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Abstract

 

Interneurons are an integral part of cortical neuronal circuits. During the past decade, numerous studies have
shown that these cells, unlike their pyramidal counterparts that are derived from the neuroepithelium along the
lumen of the lateral ventricles, are generated in the ganglionic eminences in the subpallium. They use tangential
migratory paths to reach the cortex, guided by intrinsic and extrinsic cues. Evidence is now emerging which
suggests that the family of Slit proteins, acting through Robo receptors, play a role not only in axon guidance in
the developing forebrain, but also as guiding signals in the migration of cortical interneurons. Here we describe
the patterns of expression of Slit and Robo at different stages of forebrain development and review the evidence
in support of their role in cortical interneuron migration. Slit–Robo signal transduction mechanisms are also impor-
tant during normal development in a number of systems in the body and in disease states, making them potential
therapeutic targets for the treatment of neurological disorders and certain types of cancer.
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Introduction

 

Santiago Ramón y Cajal, widely acknowledged as the
greatest neurohistologist, investigated brain structures
in a wide variety of species (Ramón y Cajal, 1909, 1911).
Cajal’s first contributions were to the studies of the ana-
tomical organization of the vertebrate retina and cerebel-
lum, and these early observations provided the basis for all
his subsequent studies. He discovered and described,
always with a penchant for interpreting anatomy in func-
tional terms, an enormous variety of cells in terms of their
shapes and sizes, and of the morphology and branching
patterns of their processes. In the late 1880s, Cajal launched
himself into the study of the cerebral cortex, and devoted
much of his time and energy in the subsequent three
decades to its structural and functional organization
(Ramón y Cajal, 1891, 1894, 1911). This embryonic and
neonatal material was crucial in Cajal’s success with the
Golgi method, in comparison with the inconsistent results
of other workers who used adult tissues, including Camillo
Golgi himself (see DeFelipe & Jones, 1988). This material

was also used by Cajal to make forays into the field of
development, allowing him to describe the different
histogenetic phases of the cortex of the human fetus and
other lower mammals. In these studies, he confirmed the
observations of Wilhelm His and other investigators of the
late 19th century, and added considerable detail on
the morphological and cytological differentiation of the
cortical cell types (Ramón y Cajal, 1960; DeFelipe & Jones,
1988). Cajal dealt quite extensively with the differentia-
tion of the neurons with long axons (projection neurons;
pyramidal cells), but had less to convey about the cells with
short axons (non-pyramidal cells; interneurons) because of
the extreme rarity with which these cells were impreg-
nated in his newborn and fetal material (mostly mouse
cortex). Based on recent discoveries on the origin and
migration of interneurons (see below), it seems likely that
many of these cells either had not yet appeared in the cor-
tex at the time of impregnation or had not differentiated
sufficiently to reveal their characteristic features.

The exquisite observations of mammalian embryonic
tissue by Wilhelm His and other old masters (including
Cajal) in the late 19th century prompted the suggestion
that cortical neurons are generated near the cerebral
ventricle and migrate to their final destinations in the
overlying cortex. The crucial finding was that mitotic figures
were situated along the lumen of the cerebral ventricles
and were virtually absent from the developing cortex
forming below the pial surface. This basic concept with-
stood the test of time and remained, for the most part,
valid. However, nearly 10 years ago, reports appeared in
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the literature suggesting that neurons arising in the
ganglionic eminence (GE), the primordium of the basal
ganglia in the subpallium, migrate to the developing
pallium (De Carlos et al. 1996; Tamamaki et al. 1997). Tracing
studies in rodents have since confirmed these observations
and demonstrated that these migrating cells are GABA-
containing interneurons destined not only for the neo-
cortex, but also for the hippocampus and olfactory bulb
(Anderson et al. 1997; Lavdas et al. 1999; Wichterle et al.
1999, 2001; Pleasure et al. 2000). These studies identified
different streams of interneurons that migrate around the
corticostriatal notch and follow tangentially orientated
paths to enter the cortex. An early cohort [embryonic day
(E)12 in mouse; E14 in rat], originating in the medial
ganglionic eminence (MGE), enters mainly the preplate. A
second and more prominent cohort, composed also of MGE
cells, migrates mainly through the intermediate zone (IZ)
slightly later in development (E13–15 mouse; E15–17 rat).
At the late stages of corticogenesis, cells originating mostly
from the lateral ganglionic eminence (LGE), but also from
the MGE, appear in the lower IZ and subventricular zone
(SVZ). More recent studies have shown that the caudal
ganglionic eminence (CGE) also contributes to the group
of tangentially migrating interneurons to the cortex and
hippocampus (Nery et al. 2002). The existence of distinct
sources of cortical interneurons has raised the question of
whether distinct interneuron subtypes are derived from
each of the identified sources in the subpallium. Cortical
interneurons show remarkable diversity of subtypes
identified by morphological, physiological and molecular
properties (Fairén et al. 1984; Cauli et al. 1997; Kawaguchi
& Kubota, 1997; Markram et al. 2004). Anderson and col-
leagues have recently studied the origins and specifica-
tion of distinct subgroups of cortical interneurons. These
investigators used 

 

in vitro

 

 transplantation assays and
analysis of 

 

Nkx2.1

 

 mutants and found that somatostatin-
and parvalbumin-expressing interneurons derive for the
most part from the MGE, while calretinin-containing
cells originate predominantly in the CGE (Xu et al. 2004;
Wonders & Anderson, 2006). More recently, using 

 

in utero

 

fate mapping studies, coupled with electrophysiological
and immunological analysis, Butt et al. (2005) have
elegantly demonstrated that at E13.5 medial and caudal
GEs give rise to inteneuron populations with distinct
electrophysiological properties. Interestingly, analysis of
the CGE neurons at E15.5 appear to show a different class
of regular-spiking inteneurons from those generated at
E13.5, suggesting that different spatial and temporal origins
of interneurons within the developing telencephalic
eminences give rise to mature neurons with predicted
physiological properties.

Cortical interneurons generated in the subpallium use
intrinsic and extrinsic cues along their tortuous journey to
the cortex, and disperse in all cortical layers where they
assemble into functional circuits with a precise balance of

synaptic excitation and inhibition (for a review, see Flames
& Marín, 2005). It has been suggested that disruption in
this balance results in neuropathological conditions
such as epilepsy and Parkinson’s disease (Ribak et al.
1982; Sloviter, 1987; De Lanerolle et al. 2003; Cobos et al.
2005; Magloczky & Freund, 2005; Kumar & Buckmaster,
2006; Mallet et al. 2006). Recent work has also suggested
a role for interneurons in the neuropathology and develop-
ment of Alzheimer’s disease (Koliatsos et al. 2006). Thus,
understanding the molecular mechanisms that control
interneuron migration and the roles these cells play in
cortical function is of significant clinical relevance and
therapeutic importance.

Santiago Ramón y Cajal (1892) was also the first to pro-
pose the idea that chemo-attractive molecules secreted by
target cells regulate developmental events such as axon
guidance and migration. However, it took nearly 100 years
before experimental evidence confirmed that diffusible
factors secreted by floor-plate cells in the developing
spinal cord regulate commissural axonal outgrowth (Tessier-
Lavigne et al. 1988). The molecules were later identified as
netrin-1 and netrin-2 (Kennedy et al. 1994). Subsequently,
a plethora of chemotropic molecules have been shown
to play roles in axon guidance and cell migration. These
include three pairs of ligands and their cognate receptors:
the Semaphorins (Semas) and their receptors, the neuro-
pilins (Npns); Ephrins and their receptors (Eph); and Slits and
their receptors Robo (roundabout in 

 

Drosophila

 

). Much of
the work pertaining to the role of these ligands and their
receptors during cortical neuron migration has been
reviewed by Marín & Rubenstein (2003). Here, we review
recent findings regarding the role(s) of Slit/Robo inter-
actions in forebrain development with emphasis on cortical
interneuron migration.

The family of Slit proteins are large secreted axon
guidance molecules, which are evolutionarily conserved
(Rothberg et al. 1990). Slit was first identified as a factor
involved in the development of midline glia and was
subsequently found to be a midline axon repellent (Battye
et al. 1999; Kidd et al. 1999). In 

 

Drosophila

 

, Slit has been
shown to prevent ipsilateral projecting fibres from cross-
ing the midline, and contralaterally from recrossing via
repulsive axon guidance activity (Rajagopalan et al. 2000;
Simpson et al. 2000a). The repulsion is mediated by
members of the Roundabout (Robo) receptor family,
which are expressed in commissural axons (Kidd et al. 1998a).
In 

 

Drosophila, robo

 

 and 

 

slit

 

 mutants exhibit severe midline
crossing defects (Kidd et al. 1999; Simpson et al. 2000b).

Robo is a novel member of the immunoglobulin (Ig)
super family of cell adhesion molecules (CAMs), which are
conserved throughout evolution from 

 

Drosophila

 

 to
humans (Sundaresan et al. 1998a,b). Robo molecules
contain five Ig domains (two only in Robo4), three type III
fibronectin motifs, a transmembrane segment, and a cyto-
plasmic tail containing four conserved signalling motifs
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which are thought to interact with downstream signalling
molecules (Bashaw et al. 2000). To date, four family mem-
bers have been identified in vertebrates: Robo1, Robo2,
Robo3 (also known as Rig1) and Robo4 (also known as
magic roundabout) (Kidd et al. 1998a,b; Yuan et al. 1999a;
Huminiecki et al. 2002). Robo1 and Robo2 are expressed in
many tissues and organs during development and in adult
life, but show strongest expression in the developing nerv-
ous system (Holmes et al. 1998). Robo3 expression seems
limited to the developing CNS, while Robo4 is specifically
found in endothelial cells. All four Robos have been shown
to bind to Slit proteins (Park et al. 2003; Liu et al. 2004;
Cammuri et al. 2005; Mambetisaeva et al. 2005). For Robo1,
at least, this binding activity has been delineated to
reside within Ig domains 1 and 2 (Liu et al. 2004), which are
also the most highly conserved parts, highlighting the
importance of these domains in Robo function. Recently,
these two Ig domains of Robo have been shown to interact
with the leucine-rich regions in Slit proteins (Howitt et al.
2004).

Like other CAMs, human Robo1, Robo2 and Robo3 have
recently been shown to mediate homophilic adhesion,
functioning as both a ligand on one cell and a receptor on
another, as well as to function as heterophilic ligands
(Hivert et al. 2002; Liu et al. 2004; Cammuri et al. 2005). The
significance of such homophilic and heterophilic inter-
actions in terms of Robo function is unknown at present,
but for other CAM family members such as NCAM, L1 and
the netrin receptor DCC, these interactions have been
shown to be important in promoting neurite outgrowth
(reviewed in Walsh & Doherty, 1996).

 

Expression of Slit/Robo in the developing 
cerebral cortex

 

The relevance of Robo and Slit expression has been exten-
sively highlighted in axon guidance systems in rodents
(reviewed in Brose & Tessier-Lavigne, 2000), specifically in
the development of major forebrain axonal tracts and
commissures (Bagri et al. 2002; Andrews et al. 2006), in the
visual system (Plump et al. 2002; Thompson et al. 2006)
and in the spinal cord (Shu et al. 2003; Long et al. 2004;
Sabatier et al. 2004; Mambetisaeva et al. 2005). Here, we
review Slit and Robo expression patterns in the context of
interneuron migration in the developing rodent forebrain.
Interneurons follow distinct migratory routes from their
origins within the germinal zone of the GE to the develop-
ing cortex (see above), and the position and extent of
these routes are developmentally regulated. We therefore
describe Robo and Slit expression patterns during early
(E13), mid (E15) and late (E17) phases of tangential
migration.

The expression of 

 

slit/robo

 

 genes has been investigated
predominantly by 

 

in situ

 

 hybridization, and these studies
have shown that robo (

 

robo1 

 

and

 

 robo2

 

) and

 

 slit

 

 (

 

slit1

 

, 

 

slit2

 

,

 

slit3

 

) genes are dynamically expressed in complementary
patterns during cortical development (Yuan et al. 1999a;
Bagri et al. 2002; Marillat et al. 2002; Whitford et al. 2002).
The dynamic expression of Robo proteins was subse-
quently confirmed in the developing mouse CNS using a
pan Robo (Robo1 and Robo2) (Sundaresan et al. 2004),
and here using previously described Robo1- and Robo2-
specific antibodies (see Fig. 1; Long et al. 2004; Andrews
et al. 2006). Lack of specific Slit antibodies has prevented
the visualization of Slit protein gradients. Whilst the full
extent of diffusible Slit chemorepulsive activity remains
to be elucidated, transgenic mice that express marker
proteins in 

 

slit1

 

, 

 

slit2

 

 and 

 

slit3

 

 loci have made it possible to
visualize 

 

slit

 

-expressing cells, thus confirming results from
previous 

 

in situ

 

 hybridization studies (Plump et al. 2002;
Bagri et al. 2002; Yuan et al. 2003).

During the early phase of cortical development (E13),

 

slit1

 

 is strongly expressed throughout the VZ and SVZ of
the GE, as well as at the ventral midline and in basal
regions of the forebrain (Yuan et al. 1999b; Bagri et al.
2002; Marillat et al. 2002; Whitford et al. 2002). This is a
time when early born interneurons migrate away from
the germinal MGE and follow a route superficial to the
differentiating striatum (Figs 1C and 2) on their way to
the cortex.

Experimental evidence suggests that Slit secreted from
the ventricular zone of the lateral ganglionic eminence
(LGE) repels cortical interneurons from the subventricular
zone of LGE explants and inhibits tangential migration
when added locally at the corticostriatal boundary of
brain slices (Zhu et al. 1999), suggesting that Slit plays a
role in directing inteneurons towards the cortex. This 

 

slit

 

expression is maintained within the germinal region of
the GE throughout the period of interneuron migration
(E13–E17) (Fig. 2) consistent with the notion that 

 

slit

 

 has a
chemorepulsive role in propelling these neurons away
from the GE.

Robo1 and Robo2 show distinct but complementary
expression patterns in the subpallium at E13, and they are
also complementary to 

 

slit

 

 expression. Robo1 expression
corresponds to regions through which early born inter-
neurons migrate (Figs 1A and 2A), and overlaps with the
expression of the calcium binding protein calbindin, a
marker of GABA-containing cortical interneurons during
embryonic development (Fig. 1A,C). Robo2 expression is
primarily restricted to the differentiating striatum (Fig. 1B).
The striatum remains an exclusion zone throughout the
period of generation and migration of cortical interneurons,
and has been suggested to have a role in streaming these
cells to their appropriate tangential routes (Marín et al.
2001, 2003). Whilst the presence of 

 

slits

 

 has not been con-
clusively demonstrated in the striatum to date, the expres-
sion patterns of Robo1 and calbindin are consistent with
a Robo1-mediated response to repulsive activity within
the striatum (arrowheads in Fig. 1A,C) at E13. Thus, Robo1
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Fig. 1 Expression patterns of Robo proteins during cortical development. Images illustrate the immunohistochemical localization of Robo1, Robo2 and 
Calbindin proteins in coronal sections through the developing mouse forebrain at E13.5 (A–C) and E15.5 (D–F). Enlarged portions of the dorsal cortex 
at E15.5 are shown for Robo1 (D′), Robo 2 (E′) and Calbindin (F′) localization. MZ, marginal zone; IZ, intermediate zone; VZ, ventricular zone; LGE, 
lateral ganglionic eminence; MGE, medial ganglionic eminence; Str, striatum; LV, lateral ventricle; CP, cortical plate; SP, subplate; LIZ/SVZ, lower 
intermediate zone/subventricular zone.
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(but not Robo2) and 

 

slit

 

 expression patterns are consistent
with a role for Robo/Slit in directing early born inter-
neurons along the superficial route within the subpallium.

In the developing cortex, early born interneurons
migrate predominantly at the level of the marginal zone
(MZ) and IZ, and to a lesser extent within the subplate (SP)
(Fig. 1C). Robo1 is distinctly expressed in the IZ and MZ
where it overlaps extensively with calbindin expression
(Fig. 1A,C). Robo2 is also expressed in the IZ, but is more
superficial to Robo1. Thus, it appears that Robo1 (but not
Robo2) is expressed in regions that correspond to the
tangential migratory routes of early born interneurons,
and complements Slit expression in the developing cortical
plate (CP) (

 

slit1

 

) and MZ (

 

slit3

 

) (Fig. 2A

 

′

 

). The complementary
expression patterns of Robo1 and Slits are therefore con-
sistent with them having a role in directing interneurons
within the subpallium as well as in the cortex during the
early phases of tangential migration.

During mid phases of tangential interneuron migration,
strong staining for both Robo1 and Robo2 receptors is
present in the subpallium (Fig. 1D,E, respectively). Both
Robo receptors are distinctly expressed, but overlap within
the mantle regions of the differentiating striatum and, to
a lesser extent, in the differentiating pallidum (Fig. 2B).

Punctate Robo1 staining is clearly visible in the SVZ of the
GE, and it expands dorsally to the corticostriatal boundary
and overlaps with calbindin expression (Fig. 1D,F). This
corresponds to the stream of migrating interneurons
deep in the differentiating striatum and complements

 

slit

 

 expression, which is maintained within the germinal
epithelium of the GE and at the ventral midline (Bagri
et al. 2002; Marillat et al. 2002; Fig. 2B).

Once later born (E15.5) interneurons arrive at the corti-
costriatal boundary, they migrate predominately along
the lower IZ/SVZ as well as along the SP and MZ (Figs 1F,F

 

′

 

and 2). Strong Robo1 expression is seen in the lower IZ/SVZ,
but considerably weaker expression is noted at the level of
the SP, where Robo2 is distinctly present (Fig. 1D

 

′

 

,E

 

′

 

). Both
Robos overlap to a small degree within the lower IZ, with
diffuse Robo2 expression extending superficially through-
out the IZ (Fig. 1D

 

′

 

,E

 

′

 

). Discrepancies between 

 

in situ

 

 and
immunohistochemical studies have been reported for the
lower IZ/SVZ. Thus, while Robo1 protein has clearly been
localized in this zone (Fig. 1D

 

′

 

), Robo1 mRNA has not been
reported in either the rat or the mouse at corresponding
developmental stages (Yuan et al. 1999b; Marillat et al.
2002). This could be explained by the presence of Robo1
protein in axonal tracts that traverse the lower IZ/SVZ.

Fig. 2 Schematic representation of Robo and 
Slit localization in the developing forebrain. 
Schematic drawings, based on in situ and 
immunohistochemical studies, illustrate robo 
and slit expression patterns during early (E13.5) 
(A) and mid (E15.5) (B) phases of cortical 
interneuron migration. Hatched patterns 
indicate regions of overlap in expression. 
Enlarged portions of the dorsal cortex at E13.5 
(A′) and E15.5 (B′) show the localization of robo 
and slit and the regions of overlapping 
expression in greater detail. MZ, marginal zone; 
IZ, intermediate zone; VZ, ventricular zone; LGE, 
lateral ganglionic eminence; MGE, medial 
ganglionic eminence; Str, striatum; LV, lateral 
ventricle; CP, cortical plate; SP, subplate; LIZ/
SVZ, lower intermediate zone/subventricular 
zone; POa, preoptic area.
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Whilst the immunohistochemical labelling for Robo1
appears fibrous, staining of a punctate nature is clearly
interspersed within it. The coexpression of calbindin and
Robo1 within this zone at E15 further confirms that Robo-
expressing interneurons are present within this stream
(Andrews et al. 2006). Double labelling experiments using
TAG-1, a marker of corticofugal axons, and Robo1 could
further clarify this point. A close association between
interneurons and TAG-1-expressing axonal tracts has been
reported, suggesting that interneurons use this system as
scaffold for their migration into the neocortex (Denaxa
et al. 2001); however, this idea is not universally accepted
(Wichterle et al. 2001). If these corticofugal fibres are
Robo1 positive, it is possible that this migration function is
facilitated by homophilic Robo interactions, which has
been demonstrated previously for Robo1 in axon guidance
mechanisms (Hivert et al. 2002).

Robo1 and Robo2 are mostly down-regulated in the
differentiating basal ganglia by E17 (data not shown).
However, a population of post-mitotic neurons of the
caudate/putamen, nucleus accumbens and lateral globus
pallidus continue to express 

 

robo1

 

 and 

 

robo2

 

 mRNA
(Marillat et al. 2002). Late born cortical interneurons
continue to migrate through the SVZ of the GE and deep
in the striatum, and follow a tangential route within the
lower IZ/SVZ in the cortex

 

. robo1

 

 is robustly expressed in
the SVZ/IZ of the cortex at this time, while 

 

robo2

 

 is also
present within this region, but at a relatively low level. 

 

robo

 

and 

 

slit1

 

 are therefore still expressed in regions through
which late born interneurons migrate within the striatum.

 

robo1

 

, 

 

robo2

 

 as well as 

 

slit1

 

 and s

 

lit2

 

 continue to be
expressed at low levels within the developing CP at E17.

The complementary expression patterns of Slit and
Robo are therefore consistent with these molecules having
a role in directing interneurons within the subpallium as
well as along their tangential routes within the cortex
during the early and mid phases of their migration. Slit
and Robo continue to be expressed dynamically in layer-
specific patterns during early postnatal periods, a time of
extensive dendritic growth and afferent axonal branching
in which Slit has been suggested to play a role (Marillat et al.
2002; Whitford et al. 2002). Slit and Robo expression is
further maintained within the adult cortex and in neurons
of the basal ganglia, suggesting that this signalling path-
way is important for cellular events in the adult forebrain.

 

The role of Slit/Robo in cortical development

 

The expression of Robo proteins in major axonal tracts and
cortical interneurons has prompted speculation that Slit/
Robo molecules are involved in the development of major
axonal pathways and in neuronal migration within the
cerebral cortex. Previous 

 

in vitro

 

 experiments have demon-
strated that cortical, thalamocortical and callosal axons
are repelled by Slits (Shu & Richards, 2001; Whitford et al.

2002), raising the possibility that these molecules may play
important roles in corticofugal, thalamocortical and
corpus callosum development. These results have been
confirmed in subsequent 

 

in vivo

 

 experiments using both
gene mutations and antisense knockdown of the protein
(Bagri et al. 2002; Plump et al. 2002; Shu et al. 2003). Further-
more, these authors have proposed that Slit proteins are
involved in maintaining the position of axonal tracts, in
preventing axonal extension towards and across the mid-
line, and in channelling axons into particular regions.

Interestingly, we have recently found significant differ-
ences between the phenotype of Robo1 mutant mice and
that of Slit1 and Slit1/2 double knockout mice (Fig. 3;
Andrews et al. 2006). The largest differences were noted in
the formation of the thalamocortical and corticothalamic
pathways between the two groups of mutants. In particular,
in Robo1 knockouts, thalamocortical and corticothalamic
axons reach their targets earlier than in control mice, and
no ectopic commissures are present in the diencephalon as
observed in the Slit1/2 double mutants. Also, when Slit2 is
removed, axons tend to defasciculate (Bagri et al. 2002;
Plump et al. 2002; Shu et al. 2003) whereas when Robo1
is absent, the axons form tight bundles. These results
suggest that Robo1 may be involved in maintaining a
crucial distance between the axons, keeping them in
distinct tracts either through their use of Robo/Slit signal
transduction mechanisms or through Robo1 homophilic/
heterophilic interactions.

Evidence is emerging to indicate that Robo proteins also
play a role in cortical interneuron migration. Previously, it
was suggested that the migration of interneurons from
the MGE is mediated by the repulsive activity of Slit1
present in the VZ of the subpallium (Figs 2 and 4; Marillat
et al. 2002). Slit1 has been shown to repel GABAergic cells
derived from the LGE 

 

in vitro

 

 (Zhu et al. 1999). Another
diffusible guidance protein, netrin1 (Ntr1), has also been
implicated in the repulsion of striatal SVZ cells towards the
developing striatum (Hamasaki et al. 2001). Moreover, our
own data would suggest a more significant role for Slit/
Robo molecules in cortical interneuron migration than
previously suggested, as we have shown that they strongly
express Robo1 both 

 

in vivo

 

 and in dissociated cell cultures
(Andrews et al. 2006).

Analysis of Slit knockout mice has shown that tangential
migration from the GE to the cortex was normal both in
double (Slit1/Slit2) and in triple (Slit1/Slit2/Ntr1) mutant
animals, suggesting that these molecules are not required
for the migration of interneurons from the subpallium to
the pallium (Marín et al. 2003). However, they do appear
to be required for the migration of a subset of subcortical
(NPY-expressing) and cholinergic neurons (Marín et al.
2003). These results seem surprising given the high levels
of Robo1 expression in GABAergic neurons. It is also
difficult to reconcile these data with our finding that Robo1-
null mice show a significant increase (approximately
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30%) in the number of GABAergic (calbindin positive)
neurons entering the neocortex compared with their wild-
type littermates throughout the period of corticogenesis
(Andrews et al. 2006). These phenotypical differences
may be accounted for by: Slit-independent mechanisms;

subtle differences in the Robo–Slit signalling pathways;
or differences in interneuron proliferation between Slit
and Robo1 knockouts. Our recent observations provide
evidence for the last of these, as BrdU pulse experiments
in dissociated GE cell cultures, similar to those performed

Fig. 3 Different developmental abnormalities observed in Slit and Robo null mice. Different phenotypical manifestations have been reported between 
Slit and Robo1 null mice in several systems. In both types of mutants an ectopic chiasm is observed at the optic chiasm, but only in slit mutants do we 
observe a dorsally projecting axon into the controlateral optic tract (Plump et al. 2002). In cortical commissures and at the corpus callosum Slit mutants 
demonstrate defects in axon targeting and defasciculation (Bagri et al. 2002; Whitford et al. 2002; Shu et al. 2003), whereas Robo mutants show axon 
pathfinding errors and axon clustering (Andrews et al. 2006).

Fig. 4 Mechanism regulating migration of interneurons from the subpalium to the cerebral cortex in Robo1 wild-type (+/+) and Robo1 null (–/–) mice. 
Schematic drawings of coronal sections through the mouse telencephalon illustrate how in Robo1 wild-type (+/+) mice cortical inteneurons, generated 
in the subventricular zone of the medial ganglionic eminence (shown in blue), are expelled from this region by the repulsive action of Slit (shown in 
red). Unidentified repulsive activity (minus sign) present in the preoptic area (POa) prevents the migration of these neurons ventrally. Expression of 
Semaphorins in the developing striatum (Str) prevents cortical interneurons that express neuropilin and Robo from entering this structure in mice. 
Attractive factors (plus sign) including SDF-1 and neuregulins guide interneurons towards the cortex. However, in Robo1–/– mice, interneurons invade 
the striatal region ignoring the repulsive effects of Semaphorins and other factors, and enter the cortex earlier and in greater numbers than in 
wild-type littermates.
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by Cavanagh et al. (1997), revealed that calbindin-positive
interneurons in Robo1 mutant cultures incorporate more
BrdU than cultures from wild-type littermates, indicating
that these neurons show an increase in cell proliferation
rate (W.D.A., unpublished observations). Such changes in
proliferation rates have not been reported for Slit knock-
out mice.

We have also found that the distribution of cortical
interneurons is altered within the cortex of Robo1 knock-
outs, and that these neurons show altered process con-
figuration (neurite branching and length) compared with
wild-type littermates (W.D.A., unpublished observations).
Comparable changes have not been reported for Slit
knockout mice. However, Slit has previously been shown
to have an effect on process length and branching in
neuronal populations (Wang et al. 1999; Sang et al. 2002),
suggesting an important role for Slit/Robo interactions in
the morphology of cortical interneurons.

While these recent observations support an important
role for Robo in cortical interneuron migration, other
chemotropic molecules have also been implicated. These
include the Semas and their receptors, the Npns. Inter-
neurons destined for the cortex have been shown to express
both Npn1 and Npn2, which enable them to respond to
chemorepulsion exerted by class 3 Semas in the striatal
mantle (Marín et al. 2001), thus creating an exclusion zone
in this region. This exclusion zone enables migrating
interneurons to be channelled into adjacent paths, leading
to the formation of the migratory routes into the cortex
(Fig. 4). Loss of Npn1 or Npn2 function results not only in
an increased number of interneurons invading the
striatum, but also affects the number and distribution of
interneurons in the cortex as a consequence of their failure
to respond to Semas secreted by cells in the CP (Marín et al.
2001; Tamamaki et al. 2003). However, we have recently
found that Robo1 is also required for interneurons to
avoid the striatum, as loss of Robo1 function leads to an
increased number of cells entering this region (Fig. 4;
Andrews et al. 2006). Interestingly, such a phenotype was
not observed in Slit1/Slit2 double mutant mice (Marín
et al. 2003), suggesting that it may be a Slit-independent
event or that an as yet unidentified member of the Slit
family of molecules is involved. Taken together, these
observations suggest that both Sema–Npn and Slit–Robo
signalling pathways are required to steer interneurons
around the striatum and into their correct positions in the
neocortex. Such a dual role for these two families of
molecules has recently been proposed in the development
of primary sensory projections in the olfactory system
(Cloutier et al. 2004).

 

Role of Slit–Robo interactions in other systems

 

Mammalian 

 

slit/robo

 

 homologues have been shown to
play vital roles in a number of developmental processes

within the nervous system other than cortical development.
These include: the formation of the olfactory tract (Nguyen-
Ba-Charvet et al. 1999, 2002), the development of the optic
chiasm and optic tract (Plump et al. 2002), midline axon
crossing (Long et al. 2004; Marillat et al. 2004; Sabatier
et al. 2004), and motor axon path finding in the hindbrain
(Hammond et al. 2005).

Roles for Slit–Robo proteins have also been proposed in
developmental processes outside the brain, including the
formation of several organs. The Dutt/Robo1 gene has
been shown to be critical for lung maturation and lack of
Robo1 results in the development of bronchial hyperplasia
in transgenic mice (Xian et al. 2001; W.D.A., unpublished
data). In the kidney, aberrant Slit2-mediated Robo2 signal-
ling restricts kidney induction, resulting in the development
of supernumerary ureteric buds which fail to connect to
the bladder (Grieshammer et al. 2004), and more recently
defective Robo2 signalling has been implicated in the
pathogenesis of congenital abnormalities of the kidney
and urinary tract including vesicoureteral reflux (Weining
et al. 2007). Slit2–Robo2-mediated signalling has recently
been shown to play a dual role during assembly of the heart
tube in 

 

Drospohila

 

, by regulating both cell positioning and
adhesive interactions between migrating cardiac precursor
cells (Santiago-Martinez et al. 2006). Interestingly, Slit3-
deficient mice show defects in multiple organ systems
including congenital diaphragmatic hernia, kidney agenesis
and cardiac defects (Liu et al. 2003).

Robo1 expression has also been reported on endothelial
cells, with a role proposed for Slit2–Robo1 signalling in
promoting tumour angiogenesis (Wang et al. 2003). These
authors also demonstrated that tumour xenografts over-
expressing Slit2 showed increased tumour angiogenesis
and accelerated tumour growth, whereas xenografts
expressing soluble Robo1, or the addition of blocking anti-
bodies, showed reduced tumour growth and microvessel
density. These results demonstrate a critical role for Slit–
Robo signalling in mediating tumour angiogenesis. A recent
report has also suggested a possible role for Robo1/Robo4
in angiogenesis in colorectal cancer (Grone et al. 2006).

Tumour suppressor gene activity of Slit2 and Robo1
has previously been proposed in lung and breast cancer
(Sundaresan et al. 1998a), and two recent studies have
shown that both genes are frequently inactivated in lung
adenocarcinomas and lymphoma by methylation of the
gene promoters (Dallol et al. 2002; Xian et al. 2004). Moreo-
ver, Xian et al. (2004) have demonstrated that Dutt1/Robo1
transgenic mice show a higher incidence of lymphomas
and carcimomas than wild-type littermates, suggesting
that 

 

Dutt1/Robo1

 

 acts as a tumour suppressor gene. Several
other reports have also demonstrated roles for Slit–Robo
signalling in various cancer processes (Latil et al. 2003;
Zarubin et al. 2005; Narayan et al. 2006). More recently,
medulloblastomas and gliomas, which are the most com-
mon brain tumours in children and adults, respectively,
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have been shown to express Robo1 and Slit2, and that the
addition of soluble Slit2 reduces tumour invasion rates in
a variety of 

 

in vitro

 

 models (Werbowetski-Ogilvie et al.
2006). Thus, Slit–Robo signalling pathways appear to
play an important role in tumour development in many
different types of carcinomas and lymphomas.

 

Conclusions

 

We have reviewed evidence for strong expression of Slit
and Robo molecules in the developing forebrain and for
the role of Slit/Robo interactions in the formation of major
axonal tracts and interneuron migration. Slit–Robo genes
have also been implicated in the development of other
areas of the nervous system, the vasculature and in the
formation of a number of organs. Understanding the
functional role of these pleiotropic molecules in cortical
development and in disease processes, such as angiogen-
esis and tumourogenesis, may result in the development
of treatments of vascular disorders and different forms of
cancer, and in the establishment of potential therapeutic
targets in the treatment of some neurological disorders.
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