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Axon guidance receptors direct growth cone pathfinding:
rivalry at the leading edge
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Development and Neurobiology Unit, Walter and Eliza Hall Institute, Post Office Royal Melbourne Hospital, Victoria, Australia

ABSTRACT One of the earliest steps in the development of the central and peripheral nervous
systems s the initiation of axon outgrowth from newly born neurons. Nascent axons then navigate
towards their specific targets to establish the intricate network of axon projections found within the
mature central nervous system. In doing so, the projecting axons must continually reassess their
spatial environmentand accurately select the correct pathways among the maze of possible routes.
Avariety of molecular navigational systems governing axon pathfinding have now been identified.
Understanding how these individual molecular guidance systems operate at the level of a single
axon, and, how these different systems work in concert to initiate and steer axonal migration is a

major goal in developmental neurobiology.
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Introduction

Directionality in axonal migration is determined by the response
ofthe growth cone to the local environment through which ittravels.
Long-range guidance cues, secreted from intermediate or final
targets, form chemotactic gradients along the pathway of the
exploring growth cone. Membrane-bound, or secreted short-range
guidance cues are also employed to affect changes in the direction
of growth cone migration along axon pathways and at specific
choice points (Tessier-Lavigne and Goodman, 1996). The intrac-
ellular signalling cascade initiated upon detection of the guidance
cue by the axon-bound receptor triggers dynamic rearrangements
of the actin cytoskeleton within the growth cone, promoting cycles
of extension and retraction of filopodia at the leading edge (re-
viewed in Song and Poo, 2001). This allows continual reassess-
ment of the immediate environment by the growth cone. Inthe case
of chemoattraction, movement along the desired trajectory is
achieved by elongation of the actin cytoskeleton leading to the
promotion of filopodia extension towards the source of the guid-
ance cue. In contrast, chemorepulsion promotes actin de-
polymerisation and filopodia retraction resulting in growth cone
collapse and ultimately migration away from the ligand source.

The known expression patterns of many families of guidance
receptors reveal that projecting growth cones display an array of
guidance receptors simultaneously on their surface. Moreover, a
given guidance cue may be interpreted as either attractive or
repulsive depending on the identity, or, the molecular environment
of the receptor residing on the membrane of the growth cone.

Therefore, to produce a synchronized biological response to the
conflicting array of environmental signals encountered by the
migrating growth cone, a multi-layered regulatory system has
evolved to modulate receptor activity. The aim of this review is to
explore the molecular mechanisms that (i) govern the dynamic
temporal and spatial expression of the guidance cues and their
receptors, and (ii) determine the biological consequences of recep-
tor-ligand interactions. To set the scene, a brief summary of the
biological relevance of the major guidance systems is given below.

The Netrin-DCC/UNC5 Guidance System

The DCC axon guidance receptor and its ligands, the Netrins,
have been shown to play a pivotal role in the guidance of axonal
projections toward the ventral midline throughout the developing
nervous system (Fig. 1 A,B). The interaction of Netrin-1with DCC
results in a chemoattractive response (Hedgecock er a/., 1990;
Keino-Masu et a/., 1996) while interaction with the UNCS5 family of
Netrin receptors results in chemorepulsion (Hedgecock et ar,
1990; Leung-Hagesteijn et a/, 1992; Leonardo et a/, 1997;
Przyborski et a/, 1998). Mice lacking DCC or Netrin-1 exhibit
severe defects in commissural axon extension towards the floorplate
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and also lack several major commissures within the forebrain,
including the corpus callosum, and the hippocampal commissure
(Serafini ez al, 1996; Fazeli ez al, 1997). In addition, examination
of Dccnull embryos has also revealed that DCC is crucial for the
migration of some neuronal populations (Serafini ef a/, 1996;
Bloch-Gallego er a/, 1999). DCC is also required for the dorsal
migrations of some circumferential axons away from the ventral
midline (the Netrin source) inthe nematode Caernorhabalitis elegans
(C.elegans) (Hedgecock et al., 1990), probably by participating in
a receptor complex with UNCS5 (Hong et a/, 1999). In the develop-
ing nematode, loss-of-function mutations in the vs7c5gene results
in aberrant dorsal migrations for both axons and mesodermal cells
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Fig. 1. Axon navigation in the developing mammalian neural tube. (A)
Commissural neurons in the dorsal neural tube project their axons ventrally
and cross the floorplate to the contralateral side before projecting rostrally.
Axons from some subpopulations of dorsal neurons project ventrally, but
remain on the ipsilateral side of the ventral midline. (B) The Netrin receptor,
DCC, guides commissural axons along a Netrin gradient (originating in the
floorplate) towards the ventral midline. (C) The chemorepulsive guidance
cue, Slit, is expressed by the floorplate. It is proposed that the Slit receptor,
Robo, is expressed at high levels on those axons that never cross the
midline. Axons destined to cross the midline express very low levels of
Robo when projecting on the ipsilateral side. Once on the contralateral
side, Robo protein is up-regulated on the axonal membrane and these
axons never cross the midline again.

(Hedgecock er a/, 1990). In the mouse, UNC5 has also been
shown to drive neural cell migration within the developing cerebel-
lum (Przyborski eza/, 1998). Athird Netrin receptor, Neogenin, has
been described in mammals (Keeling et a/, 1997; Meyerhardt er
al, 1997). This receptor is closely related to DCC and can bind the
Netrins with high affinity, however, as yet, no insights into the
function of this receptor have been gained.

The Slit/Roundabout Guidance System

Studies in Drosgphila melanogasterhave identified a guidance
system which prevents axons from crossing the ventral midline
inappropriately. It is presumed that a similar mechanism operates
in the vertebrate neural tube (Fig. 1 A,C). In Drosgphila, Slit is
expressed by glia at the ventral midline where it acts as a
chemorepulsive guidance cue (Rothberg er a/, 1990). The Slit
receptor, Roundabout (Robo), is expressed at high levels on those
axons that never cross the midline (Kidd eza/, 1998a). In contrast,
axons destinedto cross the midline express very low levels of Robo
when projecting on the ipsilateral side. Once on the contralateral
side, Robo proteinis greatly up-regulated on the axonal membrane
and these axons never cross the midline again. Robo loss-of-
function mutations result in both the commissural and non-com-
missural axons crossing the midline multiple times (Kidd ef a/,
1998a; Kidd er a/, 1998b). Thus, Robo acts as a “gatekeeper” for
midline crossing. Three Slitand three Robo orthologues have been
identified in mammals (for review see Brose and Tessier-Lavigne,
2000). The ability of mammalian Slits to act as chemorepulsive
guidance cues has been clearly demonstrated for a variety of axon
populations including olfactory bulb, hippocampal, and spinal
motor axons (see Brose and Tessier-Lavigne, 2000). In addition,
the chemorepulsive activity of the Slits has been implicated in the
targeted migration of neuroblasts within the rostral migratory
stream towards the olfactory bulb (Hu, 1999; Wu ez a/, 1999) and
GABAergic neurons from the ganglionic eminence into the cortex
(Zhu er al, 1999). Unexpectedly, Slit2 has also been shown to
induce axon branching in sensory neurons (Wang et a/,, 1999).
Although there has been no direct demonstration that the Robos
are the Slit receptors in the mammal, the ability of the mammalian
Slits and Robos to interact biochemically (see Brose and Tessier-
Lavigne, 2000) along with their complementary expression pat-
terns during embryogenesis, suggest that this will be the case in
many instances.

The Semaphorins and their Receptors

The Semaphorins were identified as chemorepellent axon guid-
ance cues in the developing nervous system of the fly, and the
rodent (Kolodkin ez a/, 1993; Luo et a/,, 1993) and have now also
beenimplicated in a variety of other biological processes, including
angiogenesis, cardiac, bone, and skeletal development, and in the
immune response (reviewed in Raper, 2000). In vertebrates,
Semaphorins may be transmembrane proteins (classes IV to VI),
attached to the membrane surface via a phosphatidylinositol
linkage (class VII), or secreted (class Ill). Sema3A, a secreted
Semaphorin, has been shown /7 vitroto behave as a chemorepulsive
guidance cue for hippocampal and olfactory axons, and pontocer-
ebellar mossy fibres from the central nervous system (CNS) as well
as for sensory, motor and sympathetic axons in the peripheral
nervous system (PNS) (reviewed in Raper, 2000). Semaphorins
have also been found to act as chemoattractive guidance cues for
cortical dendrites (Polleux eta/, 2000) and olfactory bulb axons (de



Castro etal, 1999). The first Semaphorin receptors to be identified
were the Neuropilins (Np-1 and Np-2) (Chen ez a/, 1997; He and
Tessier-Lavigne, 1997; Kolodkin eza/,, 1997) which recognize only
the secreted Semaphorins. Gene targeting of the Serma3Aand Ap-
7 loci have demonstrated that Sema3A-Np-1 interactions are
required for the fasciculation of the peripheral fibres of the trigemi-
nal and vagal projections (Kitsukawa et a/,, 1997; Taniguchi ez a/,
1997). The interpretation of this phenotype is that Sema3A sur-
rounding the projecting axons forces them to fasciculate rather
than remain exposed to the repulsive activity of the Semaphorin.
Gene targeting of the Ajp-2gene has demonstrated that Np-2 (the
Sema3F receptor)is required for the organization and fasciculation
of several cranial and spinal nerves (Chen era/, 2000; Giger et al.,
2000). In addition, several major fibre tracts in the CNS are either
severely disorganized or missing. It is also believed that the Np-1-
Np-2 hetrodimer is the receptor complex that recognizes Sema3C.
More recently, a large family of transmembrane proteins, the
Plexins, has been uncovered. Plexins directly associate with the
Neuropilins but cannot interact with the Semaphorins (Winberg e
al, 1998; Tamagnone et a/., 1999). It is believed that the Plexins
are the signalling receptors for all Semaphorin classes.

The Ephs and Ephrins

The most intensely studied of all guidance receptor families is
the Eph receptor tyrosine kinase family. Interaction of these
receptors with their membrane bound ligands, the Ephrins, drives
axon pathfinding throughout the developing CNS and PNS via a
chemorepulsive mechanism (for comprehensive reviews see:
Holder and Klein, 1999; Wilkinson, 2001). The Eph-Ephrin system
plays a key role in establishing topographical maps withinthe CNS.
The best characterized of these is the retinotectal map in the chick
which determines the position of retinal axon terminations along
both the anterior/posterior (A/P) and dorsal/ventral (D/V) axes
within the tectum (see above reviews for details of the retinotectal
mapping system). Briefly, axon navigation along the A/P pathway
is driven by the graded response of retinal axons to overlapping
gradients of EphrinA2 and EphrinA5 in the tectum (anterior-low to
posterior-high). Axons extending from the temporal retina express
high levels of EphA3 and are sensitive to low concentrations of
Ephrins in the anterior tectum and are therefore effectively re-
pulsed from this region. In contrast, axons deriving from the nasal
retina express low levels of EphA3 and are less sensitive to higher
Ephrin concentrations and can therefore penetrate through the
anterior tectum into the posterior tectum. Several other Eph/Ephrin
gradients overlay this EphA3-based guidance mechanism to cre-
ate the intricate topographic relationship between the source of the
projecting retinal axon (eg. nasal versus temporal) and their
termination along the A/P and D/V axes of the tectum.

In addition to their pivotal role in axon guidance, the
chemorepulsive activity of the Ephs and Ephrins has also been
shown to play a key role in the essential developmental processes
oftissue patterning and boundary formation by restricting intermin-
gling between cells expressing the receptors and those expressing
the ligand. Over recent years the Eph-Ephrin story has become
further complicated with the demonstration that the Ephrins them-
selves are capable of initiating signal cascades (reverse signalling)
(Lu etal, 2001), and in some instances appear to be acting as the
guidance receptor (Henkemeyer ef a/, 1996). Intriguingly, evi-
dence is now emerging that in some developmental systems
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(angiogenesis, vascular remodelling, and neural tube closure) the
activation of Eph receptors leads to enhancement of cell adhesion
(Wang et a/, 1998; Adams et a/, 1999; Holmberg er a/, 2000).

Spatial Distribution of Guidance Cues

Studies in both invertebrates and vertebrates have lead to a
synergistic model of axon guidance in which distinct guidance cues
cooperate to steer axons through complex microenvironments to
their final target. The balance between repulsion and attraction is
governed by the relative guidance cue concentrations, not abso-
lute concentrations. Secreted guidance cues such as the Netrins
and the Slits have been shown to acts as a long-range cues,
secreted from intermediate or final targets and are presumed to
form a chemotactic gradient along the pathway of the exploring
growth cone (Serafini er a/, 1996; Kidd er a/, 1999). In other
instances these factors can behave as short range guidance cues,
where they act over a distance of only a few cell diameters to affect
changes in the direction of growth cone migration at specific choice
points (Deiner et a/, 1997; Wu ef a/,, 1999). Secreted guidance
cues are unlikely to be freely diffusable in the extracellular environ-
ment, but most likely interact with components of the extracellular
matrix (ECM) or moieties bound to the cell/laxon membrane. The
ability of a secreted guidance cue to act over a distance or in a
restricted zone surrounding the point of synthesis, is likely to be
governed by the molecular composition of the local environment.
The molecular mechanisms that can influence the spatial distribu-
tion of guidance cues are (i) interaction with heparan sulfate
proteoglycans (HSPGS), (i) interaction with protein components of
the ECM or axon-bound proteins, and (iii) selective proteolytic
cleavage of the guidance protein.

Heparan Sulfate Proteoglycans

HSPGs are comprised of a core protein (membrane-bound or
within the ECM) that can display a large array of modified heparan
sulfate glycosaminoglycan side chains. The diversity in core pro-
teins and the large potential for structural heterogeneity in side
chain composition allows these molecules to selectively interact
with many different molecules within the extracellular environment.
HSPGs have been implicated in the formation of morphogenic
gradients in the Drosop/ila embryo where the extracellular accu-
mulation of key patterning morphogens such as Sonic Hedgehog,
is dependent on their interaction with specific HSPGs (Tabata,
2001). A similar process is likely to influence the distribution of the
secreted guidance cues. The HSPG, Glypican-1, has been shown
to specifically bind to Slitl and Slit2 with high affinity /7 vifro and
is expressed in overlapping domains in the developing rat brain
(Ronca etal, 2001). Thus, the spatiotemporal expression pattern of
Glypican-1 may be responsible, atleastin part, for the establishment
of Slit chemotactic gradients. In addition, it has been recently
demonstrated that the removal of heparan sulfate from the axon or
cell membrane results in the loss of Slit2 repulsive activity for
olfactory bulb axons and olfactory interneuron precursors (Hu, 2001)
suggesting that HSPGs are essential for Slit driven chemorepulsion.
These HSPGs may be responsible for establishing effective local Slit
concentrations and/or for presenting Slit to the receptor in an
appropriate format. Interactions with HSPGs may also be a key factor
in the establishment of Netrin-1 gradients since Netrins also bind to
heparan sulfate (Serafini ez a/, 1994).
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Proteins in the Local Environment can influence Guidance
Cue Distribution

Protein components of the ECM such as the Laminins may act
to concentrate secreted factors within tight zones surrounding the
cells where they are synthesized. Slit2 has been shown to bind
Laminin-1 (Brose et a/,, 1999) suggesting that localization of Slit2
to precise choice points such as the ventral floorplate may be due
to direct interactions with the Laminin isoforms within the surround-
ing ECM. Intriguingly, Slit2 has also been shown to directly interact
with Netrin-1 (Brose er &/, 1999). Both Slit and Netrin-1 are co-
expressed in many regions of the embryonic brain including the
floorplate of the neural tube (Fig. 1). Netrin attracts commissural
axons toward the floorplate while Slit acts to repel axons from the
floorplate. Once at the floorplate, the chemoattractive response to
Netrin-1 is silenced by the direct coupling of the Netrin receptor,
DCC, with the chemorepulsive Slitreceptor, Robo, (Fig. 5) allowing
the growth cones to escape the attractive forces of Netrin-1 and
move away from the floorplate (Stein and Tessier-Lavigne, 2001).
The direct interaction between Slit and Netrin would be expected
to bring their receptors into close apposition on the growth cone
membrane thereby promoting DCC-Robo heterodimer formation
and subsequent silencing of the Netrin-DCC attractive response.
In addition, since Slitand Netrin are likely to work in concert to steer
axon trajectories, the co-localization of these cues may act to align
and stabilize their respective chemotactic gradients.

Guidance Receptors can Capture and Redistribute Guidance
Cues

Recently, a novel and unanticipated mechanism controlling the
distribution of Netrin within the developing nervous system of the
fly has been uncovered. The formation of the longitudinal tract in
the fly nerve cord requires the correct targeting of dMP2 axons.
Targeting of these axons is dependent on Netrin and Frazzled (the
DCC orthologue). Unexpectedly, Frazzled is not found on the
dMP2 neuron but in the cells underlying the choice point at which
the dMP2 axons encounter the Netrin protein (Hiramoto er a/,

® Netrin

Frazzled

U Netrin receptor

Fig. 2. Active transport of Netrin by its axon-bound receptor deter-
mines the spatial distribution of the guidance cue. /In Drosophila,
Frazzled (the DCC orthologue) on the axonal membrane actively rear-
ranges Netrin protein in a spatial pattern distinct from that of the cells
producing Netrin mRNA. Frazzled can present Netrin to a second, as yet
unidentified, Netrin receptor on an adjacent axon.

2000). It appears that Frazzled guides dMP2 axons by capturing
and presenting Netrin to a second, as yet unidentified, Netrin
receptor residing on the dMP2 axons. Moreover, Hiramoto and
colleagues have also demonstrated that Frazzled within the axon
membrane actively rearranges Netrin protein in a spatial pattern
completely distinct from that of the cells producing Netrin mRNA.
These studies have uncovered a unique mechanism in which
guidance receptors transport their ligands along axons to new
locations distant from their point of synthesis thereby determining
their spatial distribution (Fig. 2). In addition, at a specific choice
point, Frazzled can present Netrin in the appropriate format for
recognition by a second signalling receptor residing on the growth
cone.

Such a mechanism may explain the unusual distribution of
Netrin-3 in the developing mouse PNS. Ourimmunohistochemical
analysis of Netrin-3 protein localization has revealed that Netrin-3
is tightly associated with axons projecting from both sensory and
sympathetic ganglia and is also present on the soma of these
neurons (Fig. 3A and Seaman and Cooper, 2001). We have also
demonstrated that in transfected cells, Netrin-3 is tightly associ-
ated with the cell surface and cannot be detected in the supernatant
of these cultures as is the case for Netrin-1 (Seaman and Cooper,
unpublished observations). Thus, it is unlikely that a diffusion-
based mechanism could distribute Netrin-3 along the axon shaft.
It is possible that the Netrin-3 protein is synthesized by these
neurons and then transported along the length of the axonal
processes. We have also observed significant levels of the Netrin
receptor, Neogenin, on axons projecting from the sensory ganglia
(Seaman and Cooper, unpublished observations). In addition, our
biochemical studies indicate that the primary receptor for Netrin-3
is Neogenin (Cooper ef al, unpublished observations). Taken
together these observations suggest that Netrin-3 may be actively
transported along the length of the axon by its receptor Neogenin
(Fig. 3C). Other membrane—bound moieties such as HSPGs could
also fulfil this role.

Regulation of Guidance Receptor Levels on the Axonal
Membrane

A second strategy to modulate the biological response of the
projecting axon at a specific choice point is to control the density of
guidance receptors at the tip of the exploring growth cone and
regionally along the axon shaft.

Regulation of Robo Levels at the Midline

An unusual contact-dependent mechanism appears to tightly
regulate Robo levels on commissural axons as they cross the
midline in Drosopfiia. Robo loss-of-function mutations result in
commissural axons aberrantly recrossing the midline of the nerve
cord. Loss-of-function mutations atasecond locus, commissureless
(comm), lead to the opposite phenotype where the bi-symmetrical
longitudinal tracts at the midline collapse into a single tract (Tear er
al, 1996). Comrm gain-of-function mutants, however, display a
Robo-like phenotype. These observations suggest that an inverse
correlation exists between the expression of Robo and Comm.
Immunohistochemical analysis revealed that Comm is a trans-
membrane protein expressed by the same population of midline
gliathat produce Slit (Tear eza/, 1996). When high levels of Comm
are expressed at the midline, low levels of Robo are observed on
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Fig. 3. The Netrin-3 protein is tightly associated with axons projecting from dorsal root ganglia. Netrin-3 may be transported down the axon
by its receptor, Neogenin. (A) Immunohistochemical analysis of Netrin-3 localization in the E14.5 mouse embryo using an anti-peptide antiserum raised
against a unique N-terminal peptide of mouse Netrin-3. Netrin-3 protein is present on axons projecting within the dorsal roots of DRGs throughout the
rostro-caudal axis of the neural tube. (B) Pre-incubation of the antiserum with the immunizing peptide results in the complete loss of immunoreactivity.
(C) Our observations suggest that in the mouse PNS, Netrin-3 may be actively transported along the length of the axon by its receptor Neogenin. (A) and
(B) are sagittal sections at the level of the caudal neural tube. DRG, dorsal root ganglion; drt, dorsal root; vb, vertebral body. Scale bars, 125 um.

the axonal membrane (Kidd er a/, 1998b). Taken together, these
observations lead to the hypothesis that Comm locally down-
regulates Robo protein levels on the growth gone as it contacts the
midline, thereby silencing the chemorepulsive Robo-Slit interac-
tion and allowing the axon to move into the midline and subse-
quently cross to the contralateral side (Fig. 1C). The absence of
Comm on the contralateral side would then allow the Robo recep-
tors to accumulate such that the growth cone again becomes
responsive to the Slit.

Removal of Netrin Receptors by Ubiquitin-Dependent Degra-
dation

Evidence that guidance receptors can be restricted to discrete
regions along the length of the axon in mammals comes from our
analysis of DCC protein distribution in the developing mouse CNS
(Gad et al,, 2000). Our studies show that DCC protein expression
is high along the entire length of retinal ganglion cell (RGC) axons
as they navigate through the optic disc at embryonic day 15.5
(E15.5) and E16.5. However, we observed that by E18.5, no DCC
protein was detectable on the distal regions of the axons within the
optic nerve while DCC was still present on the proximal regions of
the RGC axons that lay within the nerve fibre layer. These obser-
vations suggestthat high levels of DCC protein are presenton RGC
axons only when they are actively navigating through the optic disc.
A similar phenomenon was observed in a variety of projecting
axons within the developing mouse forebrain (Shu ef a/, 2000).
High levels of DCC protein are present on cortical axons as they
actively project through the internal capsule. Again, expression is
greatly reduced on the distal segments of these axons after the
targeting phase has been completed whereas significant DCC
expression is still apparent on the proximal axonal membranes of
these neurons. Localized down-regulation of DCC protein on
projecting axons appears to coincide with the arrival of the axon at
choice points expressing significant levels of Netrin-1. This sug-
gests that the DCC-Netrin-1 interaction may trigger removal of
DCC from the membrane permitting the growth cone to escape
domains of high Netrin concentration.

Regulation of DCC protein expression at the post-translational
level can occur via the ubiquitin-proteasome degradation pathway
(Hu and Fearon, 1999) which has now emerged as a rapid and

efficient mechanism for the regulation of cellular protein levels
(Hershko and Ciechanover, 1998). Addition of ubiquitin moieties to
the e-amino group of lysine residues targets proteins to the large
proteolytic proteasome complex where they are degraded. Ubiquitin
ligases (E3s) covalently link ubiquitin to the target protein in a multi-
step process. The cytoplasmic domain of DCC has been shown to
bind an E3-like protein, Siah-2, resulting in the ubiquitination of
DCC and its subsequent degradation /7 vitro (Hu and Fearon,
1999). These experiments indicate that DCC can be removed from
the membrane in a ubiquitin-dependent manner and that this
process is regulated by the ability of the Siah proteins to bind to the
cytoplasmic domain of the receptor. We have recently discovered
that a second Netrin receptor, Neogenin, also interacts with a
member of the Siah family, Siahlb (Cooper and Tebbutt, unpub-
lished observations). Thus, the cell surface density of both Netrin
receptors may be regulated by a Siah-dependent degradation
pathway.

The ability of Siahs to specifically target Netrin receptors for
ubiquitin-dependent degradation offers an explanation for the
observationthat DCC is down-regulated on the distal domain of the
projecting axon. One hypothesis would be that engagement of the
Netrin receptor by its ligand stimulates Siah-dependent
ubiquitination of the receptor’s cytoplasmic domain. Thus, in low
Netrin concentrations, the degree of receptor ubiquitination is
minimal. However, as the growth cone moves towards the Netrin
source the local concentration of Netrin increases amplifying the
rate of ubiquitin addition and triggering transport of the receptor to
the proteasome complex for degradation (Fig. 4). The threshold
concentration of Netrin required for the activation of DCC-depen-
dent chemoattraction would be lower than that required for Siah-
dependent ubiquitination of the receptors such that the growth
cone would continue to migrate towards the Netrin source. In high
concentrations of Netrin, however, the density of DCC receptors on
the axonal membrane would be minimal due to targeted degrada-
tion allowing the growth cone to become unresponsive to Netrin
and escape from the region of high Netrin concentration.

Proteolytic Cleavage controls Guidance Receptor Signalling
A second mechanism for controlling the local density of guid-
ance receptors on the exploring growth cone is proteolytic cleav-
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Fig. 4. Proposed model for the regulation of the density of Netrin
receptors on the axonal membrane by the Siah-dependent protein
degradation pathway. Engagement of the Netrin receptor by its ligand
stimulates Siah-dependent ubiquitination of the receptor’s cytoplasmic
domain. Inlow Netrin concentrations, the degree of receptor ubiqutination
is minimal. As the growth cone moves towards the Netrin source, the
local concentration of Netrin increases amplifying the rate of ubiquitin
addition and triggering transport of the receptor to the proteasome
complex for degradation.

age of the receptor’s extracellular domain at the membrane sur-
face. Galko and Tessier-Lavigne (2000) have presented evidence
that the activity of DCC can be modulated by proteolytic degrada-
tion of the receptor by an unidentified metalloprotease. In the
presence of metalloprotease inhibitors the levels of DCC protein on
axons projecting from dorsal spinal cord explants is significantly
enhanced and their response to Netrin-1 potentiated. These obser-
vations indicate that metalloproteases may modulate the growth
cone’s response to Netrin by removing the DCC extracellular
domain. This mechanism would again allow growth cones to
escape regions of high Netrin concentration.

Guidance receptor activity can also be curtailed by proteolytic
cleavage of the guidance cue. The interaction between the Eph
receptors on the projecting growth cone and their membrane-
bound ligands, the Ephrins, is a high affinity, multivalent interaction
which leads to a chemorepulsive response. Since the
chemorepulsive response requires that the Eph-Ephrin coupling

be transitory, the question arises as to how the high affinity Eph-
Ephrin interaction is efficiently terminated. One mechanism that
triggers the localized dissociation of the Eph-Ephrin pair and
therefore the termination of Eph signalling is proteolytic cleavage
of the Ephrin by ADAM metalloproteases. Hattori er a/ have
demonstrated that Ephrin A2 forms a complex with the
metalloprotease, Kuzbanian, which is then specifically activated
upon ligation of EphA3 with EphrinA2 (Hattori ef a/, 2000). Thus
receptor-dependent cleavage of the membrane-bound guidance
cue provides a mechanism by which proteolysis is restricted to the
membrane interface where the ligand-receptor pair resides allow-
ing the growth cone to detach from the Ephrin once the
chemorepulsive signal has been initiated.

Guidance Receptor Cross-Talk determines the Biologi-
cal Response to the Local Environment

In order for the growth cone to respond in a coherent manner
when it encounters the many guidance cues in its local environ-
ment there must be a hierarchical system which allows the direc-
tional signals transduced by the appropriate guidance receptor to
predominate. To date the hierarchical nature of growth cone
responses to guidance cues is best demonstrated in the Netrin-
DCC guidance system within the vertebrate.

A Hierarchy in Guidance Receptor Responses determines
Growth Cone Directionality

Inthe developing Xerngpusembryo, axons arising in the presump-
tive telencephalon project longitudinally along the ventral aspect of
the forebrain before turning into the ventral commissure to cross to
the contralateral side. Disruption of these axon projections were
observed as they crossed the ventral commissure when cRNA
encoding a truncated form of DCC (comprising the entire extracellu-
lar domain and the transmembrane domain) was expressed in living
Xenopus embryos. In this case, the cRNA was injected into the
blastomeres of early 2- or 4- cells stage embryos (Anderson et a/,
2000). When the truncated DCC receptor was present on the
commissural axons not only did these axons fail to cross the midline
butthey abruptly turned away from the midline and actively grew back
towards the longitudinal tract. These aberrant axon projections
revealed that an underlying chemorepulsive activity was operating in
the absence of a functional DCC receptor. This chemorepulsive
activity may be provided by the Semaphorin receptor, Np-1, which
also resides on the same population of commissural axons (Ander-
son et al, 2000). These studies demonstrate the existence of a
hierarchy in guidance receptor activity which ultimately determines
the directionality of growth cone migration. In this instance, it is the
chemoattractive activity of the DCC receptor that overrides
chemorepulsive guidance cues encountered by this population of
commissural axons. In the wildtype embryo this chemorepulsive
mechanism is likely to come into play only after the growth cones
have crossed the ventral midline where it is required to drive the
growth cones away from the midline.

The hierarchy in responses to the array of guidance cues in the
local environment of the growth cone, at least in some instances,
can now be understood in molecular terms. Tessier-Lavigne and
colleagues have elegantly demonstrated that the final outcome of
ligand engagement by a given guidance receptor can be governed
by direct physical interactions between different guidance recep-



tors at the growth cone membrane. This receptor cross-talk deter-
mines the biological outcome of receptor-ligand interactions.

Robo silences the DCC Chemoattractive Response to Netrin-1

Inthe developing mammalian neural tube, DCC protein is present
on the surface of commissural axons as they migrate toward the
floorplate, the source of the Netrin gradient. Once these axons have
crossed the floorplate they no longer respond to Netrin despite the
fact they the still retain expression of DCC on the axonal membrane
(Shirasaki er a/, 1998). Instead, they become responsive to the
chemorepellents Slit2 and class 3 Semaphorins which are produced
by the floorplate and the ventral neural tube, respectively (Zou et al,
2000). This switch in responsiveness to chemorepulsive cues once
having crossed the midline is believed to propel the axons away from
the midline and explains why axons are never seen to recross the
midline after reaching the contralateral side (Fig. 1 B,C).

The key to the silencing of the chemoattractive response of the
Netrin-1-DCC interaction in this context lies in the absence or
presence of the Slit receptor, Robo. Axons projecting towards the
midline express DCC but not Robo on their surface. When on the
ipsilateral side, Netrin engagement by DCC homodimers triggers
a chemoattractive response. It is proposed that upon crossing the
midline, Robo is up-regulated on the growth cone membrane
leading to a direct interaction between the cytoplasmic domains of
DCC and Robo (Stein and Tessier-Lavigne, 2001). This cytoplas-
mic interaction is mediated by the CC1 subdomain of Robo and the
P3 domain of DCC (Fig. 5B) and may confer a conformational
change on the tertiary structure of the DCC cytoplasmic domain.
This model proposes that once on the contralateral side, DCC still
binds Netrin-1 but can no longer interact appropriately with signal-
ling molecules that potentiate the chemoattractive response (Stein
and Tessier-Lavigne, 2001). In contrast, the Slit-Robo signalling
cascade does not appear to be affected by formation of the DCC-
Robo heterodimer. Thus, the direct coupling of the DCC and Robo
receptors provides a precise temporal and spatial mechanism that
accurately controls growth cone responses at a given choice point
comprising conflicting directional information. In this system, Slit-
Robo chemorepulsion overrides Netrin-DCC chemoattraction thus
becoming the driving force for that growth cone.

Fig. 5. Receptor cross-talk deter-
mines the biological outcome of DCC
receptor-ligand interactions. (A)
DCC homodimerization promotes
chemoattraction upon Netrin-1 bind-
ing. (B) Silencing of the chemoattractive
response of the growth cone to Netrin-1-
DCC interactions results from a direct cou-
pling of the cytoplasmic domains of DCC
and Robo. This cytoplasmic interaction is
mediated by the CC1 subdomain of Robo
and the P3 domain of DCC. (C) The
chemoattractive response to DCC-Netrin
interactions is converted to chemorepulsion
by the direct coupling of the cytoplasmic
domains of DCC and UNCS5 in the presence
of Netrin-1. In this case itis the P1 cytoplas-
mic subdomain of DCC that interacts with
the DB subdomain of the UNC5 cytoplas-
mic region.

Attraction
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UNCS5 reverses the Polarity of the DCC Response to Netrin-1

It has also been demonstrated that DCC is subservient to
another chemorepulsive guidance receptor, UNC5. Recent stud-
ies using Xenopusspinal cord neurons have demonstrated thatthe
chemoattractive response of DCC-Netrin interactions is converted
to chemorepulsion by the direct interaction between the cytoplas-
mic domains of DCC and UNCS5 in the presence of Netrin-1 (Hong
etal, 1999). Inthis case itis the P1 cytoplasmic subdomain of DCC
that interacts with the DB subdomain of the UNC5 cytoplasmic
region (Fig. 5C). Taken together these studies suggested that in
the presence of UNC5, DCC is forced to change its polarity and act
as chemorepulsive Netrin receptor (or co-receptor in conjunction
with UNC5).

Therefore, it seems that the dimerization state of DCC governs
the polarity of the DCC response to Netrin-1 (Fig. 5). DCC
homodimerization promotes chemoattraction upon Netrin-1 bind-
ing. However, homodimerization is disrupted in the presence Robo
or UNC5 allowing Robo-DCC or UNC5-DCC heterodimers to
predominate. This indicates that in the presence of Netrin-1 the
affinity of DCC is higher for Robo and UNCS5 than it is for another
DCC receptor. Thus, the hierarchy in the DCC response to Netrin-
1 may be governed by the relative affinities of receptor pairs. It will
be of interest to determine which heterodimers form when all three
receptors are present on a single growth cone. Since UNC5 binds
the P1 subdomain of the DCC cytoplasmic region and Robo
interacts with the P3 subdomain it is possible that a trimer of
receptors may form. Which receptor will predominate in such a
situation would need to be determined experimentally.

That the polarity of Robo-dependent guidance may also be
modulated in a similar fashion to that of DCC comes from ~Robo
loss-of-function mutants in Drosophila (Kramer ef a/., 2001). Mi-
grating mesodermal cells initially move away from Slit at the
midline, however, a few hours later these same cells change their
behavior to migrate toward Slit expressing muscle attachment
sites. Thus, the chemorepulsive signalling pathway triggered by
Slit-Robo interactions at the mesodermal cell membrane is super-
seded by a Robo-dependent chemoattractive response initiated by
the same ligand-receptor pair at a later point in time. It seems
logical to propose that such a switch in signal polarity may be
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induced by the interaction of Robo with another as yet unidentified
co-receptor.

L1-Neuropilin-1 Cross-Talk converts Semaphorin Repulsion
to Attraction

The above demonstration that molecular cross-talk between
guidance receptors from different receptor families modulate the
individual receptor’s response to its specific ligand has implications
beyond the DCC/UNC5/Robo system. It is now clear that other
guidance receptors also form multi-receptor complexes at the axonal
membrane. Recent studies now suggest that activation of the
Semaphorin receptor complex can lead to chemoattractive or
chemorepulsive responses depending on the molecular compostion
of the receptor complex. In mice lacking the L1 cell adhesion
molecule (CAM) the axons of the corticospinal tract (CST) fail to
decussate in the caudal hindbrain atthe point were the CST normally
projects dorsally to form the pyramidal decussation in the wild type.
L1 is a member of the immunoglobulin superfamily of CAMs and is
known to promote neurite outgrowth by acting as either a homophilic
or a heterophilic CAM. Since L1 is present on CST axons, an L1
ligand was likely to be present in the pyramidal region at the level of
the decussation. Unexpectedly, Castellini and colleagues identified
this ligand as Sema3A and further demonstrated that L1 physically
interacts with Np-1 (butnot Np-2) viaits extracellular domain (Castellani
et al, 2000). Moreover, the addition of a soluble form of the L1
molecule was found to convert the response of wildtype axons to
Sema3A from one of chemorepulsion to one of attraction, probably
due to homophilicinteraction between soluble L1 and L1 bound to the
axonal membrane. These findings suggest that the polarity of the
growth cone response to Sema3A may be governed by the presence
or absence of L1 binding partners in the local environment. Both the
Sema3A driven chemorepulsive and chemoattractive activity are
dependent on the presence of L1, since CST axons from the L7
knock-out mouse cannot respond to Sema3A (Castellani er a/,
2000). Thus the growth cone response to Semaphorins can be
modulated by the direct physical interaction between Neuropilins and
members of other receptor families, inthis case L1, again highlighting
the importance of receptor cross-talk in determining growth cone
responses to guidance cues. The role of the Plexins has notyet been
determined for this system, however, since they are likely to be one
of the signalling components of the Semaphorin receptor it will be of
great interest to determine the molecular relationship between L1
and the Plexins.

Components of Eph Receptor Complexes determine Biologi-
cal Outcome of Eph-Ephrin Interactions

How is the physiological outcome from the activation of the Eph
receptors determined? Several independent studies have now
demonstrated that Eph receptors have the potential to directly
associate with other receptors at the membrane surface. Thus, the
repertoire of molecular interactions in these multi-molecular com-
plexes is likely to determine the physiological response of Eph
receptor activation upon Ephrin binding. A possible candidate for
Eph receptor cross-talk in the context of Eph-driven chemorepulsion
is the Ryk receptor, a kinase-dead member of the receptor tyrosine
kinase family. Ryk has been shown to directly associate with, and,
is phosphorylated by EphB2 and EphB3 (Halford et a/., 2000). Loss
of the Ryk orthologue (Derailed) in Drosophila embryos results in
aberrant axon pathfinding (Callahan ef a/, 1995). In addition,

Bonkowsky eta/. (1999) have demonstrated that Derailed behaves
as a chemorepellent guidance receptor. Taken together these
observations suggest that Ryk is a component of a multi-molecular
complex that promotes the chemorepulsive activity of EphB recep-
tors when in the context of the axon growth cone.

Holmberg and colleagues have demonstrated that an alterna-
tively spliced form of EphA7, lacking the kinase domain, is respon-
sible for the silencing of the chemorepulsive activity normally
observed with the full length receptor (Holmberg et a/, 2000).
When co-expressed, the truncated form of the receptor sup-
presses tyrosine phosphorylation of the full length receptor thereby
switching the cellular response from one of repulsion to one of
adhesion. These observations argue that the phosphorylation
state of the Eph receptors can determine the biological outcome of
Ephrin engagement. Thus Eph receptors are likely to be part of a
multi-molecular complex which comprises protein moieties that
regulate the phosphorylation state of these receptors.

The ability of Eph receptors to phosphorylate other components
within a multi-molecular complex may also have significant repercus-
sions for the type of response evoked. Recent experiments have
demonstrated that activation of EphB receptors is required for
dendritic spine morphogenesis and also for excitatory synapse
formation in cultured neurons (Dalva ef a/, 2000). The transmem-
brane HSPG, Syndecan-2, has been shown to cluster in dendritic
spines andinduces spine formation upon phosphorylationin cultured
hippocampal neurons (Ethell eza/, 2001). EphB receptors have now
been identified as the tyrosine kinases responsible for activating
Syndecan-2-dependent dendritic spine formation leading to the
hypothesis that activation of Eph receptors (probably by clustered
Ephrins located in the presynaptic terminal) is the trigger for dendritic
spine formation (Ethell efa/, 2001). At mature excitatory synapses,
clustered EphrinB binding to EphB receptors promotes a direct
physical interaction between the extracellular domains of EphB
receptors and the NR1 subunit of the NMDA receptor (Dalva ef a/,
2000). Itis proposed that this interaction is responsible for recruiting
and clustering of NMDA receptors at postsynaptic densities. The
interaction between the extracellular domains of the EphB and NR1
proteins was shown to be independent of Eph receptor tyrosine
kinase activity. However, itwas further demonstrated that Eph kinase
activity enhanced the number of both pre- and post-synaptic special-
izations that formed in cultured neurons. In summary, the Eph
receptors appear to play a strategic role in the formation and
stabilization of postsynaptic specializations. Moreover, the phospho-
rylation of key synaptic transmembrane components by Eph recep-
tor tyrosine kinases appears to be a pivotal molecular event promot-
ing these processes. Here Eph receptor activation results in the
stabilization of the molecular complexes underpinning synaptic
structure rather than destabilization of the cytoskeleton components
leading to growth cone collapse when Eph receptors act as
chemorepulsive axon guidance receptors. Thus, it seems likely that
it is the cross-talk within multi-molecular complexes, and the nature
of the receptor components, that determine the physiological out-
come of Eph receptor activation.

Where to From Here?
The formation of multi-molecular complexes at the axonal mem-

brane comprising guidance receptors, other key transmembrane
components, and intracellular signalling molecules (constitutively



associated or recruited upon receptor activation) promotes cross-
talk between these components which subsequently determines the
biological consequences of receptor-ligand interactions. Since many
different receptor activation events impinge on the growth cone at
any given point in time and space, the integration of ensuing signal
transduction cascades is necessary to achieve a synchronous
response to the extracellular environment. It must also be kept in
mind that these guidance receptor complexes do not operate in
isolation but in the same spatiotemporal environment as other
receptor-ligand interactions. Thus the incoming signals from acti-
vated guidance receptors must be interpreted in the context of other
relevant environmental signals. For example, Laminin directly influ-
ences the nature of the biological response to Netrin-1 by lowering
the intracellular levels of cCAMP resulting in a switch in the polarity of
the Netrin response from one of chemoattraction to one of
chemorepulsion (Hopker ef a/, 1999). Here the parallel signalling
cascade activated by the Laminin receptors must at some point
intersect with the Netrin-triggered signal transduction pathway to
switch the polarity of the signal.

At present, our understanding of the intricacies of the signal
transduction cascades responsible for relaying and integrating the
incoming information about receptor state is limited (for a compre-
hensive review of this topic see Song and Poo, 2001). However,
several key integration points for the numerous signal transduction
cascades have now been identified. The levels of cAMP, cGMP and
Ca?" as well as Protein Kinase A or G (PKA, PKG) activity appear to
be key determinants in the growth cone response to guidance cues.
Low intracellular cAMP levels convert the chemoattractive response
to Netrin-1 into one of chemorepulsion, while Sema3A driven
chemorepulsion is converted to attraction in low intracellular cGMP
concentrations. Anelevationinintracellular Ca?* levels is required for
the induction of the growth cone response to Netrin-1 (see Song and
Poo, 2001). Inhibition of PKA activity results in the conversion of
Netrin-dependent attraction to repulsion whereas activation of PKA
converts the chemorepulsive response to MAG (an immunoglobulin
superfamily CAM) to one of attraction (see Song and Poo, 2001). In
the context of axon navigation, the ultimate outcome of these signal
transduction cascades must be to trigger dynamic rearrangement of
the actin cytoskeleton within the growth cone, promoting cycles of
extension and retraction of filopodia at the growth cone tip. One point
of convergence for the myriad of signal transduction pathways is the
Rho family of GTPases which governs the directionality of cell motility
by directly linking many actin-binding proteins to upstream signalling
molecules (Schmidtand Hall, 1998). Itis anticipated that these small
GTPases will act as major integration points for the network of signal
transduction cascades triggered by receptor occupation.

Understanding how the individual molecular guidance systems
work at the level of a single axon and how the different signalling
cascades work in concert to initiate and steer axonal migration will be
the future goal of laboratories focussing on the molecular mecha-
nisms underlying axon guidance. These studies will also provide
insights into mechanisms driving cell migration, tissue patterning and
boundary formation during embryogenesis since many of the axon
guidance receptor families and their cognate ligands are also essen-
tial for these developmental processes.

Acknowledgments

/ would like to thank Clare Seaman, Tom Keeble and Dr Jason Coonan
for thelr valuable advice and discussions. The work from our laboratory was
Ssupporited by the National Health and Medical Research Council of Australia.

Regulation of Axon Navigation in Devel opment 629

References

ADAMS, R., WILKINSON, G., WEISS, C., DIELLA, F., GALE, N.W., DEUTSCH, U.,
RISAU, W. and KLEIN, R. (1999). Roles of ephrinB ligands and EphB receptors
in cardiovascular development: demarcation of arterial/venous domains, vascular
morphogenesis, and sprouting angiogenesis. Gernes and Dev. 13: 295-306.

ANDERSON, R.B, COOPER, H.M., JACKSON, S.C., SEAMAN, C. AND KEY, B.
(2000). DCC plays a role in the navigation of forebrain axons across the ventral
midbrain commissure in embryonic Xengpus. Dev. Biol. 217: 244-253.

BLOCH-GALLEGO, E., EZAN, F., TESSIER-LAVIGNE, M. and SOTELO, C. (1999).
Floor plate and Netrin-1 are involved in the migration and survival of inferior olivary
neurons. J.Neurosci, 19: 4407-4420.

BONKOWSKY, J.L., YOSHIKAWA, S., O'’KEEFE, D.D., SCULLY, A.L.and THOMAS,
J.B. (1999). Axon routing across the midline controlled by the arosgp/iiaderailed
receptor. Nature 402: 540-544.

BROSE, K., BLAND, K.S., WANG, K.H., ARNOTT, D., HENZEL, W., GOODMAN,
C.S., TESSIER-LAVIGNE, M. and KIDD, T. (1999). Slit proteins bind Robo
receptors and have an evolutionarily conserved role in repulsive axon guidance.
Cel/96: 795-806.

BROSE, K. TESSIER-LAVIGNE, M. (2000). Slit proteins: key regulators of axon
guidance, axonal branching, and cell migration. Curr. Opin. Neurobiol. 10: 95-102.

CALLAHAN, C.A., MURALIDHAR, M.G., LUNDGREN, S.E., SCULLY, A.L. and
THOMAS, J., B. (1995). Control of neuronal pathway selection by a Drosophila
receptor protein-tyrosine kinase family member. Nature 376: 171-174.

CASTELLANI, V., CHEDOTAL, A., SCHACHNER, M., FAIVRE-SARRAILH, C. and
ROUGON, G. (2000). Analysis of the L1-deficient mouse phenotype reveals cross-
talk between Sema3A and L1 signaling pathways in axonal guidance. Neuron 27:
237-249.

CHEN, H., BAGRI, A., ZUPICICH, J., ZOU, Y., STOECKLI, E., PLEASURE, S.,
LOWENSTEIN, D., SKARNES, W.C., CHEDOTAL, A. and TESSIER-LAVIGNE,
M. (2000). Neuropilin-2 regulates the development of selected cranial and sensory
nerves and hippocampal mossy fiber projections. Neuron 25: 43-56.

CHEN, H., CHEDOTAL, A., HE, Z., GOODMAN, C.S. and TESSIER-LAVIGNE, M.
(1997). Neuropilin-2, a novel member of the neuropilin family, is a high affinity
receptor for the semaphorins. Mewron 19: 547-559.

DALVA, M., TAKASU, M., LIN, M., SHAMAH, S.M., HU, L., GALE, N.W. and
GREENBERG, M.E. (2000). EphB receptors interact with NMDA receptors and
regulate excitatory synapse formation. Ce//103: 945-956.

DE CASTRO, F., HU, L., DRABKIN, H., SOTELO, C. and CHEDOTAL, A. (1999).
Chemoattraction and chemorepulsion of olfactory bulb axons by different secreted
semaphorins. J. Meuroscr. 19: 4428-4436.

DEINER, M.S., KENNEDY, T.E., FAZELI, A., SERAFINI, T., TESSIER-LAVIGNE,
M. and SRETAVAN, D.W. (1997). Netrin-1 and DCC mediate axon guidance
locally at the optic disc: Loss of function leads to optic nerve hypoplasia. Meuron
19: 575-589.

ETHELL, I., IRIE, F., KALO, M., COUCHMAN, J., PASQUALE, E. and YAMAGUCHI,
Y. (2001). EphB/Syndecan-2 signaling in dendritic spine morphogenesis. Neuron
31: 1001-1013.

FAZELI, A., DICKINSON, S.L., HERMISTON, M.L., TIGHE, R.V., STEEN, R.G.,
SMALL, C.G., STOECKLI, E.T., KEINO-MASU, K., MASU, M., RAYBURN, H.,
SIMONS, J., BRONSON, R.T., GORDON, J.I., TESSIER-LAVIGNE, M. and
WEINBERG, R.A. (1997). Phenotype of mice lacking functional Defeted in
colorectal cancer (DCC) gene. Nature 386: 796-810.

GAD, J.M., KEELING, S.L., SHU, T., RICHARDS, L.J. and COOPER, H.M. (2000).
The spatial and temporal expression patterns of Netrin receptors, DCC and
Neogenin, in the developing mouse retina. £xp.£Eye Res. 70: 711-712.

GALKO, M.J. and TESSIER-LAVIGNE, M. (2000). Function of an axonal
chemoattractant modulated by metalloprotease activity. Sc/ience289: 1365-1367.

GIGER, R.J., CLOUTIER, J.-F., SAHAY, A., PRINJHA, R.K., LEVENGOOD, D.V.,
MOORE, S.E., PICKERING, S., SOMMONS, D., RASTAN, S., WALSH, F.S.,
KOLODKIN,A.L.,GINTY, D.D.and GEPPERT, M. (2000). Neuropilin-2 is required
/n vivofor selective axon guidance responses to secreted semaphorins. Neuron
25:29-41.

HALFORD, M.M., ARMES, J., BUCHERT, M., MESKENAITE, V., GRAIL, D., HIBBS,
M.L., WILKS, A.F., FARLIE, P.G., NEWGREEN, D.F., HOVENS, C.M. and
STACKER, S.A. (2000). Ryk-deficient mice exhibit craniofacial defects associated
with perturbed Eph receptor crosstalk. Nature Genetics 25: 414-418.



630 H.M. Cooper

HATTORI, M., OSTERFIELD, M. and FLANAGAN, J.G. (2000). Regulated cleav-
age of a contact-mediated axon repellant. Sc/ence 289: 1360-1365.

HE, Z. and TESSIER-LAVIGNE, M. (1997). Neuropilin is a receptor for the axonal
chemorepellant Semaphorin Ill. Ce//90: 739-751.

HEDGECOCK, E.M., CULOTTI, J.G.and HALL, D.H. (1990). The wric-5, unc-6, and
unc-40genes guide circumferential migrations of pioneer axons and mesoder-
mal cells on the epidermis in C. elegans. Neuron2: 61-85.

HENKEMEYER, M., ORIOLI, D., HENDERSON, J.T., SAXTON, T.M., RODER, J.,
PAWSON, T. and KLEIN, R. (1996). Nuk controls pathfinding of commissural
axons in the mammalian central nervous system. Ce//86: 35-46.

HERSHKO, A. and CIECHANOVER, A. (1998). The ubiquitin system.
Ann.Rev.Bliochem. 67: 425-479.

HIRAMOTO, M., HIROMI, Y., GINIGER, E. and HOTTA, Y. (2000). The Drosgphila
netrin receptor Frazzled guides axons by controlling netrin distribution. Nature
406: 886-889.

HOLDER, N. and KLEIN, R. (1999). Eph receptors ans ephrins: effectors of
morphogenesis. Development 126: 2033-2044.

HOLMBERG, J., CLARKE, D.L. and FRISEN, J. (2000). Regulation of repulsion
versus adhesion by different splice forms of an Eph receptor. Nazure 408:
203-206.

HONG, K., HINCK, L., NISHIYAMA, M., POO, M.-M., TESSIER-LAVIGNE, M. and
STEIN, E. (1999). A ligand-gated association between cytoplasmic domains of
UNCS5 and DCC family receptors converts netrin-induced growth cone attraction
to repulsion. Ce//97: 927-941.

HOPKER, V.H., SHEWAN, D., TESSIER-LAVIGNE, M., POO, M.-M. and HOLT, C.
(1999). Growth-cone attraction to netrin-1 is converted to repulsion by laminin-
1. Nature 401: 69-73.

HU, G. and FEARON, E.R. (1999). Siah-1 N-terminal RING domain is required for
proteolysis function, and C-terminal sequences regulate oligomerization and
binding to target proteins. Mol.Cell Biol. 19: 724-732.

HU, H. (1999). Chemorepuslion of neuronal migration by Slit2 in the developing
mammalian forebrain. NMewron 23: 703-711.

HU, H. (2001). Cell-surface heparan sulfates involved in the repulsive guidance
activities of Slit2 protein. Nature Neurosci. 4: 695-701.

KEELING, S.L., GAD, J.M. and COOPER, H.M. (1997). Mouse Neogenin, a DCC-
like molecule, has four splice variants and is expressed widely in the adult
mouse and during embryogenesis. Oncogene 15: 691-700.

KEINO-MASU, K., MASU, M., HINCK, L., LEONARDO, E.D., CHAN, S.S.-Y.,
CULOTTI, J.G. and TESSIER-LAVIGNE, M. (1996). Deleted in Colorectal
Cancer (DCC) encodes a netrin receptor. Ce//87: 175-185.

KIDD, T., BLAND, K.S. and GOODMAN, C.S. (1999). Slitis the midline repellent for
the robo receptor in Drosophila. Cel/96: 785-794.

KIDD, T., BROSE, K., MITCHELL, K.J., FETTER, R.D., TESSIER-LAVIGNE, M.,
GOODMAN, C.S. and TEAR, G. (1998a). Roundabout controls axon crossing
of the CNS midline and defines a novel family of evolutionary conserved
guidance receptors. Ce//92: 205-215.

KIDD, T., RUSSELL, C., GOODMAN, S. and TEAR, G. (1998b). Dosage-sensitive
and complementary functions of roundabout and commissureless control axon
crossing of the CNS midline. Newron20: 25-33.

KITSUKAWA, T., SHIMIZU, T., SANBO, M., HIRATA, T., TANIGUCHI, M., BEKKU,
Y., YAGI, T. and FUJISAWA, H. (1997). Neuropilin-semaphorin I1//D-mediated
chemorepulsive signals play a crucial role in peripheral nerve projection in mice.
Neuron 19: 995-1005.

KOLODKIN, A.L., LEVENGOOD, D.V., ROWE, E., TAl, Y., GIGER, R.J. and
GINTY, D.D. (1997). Neuropilin is a semaphorin Ill receptor. Ce//75: 217-227.

KOLODKIN, A.L., MATTHES, D. and GOODMAN, C.S. (1993). The semaphorin
genes encode a family of transmembrane and secreted growth cone guidance
molecules. Ce//75: 1389-1399.

KRAMER, S.M., KIDD, T., SIMPSON, J.H. and GOODMAN, C.S. (2001). Switching
repulsion to attraction: Changing responses to Slit during transition in meso-
derm migration. Scrence 292: 737-740.

LEONARDO, E.D., HINCK, L., MASU, M., KEINO-MASU, K., ACKERMAN, S.L.

and TESSIER-LAVIGNE, M. (1997). Vertebrate homologues of C.elegans
UNC-5 are candidate netrin receptors. Nature 386: 833-838.

LEUNG-HAGESTEWN, C., SPENCE, A.M., STERN, B.D., ZHOU, Y., SU, M.-W.,
HEDGECOCK, E.M. and CULOTTI, J.G. (1992). UNC-5, a transmembrane
protein with immunoglobulin and thrombospondin type | domains, guides cell
and pioneer axon migration in C.elegans. Cel/71: 289-299.

LU, Q., SUN, E., KLEIN, R. and FLANAGAN, T.P. (2001). Ephrin-B reverse
signaling is mediated by a novel PDZ-RGS protein and selectively inhibits G
protein-coupled chemoattraction. Ce//105: 69-79.

LUO, L., RAIBLE, D. and RAPER, J.A. (1993). Collapsin: a protein in the brain that
induces the collpase and paralysis of neuronal growth cones. Ce//75: 217-227.

MEYERHARDT, J.A., LOOK, A.T., BIGNER, S.H. and FEARON, E.R. (1997).
Identification and characterization of neogernin, a DCC-related gene. Oncogene
14:1129-1136.

POLLEUX, F., MORROW, T. and GHOSH, A. (2000). Semaphorin 3A is a
chemoattractant for cortical apical dendrites. Nature 404: 567-573.

PRZYBORSKI, S.A., KNOWLES, B.B. and ACKERMAN, S.L. (1998). Embryonic
phenotype of Uncs5H3mutant mice suggests chemorepulsion during the forma-
tion of the rostral cerebellar boundary. Development125: 41-50.

RAPER, J.A. (2000). Semaphorins and their receptors in vertebrates and inverte-
brates. Curr.Opin.Neurobiol. 10: 88-94.

RONCA, F., ANDERSEN, J., PAECH, V. and MARGOLIS, R. (2001). Characteriza-
tion of Slit protein interactions with Glypican-1. J.B/o/. Chem. 276: 29141-29147.

ROTHBERG, J.M., JACOBS, R.J., GOODMAN, C.S. and ARTAVANIS-TSAKONAS,
S. (1990). Slit: an extracellular protein necessary for development of midline glia
and commissural axon pathways contains both EGF and LRR domains. Genes
and Dev. 4: 2169-2187.

SCHMIDT, A. and HALL, M.N. (1998). Signaling to the actin cytoskeleton.
Ann.Rev.Cell Dev.Biol. 14: 305-338.

SEAMAN, C. and COOPER, H.M. (2001). Netrin-3 protein is localized to the axons
of motor, sensory, and sympathetic neurons. Mech.Dev. 101: 245-248.

SERAFINI, T., COLAMARINO, S.A.,LEONARDO, E.D., WANG, H., BEDDINGTON,
R., SKARNES, W.C. and TESSIER-LAVIGNE, M. (1996). Netrin-1 is required
for commissural axon guidance in the developing vertebrate nervous system.
Ce//87: 1001-1014.

SERAFINI, T.,KENNEDY, T.E., GALKO, M.J., MIRZAYAN, C., JESSELL, T.M. and
TESSIER-LAVIGNE, M. (1994). The netrins define a family of axonal outgrowth-
promoting proteins homologous to C.e/egans UNC-6. Ce//78: 409-424.

SHIRASAKI, R., KATSUMATA, R. and MURAKAMI, F. (1998). Change in
chemoattractant responsiveness of developing axons at an intermediate target.
Scilence 279: 105-107.

SHU, T., VALENTINO, K.M., SEAMAN, C., COOPER, H.M. and RICHARDS, L.J.
(2000). Expression of the Netrin-1 receptor, deleted in colorectal cancer (DCC),
is largely confined to projecting neurons in the developing forebrain. J. Comp.
Neurol. 416: 201.

SONG, H.-J. and POO, M.-M. (2001). The cell biology of neural navigation. Nature
Cell Biol. 3: E81-E88.

STEIN, E. and TESSIER-LAVIGNE, M. (2001). Hierarchical organization of guid-
ance receptors: silencing of netrin attraction by Slit through a Robo/DCC
receptor complex. Sc/ence 291: 1928-1938.

TABATA, T. (2001). Genetics of morphogen gradients. Nature Reviews:Genetics2:
620-630.

TAMAGNONE, L., ARTIGIANI, S., CHEN, H., HE, Z., MING, G.-I., SONG, H.-J.,
CHEDOTAL, A., WINBERG, M.L., GOODMAN, C.S., POO, M.-M., TESSIER-
LAVIGNE, M. and COMOGLIO, P.M. (1999). Plexins are a large family of
receptors for transmembrane, secreted, and GPIl-anchored semaphorins in
vertebrates. Ce//99: 71-80.

TANIGUCHI, M., YUASA, S., FUJISAWA, H., NARUSE, I., SAGA, S., MISHINA, M.
and YAGI, T. (1997). Disruption of semaphorin Ill/D gene causes severe
abnormality in peripheral nerve projection. Mewrorn 19: 519-530.

TEAR, G., HARRIS, R., SUTARIA, S., KILOMANSKI, K., GOODMAN, C.S. and
SEEGER, M.A. (1996). Commissureless controls growth cone guidance across
the CNS midline in Drosophilaand encodes a novel membrane protein. Neuron
16: 501-514.

TESSIER-LAVIGNE, M. and GOODMAN, C.S. (1996). The molecular biology of
axonal guidance. Scr/ence 275: 1123-1133.



WANG, H.U., CHEN, Z.-F. and ANDERSON, D.J. (1998). Molecular distinction and
angiogenic interaction between embryonic arteries and veins revealed by
ephrin-B2 and its receptor Eph-B4. Ce//93: 741-753.

WANG, K.H., BROSE, K., ARNOTT, D., KIDD, T., GOODMAN, C.S., HENZEL, W.
and TESSIER-LAVIGNE, M. (1999). Biochemical purification of a mammalian
Slit protein as a positive regulator of sensory axon elongation and branching.
Cel/96: 771-784.

WILKINSON, D.G. (2001). Multiple roles of Eph receptors and ephrins in neural
development. Nature Reviews.Neuroscience 2: 155-164.

WINBERG, M.L., NOORDERMEER, J.N., TAMAGNONE, L., COMOGLIO, P.M.,
SPRIGGS, M.K., TESSIER-LAVIGNE, M. and GOODMAN, C.S. (1998).

Regulation of Axon Navigation in Devel opment 631

Plexin A is a neuronal semaphorin receptor that controls axon guidance. Ce/
95: 903-916.

WU, W., WONG, K., CHEN, J., JIANG, Z.-H., DUPUIS, S., WU, J. and RAO, Y.
(1999). Directional guidance of neuronal migration in the olfactory system by the
protein Slit. Mature 400: 331-336.

ZHU, Y., LI, H., ZHOU, L., WU, J. and RAO, Y. (1999). Cellular and molecular
guidance of GABAergic neuronal migration from an extracortical origin to the
neocortex. Neuron 23: 473-485.

ZOU, Y., STOECKLI, E. and TESSIER-LAVIGNE, M. (2000). Squeezing axons out
of the gray matter: A role for slit and semaphorin proteins from midline and
ventrla spinal cord. Ce//102: 363-375.



