did not result in preferential migratior
away from adjacent explants. Furthermore, co-culture of dors:
and intermediate explants did not provide evidence fo
attractive or repulsive cues from dorsal explants (data nc
shown). These observations are consistent with the hypothe:
that a ventrally derived repulsive cue mediates the initia
dispersal of migratory spinal cord oligodendrocyte precursors

4— Netrin-1

Netrin 1 is expressed at the spinal cord ventral Fi . : : : '

A : . . . g. 3.Netrin 1 mRNA is present in the ventral spinal cord during
mldlln_e durlng. oligodendrocyte precur_sor migration the period of oligodendrocyte precursor migration. At stage 29 (E6),
Candidate guidance molecules for oligodendrocyte precurs@T-PCR analyses revealed a band of the expected size (300 bp) in
dispersal include netrin 1 that is expressed in the floor platsrain (B) and ventral spinal cord (VSC). Expression was retained
and ventral ventricular zone earlier in development (Kennedyntil E9.
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inhibition in cell translocation (Tsai et al., 2002). To including DCC, UNC5 (Ackerman et al., 1997; Chan et al.,
distinguish between these possibilities, netrin 1 was added ®96; Leonardo et al., 1997) and neogenin. Chick spinal cord
the upper chamber along with purified oligodendrocyteoligodendrocyte precursors express neogenin. Two bands of
precursors and the number of cells that migrated throughppropriate sizes for neogenin were amplified by RT-PCR
the filter assayed. Although low concentrations of netriranalyses from pan-purified E10 and E12 O4-positive cells (Fig.
(20 ng/ml) had no effect (13Q.3, P=0.9), at higher 5A) consistent with alternative splicing (Vielmetter et al., 1994).
concentrations the number of migrating cells increased in @ determine whether netrin receptors were expressed on the
dose-dependent manner in response to netrin 1{1®6t surface of oligodendrocyte precursors, purified chick spinal cord
100 ng/ml, 20.#1.1 at 400 ng/ml) (Fig. 4F). These data O4-positive cells (Fig. 5B) were labeled with anti-neogenin (Fig.
indicate that netrin 1 acts as a chemorepellent rather than a s&p) and anti-DCC (Fig. 5D) antibodies. Greater than 70% of
signal for oligodendrocyte precursor migration. cells were labeled with either antibody. To confirm netrin
Netrin chemorepulsion antagonizes the chemoattractivieeceptor expression on migratory oligodendrocyte precursors the
activity of PDGF. When PDGF and 100 ng/ml netrin 1 wereexpression of DCC and UNC5 was examined on A2B5 pan-
added to the lower chamber, the numbers of migrating cellsurified immature rat oligodendrocyte precursors. Immature
were significantly reduced compared with those seen with2B5-positive oligodendrocyte precursors express all three
PDGF alone (Fig. 4E, 16:0.9 cells/field). In the presence of netrin receptors detected by RT-PCR (Fig. 5E). The products
400 ng/ml netrin 1, PDGF chemoattractive activity was almosamplified from DCC-specific primers were further analyzed by
totally abolished (Fig. 4E, 140.0) and the number of restriction enzyme digestion (Fig. 5E) resulting in two bands of
migrating cells was similar to that in control®=0.44). predicted sizes. Consistent with these observations, the majority
These observations indicate that netrin 1 is a bona fidef A2B5-positive cells purified from newborn rat spinal cord
chemorepellent for oligodendrocyte precursors and caexpressed detectable cell surface DCC (Fig. 5F-H).

antagonize PDGF chemoattraction. ) ] . .
Netrin secreting cells provide a chemorepulsive

Chick spinal cord oligodendrocyte precursors guidance cue to migrating oligodendrocyte
express netrin receptors precursors

Responses to netrin signaling are mediated through receptdis determine whether netrin 1 provided a chemorepulsive
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0.4 ]{;IO:.le] P < 0.0001 Fig. 4.Netrin is a chemorepellent for purified chick spinal cord
etrin- | oligodendrocyte precursors in chemotaxis assays. (A) Ethidium bromide
P <0.0001 labeled migrating oligodendrocyte precursors on the lower surface of the

filter after 20 hours in control conditions. (B) The number of migrating
cells decreased when netrin 1 was added to the lower well, suggesting that cells are repelled by netrin 1. (C) The ngralieg afefis
increased when PDGF was added to the lower well, suggesting that cells are attracted by PDGF. (D) Boyden chamber assayrswo ch
are separated by a filter, cells are placed in the top chamber and putative chemotactic molecules placed in the uppearoblwer ¢
Migrating cells are counted on the lower surface of the filter. (E) Quantitation of the migration. Addition of 100 ng/rltoetranlower
chamber inhibited oligodendrocyte precursor migration, whereas addition of 20 ng/ml PDGF promoted migration (Armstra8§@t dihe
chemoattraction of PDGF was blocked by addition of netrin 1 to the lower chamber in a dose-dependent manner. (F) Aduiitidntofthe
upper chamber increased the number of oligodendrocyte precursors migrating through the filter. Scale baiim £orlQC.
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DCC/cut

Fig. 5. Chick and rodent oligodendrocyte precursors
express netrin receptors. (A-D) Pan-purified O4-
positive chick oligodendrocyte precursors.

(A) Oligodendrocyte precursors from E10 or E12
chick spinal cords showed alternatively spliced
forms (427 and 266 bp) of neogenin by RT-PCR.
(B) The majority of O4-positive purified
oligodendrocyte precursors (>90%) were labeled
with anti-neogenin antibody, showing punctate
labeling on the cell processes and brighter labeling
over the cell body (C). A similar proportion of O4-
positive cells were labeled with anti-DCC antibody
(D). (E-H) Pan-purified A2B5-positive rat spinal
cord oligodendrocyte precursors. (E) RT-PCR
analyses reveal bands with sizes correlating with
UNC5h1 (643 bp), UNC5h2 (446 bp) and DCC
(498 bp). The amplified DCC product was further
confirmed by predicted internal restriction enzyme
site (DCC/cut). Most A2B5-positive (G) rat
oligodendrocyte precursors were double labeled
with anti-DCC antibody (H). (F) Phase contrast
view. Scale bar: 2Qm.

signal to migratory oligodendrocyte precursors in theoligodendrocyte precursors away from the netrin 1-positive
multicelllular context of an explant, aggregates of netrin 1lcells and re-established a uniformly radial pattern of migration.
secreting cells were co-cultured with intermediate explantd-or example, in the presence of anti-DCC antibodies3%0
Explants grown in isolation or in co-culture with control 293 of oligodendrocyte precursors were located distal to the netrin
cells demonstrated uniformly radial migration of O4-positivel-positive cells compared with $3% of precursors located
cells (Fig. 2A, Fig. 6E) such that similar proportions of O4-proximal to the netrin 1-positive cells (Fig. 6BJE0.2). By
positive cells were present proximally and distally to cellcontrast, addition of control IgG had little or no effect on
aggregates (proximal 8%, distal 433%, n=9, P=0.7). By the influence of the netrin 1-positive cells on biasing
contrast, in co-culture with netrin 1-positive cells, intermediateligodendrocyte precursor migration and 58% of the cells were
explants demonstrated non-uniform radial migration of O4located distally to the netrin 1-positive cells (Fig. ®E21).
positive cells (Fig. 6A) with a significantly larger proportion These observations implicate a DCC-like receptor in mediating
of cells located distal to netrin 1-positive cells (proximalnetrin 1 guidance of migrating oligodendrocyte precursors.
39+2%, distal 6%2%) (Fig. 6E). More than 70% of  To determine whether the chemorepulsive effect of ventral
intermediate explants showed biased oligodendrocytexplants on oligodendrocyte precursors was dependent on
precursor migration away from netrin 1-positive cells (Fig. 6F)netrin 1 signaling through DCC receptors, co-cultures of
Taken together with the results from the chemotaxis assaygentral and intermediate explants were grown in the presence of
these data indicate that netrin 1 provides a chemorepulsive cfisction blocking anti-DCC and control antibodies. Addition
for migrating spinal cord oligodendrocyte precursors anaf anti-DCC antibodies neutralized the chemorepulsive cues
provide further support for the hypothesis that netrin Ifrom ventral explants and re-established a uniformly radial
contributes to the dispersal of spinal cord oligodendrocytenigration from intermediate explants. For example in the

precursors from the ventral ventricular zone. presence of anti-DCC, a similar distribution of oligodendrocyte
. ) precursors was seen on either side with228 of O4-positive
The chemorepulsive effect of netrin 1 on cells located distal and 52% located proximal to the ventral
oligodendrocyte precursors signals through a DCC- explants (Fig. 6C,E). By contrast, chemorepulsive cues from
like receptor ventral explants were not inhibited by control antibodies (Fig.

To determine whether signaling through netrin receptor§E) with 6@5% of oligodendrocyte precursors located distal
expressed by oligodendrocyte precursors mediated netrin &nd 4@5% located proximalnE12) to the ventral explants.
stimulated chemorepulsion, function-blocking anti-DCC andTaken together, these data demonstrates the ventral spinal cord-
control antibodies were added to co-cultures. The addition aferived chemorepulsion is dependent on DCC signaling and is
anti-DCC antibodies neutralized the preferential migration otonsistent with netrin 1 guiding the initial dispersal of spinal
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Fig. 6. Netrin 1-induced chemorepulsion of oligodendrocyte
precursors is dependent on DCC-like signaling. (A) Netrin 1-
positive cells mimic the repulsive activity exerted by ventral
explant cells. The majority of intermediate explant-derived
oligodendrocyte precursors migrated away from netrin 1-
positive cells. The biased migration of oligodendrocyte
precursors from intermediate explants was blocked by anti-
DCC antibodies in co-cultures with (B) netrin 1-positive cells
or (C) ventral explants, demonstrating that a DCC-like
receptor mediates netrin 1 signaling. Cell aggregates and
ventral explants are outlined. (D) Schematic representation of
the quantitative analyses of oligodendrocyte precursors from
D intermediate explants. The counting criteria are described in
the Materials and Methods. (E) Quantitative analysis of cell
distribution in migration assays. In isolation, equal proportions
of cells migrate in all directions. In co-culture with ventral

distal | proximal

- explants or netrin-secreting cells, a higher proportion of cells
o g are distal to the chemorepulsive cue and this is negated by
o o anti-DCC but not control antibodies. (F) Scatter plot
~ O~

demonstrates the ratio of oligodendrocyte precursors migrating
out from the distal to proximal side. Each dot represents one
co-culture pair. A ratio larger than 1 represents repulsion,
whereas a ratio smaller than 1 is attractive. VSC, ventral spinal
E 70% cord; ISC, intermediate spinal cord; N293, netrin-producing
293 cells; C293, control 293 cell*0.003, **P<0.001.

Scale bar: 10Qm.

* % * % *

60%
DCC antibody on the dispersal of oligodendrocyte

precursors in slice preparations of chick spinal cord were
assessed. The normal ventral to dorsal migration of
—— spinal cord oligodendrocyte precursors is conserved
in embryonic slice preparations. Oligodendrocyte
ISC + VSC ISC+N293  ISC + C293 precursors labeled with mAb O4 are first detected around
40% stage 28/29 and stage 28 slices labeled with mAb O4 one
hour after dissection showed trace labeling in the ventral
ventricular region (Fig. 7A). After 24 hours in culture,
Mouse IgG~ — — + = = ¥ = the distribution of oligodendrocyte precursors was
predominately ventral (Fig. 7B), whereas after 48 hours
25| S many Od4-positive cells demonstrated extensive
o migration to the dorsal spinal cord (Fig. 7C) where they
4 had a characteristic unipolar morphology (Fig. 7D). In
u = slice cultures grown in the presence of anti-DCC
3y . o antibody (10 pg/ml) for 48 hours, the ventral to
. 2 A dorsal migration of oligodendrocyte precursors was
. R A significantly  inhibited and the majority of
L & & oligodendrocyte precursors had smaller cell bodies
#, 2" an oo DE% So g i~ P T localized close to the ventral ventricular zone or ventral

[ ] /
AR S g8 = A s

s _ = U5 g 0 Au L gt T Aa lateral pial surface (Fig. 7E,F) (Table 1). For example,

A A
a p 1;\4“ A

precursors

50%

% of distal oligodendrocyte

Anti-DCC = & = s = = =

F

—y

of oligodendrocyte precursors
-
]
o

. L 8 comparison of the relative number of O4-positive cells in
0 R = = 5 dorsal, intermediate and ventral spinal cord showed that
RO ise eiahs Bouvit HoaN.S in controls 122% of cells were located in dorsal regions,

(n=39) (n=34) + anti-DCC  + anti-DCC . . . .

(n=23) (n=17) whereas in anti-DCC treated slices this was reduced to
9+2%. A similar perturbation in the pattern of
oligodendrocyte precursor migration was seen when

cord oligodendrocyte precursors from the ventral ventriculaslices were grown in the presence of exogenously added netrin

Ratio of distal to proximal (D/P) cell number

zone. 1 (Fig. 7G). For example, the proportion of cells in dorsal
L o ) spinal cord was reduced to22% in the presence of 500 ng/ml
Inhibition of netrin signaling blocks the dispersal of netrin 1. The total number of O4-positive oligodendrocyte
oligodendrocyte precursors in chick spinal cord precursor cells in slices cultured with anti-DCC antibody
slices (123.0+13.8 cells/slice) or netrin 1 (125.0+12.8) were similar

To determine whether netrin 1 signaling mediates the dispers@l the control (160.6+14.0). The effects on oligodendrocyte
of oligodendrocyte precursors through the neuropil of therecursor migration were specific for netrin signaling. Non-
developing spinal cord, the effects of function-blocking antiimmune mouse IgG did not significantly affect the distribution
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Fig. 7. The dispersal of oligodendrocyte
precursors from the ventral ventricular zone is
dependent on netrin. (A) Stage 28 chick spinal
cord slice labeled with O4 antibody 1 hour
after dissection showed minimal staining in
the ventral ventricular zone. (B) After 24
hours O4-positive oligodendrocyte precursors
showed ventral radial migration, which
increased over the next 24 hours (C) (48 hours
total). (D) The majority of migrating cells

have immature unipolar or bipolar cell
morphology. (E) In the presence of anti-DCC
antibodies, O4-positive cells have a smaller
cell body and more processes. (F) The
migration of O4-positive oligodendrocyte
precursors is inhibited in the presence of anti-
DCC antibody with the majority of O4-
positive cells remaining in the ventral spinal
cord. (G) Addition of exogenous chick netrin

1 to the slices also inhibits oligodendrocyte
precursor migration. (H) Normal mouse 1gG
did not disrupt oligodendrocyte precursor
migration, neither did anti-prion antibody

(). (J) Anti-NCAM antibody altered the
pattern of migration, but did not mimic the
changes seen with anti-DCC or netrin 1.
(K-O) Stage 31 chick spinal cord slices.

(K) Stage 31 spinal cord slice after dissection
showed ventral radial migration. (L) Spinal
cord slices grown in the presence of anti-DCC
antibody or chick netrin 1 ligand (N) did not
show an altered migration pattern compared
with controls (M,0) suggesting that more
mature oligodendrocyte precursors are less
sensitive to netrin 1. Scale bars: in C, 100

for A-C,F-J; in E, 1Qum for D,E; in K, 100

pm for K-O.

of oligodendrocyte precursors (Fig. 7H) nor did addition ofadhesion molecule (NCAM) did result in a perturbation of the

anti-prion antibodies (Fig. 71) that labeled the majority of chickpattern of migration resulting in a more radial-lateral pattern
O4-positive cells (data not shown). Antibodies to neural cell{Fig. 7J) but did not mimic the migration inhibiting effects
of anti-DCC or netrin 1. The influence of anti-NCAM

Table 1. Distribution of O4+ cells in different spinal cord  @ntibodies is consistent with in vitro data, suggesting that
regions is dependent on netrin signaling NCAM-associated polysialic acid (PSA) is important in

oligodendrocyte precursor migration (Decker et al., 2000;

Hughson et al., 1998). The dependence of oligodendrocyte

Dorsal (%) Intermediate (%) Ventral (%)

Control (=19) e 193* 238+izl* 4352; precursor dispersal on netrin was transient. When slices were
Anti-DCC (10ug/ml) (n=13) 9% i o . 61—4* prepared from stage 31 embryos O4-positive cells were more
Netrin (500 ng/ml) 1t=14) 11+2 202 60+3 . .

Anti-Prion (10ug/ml) (n=7) 2043 38+1 42+3 dispersed (Fig. 7K) than at stage 28 after 24 hours (compare
Mouse 1gG (1Qug/ml) (n~=11) 1642 3642 48+4 Fig. 7B with 7K). After 48 hours in vitro, neither anti-DCC

antibody (Fig. 7L,M) nor addition of netrin 1 (Fig. 7N,O) had
regions. The total numbers of O4+ cells were counted in each region from a_significant effect on the migration of oligodendrocyte

slices cultured for 48 hours, and the significance of the difference in the precursors. . . .
relative proportion of cells in each region in control and treated slices tested ~ 1ogether these d_ata DI’OVId_e C(_)mpelllng eVIden_Ce to
by Mann-Whitney non-parametric test. support the hypothesis that netrin 1 is a chemorepulsive cue

*P<0.001. that mediates the initial dispersal of chick spinal cord

Spinal cord slices were divided into dorsal, intermediate and ventral
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oligodendrocyte precursors from their localized origin in themigrating laterally and dorsally are severely inhibited. This
ventral ventricular zone, a critical step in positioning these celldifferential sensitivity to netrin signaling may reflect the
to subsequently myelinate axons in presumptive spinal corekpression of different receptor combinations (Hong et al.,
white matter. 1999; Keleman and Dickson, 2001) on subsets of
oligodendrocyte precursors, different modes of migration or
the use of alternative substrate. It seems likely, however, that
DISCUSSION there is heterogeneity among ventrally derived spinal cord
oligodendrocyte precursors. For example, although the
Developing spinal cord oligodendrocyte precursors are highlynajority of oligodendrocyte precursors emerge from the pMN
migratory and disperse rapidly from their origin in the ventraldomain are Nkx2.2 and Olig2 positive (Zhou et al., 2001), a
ventricular zone to populate presumptive gray and whitsubset are proposed to derive from Nkx2.2-positive/Olig2-
matter. We show that the initial dispersal of these cells igegative cells (Soula et al., 2001). It is possible that cells
mediated by a chemorepulsive response to netrin 1. Netrindestined to the ventral regions of the spinal cord are derived
is expressed in the ventral spinal cord during the period dfom a similar subset of ventricular cells. Alternatively, spinal
initial oligodendrocyte precursor emigration from the ventralcord oligodendrocyte precursors may intrinsically be a
ventricular zone; both ventral explants and netrin 1-positivédiomogenous cell population whose responses to guidance
cells repel migratory spinal cord oligodendrocyte precursorsnolecules such as netrin 1 are modulated by local
Purified oligodendrocyte precursors express the netrienvironmental signals, thereby allowing a subset of cells to
receptors DCC, UNC5 and neogenin and signaling through escape netrin 1 repulsion.
DCC-like receptor mediates both the chemorepulsive cues of The response of oligodendrocyte precursors to netrin 1 is
netrin 1 and ventral spinal cord explants. PDGF is chemotacttemporally regulated. The initial dispersal from the ventricular
for oligodendrocyte precursors (Armstrong et al., 1990) and iaone is blocked by addition of anti-DCC or netrin 1. By
chemotaxis assays, netrin 1 antagonized the attractive effectsntrast, later in development, similar treatments appear to
of PDGF. The initial dispersal of oligodendrocyte precursorhave little effect. This lack of effect may reflect either a
occurs in slice preparations of developing chick spinal cord anghaturation event in oligodendrocyte precursors or an alteration
addition of anti-DCC antibody or exogenous netrin 1 severelijn guidance cues. It seems likely that the guidance of
compromised oligodendrocyte precursor migration from theioligodendrocyte precursors to appropriate domains of the
source at the ventral ventricular zone. spinal cord will involve multiple guidance cues such as
Myelination of the spinal cord is crucially dependent onsemaphorin 3A (Sema3A) and slit. The chemorepulsive cue slit
long-distance migration of oligodendrocyte precursors. Thés expressed in ventral spinal cord (Brose et al., 1999; Li et al.,
founder cells of the lineage arise in a ventrally located domaih999; Yuan et al., 1999), as is Sema3A (Luo et al., 1995;
as a result of local sonic hedgehog signaling (Orentas arRuschel et al., 1995). Non-migratory mature oligodendrocytes
Miller, 1996; Pringle et al., 1996), although their progenies arexpress the Sema3A receptor neuropilin 1 and retract
dispersed throughout the entire spinal cord and eventuallstablished processes in response to Sema3A (Ricard et al.,
concentrated in peripheral white matter. While classical conta@001), while some optic nerve glial precursors are repelled by
inhibition of motility (Heaysman and Pegrum, 1973) wouldSema3A (Spassky et al., 2002; Sugimoto et al., 2001).
tend to dissipate cells from a high density source, it is unlikeljNeuropilin, the Sema3A receptor, is functionally associated
to contribute to the spread of spinal cord oligodendrocytevith adhesion molecules, including NCAM (Castellani et al.,
precursors because it would be relatively slow, not provid@000). The embryonic form of NCAM (PSA-NCAM)
direction for isolated cells and is not demonstrated bynodulates oligodendrocyte precursor migration in vitro
oligodendrocyte precursors in vitro (Tsai and Miller, (Decker et al., 2000) and alters the pattern of oligodendrocyte
unpublished). By analogy with neuronal cell migration, radialprecursor migration in spinal cord slices. This altered
glia may facilitate later migration of oligodendrocyte migratory pattern may reflect disruption of Sema3A guidance.
precursors in white matter where they are closely aligned witNeither Sema3A nor slit appears to mediate initial
radial glia (Hirano and Goldman, 1988). The pattern of initialoligodendrocyte precursor dispersal; however, as this is
dispersal and ventral to dorsal oligodendrocyte precursonhibited by blocking netrin 1.
migration is not, however, consistent with the distribution of The guidance of migratory oligodendrocyte precursors by
radial glia in the spinal cord (Noll and Miller, 1993; Ono etdiffusible cues is not restricted to the spinal cord. In the optic
al., 1995), suggesting these cells do not influence initiaherve, glial precursors migrate from the chiasm to the retina
oligodendrocyte precursor dispersal. Rather, the pattern ¢®no et al.,, 1997; Small et al., 1987) in response to
oligodendrocyte precursor dispersal suggests a repulsive cakemorepulsive cues from the chiasm (Spassky et al., 2002;
regardless of cellular substrate. Sugimoto et al., 2001). In postnatal rat optic nerve, netrin 1
Netrin 1 is essential for the initial dispersal of spinal cordorovided chemorepulsion to NG2-positive cells, considered to
oligodendrocyte precursors. In the spinal cord, the netrinse oligodendrocyte precursors (Nishiyama et al., 1996), while
are pivotal guidance molecules for dorsoventral patterningema3A was chemorepulsive to an unidentified class of cells
mediating both attraction and repulsion in neurongSugimoto et al., 2001). By contrast, in embryonic mouse optic
(Wadsworth, 2002) and netrin 1 appears to selectively affecterve cultures, netrin 1 was chemoattractive for A2B5-positive
the dorsal and lateral migration of spinal cord oligodendrocyteells while Sema3A was chemorepulsive (Spassky et al.,
precursors. In slice preparations grown in the presencg002). The differential responses in the two systems might
of anti-DCC or exogenous netrin 1, ventrally migratingrepresent species differences, analyses of different cell
oligodendrocyte precursors appear to be unaffected, while cel@pulations or experimental conditions because directionality
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is dependent on receptor usage and signal transductibtughes Medical Institute. We thank Rae Wang for assistance and Dr
pathways (Hong et al., 1999; Ming et al., 1997). The presemy. Hall for critical insights.
study indicates that netrin 1 exerts a direct chemorepulsive
effect on unambiguously identified purified chick spinal
cord oligodendrocyte precursors. Not only is netrin lIREFERENCES
chemorepulsive, but it can also negate PDGF chemoattraction.
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