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Morphogenesis of the nervous system requires the directed migration of postmitotic neurons to designated locations
in the nervous system and the guidance of axon growth cones to their synaptic targets. Evidence suggests that both
forms of navigation depend on common guidance molecules, surface receptors and signal transduction pathways
that link receptor activation to cytoskeletal reorganization. Future challenges remain not only in identifying all the
components of the signalling pathways, but also in understanding how these pathways achieve signal amplification
and adaptation—two essential cellular processes for neuronal navigation. 

Neuronal navigation during early development is essential for
establishing the highly ordered cellular organization and spe-
cific nerve connections in the nervous system1,2. In the devel-

oping nervous system, newly generated cortical neurons in the ven-
tricular zone migrate along the surface of radial glia fibres and set-
tle in the cortical plate to form orderly layers of the cortex3,4.
Neurons generated in subcortical structures also undergo long-
range tangential migration to the cortex to form dispersed popula-
tion of cortical interneurons4. Neural crest cells that emerge from
the dorsal margin of the neural tube migrate over long distances
along specific routes to form sensory, autonomic and enteric gan-
glia in the peripheral nervous system5. After reaching its destina-
tion, each neuron develops a set of dendrites characteristic of its
phenotype and a single long axon that extends along specific routes
to reach prospective synaptic partners6.

The migration of either the entire neuron or its nerve growth
cones is guided by the interaction between the neuron and its local
environment. Both forms of navigation use similar guidance mole-
cules and cytoplasmic mechanisms for detecting and transducing
guidance signals. Furthermore, many of the signal transduction
events underlying neuronal navigation are remarkably similar to
those responsible for the chemotaxis of both leukocytes and
Dictyostelium discoideum amoebae7. Aided by the comparison with
findings on the mechanisms of chemotaxis in non-neuronal cells,
we review general cell-biological issues of directed cell motility that
are relevant to both neuronal migration and axon guidance. For
more details on various aspects of neuronal navigation, several
recent, comprehensive reviews may be consulted4,8,9.

Historical overview
The developing tissue may influence neuronal navigation by non-
specific physical constraints and specific chemical signals. Soon
after his invention of the tissue-culture technique, Harrison10

observed that cultured amphibian neuroblasts prefer to cling to and
move along solid surfaces. Weiss11 later showed that migrating
embryonic cells and growing neurites from cultured explants tend
to move along scratches on the glass culture plate, or along lines of
tension in the plasma clot embedding the explant. He proposed
that mechanical (contact) guidance, or ‘stereotropism’, is the main
factor in directing neuronal motility. The idea of contact guidance
was later refined by incorporating differential adhesiveness as a fac-
tor in guiding migrating cells12. Sperry13 further argued that highly
specific nerve connections can only be achieved by specific chemi-
cal affinities between growing axons and their target cells, and pre-
cise topography of connections can be established by matching gra-
dients of molecular cues carried by axons and their targets.

More recent studies have brought new insights into two aspects
of contact guidance: the molecular basis of differential adhesion
and the role of cytoplasmic signalling. Several families of cell-sur-

face adhesion molecules have been shown to be important in neu-
ronal navigation14. For example, axonal growth along ‘pioneering’
axons, ‘guidepost’ cells, or ‘labelled’ pathways in the developing
embryos15,16 can be attributed to selective adhesion owing to the
presence of specific cell-adhesion molecules (CAMs) on the neu-
ronal surface14. The migration of postmitotic cortical neurons
along radial glia depends on the presence of specific neuronal sur-
face proteins, such as astrotactin17 and integrins18,19. Rostral migrat-
ing neurons from the subventricular zone can also adhere to one
another through the neural adhesion molecule (N-CAM) to form
the migratory stream to olfactory bulb20.

As most adhesion molecules are transmembrane proteins,
cell–substrate interaction might involve not only the formation of
adhesive bonds, but also the activation of cytoplasmic signalling
cascades, leading to ‘trophic’ or ‘modulatory’ actions on neuronal
functions. Indeed, N-CAM and L1 are known to trigger cytoplas-
mic signalling that activates various kinases and elevates levels of
Ca2+—processes that regulate neuronal motility14. Binding of extra-
cellular matrix (ECM) molecules (for example, laminin and
fibronectin) to neuronal surface integrins is required for proper
neural crest migration21. Laminin also supports neurite outgrowth
from cultured explants22 and modulates the navigation behaviour
of growth cones in response to guidance cues23. The modulatory
action of cell–substrate contacts can be negative as well: the migra-
tion of trunk neural crest cells is restricted to a path on the rostral
half of each somite, apparently owing to repulsive action of ephrins
expressed by the caudal halves of the somites24.

Thus, it is now well established that two contact-mediated
processes — selective adhesion and intracellular signalling—have
critical roles in determining the neuron’s response to its environ-
ment. Note that any contact-mediated event involving
neuron–substrate interaction begins with selective ‘adhesion’ (the
initial formation of molecular bonds); however, the outcome of
the interaction, which can range from stable adhesion to repulsion
of the neuron from the substrate, depends on subsequent cyto-
plasmic signalling. This is nicely illustrated by the interaction
between surface-bound ephrins and their Eph receptors, which
begins with selective adhesion but ends with repulsion, a sequence
of events requiring the cytoplasmic signalling of activated Eph
receptor and the release of metalloprotease that cleaves the ephrin
from the surface25.

Intrigued by the amoeboid morphology of the nerve growth
cone and the phenomenon of leukocyte chemotaxis, Ramon y
Cajal26 suggested more than a century ago that the migration of
neuroblasts and growth cones might be guided by gradients of
chemical substances secreted by the target cells. This idea of
‘chemotropism’ received little attention until co-culture experi-
ments27–30 and in vivo observations30–32 provided strong evidence
for the existence of target-derived factors that can act at a distance
to attract or repel axons. Several families of secreted proteins,
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including netrins, semaphorins, slits, neurotrophins and fibroblast
growth factors, have now been identified to be diffusible guidance
molecules for neuronal navigation in various regions of the
brain8,9,33. As discussed below, long-range chemoattraction and
chemorepulsion may indeed occur in the nervous system, but
whether these secreted proteins act as diffusible factors or as factors
bound to ECM and cell surfaces remains unclear.

The nature of guidance signals
A guidance factor for neuronal navigation generally fulfills the fol-
lowing criteria. First, it is expressed or secreted at the right time in
the appropriate regions of the nervous system to serve as an attrac-
tive/repulsive function. Second, depletion of the factor or its recep-
tor by genetic mutation or other means leads to navigational errors
of the neuron in question. Third, expression or secretion of the fac-
tor by cultured cells is sufficient to induce attraction/repulsion of
co-cultured neurons or growth cones. In further analysis of nature
and cellular actions of the guidance signal, however, one must con-
sider the following issues.
Directional versus positional signals. The information regarding

which direction to grow and when to stop must be imparted to the
neuron or axon, but it is not always clear whether a guidance mol-
ecule is providing one or both of these signals. A case in point is the
role of ephrins and Eph receptors in guiding retinal axons to their
tectal targets32,34–36. Gradients of ephrins found in the tectum can, in
principle, provide both directional and positional information37,38.
Experimental evidence indicates that complementary ephrin–Eph
receptor gradients in the retina and tectum can serve as positional
signals, but whether they also serve as directional signals remains to
be determined38. Discrete stop signals are also found for neuronal
migration. Radial migration of Purkinje neurons in developing
cerebellum seems to be inhibited by the presence of reelin39, a puta-
tive positional guidance cue secreted by cells in the marginal zone.
Whether reelin also provides a directional signal for the migration
is not clear.

Many factors are required for neuronal navigation, but provide
neither directional nor positional information. Surface CAMs, in
particular those in the immunoglobulin-γ superfamily, are essential
for axon fasciculation, which in turn is required for proper axon
pathfinding40,41. Mutation of cytoplasmic signalling molecules, such
as cdk5 and p35, or transcription factors can also result in gross
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Figure 1 Amplification and adaptation during growth cone navigation in a
gradient of guidance signals. a, A model for signal amplification at the growth
cone, based on a cascade of clustering signalling molecules. In encountering a
shallow gradient of guidance molecules (yellow cloud), a shallow gradient of recep-
tor activation (red oval) leads to an autocatalytic clustering of activated receptors
and/or their downstream effectors in the membrane. The initial clustering triggers
the recruitment and further clustering of cytoplasmic adaptors and effectors, lead-
ing eventually to orientated assembly of actin filaments on one side of the growth
cone. The cascade of local clustering and consequent depletion of the signalling
molecules at the rest of the cell provide the local activation and global inhibition
required for the amplification of the gradient signal. b, Chemotropic turning of the
growth cone of a cultured Xenopus spinal neuron in a gradient of diffusible guid-
ance molecule netrin-1. The gradient was produced by repetitive pulsatile applica-

tion of picolitres of solution containing netrin-1 and visualized by co-ejection of a flu-
orescent marker. c, Curve depicting the concentration of the guidance molecule
with distance from the pipette tip, as determined by the intensity of the marker fluo-
rescence. Chemotropic extension of the growth cone in such a gradient requires
the growth cone to continuously re-adjust its sensitivity to the gradient as the basal
level of the guidance molecule increases by several orders of magnitude. Insets
associated with the curve represent gradients encountered by the growth cone (10
µm in width) at different distances from the source of netrin-1. d, Adaptation of the
growth cone response in a netrin-1 gradient, as shown by the ‘zigzag’ pattern of the
growth trajectory of a typical fast growing neurite of Xenopus spinal neuron in cul-
ture. (Data adapted from ref. 71.). The alternating attractive and repulsive turning of
the growth cone indicates cycles of desensitization and resensitization to the
growth cone towards netrin-1. Scale bar, 20 µm.
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alterations in neuronal navigation39,42. Studies of the function of
permissive/modulatory factors, while helpful in revealing intricate
cytoplasmic regulatory mechanisms, do not address directly the
mechanism of transduction of guidance signals.

Many guidance molecules have been found to function as an
attractant for one navigational event and a repellent for anoth-
er8,9,43. Recent findings indicate that this bi-functionality can be
attributed to differential receptor activation44 or different levels of
second messengers in the neuronal cytoplasm43. Interestingly, the
same guidance cue can also serve for attractant and repellent for
different parts (dendrite versus axon) of the same neuron45. Thus,
the bi-functionality of guidance molecules reflects more the status
of the neuron than an intrinsic property of the molecule.

Many identified guidance cues are secreted proteins and puri-
fied/recombinant proteins. Cell lines expressing the proteins have
been used in co-culture experiments to show their effectiveness—
as diffusible factors acting at a distance—in orienting the nerve
growth or neuroblast migration. It is not clear in general, however,
whether these secreted proteins are distributed in long-range gra-
dients in the developing tissue, and whether they act as diffusible
factors or as factors bound to ECM and cell surfaces. For example,
because of their highly basic nature, secreted neurotrophins bind
tightly to the surface of the secreting neuron46 and produce local-
ized synaptic modulation in culture47. Similarly, secreted Sema3A
also seems to be concentrated mainly at the surface of the secreting
muscle cell48. Although gradients of both diffusible or bound guid-
ance cues can result in differential receptor occupancy across the
neuronal surface, a diffusible ligand permits extensive lateral redis-
tribution of ligand–receptor complexes, which in turn may lead
cytoplasmic signalling events that are different from those triggered
by the bound ligand.

An emerging theme in neuronal navigation is that axon guid-
ance cues can also guide neuroblast migration. For example,
netrin-1, a well-established diffusible axon guidance cue in many
parts of the developing brain9, also directs circumferential migra-
tion of basilar pontine neurons from their origin in the neuroep-
ithelium to the ventral midline49. Slit, a midline chemorepellent for
commissural axons33, serves as a repellent for the migration of both
interneuron precursors from the anterior subventricular zone in
the telencephalon to the olfactory bulb, and GABA (γ-amino
butyric acid)-containing neurons from an extracortical origin to
the neocortex50–52. For membrane-bound guidance cues, ephrins
serve as guidance signals for the projection of retinal axons in the
optic tectum38 and for the migration of trunk neural crest cells
across the somite24. In all these cases, the same set of membrane
receptors are involved in both axon guidance and neuroblast
migration, suggesting that cellular transduction mechanisms for
these two forms of neuronal motility may be similar. However, neu-
roblast migration involves active cytoskeletal reorganization not
only at the advancing front (equivalent to the growth cone), but
also at the rear end of cell. This may require long-range, global
cytoplasmic signalling distinct from that associated with growth
cone guidance.

Detection of positional and directional signals
In principle, target finding by migrating neuroblasts or growth
cones can be achieved by random walks, which are guided only by
constraints imposed by permissive substrates. The navigational task
is completed when the neuron recognizes the stop (positional) sig-
nal provided by the target. There are examples of neuronal naviga-
tion that appear to depend only on the detection of a positional sig-
nal that instructs the neuron to grow, retract or stop. Postmitotic
cortical neurons may simply migrate along the radial glia until they
detect a stop signal to settle at appropriate positions and form the
cortical layers. Neural crest cell migration may be channelled by
permissive and repulsive ECM substrates until they recognize spe-
cific target regions in the embryo21,24.

When neuronal navigation is guided by a long-range direction-
al signal in the form of a concentration gradient of either diffusible
or substrate-bound cues, however, the neuron must detect either
(1) the gradient of the signal across the cell (or growth cone) by the
difference in receptor occupancy on two sides of the cell surface
(spatial detection), or (2) changes in the total level receptor activa-
tion with time as the neuron moves up and down the gradient
(temporal detection). The slow speed of neuronal motility in gen-
eral suggests that spatial detection is likely to be the main mecha-
nism used in neuronal navigation.

An issue of interest is whether any signal that affects neuronal
motility can serve as a directional signal when present in a gradient.
Laminin, a ECM molecule that promotes adhesion and growth of
neurites in culture, does not alter the direction of growth cone
extension when applied to the neuron in a gradient22. A gradient of
repellent tectal membrane (or ephrins) for the growth of retinal
ganglion cell axons provides a ‘stop’ signal to the growing axon53

without inducing clear repulsive turning of the growth cone when
these cues exist in a smooth gradient38. Conversely, pharmacologi-
cal inhibition of phosphatidylinositol-3-OH kinase (PI(3)K) abol-
ishes the growth cone turning of Xenopus spinal neurons in a gra-
dient of netrin-1, nerve growth factor (NGF) or brain-derived neu-
rotrophic factor (BDNF), without affecting the overall rate of
growth cone extension54. Thus, it seems that not all factors that
increase or decrease neuronal motility can provide directional sig-
nal when present in a gradient. Conversely, factors that convey
directional neuronal response may act on other effectors besides
those that affect neuronal motility.

For long-range neuronal navigation based on the detection of
gradients of attractants/repellents, the neuron is faced with two
tasks: to respond reliably to small gradients across the cell (ampli-
fication), and to remain sensitive to the gradient when the average
concentration of the guidance cues changes by many orders of
magnitude as the neuron migrate up or down the gradient (adap-
tation)(Fig. 1). The minimal gradient of guidance cues required for
the detection by the neuron sets the range by which the target cell
can influence the navigating neuron by secreting attractants or
repellents55.For leukocyte chemotaxis, a gradient as low as 1%
across the cell (10 µm in width) can be detected when the average
concentration is near the dissociation constant (Kd) of the recep-
tor–attractant complex56.

Studies of cultured Xenopus spinal neurons57–60 showed that the
growth cone can respond to a gradient of diffusible attractants of
about 5–10% across the growth cone, but the minimal required
gradient was not determined. For substrate-bound gradients that
inhibit growth cone extension, the growth cone of retinal ganglion
neurons can detect about a 1% gradient of repellent tectal mem-
brane fragments61. How does the neuron amplify such a small dif-
ference in receptor occupancy into a distinct directional cytoskele-
tal rearrangement? A common mechanism in gradient amplifica-
tion in biological systems involves local self-activation and global
inhibition37,62. Relatively persistent local elevation can be achieved
by polarized translocation and clustering of cellular components,
whereas depletion of these components in other regions of the neu-
ron confers a simple form of global inhibition.

In migrating lymphocytes, chemokine receptors are localized to
the leading front of the cell63. In neutrophils and amoebae, it was
found that the receptor does not become polarized, instead there is
a distinct polarized translocation of pleckstrin homology (PH)-
domain-containing proteins64–66, such as cytosolic regulator of
adenylyl cyclase (CRAC) and Akt/protein kinase B (PKB), to some
polarized binding sites on the inner face of plasma membrane. The
binding and translocation of these cytosolic effectors to the mem-
brane facing the source of the attractant seems to be the initial
amplification of the guidance signal in these chemotaxing cells.
Increased accumulation of phosphotyrosine has been found in the
leading front of growth cone lamellipodia67, but whether this
reflects an initial event involved in signal amplification is not clear.
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Signal transduction: from receptors to cytoskeleton
Neuronal navigation is a highly specific process, requiring differen-
tial behaviours of different types of neurons. This specificity is con-
ferred by the differential expression of specific membrane receptors
for guidance molecules. Both guidance and permissive/modulatory
signals received by the neuron are transduced by cytoplasmic sig-
nalling pathways and converge onto regulatory mechanisms for
cytoskeletal rearrangement. Evidence described below suggests that
the specificity in navigational behaviour resides mainly at the level
of receptor and their ligand-dependent interactions, and that a set
of ‘adaptors’ and ‘mediators’ are involved in linking activation of
specific receptors to common cytoplasmic signalling pathways (Fig.
2). Many of these pathways appear to be similar to the directed
migration of non-neuronal cell types (Table 1), even though the
guidance cues and their receptors are distinctly different.

In chemotaxis of D. dictyostelium amoebae and other eukaryotic
cells, such as neutrophils and macrophages, G-protein-linked pro-
teins with seven transmembrane domains normally function as
receptors for chemoattractants7. Receptors for neuronal navigation,
by contrast, comprise a heterogeneous population of transmem-
brane proteins, including receptor tyrosine kinases, receptors with
no recognized catalytic domains, and possibly receptor phos-
phatases8,9,43. The emerging picture from recent studies is that in
most cases there are several receptors for each guidance cue and
sometimes these receptors function as receptor complexes (Fig. 2).

Engagements of receptor complexes can control the specificity
and the polarity of the response of the neuron to the guidance cue.
For example, both deleted in colorectal cancer (DCC) and UNC-5
bind netrin-1, but interact with each other in the membrane44.
Expression of UNC-5 in Xenopus spinal neurons converts DCC-
dependent, netrin-1-induced attraction into repulsion, and this
repulsion requires interaction of cytoplasmic domains of DCC and
UNC-5, which is triggered by binding of netrin-1 to UNC-5 or
DCC44.

As semaphorin receptors, neuropilins and plexins both bind
semaphorins with high affinity68, and particular subtypes of both
neuropilin and plexin are required for the response to specific sem-
aphorins. In addition, L1 may be also a component for the receptor
complex as L1 interacts with neuroplin-1 and is required for

response to Sema3A69. For neuronal migration, many receptors
have been found for reelin70, although it is not clear whether these
multiple receptors interact in the membrane and whether the inter-
action is relevant for regulating neuronal navigation.

Adaptors and Mediators.
Adaptors that interact specifically with the cytoplasmic domain of
the receptors provide the link between diverse membrane receptors
and common signalling pathways. These adaptors and their down-
stream effectors can serve as mediators of guidance signal or as
permissive factors that modulate or gate signal transduction. Both
yeast two-hybrid and genetic screening have identified many fac-
tors that interact with guidance cue receptors or affect guidance
behaviours. To qualify as a mediator of directional guidance signals,
a factor must satisfy at least the following criteria: (1) interference
of its function disrupts neuronal navigation; (2) it is activated on
reception of a guidance signal (by changing enzymatic activity or
binding affinity); (3) exposure to the guidance signal results, at least
transiently, in a gradientof its activity across the neuron or growth
cone. For most of the putative mediators of directional signals
shown in Fig. 2, the available evidence relates mostly to criteria (1)
and (2). It is interesting to note, however, that many putative medi-
ators for axon guidance are also implicated in chemotaxis of non-
neuronal cells (Table 1). Examples of shared putative mediators are
discussed below.

In cultured Xenopus spinal neurons, preventing an elevation in
cytoplasmic Ca2+ levels abolishes the growth cone turning response
in gradients of acetylcholine (ACh) or netrin-158,71,72. Moreover,
these gradients can induce a Ca2+ rise in the growth cone, and a
transient Ca2+ gradient has been detected in some growth cones58,72.
Photolytic release73 of caged Ca2+ or induction of Ca2+ release from
internal stores with an extracellular gradient of ryanodine72 (in the
absence of guidance cues) is sufficient to induce growth cone turn-
ing. Although a Ca2+ gradient has not been detected in migrating
neurons, Ca2+ seems to be a mediator of directed neuronal migra-
tion as well74.

In cell cultures, the turning responses of the growth cone
induced by gradients of netrin-1, NGF, BDNF or myelin-associated

NATURE CELL BIOLOGY VOL 3 MARCH 2001 http://cellbio.nature.comE84

Table 1 Comparison of signalling components involved in axon guidance and chemotaxis of non-neuronal cells

NGF-induced PDGF-induced Chemokine-induced cAMP-induced

growth-cone turning cell migration neutrophil chemotaxis amoebae chemotaxis

PTX sensitive G proteins PTX sensitive G proteins

PI(3)K PI(3)K PI(3)K PI(3)K

Akt/PKB

Essential PLC-γ PLC-γ PLC

DAG DAG

Calcium Calcium

PKC PKC PKC

PAK

Rac

Non MAP kinase MAP kinase MAP kinase

essential Src PLC

Potential cAMP Ras-Gap

modulators Syp phosphatase

References 54 99 100 7,66

PTX, pertussis toxin; PKC, protein kinase C; PLC, phospholipase C; DAG, diacylglycerol; PAK, p21-activated kinase, PDGF, platelet-derived growth factor.
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glycoprotein (MAG) were found to be abolished in the presence
PI(3)K inhibitors54. In PI(3)K knockout mice, chemotaxis of neu-
trophils toward chemokines was reduced75. One of the immediate
downstream targets of PI(3)K is protein kinase B (PKB)/Akt, a PH-
domain containing protein. A fluorescently tagged PH domain
from Akt was found to translocate to the leading front of chemo-
taxing neurophils and amoebae65,66, suggesting that a gradient of
PtdIns(3,4,5)P3 (the product of PI(3)K) is generated in the plasma
membrane. In Dictyostelium amoebae, PKB/Akt also translocates to
the leading front of the migrating cell upon stimulation by
chemoattractant66. Activation of both PI(3)K and PKB/Akt are
required for chemotaxis of these cells. As PI(3)K-related events
appear spatially and temporally close to the receptor activation, this
enzyme may be pivotal in linking receptors to their downstream
effectors.

A group of potential mediators of particular interest is the Rho
family of small guanosine triphosphatases (GTPases), including
Rho, Rac and Cdc42, that may link many cytoplasmic effectors to
the actin cytoskeleton76, an essential component for cell motility.
Rho regulates actin stress fibre formation and focal adhesion,
whereas Rac1 and Cdc42 regulate the formation of lamellipodia
and filopodia, respectively. Expression of constitutive or dominant-
negative forms of Rac1 and Cdc42 cause defects in axon guidance
and cell migration in Caenorhabditis elegans, Drosophila, mouse

and amoebae77. Many regulators and downstream effectors of this
family of proteins have been identified, but their precise roles in
axonal guidance are unclear. Among various guanine nucleotide
exchange factors identified for the Rho GTPases, Trio has recently
emerged as a key factor for axon guidance78. As shown in Fig. 2,
these Rho GTPases may integrate many signalling pathways by
their potential interactions with many cellular components. As
there is no direct evidence as yet that a gradient of their activity
exists during directed cell motility, however, these GTPases may be
permissive factors for cytoskeleton reorganization rather than
direct mediators of guidance signals. Interestingly, introduction of
dominant-negative Cdc42 into macrophages results in a reduction
of cell polarity and of chemotaxis towards attractants without any
substantial effect on cell motility79, indicating that Cdc42 may be
required for transduction of directional signals.

Much is known about proteins that regulate cytoskeleton reor-
ganization80, which is required for the execution of navigational
behaviours81,82. Directed motility can be achieved by preferential
assembly of actin filaments at the leading front of the cell83. It is
now increasingly clear that the Arp2/3 complex80, a group of seven
proteins including actin-related proteins Arp2 and Arp3, regulates
the assembly of new networks of actin filaments at the leading
edges of the migrating cells. Proteins of the Wiskott–Aldrich syn-
drome protein (WASP) family—WASP, N-WASP, Scars—bind
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Figure 2 The interwoven network of signalling molecules that link guidance
receptors with the cytoskeletal rearrangement underlying directed neu-
ronal motility. Various membrane receptors for extracellular guidance cues may
function either alone or in a complex to activate cytoplasmic adaptors and media-
tors. The Rho family of GTPases may be pivotal links between guidance signals and
actin-associated proteins, which are responsible for regulating the assembly and

disassembly of actin filaments. Similar types of molecules are represented by sym-
bols of similar colour and shape. Lines depict activation pathways that have been
demonstrated experimentally in different systems. References for guidance cues,
their receptors and cytoplasmic signalling molecules can be obtained from the
authors on request.
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directly to the Arp2/3 complex and stimulate its ability to promote
the nucleation of new actin filaments80,84. Members of the
Ena/VASP family also colocalize with the Arp2/3 complex at the
leading edge of the cells, and localize to the tip of growth cone
filopodia85. They interact with profilin and catalyse the elongation
of newly formed filaments through interaction with monomers
and filaments86.

Capping proteins and gelsolin regulate the growth of actin fila-
ments by regulating the termination of elongation80. They also
mediate associations between actin and the plasma membrane, and
may promote or permit filament elongation under the control of
membrane phospholipids. For directed cell motility, it remains
unclear how the guidance signal is conveyed from the membrane
receptor to the preferential assembly of actin filaments. As most of
these actin-associated proteins are potential targets of the Rho fam-
ily of GTPases, the latter may provide the critical link between the
receptor and the cytoskeleton.

Modulating the gain in signal transduction
Neuronal sensitivity to guidance cues can be regulated by other
extracellular signals that modulate the level or properties of mem-
brane receptors and cytoplasmic signalling components, which
leads to changes in the navigational behaviour (heterologous mod-
ulation). Alternatively, guidance cues themselves can trigger
changes in the neuron that alters the properties of signal transduc-
tion (homologous modulation), as exemplified by neuronal adap-
tation to different basal level of guidance cues. Although cytoplas-
mic mechanisms underlying these processes of gain control are
largely unexplored, their existence and importance for neuronal
navigation are well established.

For chemotaxis of leukocytes, the presence of one attractant
causes heterologous desensitization of the cell’s response to anoth-
er attractant87. Similarly, the response of neuronal growth cone to a
gradient of one guidance cue can be reduced or abolished by the
uniform presence of another guidance cue54. Modulatory factors
may also trigger changes in the neuronal sensitivity to the guidance
cue by changing the level and properties of functional receptors.
For example, Drosophila commissural axons that have crossed the
midline upregulate Robo receptors for the midline repellent Slit, in
response to the presence of Comm on midline glia surface88.
Alternatively, secreted proteases can downregulate functional
receptors for guidance cues, as shown by the metalloprotease-
dependent shedding of DCC in commissural axons89.

Modulation of cytoplasmic signals can also change the sensitiv-
ity to guidance cues. In a gradient of subthreshold (insufficient for
chemoattraction) concentrations of netrin-1 or BDNF, the growth
cone of Xenopus spinal neurons exhibits marked attractive turning
after elevation of cytosolic cyclic AMP59. In addition to second mes-
sengers, adaptors of the guidance cue receptor also can modulate
the gain of signal transduction. In Drosophila neurons, a mutation
in a conserved cytoplasmic tyrosine that can be phosphorylated by
adaptor protein Abl generates a hyperactive Robo receptor, which
mediates repulsive signals induced by Slit at the midline90. In C. ele-
gans, migration of Q neuroblasts and their descendants along the
anteroposterior body axis is dose-dependent on the level of a trans-
membrane protein MIG-13 (ref. 91).

In cell cultures, reducing the concentration of substratum-
bound laminin (post-translationally) upregulates the amount of
α6β1 integrin expressed on the surface of dorsal root ganglion neu-
rons92, suggesting that in neurons there is a compensatory mecha-
nism for adjusting the level of contact-mediated signals. In a gradi-
ent of repellent tectal membrane (or ephrin A2 and A5), the axons
of retinal ganglion cells can adjust their sensitivity for different
basal concentrations of repellents, so that they grow uphill for a
fixed increment of concentration53. In the presence of a high basal
concentration of guidance cues, the growth cone of Xenopus spinal
neurons loses its sensitivity towards the gradient of netrin-1 and

BDNF, but regains its sensitivity with time and exhibits further
chemotropic response even in the presence of the same high basal
level of these cues (G. Ming and M-m.P., unpublished observa-
tions). When exposed to a gradient of netrin-1 or BDNF, a rapidly
extending Xenopus growth cone exhibits a ‘zigzag’ path of alternat-
ing attractive and repulsive turning as it migrates up the gradient
(Fig. 2), consistent with the existence of a cyclic desensitization by
and resensitization to increasingly higher concentrations of guid-
ance cues.

In bacteria chemotaxis, the steady-state level of receptor methy-
lation provided by the opposing methytransferase and
methylesterase reactions enables the signalling pathway to adapt to
the basal level of stimuli and allows the bacteria to chemotax in a
concentration gradient superimposed on a wide range of constant
level of attractant or repellent93. A similar mechanism of receptor
modulation may also account for neuronal adaptation, although
adaptive modulation of downstream effectors may also occur.

Modulation of the polarity of navigation
Most guidance cues identified so far are bi-functional: they are
attractants or repellents for different types of neurons, as well as for
different developmental states or different parts (dendrites versus
axon) of the same neuron. Here we discuss potential mechanisms
by which the neuron determines the polarity—attraction versus
repulsion—in its behaviour towards the same guidance cue.

Depending on the availability of different receptors to the same
guidance cues, the growth cone can have exhibit opposite naviga-
tional behaviours. For example, in C. elegans ectopic expression of
UNC-5 in touch neurons converted UNC-6 (netrin-1)-dependent
migration from a ventral to a dorsal direction94. Similarly, growth
cones of cultured Xenopus spinal neurons exhibited DCC-depend-
ent attraction in a netrin-1gradient, but showed repulsive response
in the same gradient when the neuron overexpressed UNC-5 pro-
tein44, a switch that depends on the netrin-1-triggered interaction
between the cytoplasmic domains of DCC and UNC-5.

The cytoplasmic domain of the receptor is critical in determin-
ing the guidance behaviour; and this has been nicely shown by the
finding that exchanging the cytoplasmic domain of frazzel (a
Drosophila netrin receptor) with that of Robo converts netrin-A-
induced attraction to repulsion, and vice versa95. It is possible that
the cytoplasmic domain of some guidance cue receptors can acti-
vate both attractive and repulsive signalling pathways; interaction
of or enzymatic modification of receptors/adaptors selectively acti-
vate or inhibit one of the two pathways.

Depending on the levels of cytoplasmic cAMP/cGMP, the
response of the growth cone to a guidance cue can be converted
between attraction and repulsion. Studies of cultured Xenopus
spinal neurons have shown that all guidance cues examined for
these neurons can be classified into two groups43. In group I, which
includes netrin-1, BDNF, ACh and MAG, the level of cytosolic
cAMP or the activity of protein kinase A (PKA) is critical in deter-
mining whether the turning response is attractive or repulsive.
Inhibition of PKA converts attraction induced by a gradient of
netrin-1, BDNF or ACh into repulsion, whereas activation of PKA
converts repulsion induced by MAG into attraction. In group II,
which includes Sema 3A and NT-3, the turning response is regu-
lated by cGMP or protein kinase G (PKG)60. Activation of PKG
converts repulsive turning induced by Sema 3A into attraction,
whereas inhibition of PKG converts NT-3-induced attraction into
repulsion.

Interestingly, the polarity of the growth cone behaviour can also
be regulated separately within dendritic/axonal compartments of
the same neuron. In developing cortex, Sema3A secreted by cells in
the marginal zone seems to repel axons of developing cortical neu-
rons but attracts their apical dendrites, resulting in a polarized
projection of axons and dendrites in the cortex45. The attractive
guidance of apical dendrites can be abolished by reducing cGMP
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activity in the neuron, and an asymmetric localization of soluble
guanylate cyclase seems to confer the bipolar responses of the neu-
ron towards Sema 3A45. The repulsive response of dorsal root gan-
glion and cortical axons towards Sema3A can also be converted into
attraction by exposure to soluble LIFc chimaeric molecules and
activation of guanylate cyclase activity is required for the conver-
sion69. The targets of PKA/PKG that are involved in regulating the
polarity of navigation remain to be identified. Notably, the
Ena/VASP family of proteins, which are implicated in controlling
the actin dynamics85, are substrates of PKA/PKG.

Phosphorylation-dependent polymerization/depolymerization
can, in principle, reverse the direction of polarized cytoskeleton
assembly at the leading front, resulting in a change in the polarity
of neuronal navigation43. Many extracellular ligands, including
neuromodulators, adhesion molecules and ECM components, can
change the level of cyclic nucleotides and are thus capable of mod-
ulating axon navigation when they are present concurrently with
the guidance cue. For example, exposure of cultured Xenopus reti-
nal ganglion cells to laminin causes a conversion of their growth
cone responses in a netrin-1 or BDNF gradient from attraction to
repulsion, through downregulating the cytoplasmic level of
cAMP23.

The polarity of navigation may be reset by gene regulation and
protein synthesis. The direction of the migration of Q neuroblasts
and their descendents along the anteroposterior body axis in C.
elegans is determined by the expression of the Hox gene mab-5,
which in turn is controlled by a Wnt signalling pathway96. Further
elucidation of the cellular actions of Mab-5 protein and its down-
stream effectors may reveal how the polarity of neuronal migra-
tion is regulated.

Concluding remarks
Despite remarkable progress in the molecular identification of
guidance molecules, their receptors and the components of signal
transduction pathways, there remain big gaps in our understanding
of the cell biology of neuronal navigation. There are the immediate
tasks of identifying the missing links in the signalling cascades and
distinguishing true mediators of guidance signals from a myriad of
permissive/modulatory factors. These tasks are likely to be greatly
facilitated by comparison with the signalling events that have been
identified for the chemotaxis of non-neuronal cells. For neuronal
navigation as well as for directed cell migration in general, major
challenges lie in elucidating the spatiotemporal regulation of inter-
woven signalling pathways; such regulation allows the cell to ampli-
fy the guidance signal and to adapt to the changing concentration
of guidance signals in the environment.

Neuronal navigation exemplifies the intelligent behaviour of sin-
gle cells. Migrating neurons and growth cones resemble unicellular
organisms interacting with its environment. This cellular intelli-
gence is derived from the adaptive properties of a network of signal
transduction pathways, which are analogous to the neural networks
that form the basis of adaptive learning systems97. Complementary
to the molecular dissection of signalling pathways, a computational
approach to the analysis of interwoven networks of signalling mol-
ecules98, with a focus on the input–output relationship of various
components in the network and their role in the amplification and
adaptation of guidance signals, may be necessary for an integrative
understanding of the cell biology of neuronal navigation.
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