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Although cell migration is crucial for neural development, molecular mechanisms guiding neuronal migration have
remained unclear. Here we report that the secreted protein Slit repels neuronal precursors migrating from the anterior
subventricular zone in the telencephalon to the olfactory bulb. Our results provide a direct demonstration of a
molecular cue whose concentration gradient guides the direction of migrating neurons. They also support a common
guidance mechanism for axon projection and neuronal migration and suggest that Slit may provide a molecular tool with
potential therapeutic applications in controlling and directing cell migration.

Most neurons in the developing nervous system have to migrate
from their birthplaces to reach their final positions. Studies of
neuronal migration are important for revealing the mechanisms
underlying the formation of a normal nervous system, for understanding the aetiology of human diseases caused by abnormal
migration and for designing therapeutic approaches to neurological
diseases.
Neuronal migration in the developing central nervous system
(CNS) was initially inferred from histological observations by
classical neuroembryologists including Vignal (1888), Ramon y
Cajal (1891, 1911), Kolliker (1896), His (1904) and Hardesty
(1904)1 (reviewed in refs 2–5). The possibility that cells truly
migrate, rather than that cells formed earlier are simply displaced
by cells formed later6, was supported initially by cells moving in a
direction opposite to that expected from cell displacement through
histological examinations in the spinal cord of chick embryos7 and
later by autoradiographic tracing in the cerebrum of rodent
embryos8. The fact that only nuclei were traced in autoradiographic
studies raised the possibility that nuclei, but not entire cells, moved
in the highly structured nervous system. Electron microscopy and
reconstruction provided strong evidence for the migration of
neuronal cell bodies3–5, and observations of primary neurons and
glia cultured in vitro demonstrate directly that neurons do
migrate9–10. Using histological, autoradiographic, retroviral tracing,
dye labelling and modern imaging techniques, it has now been
established that the majority of neurons migrate throughout the
developing nervous system11–12.
Proper migration of neurons is essential for the formation and
normal functioning of the nervous system. In humans, defects in
neuronal migration can cause several diseases including epilepsy13,14.
Migration is also important for metastasis and invasion of neuroblastoma and glioma. Although it has been known for some time
that cell migration is essential for postnatal behaviour changes in
birds, we now know that neurogenesis and neuronal migration also
continue in the brains of postnatal mammals, including humans.
These findings indicate that, for successful application of cell-based
therapies for neurodegenerative diseases, it is essential to direct the
correct migration of neurons or cells expressing therapeutic
products to the target region.
Our understanding of the molecular mechanisms guiding neuronal migration is still limited. Genetic studies in humans and mice
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have identified many molecules, deficiencies of which cause defects
in neuronal migration15. Because most of these are intracellular
molecules, it is unlikely that they act as guidance cues for migrating
neurons. One molecule identified from the genetic studies is the
secreted protein Reelin16–18. Loss-of-function mutations in the reeler
gene cause defects in CNS lamination, and Reelin has been thought
to control cell–cell interactions critical for cell positioning. It is not
clear, however, whether Reelin acts as a stop signal or an adhesive
molecule for migrating neurons15–18,21. Because molecules can
regulate neuronal migration indirectly22, it is not established
whether Reelin acts directly or indirectly15,21. Similarly, the precise
roles of the other genetically identified molecules involved in
neuronal migration remain to be determined15,21.
The olfactory system is a useful model for studying neuronal
migration. The olfactory bulb relays olfactory information from the
olfactory epithelium to the primary olfactory cortex23. The major
types of interneuron in the olfactory bulb, including the granule
cells and the periglomerular cells, are produced postnatally from the
anterior subventricular zone (SVZa) of the telencephalon in
rodents24–26. Neuronal progenitors thus have to migrate in the
rostral migratory stream (RMS) from the SVZa to the olfactory
bulb19,20,27–32. Co-culture of explants in collagen gel matrices indicated
that the septum, at the midline of the telencephalon and caudal to
the SVZa, secretes a repulsive factor(s) guiding the migration of
SVZa neurons31. However, experiments involving a different culture
method using matrigel found no repellent activity in the septum for
migrating SVZa cells32. Because the matrigel allowed neurons to
migrate on top of each other, a behaviour termed chain migration
and thought to occur in vivo27,28,32, the significance of the repulsive
cue in the septum for guiding SVZa neurons was doubted by
Wichterle et al.32. Furthermore, the molecular identity of the
putative repellent(s) in the septum is not known.
We show here that the septum is repulsive to SVZa neurons in
matrigel. We found the expression of two slit genes in the postnatal
septum, encoding proteins that are repulsive cues capable of guiding
the migration of SVZa cells. This guidance depends on a concentration gradient, rather than the absolute amount, of the Slit
proteins. Moreover, Slit repels neurons migrating from the SVZa
into its natural pathway, the RMS. These results indicate that Slit
can act as a diffusible molecule guiding the direction of cell
migration in the nervous system.
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The existence of a repulsive activity in the septum for SVZa neurons
was indicated by co-cultures of the SVZa and septum in collagen gel
matrices31. Another assay for studying migration of SVZa neurons
involves matrigel, a three-dimensional extracellular matrix gel of
collagen IV, laminin, heparan sulfate proteoglycans and entactin–
nidogen33. The morphology and behaviour of SVZa cells cultured in
the matrigel are thought to resemble those in vivo27,28,32.
To test whether the septum is repulsive to SVZa neurons, we
isolated postnatal SVZa and septal explants and co-cultured them in
matrigel and collagen gel matrices. The distribution of neurons
migrating out of the SVZa explants can reveal repulsive or attractive
activities. When SVZa explants were placed in matrigel, the distribution of migrating cells was symmetric around the circumference of each explant (Fig. 1a). In the presence of the septum, more
cells were found in the quadrant distal to the septum than those in
the quadrant proximal to the septum (Fig. 1b) (36/36 explants).
Thus, as in collagen gel matrices31 (Fig. 1d), the septum is repulsive
to SVZa neurons. The ventral midline structure in the spinal cord,
the floorplate, was also repulsive to the SVZa in matrigel (Fig. 1c)
(12/12 explants). These results indicate that, although cells migrate
on top of each other in matrigel27,28,32, chains of migrating cells do
respond to guidance cues in the ventral midline of the neural tube,
including the septum and the floorplate.
Repulsion of migrating neurons by Slit

Genes encoding the secreted Slit proteins, which are chemorepellents
for axons34–38, are expressed in the embryonic septum34,35. We have now
found that slit genes are expressed in the postnatal murine septum. Of
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the three slit genes, slit-1 (Slit-1) and slit-2 (Slit-2) are expressed in the
postnatal septum and the neocortex (Fig. 1e–g), raising the possibility that Slit may be a guidance cue for SVZa neurons.
To investigate whether Slit proteins affected migration of neurons
from the SVZa, we first co-cultured SVZa explants and Slit-expressing cells in matrigel. When SVZ explants from postnatal day 5 (P5)
mice were co-cultured with human embryonic kidney (HEK) cells
stably transfected with a control plasmid34, chains of migrating
neurons were symmetrically distributed (Fig. 2a) (32/32 explants).
When SVZ explants were co-cultured with HEK cells stably expressing the Xenopus Slit protein (xSlit), an orthologue of mSlit-2, chain
migration was highly asymmetric (Fig. 2c) (42/42); there were more
chains in the quadrant distal to the Slit cells than in the quadrant
proximal to the Slit cells. The same effect occurred when SVZa
explants were co-cultured with mSlit-1-expressing cells (Fig. 2e)
(16/16). These results indicate that Slit is repulsive for SVZ cells
migrating in chains.
We have also assayed SVZa migration using collagen gel
matrices31. Although the distribution of migrating SVZa cells was
symmetric when explants were co-cultured with control cells
(Fig. 2b) (104/122 explants), with xSlit cells there were more
SVZa cells in the distal quadrant (Fig. 2d) (235/254 explants).
Cells transiently expressing mSlit-1 have similar effects (Fig. 2f)
(31/31). The effect of xSlit on SVZa cells was quantified, showing
that cells in the distal quadrant were not only more numerous, but
also farther away from the explants (Fig. 3d). Because single cells,
rather than chains of cells, migrate in collagen gel matrices, the
repulsive activity of Slit in the collagen gel assay indicates that Slit
can act on single cells.
To find out whether the migrating cells were neurons, we carried
out immunocytochemistry with the TuJ1 antibody, which recognizes the neuron-specific b-tubulin (Fig. 3). The migrating
cells stained positive for TuJ1, confirming that they are neurons
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Figure 1 Repulsion of SVZa neurons by the septum and the floorplate and
expression of slit genes in the postnatal septum. a, Chains of cells migrate out of
SVZa explants symmetrically when cultured alone in matrigel. In the presence of
the septum (b) or floorplate (c), there are more migrating cells in the quadrant of
the SVZa explant distal to the septum than in the proximal quadrant. d, As
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Figure 2 Effect of Slit on neurons migrating from SVZa explants. a, c, e,
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(Fig. 3a–c). The uneven distribution of TuJ1 staining within the
SVZa explants indicates that neurons migrated within each explant
away from the Slit cells (Fig. 3c).
These findings could be explained in two ways: either Slit repels
neurons, or Slit inhibits migration. To distinguish between them, we
placed two SVZa explants at different distances from a single
aggregate of Slit cells. The distance from the Slit cells to the proximal
side of the more distant explant was equal to, or slightly farther
than, the distance from the Slit cells to the distal side of the closer
explant (Fig. 4b). In both explants there were more cells in the distal
quadrants. These results are best explained by a repulsive activity of
Slit, rather than inhibition of migration by Slit. Next we placed an
SVZa explant on top, rather than to the side, of Slit-expressing cells.
Neurons still migrated out of the SVZa (Fig. 4d) (16 explants),
arguing against inhibition of neuronal migration by Slit. These
results indicate that Slit is repulsive to, rather than inhibitory of,
migrating neurons.
To test whether SVZa cells respond to the absolute concentration
of Slit or to a concentration gradient of the protein, we placed SVZa
explants between two aggregates of Slit cells. When an SVZa explant
was placed at unequal distances from two Slit aggregates, neurons
migrated away from the closer Slit aggregate (Fig. 4e). When SVZa
explants were placed at an equal distance from two Slit aggregates,
the cells migrated out symmetrically (Fig. 4f). The simplest explanation for these observations is that SVZa cells respond to a
concentration gradient of the Slit protein.
To determine the effective distance of Slit, multiple SVZa explants
were placed at different distances from control or Slit cells. When
the explants were within 1 mm of the Slit cells, neurons migrated
asymmetrically (Fig. 4h).
Slit and neuronal migration in the RMS

Although Slit can repel neurons migrating out of SVZa explants in
collagen gels and in matrigel, the question of whether Slit can guide
neurons migrating in their natural pathway was not addressed. We
developed an assay to investigate the effect of Slit on neurons
migrating from the SVZa into their natural pathway, the RMS,
towards the olfactory bulb. Sagittal sections of postnatal brains

Role of endogenous Slit in the septum

The septum contains a repulsive activity for SVZa neurons31. We
have also found that slit genes are expressed in the septum and that
Slit proteins are repulsive to SVZa neurons. Together, these results
indicate that endogenous Slit may be involved in repelling SVZa
neurons. To test directly whether endogenous Slit contributes to the
repulsive activity in the septum, we constructed a plasmid that
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containing the SVZa, the RMS and the olfactory bulb were isolated
and cultured. Crystals of the lipophilic dye 1,19-dioctadecyl3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI) were
placed into the SVZa to label neuronal precursors. After 24 h in
culture, migrating neurons were found in the RMS (Fig. 5b). To test
the effect of Slit, control HEK cells or HEK cells stably expressing Slit
were pre-labelled with another lipophilic dye 3,39-dioctadecyloxacarbocyanine (DiO), and placed on top of the RMS. With control
HEK cells, SVZa neurons migrated into the RMS (Fig. 5a–c) (14/14
explants). In contrast, when Slit cells were placed on the RMS, few
SVZa neurons migrated into the RMS (Fig. 5d–f) (16/16). These
results provide strong evidence indicating that Slit can regulate
neuronal migration in natural pathways.

Slit
g
d
% of cells migrated
further than X

c

100

proximal
distal
SVZa quadrant
quadrant

80

h

Slit
Exp.
Cells

60
distal
proximal

40
20

Control

0
0

50 100 150 200 250 300
migration distance (µm)

Figure 3 Neuronal nature and distribution of SVZa neurons. a, Cells migrating out
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Figure 4 Spatial relationship between SVZa explants and Slit-expressing cells.
Results of co-cultures in collagen gels are shown. a, b, SVZa explants placed next
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Distribution of SVZa neurons after co-culturing with septal explants on top of
either control HEK cells (a) or HEK cells expressing RoboN (b). c, Binding of
RoboN to Slit. Numbers on the left indicate relative molecular mass. HA-tagged
full-length Robo (lane 1) and RoboN (lane 5) were detected by an anti-HA
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was co-incubated with Myc-tagged xSlit in medium and detected by the anti-HA
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Figure 5 Migration of neurons in the RMS. DiI crystals were placed into SVZa in
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different views of the same slice in which an aggregate of control HEK cells were

was statistically significant (P , 0:05 in Student’s t-test).

placed on top of the RMS. d–f, Different views of the same slice in which an
aggregate of Slit cells were placed on top of the RMS. In all panels, the upper right
corner is towards the SVZa, the origin of the RMS, whereas the lower left corner is
towards to the olfactory bulb, the end of the RMS.

expressed RoboN, the extracellular domain of Roundabout (Robo),
a receptor for Slit34,36–38. After complementary DNA transfection
into HEK 293T cells, RoboN protein was secreted into the medium
and could bind to the Slit protein (Fig. 6c). Because RoboN lacks the
transmembrane and intracellular domains, it could be a competitive
inhibitor of Slit–Robo signalling.
To investigate whether RoboN could inhibit the activity in the
septum, we placed explants of the septum on top of either control
HEK cells or cells expressing RoboN, and then co-cultured them
with explants of the SVZa, and examined the distribution of
migrating SVZa neurons. When cultured on top of the control
cells, the septum was effective in repelling SVZa neurons (Fig. 6a).
RoboN cells significantly reduced the number of explants with
asymmetric distribution of migrating neurons (Fig. 6b, d).
Although these results did not distinguish which endogenous Slit
was involved, they indicate that endogenous Slit contributes to the
repulsion of SVZa neurons by the septum.
Discussion

We have shown that Slit is a chemorepellent for neurons migrating
from the SVZa and that Slit acts as a diffusible molecule, the
concentration gradient of which guides the direction of migrating
neurons. Slit is, to our knowledge, the first molecule directly shown
to be sufficient for the directional sensing of migrating neurons.
With previous findings that Slit is an axon repellent34–38, these results
also support the idea that there are at least some molecular guidance
mechanisms in common between axon projection and neuronal
migration.
Slit is a secreted protein34–38. Our data indicate that Slit can guide
334

neuronal migration without contact between the cells responding to
Slit and those producing Slit. It is unlikely that Slit acts indirectly by
regulating the differentiation of HEK cells or cells in the SVZa
explants. The repulsion of individual neurons by Slit in collagen gels
further supports the idea that Slit acts directly on migrating
neurons. Our studies have shown that Slit is a repulsive cue,
rather than an inhibitory factor, for migrating neurons. The
behaviour of SVZa explants at different distances from two Slit
sources indicates that the concentration gradient of Slit is likely to
be responsible for directional sensing. The ephrins can prevent
neural crest cells from migrating on caudal somites39–41. Although
the fact that ephrins are membrane-anchored proteins makes it
unlikely that they act as diffusible guidance cues, it remains to be
seen whether Slit and ephrins share any molecular mechanisms.
In the olfactory system, interneuron precursors migrate several
millimetres in the RMS from the SVZa to the olfactory bulb. The
activities of the septum and Slit indicate that Slit should be able to
guide at least the initial migration of cells from the SVZa. It is not
clear whether a gradient of Slit is responsible for guiding neuronal
migration in the entire RMS. In our experiments with SVZa
explants, the Slit cells could not act at distances greater than
1 mm. However, it cannot be ruled out that an endogenous Slit
gradient could be laid down by the septum over a longer time over
the entire RMS. It is also possible that other cues, acting in or
around the RMS, may affect the migration of SVZa cells. Because
significant influence over the direction of SVZa cell migration was
only exerted by the septum, but not by the target tissue (the
olfactory bulb or by tissues surrounding the RMS31, it seems
reasonable to suppose that, if other molecules help to guide SVZa
migration, they may act not just by themselves, but in coordination
with Slit. Molecules such as the neural cell adhesion molecule
(NCAM), which is expressed in the RMS and is necessary for
SVZa migration30,42,43, may act locally in the migration pathway to
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allow adhesion of SVZ neurons. It will be interesting to test whether
there is any functional relationship between Slit and NCAM. The
embryonic septum can repel embryonic olfactory bulb axons and
neonatal SVZa neurons, whereas the neonatal septum can repel only
migrating neonatal SVZa neurons but not embryonic olfactory bulb
axons31. The expression and activity of slit in both embryonic and
neonatal septum indicate that either different forms of Slit proteins
may be responsible for axon guidance and neuronal migration, or
there may be other molecules modulating the activity of the same
Slit proteins. Although only the caudal, not the rostral, septum has
been shown to repel SVZa neurons31, our in situ hybridization has
not revealed obvious differences in the expression of slit genes in the
rostral and caudal septum, again raising the possibility of other
modulating activities.
Functional studies of Slit make it interesting to consider the
relationship between neuronal migration and axon guidance. Both
processes involve cell motility, but the entire cell body moves in one
case, whereas only axons move in the other case. Defects in both
axon pathways and neuronal position can be caused by mutations in
the same genes. Loss-of-function mutations in netrin, its
Caenorhabditis elegans homologue unc-6 or their receptors result
in abnormal axon projection and cell position in the mouse44–46 and
C. elegans47. Genetic and phenotypic analyses in C. elegans indicate
that unc-6 is required for the migration of mesodermal cells47.
Experiments with commissural and other explants have demonstrated that Netrin-1 can directly guide axon projections44, and
recent evidence from explant studies indicates that defects in
pontine neuronal migration in mouse mutants similarly reflect a
direct attractive action of Netrin-1 on these neurons (K. Lee, H.
Simon, M. Tessier-Lavigne and D. O’Leary, personal communication). It will be interesting to see if the same is true of other cell
migration defects reported in mice mutant for Netrin or Netrin
receptors, or whether some of them are due to indirect effects on the
projection of axons or glial fibres along which neurons may migrate
(see ref. 48 for review of neurophilic and gliophilic migration).
Genetic and explant experiments indicate that Slit acts directly as
a chemorepellent for axons34,35,37,38. Mutations in robo and slit in
C. elegans and Drosophila result in defective cell positioning, suggesting
that Slit–Robo signalling is required for cell migration37,49. Genetic
and phenotypic analysis in Drosophila suggests that slit is required
for the migration of muscle precursor cells37; certain muscle precursor cells, which normally migrate away from the embryonic
midline, do not migrate in slit mutants (T. Kidd and C. S. Goodman,
personal communication). Our present results have shown directly
that Slit is sufficient to act as a repellent for migrating neurons. Slit
has therefore been directly demonstrated to guide both neuronal
migration and axon projection34–38. It seems that whether Slit guides
the movement of cell bodies or axons depends on the type of
responding cell. It is unclear, however, whether intracellular
machinery or extracellular mechanisms determine the type of
response. Is the same form of Slit protein involved? Are there
more intracellular components to enable a neuron to move its cell
body? Or does the absence of critical components cause a neuron to
move its cell body rather than its axon? The availability of a guidance
cue acting in vitro on both migrating neurons and projecting axons
offers the prospect of addressing these questions experimentally.
Cell migration is crucial in other developmental and non-developmental processes, including migration of cortical neurons
radially along glial fibres, migration of neural-crest precursor
cells, gastrulation, heart formation, muscle development, angiogenesis, leukocyte chemotaxis and tumour metastasis. We have
obtained evidence for Slit function in other populations of
neurons50, indicating that guidance cues may be crucial in many
processes involving neuronal migration. It will therefore be interesting
to test whether the Slit family or other guidance cues can guide
migrating cells in multiple systems in normal and abnormal situations. For migrating cells that do not respond to Slit, it will be
NATURE | VOL 400 | 22 JULY 1999 | www.nature.com

interesting to investigate whether the introduction of Robo or other
potential receptor components can confer responsiveness to Slit.
This may broaden potential therapeutic applications of Slit proteins
in controlling unwanted cell migration and in delivering cells to the
M
intended target region.
.........................................................................................................................

Methods

In situ hybridization. Brains were removed from P3 rats, and 16-mm coronal

sections were cut with a cryostat, collected on superfrost plus slides and air
dried. 35S-labelled slit probes were made and 2 3 106 counts per minute
(c.p.m.) of riboprobes was applied to each slide with brain slices. The slides
were overlaid with coverslips and incubated in humidified chambers at 55 8C
overnight before being washed with a washing buffer (50% formamide,
2 3 SSC and 0.1% b-mercaptoethanol) at 65 8C for 30 min, rinsed for
10 min in RNase buffer (0.5 M NaCl, 10 mM Tris-HCl, pH 7.5, 5 mM EDTA)
and treated for 30 min at 37 8C with 20 mg ml−1 RNase A. The slides were then
placed at 65 8C in the washing buffer for 5 min at 37 8C in 2 3 SSC for 15 min
and at 37 8C in 0:1 3 SCC for 15 min before being dehydrated. The slides were
coated with Kodak NTB2 emulsion and stored at 4 8C for 3 weeks before being
developed in Kodak D19 and counterstained with haematoxylin.
Co-culture of explants. Brains from newborn Sprague-Dawley rats (postnatal
days 3–7) were embedded in 7% low melting-point agarose prepared in
phosphate-buffered saline. Coronal and sagittal sections of 400 mm were cut
with a vibratome. Tissue within the borders of the SVZ in coronal sections was
dissected out to make SVZa explants of 200–400 mm in diameter. We isolated
septal explants from sagittal sections and placed them into the collagen gel or
matrigel as described31,32,34. They were cultured for 16–24 h under 5% CO2 in
F-12 medium supplemented with 10% fetal bovine serum, and penicillin and
streptomycin.
Co-culture of SVZa explants with cell aggregates. We have two stable HEK
cell lines34. One was transfected with a plasmid expressing xSlit, and the other
with the vector plasmid. Both lines went through similar selection and
subcloning. The Slit line was confirmed by western blotting to express the
full-length xSlit protein tagged with the Myc epitope. We also transiently
transfected HEK 293 cells with either a vector or a plasmid expressing fulllength Myc-tagged mSlit-1. The expression of mSlit-1 was also confirmed by
western analysis. Because xSlit and mSlit-1 behaved similarly in all tests, we
usually used the xSlit stable line.
We made aggregates of the control or Slit-expressing cells by the hangingdrop method. They were placed into collagen gels or matrigel with SVZa
explants, and cultured as described above.
For immunohistochemistry, samples were fixed with 4% paraformaldehyde
and pre-incubated with 10% goat serum in 0.1 M phosphate buffer (pH 7.4) for
1 h. Incubation with the primary antibody (TuJ1, 1:200 dilution) was carried
out overnight at 4 8C. They were washed and then incubated with a goat antimouse secondary antibody conjugated to Cy3 for 1 h at room temperature, and
washed before being mounted with glycerol.
For quantification, we obtained immunofluorescence images of samples
stained with TuJ1, using a Zeiss microscope. We quantified cell distribution by
analysing the distance between the cell body and the nearest edge of the explant,
using the IPLab program.
To test whether the extracellular domain of Robo (RoboN) could inhibit the
septal activity, aggregates were made from HEK cells transiently transfected
with a plasmid expressing RoboN. These cells were embedded in a thin layer of
collagen gel. Explants of the caudal septum were placed on top of the RoboN
cells and co-cultured with SVZa explants in collagen gel matrices.
Slice assay with the RMS. Sagittal sections of postnatal rats were cut with a
vibratome and those containing the SVZa, the RMS and the olfactory bulb were
used. Crystals of DiI were inserted into the SVZa. The slices were cultured in a
similar way to the SVZa explants.
Control or Slit-expressing HEK cells were labelled with DiO. Aggregates of
these cells were placed on top of the RMS. We visualized DiI and DiO signals
with different filters under the microscope. Images were taken with a Spot
camera and stored on the computer.
Binding of RoboN to Slit. Full-length Robo has 1,660 residues; RoboN was
made by tagging a hemagglutinin (HA) epitope to amino-acid residue 718.
Lysates of cells expressing HA-tagged full-length Robo or RoboN were
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incubated with lysates or media of cells expressing xSlit. Immunoprecipitation
was done as described34.
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