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The complex patterns of neuronal wiring in the adult nervous system depend on a series of
guidance events during neural development that establish a framework on which functional
circuits can be built. In this subject collection, the cellular and molecular mechanisms that
underlie neuronal guidance are considered from several perspectives, ranging from how
cytoskeletal dynamics within extending neuronal growth cones steer axons, to how guidance
cues influence synaptogenesis. We introduce here some basic topics to frame the more
detailed reviews in following articles, including the cellular strategies that define basic
themes governing neuronal wiring throughout life, an enumeration of the molecular cues
and receptors known to play key guidance roles during neural development, and an overview
of the signaling mechanisms that transduce guidance information into growth-cone steering.

erve processes extend toward their imme-

diate and final targets with remarkable pre-
cision. At the tip of an extending axon is a
flattened, fan-shaped structure called a growth
cone, with many long, thin spikes that radiate
outward much like fingers on a glove. Classical
observations of neuronal growth cones and the
formation of axonal and dendritic trajectories
during neural development led to the conclu-
sion that extrinsic cues must exist that have
the capacity to steer extending neuronal proc-
esses. For over 100 years, neuroscientists have
searched for these cues, their cell surface re-
ceptors, and an understanding of how the
cues signal spatial information to the extending
neuronal processes to direct neural circuit
formation.

A wealth of cellular observations indicate
that growth cones are actively directed along
their prescribed pathways. In this collection,
Raper and Mason review the extensive body of
experiments that support this view (Raper and
Mason 2010). These studies reveal that neural
wiring occurs through a combination of initial
neuronal activity-independent guidance events,
and that these early formed connections are
subsequently refined through electrical signal-
ing among neurons. The cues that initially guide
axons and dendrites can function at both long
and short ranges, and they are capable of influ-
encing the bundling of axons together into
nerves or fascicles (termed “fasciculation”)
and also of mediating interactions between
nerves and the substrates on which they extend
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Figure 1. The diversity of neuronal guidance mecha-
nisms. Neuronal processes are guided by cues that can
function at long and short distances to mediate either
attractive or repulsive guidance.

(Fig. 1). Guidance cues associated with particu-
lar intermediate or final targets can be chemo-
attractive or chemorepulsive, and provide the
information essential for selective guidance of
distinct neuronal populations. Sequential res-
ponses to guidance cues as axons extend over
very long distances toward their targets allow
for complex pathways to develop, but this often
requires that neurons extinguish their respon-
ses to certain cues and acquire responsiveness
to others at key choice points. Much work
over the past several decades has been devoted
to identifying these guidance cues and their
receptors, and to understanding how cellular
responses to these cues change to allow for guid-
ance of extending neuronal processes along dis-
crete segments of their journey to their final
targets.

DIVERSITY OF GUIDANCE CUES FOR
DEVELOPING NEURONAL PROCESSES

Determining how neuronal connectivity is es-
tablished during neural development and regu-
lated during adult life has depended critically on
identifying the molecules and signaling events
underlying cellular observations of neuronal
guidance. Three experimental approaches over
the past two decades have identified a wide vari-
ety of guidance molecules and their receptors:
(1) pairing biochemistry and in vitro tissue cul-
ture assays to detect proteins with either attrac-
tive or repellent properties; (2) using forward
genetics to identify mutations that affect axon

trajectories in vivo; or (3) using genetic and
tissue culture approaches to characterize the
functions of molecules with distributions or
molecular structures that make them attractive
candidate guidance cues. Using these strategies,
four major families of guidance cues (the “can-
onical cues”) with very well-established roles in
neuronal guidance have been identified: the
Netrins, Slits, Semaphorins, and Ephrins. Other
classes of molecules best known in different con-
texts are also now recognized to function as
neuronal guidance cues and include certain
morphogens and growth factors. Cell-adhesion
molecules (CAMs) of various classes have long
been implicated in neuronal guidance, and
members of the immunoglobulin (Ig) and cad-
herin super families play key roles in regulating
distinct aspects of neuronal wiring. The identi-
fication and characterization of these cues and
their receptors have led to several important
generalizations about guidance mechanisms,
including the existence of short- and long-range
guidance cues, the multifunctional nature of
several cues, and the evolutionary conservation
of many guidance molecules and the roles they
perform in neuronal guidance (Tessier-Lavigne
and Goodman 1996; Dickson 2002). Do addi-
tional classes of guidance cues remain to be dis-
covered? Most certainly they do; however, the
known guidance-cue families illustrate major
principles of neuronal wiring mechanisms.
We review here each of the major families of
“canonical” guidance cues, and also morpho-
gens, growth factors, and certain CAMs, with
respect to their roles in neuronal guidance and
connectivity.

Netrins

Netrins are a small family of phylogenetically
conserved cues of about 70—80 kDa. There is
one Netrin in Caenorhabditis elegans (UNC-
6), two in Drosophila (Netrin-A and Netrin—
B), and two closely related Netrins in mammals
(Netrin-1 and Netrin-3; Netrin-2 is present in
chicks but not in mammals). These Netrins
share homology in their amino-terminal two-
thirds with the amino-terminal globular domain
and first three epidermal growth factor (EGF)-like
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repeats of the y chain of laminins; their car-
boxy-terminal third is highly basic (Fig. 2). A
third mammalian Netrin, Netrin-4 (or 3-Netrin),
is more distantly related, having a similar overall
structure but showing greater homology to the
B chain of laminins (Koch et al. 2000).

Netrins were initially identified through
convergent studies in C. elegans and in verte-
brates. In C. elegans, the unc-6 gene is required
for guidance of axons along the dorso—ventral
axis (Hedgecock et al. 1990) and encodes a
Netrin (Ishii et al. 1992) that is located at
the ventral midline (Wadsworth et al. 1996).
In vertebrates, an outgrowth-promoting and

chemoattractant activity for spinal commissu-
ral axons made by ventral midline floor plate
cells (Tessier-Lavigne et al. 1988) was shown
to be mediated by Netrin-1 (Kennedy et al.
1994; Serafini et al. 1994) and required for guid-
ance in vivo (Serafini et al. 1996). Netrins are bi-
functional, capable of attracting some axons
and repelling others (Colamarino and Tessier-
Lavigne 1995), explaining how they can guide
axons both toward and away from the mid-
line (Wadsworth et al. 1996). Netrins were
also found at the nervous system midline in
Drosophila, where they contribute to attracting
axons to the midline (Harris et al. 1996;

Ligands : Receptors
1
Slit :
' cro O
1
. Discoidi
: iscoidin - ()
X EGF '
1
1 Laminin D
' DCC
1
' . LRRs I
Netrin f
i Robo Cys-knot D
1
1
: gcz,.c.e O
1
' Fn3 .
1
' TSP
. ¢
. .
. Uncs TM helix @
1
' zis G
1
1
: vra @D
1
' Death o
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Figure 2. Netrins, Slits, and their receptors. A schematic depicting these cues and their receptors, including
receptors required for attraction (DCC) and repulsion (UNCS5 for Netrins; Robo for Slits). The key defines dis-

tinct molecular domains found in these proteins.
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Mitchell et al. 1996); indeed, Netrins have now
been documented to function in axon guidance
across the animal kingdom, as described in
detail throughout this collection (see also
Moore et al. 2007). Importantly, Netrins can
function at “long-range,” diffusing from their
source a few hundred micrometers in some set-
tings (Kennedy et al. 1994; Kennedy et al. 2006),
but at “short-range” in others, being immobi-
lized on the cells that make them (Deiner et al.
1997; Brankatschk and Dickson 2006). This
illustrates that there is not a hard and fast dis-
tinction between long- and short-range guid-
ance systems.

In all species, the attractive effects of Netrins
are mediated by receptors of the DCC (Deleted
in Colorectal Carcinomas) family, characte-
rized by four immunoglobulin (Ig) and six
fibronectin (Fn) type III repeats in their ex-
tracellular domains (Fig. 2). Members with
well-documented roles in attraction include
UNC-40 in C. elegans (Chan et al. 1996), DCC
in vertebrates (Keino-Masu et al. 1996), and
Frazzled in Drosophila (Kolodziej et al. 1996).
A second DCC family member, neogenin, binds
Netrin-1 (Keino-Masu et al. 1996) and can me-
diate some non-neural effects of Netrins (e.g.,
Srinivasan et al. 2003) but has not yet been
clearly implicated in Netrin-mediated axonal
attraction. The Ig superfamily member DsCAM
(see “Cell-Adhesion Molecules”) has been pro-
posed to function as a coreceptor in Netrin-
mediated attraction in some systems (Andrews
et al. 2008; Ly et al. 2008). Repulsive effects of
Netrins are mediated by members of the
UNCS family, proteins that possess two Ig and
two thrombospondin repeats (Fig. 2) (Leung-
Hagesteijn et al. 1992; Leonardo et al. 1997;
Hong et al. 1999; Keleman and Dickson 2001).
There is one UNCS5 in C. elegans, one in Dro-
sophila, and four (UNC5A-D) in mammals.

Slits

Slits are large secreted proteins (Fig. 2) that were
implicated in axonal repulsion through a search
for a midline repellent factor in Drosophila
and vertebrates (Brose et al. 1999; Kidd et al.
1999; Li et al. 1999), and through isolation of a

branching factor for sensory axons in vertebrates
(Wang et al. 1999). Slits possess four amino-
terminal leucine-rich repeats, as well as EGF-like
repeats and other motifs (Fig. 2). There is one
Slit in Drosophila and three (Slit1-3) in verte-
brates; a single Slit protein functions in axonal
repulsion in C. elegans as well (Hao et al.
2001). The repulsive actions of Slit proteins are
mediated by receptors of the Robo family
(Kidd et al. 1998; Zallen et al. 1998) (Fig. 2),
which, similar to DCC and UNCS5 family Netrin
receptors, are also members of the immunoglo-
bulin superfamily. There are three Robos in Dro-
sophila, three in mammals (a vascular Robo,
Robo4, is more divergent), and one (SAX-3) in
C. elegans. The branching activity of Slits,
observed for both axons and dendrites, is also
mediated by Robo family members (Whitford
et al. 2002; Ma and Tessier-Lavigne 2007).
Some of the ~200 kDa Slits can be cleaved to
yield an amino-terminal ~140 kDa fragment
that can bind Robos as well (Wang et al. 1999).
In vertebrates, the Robo family member Robo3
possesses a splice isoform, Robo3.1, which func-
tions to inhibit the repulsive actions of Robol
and Robo2 (Sabatier et al. 2004; Chen et al.
2008). A similar “anti-Robo” function of a Dro-
sophila Robo, Robo2, has been inferred from
genetic analysis as well (Spitzweck 2010).

Semaphorins

The Semaphorins are a large, phylogenetically
conserved, protein family that includes both se-
creted and transmembrane guidance cues (Yaz-
dani and Terman 2006). The first Semaphorin
identified was the transmembrane protein grass-
hopper Semaphorin 1a, originally called “Fas-
ciclin IV” after the name of the monoclonal
antibody that defined its neuronal expression
pattern, and is a protein required for correct
pathfinding of pioneer sensory axons in the
developing grasshopper limb (Kolodkin et al.
1992). Sema3A, a secreted Semaphorin origi-
nally called “Collapsin-1,” was the first verte-
brate Semaphorin identified and was found as
part of a biochemical purification of factors
from brain extracts capable of functioning as
axonal repellents in vitro (Luo etal. 1993). There
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are approximately 20 different Semaphorins in
higher vertebrates, and all contain a signature
Semaphorin domain of approximately 500
amino acids that plays a key role in mediating
the association of these proteins with signaling
receptors belonging to the Plexin family of
receptors (Fig. 3). Semaphorins function in
both long-range and short-range guidance.
Most Semaphorins can function as potent
inhibitory cues, as shown in a variety of in vi-
tro assays using specific subtypes of cultured
neurons and non-neuronal cells. In vivo gene-
tic analyses in invertebrates and vertebrates
show conclusively that Semaphorins serve as
key repulsive cues during neural development
(Tran et al. 2007). For example, mice in which
the Serma3A gene has been disrupted by ho-
mologous recombination show dramatic axon
guidance defects (Kitsukawa et al. 1997).
Sema3A is normally expressed in tissues that
surround many peripheral nerves and acts as
a repellent, constraining motor and sensory
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neuron projections to their normal trajectories
through “surround repulsion.” Transmembrane
Semaphorins also can function as repellents ei-
ther in a surround repulsion fashion or, when
expressed on axon bundles, to facilitate the un-
bundling, or defasciculation, of individual axo-
nal processes.

The major receptors for Semaphorins are
members of the Plexin family, include nine
different proteins in higher vertebrates, and
are large phylogenetically conserved transmem-
brane proteins distantly related to Semaphorins
(Fig. 3) (Tamagnone and Comoglio 2000).
Many Semaphorins bind Plexins directly, but
several secreted vertebrate Semaphorins, in-
cluding Sema3A, instead bind to the obligate
co-receptors Neuropilin-1 or Neuropilin-2;
Neuropilins, together with a Plexin receptor,
form an active holoreceptor complex. Different
secreted Semaphorins require specific combi-
nations of Neuropilin-1 or Neuropilin-2 and
a specific Plexin for guidance responses in
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Figure 3. Semaphorins and their receptors. Shown here are the five classes of vertebrate Semaphorins and the
major holoreceptor complexes required for Semaphorin-mediated repulsive and attractive guidance responses.
Not shown are invertebrate transmembrane class 1 and secreted class 2 Semaphorins, and several non-Plexin/
Neuropilin Semaphorin receptors. The key defines distinct molecular domains found in these proteins.
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distinct neuronal subtypes, a conclusion drawn
from extensive observations both in cell culture
and in vivo (Tran et al. 2007).

Plexin receptor activation initiates a series
of intracellular signaling events that ultimately
results in the local disassembly of growth cone
cytoskeletal components and substrate attach-
ments (Zhou et al. 2008). However, many Sem-
aphorins share with proteins belonging to other
families of guidance-cue molecules the ability
to function as both attractants and repellents,
and even the same Semaphorin may under cer-
tain circumstances serve in both capacities.
This bifunctionality can be directed by use of
different holoreceptor complexes or the activa-
tion of distinct intracellular signaling pathways.
Interestingly, as has been observed for Ephrin
guidance cues, transmembrane Semaphorins
themselves are also capable of serving as recep-
tors, regulating dendritic targeting events in
the Drosophila olfactory system, photoreceptor
guidance in the Drosophila visual system, car-
diac development in the chicken embryo, and
likely thalamic axon guidance in mammals
(Tran et al. 2007). Semaphorins facilitate the
formation of central and peripheral axon
pathways by regulating axon pathfinding and
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fasciculation. However, they also regulate axon
targeting to specific locations of their synaptic
partners, pruning of exuberant projections,
and the regulation of neuronal morphology
and synaptogenesis (Tran et al. 2007). Therefore,
Semaphorin signaling via multiple receptors
during the establishment and maintenance of
neuronal connectivity showcases the versatility
of this large and diverse family of molecules.

Ephrins

The fourth family of canonical guidance cues
are the Ephrins, cell-surface signaling molecules
that play important roles in a large number of
developmental events including axon guidance
(Klein 2004). There are two subfamilies; the
five class A Ephrins are tethered to the cell sur-
face via GPI linkages, and the three class B Eph-
rins are transmembrane molecules (Fig. 4).
Ephrins must be clustered together to activate
their receptors and do not appear to be active
if released from the cell surface, so they are
thought to function exclusively as short-range
guidance cues. These ligands bind receptor
tyrosine kinases of the Eph family. Class A Eph-
rins interact with various degrees of selectivity

Figure 4. Ephrins and their Eph receptors. A schematic showing the major A and B classes of Ephrins and their
EphA and EphB receptors. The key defines distinct molecular domains found in these proteins.
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with eight class A Eph receptors, whereas class B
Ephrins interact with six class B Eph receptors
(Fig. 4). Ephrins have been shown to play an
essential role in organizing topographic pro-
jections that connect, for example, retinal gan-
glion cells in the eye with their target cells in
the appropriate portion of the optic tectum in
lower vertebrates, or the lateral geniculate
nucleus of the thalamus in higher vertebrates
(Feldheim and O’Leary 2010, this collection).
These mapping functions show the versatility
of Ephrins, which can function as attractants
for some axons and repellents for other, as
well as either positive or negative regulators of
axonal branching. In addition to topographic
mapping, Ephrins are implicated as short-range
attractants and repellents in the guidance of a
variety of central and peripheral axons, and
have also have roles in the pruning of axonal tra-
jectories. More recent observations indicate that
Ephrins and their receptors play key roles in the
regulation of dendritic morphology and synap-
togenesis in the CNS, implicating Ephrin-
mediated receptor tyrosine kinase signaling in
the regulation of synaptic plasticity (Shen and
Cowan 2010, this collection). Ephrins can also
participate in “reverse” signaling, functioning
as receptors to regulate topographic mapping,
axon guidance, and synaptogenesis. Therefore,
it is no surprise that the large family of Ephrins
and their cognate Eph receptors are found to
regulate guidance and cellular morphology in
an ever-increasing range of neuronal and non-
neuronal cellular contexts.

MORPHOGENS AND GROWTH FACTORS

While an initial wave of studies in the 1990s
was leading to the identification of Netrins, Sem-
aphorins, Ephrins, and Slits as key regulators of
axonal attraction and repulsion, parallel studies
implicated two other sets of proteins in axon
guidance: morphogens of the Wnt, Hedgehog
(Hh), and transforming growth factor b
(TGFb) /bone morphogenetic protein (BMP)
families, as well as a variety of growth factors.
Among the morphogens, Wnts have the
most widely described axon-guidance func-
tions. Initial studies showed roles for Wnts in

repulsion in Drosophila and attraction in mam-
mals: Drosophila Wnt5, acting via Derailed, the
fly homolog of the Ryk receptor tyrosine kinase,
was shown to mediate repulsion of axons away
from the posterior commissure (Yoshikawa
et al. 2003), whereas in mammals a decreasing
anterior-to-posterior gradient of Wnt4 was
implicated in attracting spinal commissural
axons in an anterior direction after midline
crossing through the Wnt receptor Frizzled 3
(Lyuksyutova et al. 2003). Since then, roles
have been described for several different Wnts
in axon attraction and repulsion in diverse
neural systems and organisms; roles in guiding
neuronal cell migrations, directing topographic
mapping in the vertebrate visual system, and in
regulating synapse formation have also been
described (Salinas and Zou 2008).

Guidance roles for Sonic hedgehog (Shh) in
vertebrates have also been described (Charron
and Tessier-Lavigne 2007), including being a
repellent for a subset of retinal ganglion cells
(Trousse et al. 2001) and an attractant for spinal
commissural axons (Charron et al. 2003). In
both cases, the guidance functions appear to
involve a complex of the Shh binding protein
BOC, an Ig superfamily member, and the Shh
signaling component Smoothened (Fig. 5)
(Okada et al. 2006; Sanchez-Camacho and
Bovolenta 2008; Fabre et al. 2010). To date, roles
for Hh family members in guidance have not
been documented outside of vertebrates (Hh
proteins are found in flies but not worms).
TGFb/BMP family members have been impli-
cated as chemorepellents for spinal commissu-
ral axons, repelling them away from the dorsal
midline by activating canonical BMP receptors
(Augsburger et al. 1999; Yamauchi et al. 2008).
However, other examples of TGFb/BMP-
mediated guidance remain to be described. In
C. elegans, the UNC-129 gene product encodes
a divergent TGF-B family member and is
required for certain dorsal axon migrations
(Colavita and Culotti 1998), but it does not
appear to function directly as a guidance cue,
instead functioning to modulate the response
of the axons to the Netrin UNC-6 by interacting
directly with the Netrin receptor UNC-5 (Mac-
Neil et al. 2009). Therefore, the roles of Hh and
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TGF-B/BMP proteins in guidance remain to be
more fully defined.

A variety of growth factors have also been
implicated in attraction of specific populations
of axons in the peripheral and central nervous
systems of vertebrates. They include hepatocyte
growth factor, the neurotrophins brain-derived
neurotrophic factor and neurotrophin-3, fibro-
blast growth factors, glial-derived neurotrophic
factor, neuregulin, and stem cell factor (Ebens
et al. 1996; O’Connor and Tessier-Lavigne
1999; Kramer et al. 2006; Lopez-Bendito et al.
2006; Shirasaki et al. 2006; Gore et al. 2008).
However, the full import of growth factors in
axon guidance is poorly understood. To date,
the guidance effects have been shown typically
only for one set of axons for each growth factor;
the growth factors have only been shown to have
attractive, not repulsive, effects in vivo; and
the effects have mostly been documented in ver-
tebrates. Further studies will be needed to flesh

out the roles of growth factors in guidance in
general.

CELL-ADHESION MOLECULES

Before the discovery of the “canonical” guid-
ance-cue families, there had been much interest
in the possibility that cell-adhesion molecules
(CAMs) of the immunoglobulin or cadherin
superfamilies (Fig. 6) play roles in guiding
axons. Indeed, a role for homophilic adhesion
in regulating axonal fasciculation was docu-
mented for the Ig superfamily CAM Fasciclin
II (Harrelson and Goodman 1988; Lin et al.
1994; Lin and Goodman 1994). However,
when it comes to guidance rather than fasci-
culation, over the years the idea that such
molecules guide through adhesion has been
replaced with an emerging focus on the possi-
bility that members of these families might reg-
ulate outgrowth stimulation or attraction by

8 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a001727
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Figure 6. Cell adhesion molecules (CAMs). Shown
here are members of two major classes of CAMs:
N-cadherin and two members of the Ig superfamily,
FasII and DsCAM. The key defines distinct molecular
domains found in these proteins.

functioning as signaling molecules, often—but
not always—in heterophilic rather than homo-
philic combinations.

We have already discussed how Ig superfam-
ily members of the DCC and Robo families are
guidance receptors for secreted ligands of the
Netrin and Slit families. A novel heterophilic
guidance pair has been described in Drosophila,
where the Ig superfamily member Beaten Path
(Beat) functions as a receptor (or receptor com-
ponent) in motoneurons for the Ig superfamily
member Sidestep expressed by intermediate tar-
gets, which functions as an attractant for these
axons (Siebert et al. 2009). Other Ig CAMs,
including NrCAM and L1, have been impli-
cated in guidance in a more indirect role as
co-receptors in Semaphorin receptor complexes
(Mann et al. 2007).

One of the most fascinating Ig CAMs is
Drosophila DsCAM, which is discussed in detail
by Grueber and Sagasti in this collection (Gru-
eber and Sagasti 2010). Through alternative
splicing, over 19,000 isoforms of DsCAM can
be generated (Schmucker et al. 2000). Each iso-
form can bind to itself, but shows little binding
to non-self isoforms; binding of self-isoforms

surprisingly mediates repulsion, rather than
adhesion or attraction, and is used for axonal
and dendrite self-avoidance (Wojtowicz et al.
2007; Hattori et al. 2009).

These and other studies on CAMs illustrate
the versatility of Ig superfamily members, and
suggest that other ligand-receptor pairs of this
family remain to be identified. In the case of
cadherins, despite much speculation about
their potential functions in guidance, there is
little hard evidence for such roles; one example
comes from Drosophila, where N-cadherin reg-
ulates multiple steps in targeting of axons in the
lamina, though how it functions precisely is
poorly understood (Nern et al. 2008).

GUIDANCE CUES AND THE CONTROL
OF CYTOSKELETAL DYNAMICS

The key to guidance-cue function in all cell
types lies in their ability to transduce extra-
cellular signals into changes in cellular mor-
phology. In developing neurons, this results in
directed neuronal growth-cone extension, steer-
ing, and also retraction (reviewed extensively in
Dent and Gertler 2003; Lowery and Van Vactor
2009). The intrinsic motility of growth cone
cytoskeletal components allows for a growth
cone to advance and withdraw its filopodia
and leading edge. Changes in cytoskeletal dy-
namics steer growth cones so as to attract or
repel them from the source of the cue, and these
instructive guidance events are greatly influ-
enced by the degree of growth-cone attachment
to the substratum on which they extend. Sub-
strate attachment secures the growth cone,
allowing for tension to develop and subsequent
growth-cone extension; detachment from the
substrate has the opposite effect. Guidance
cues can influence growth-cone trajectories
by altering the assembly, disassembly, or dy-
namics of cytoskeletal components. They can
also influence substrate adhesion or attachment.
Extensive efforts have been devoted to under-
standing how guidance-cue signaling, acting at
any step in this process, directs growth-cones
during neural development and also influences
growth-cone behavior following injury or de-
generation in the adult nervous system.
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Actin and microtubules are segregated
within the growth cone such that fibrillar actin
(F-actin) is found within the peripheral domain
of the growth cone, whereas bundled micro-
tubules occupy the axon shaft and the growth
cone central domain. Actin polymerization
occurs just behind the leading edge of the
advancing growth cone, and actin depolymeri-
zation simultaneously occurs in the central do-
main. In addition, there is a continuous flow
of F-actin away from the leading edge and
toward the central domain of the growth cone,
called “treadmilling,” and this retrograde flow
is driven by the action of nonmuscle myosin.
The recycling of actin monomers generated by
depolymerization in the central domain to the
leading edge of the growth cone, when balanced
by the rate of treadmilling toward the central
domain, results in the absence of adhesive con-
tacts with the substratum and little to no net
growth-cone advance. However, modulation
of F-actin polymerization, depolymerization,
or treadmilling by growth-cone guidance-cue-
signaling events allows for growth-cone ad-
vance, retraction, or if localized to one region
of the growth cone, steering. Linkage of F-actin
to the substratum through the action of recep-
tors, or receptor complexes, located on the cell
surface and capable of associating with both
F-actin and extracellular components linked to
the substratum, facilitates growth-cone advance
through the cessation of net retrograde F-actin
flow, and the subsequent advance of the leading
edge. A large number of signaling molecules are
known to regulate actin dynamics (see Dent
et al. 2011 in this collection, for a comprehen-
sive review of this topic). Some of these are
actin-binding proteins intimately involved in
regulation of actin polymerization, whereas
others regulate these proteins through direct
interactions or posttranslational modifications.
Microtubules (MTs), too, play important roles
in growth-cone guidance. Within the growth
cone central domain MTs are bundled and
mostly stable, but in the peripheral region of
the growth cone individual MT polymers are
highly dynamic, extending and retracting along
F-actin. Stabilization and bundling of these dy-
namic MTs in regions of growth-cone advance

will define where the axon shaft will ultimately
form behind the advancing leading edge. Pro-
teins that are capable of altering MT dynamics
also provide important avenues for regulation
by guidance-cue receptors; therefore, current
efforts include characterizing how guidance-
cue signaling directly influences MT organiza-
tion in extending and retracting neurons.
Attractive and repulsive guidance cues can
influence cytoskeletal dynamics by modulat-
ing all of the mechanisms underlying growth-
cone behaviors. These include regulating F-
actin and M T assembly or disassembly, the rate
of myosin-mediated F-actin translocation, MT
dynamic instability, or the attachment of the
growth cone to the substratum. Several guid-
ance-cue receptors are known to directly or
indirectly regulate members of the Rho family
of small GTPases, including Rho, Rac, and
Cdc42. These signaling molecules play central
roles in regulating actin dynamics, modulat-
ing cellular morphology in both neuronal
and non-neuronal cells (see Hall and Lalli
2010, this collection). They cycle between in-
active GDP-bound and active GTP-bound states
through the action of guanine-nucleotide-
exchange factors (GEFs) and GTPase-activating
proteins (GAPs), respectively (Fig. 7). Activa-
tion of several distinct classes of guidance-cue
receptors can modulate Rho GTPases through
the action of multiple distinct adaptor proteins
with GEF or GAP activities that associate with
these receptors and either stimulate, or inacti-
vate, Rho GTPases. In addition to modulating
Rho GTPase activities, guidance-cue receptor
activation can also result in signaling events,
for example phosphorylation, that in turn allow
for the association of signaling-adaptor pro-
teins or kinases that can stimulate signaling
cascades with the capacity to regulate cytoskele-
tal dynamics (see Bashaw and Klein 2010, this
collection). Further, guidance-cue receptors
are also capable of directly regulating MT
dynamics by affecting MT-binding proteins
that can inhibit or promote MT polymeriza-
tion. Taken together, the range of signaling
events activated downstream of known guid-
ance-cue receptors provides multiple avenues
for regulating the neuronal cytoskeleton and,
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Figure 7. Guidance-cue receptor signaling strategies.
(A) Rho GTPases cycle between inactive GDP-bound
and active GTP-bound states to regulate cytoskeletal
dynamics. (B) Guidance-cue receptor activation can
influence Rho GTPase activity through direct associ-
ations with GEFs or GAPs. (C) Direct association of
activated guidance-cue receptors with other signaling
molecules, including signaling-adaptor proteins or
kinases, can initiate signaling cascades also capable
of regulating cytoskeletal dynamics.

therefore, growth-cone steering, process exten-
sion and retraction, neurite branching and
pruning, and neuronal morphological plasticity
and regeneration in the adult nervous system.

GUIDANCE-CUE SIGNALING BEYOND
NEURAL DEVELOPMENT

Although we have emphasized the role of
the various guidance molecules in regulating
growth and guidance of axons, extensive studies
over the past decade have shown that these

Guidance and Beyond
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Figure 8. Axon guidance cues serve both neuronal
and non-neuronal functions.

molecules have been co-opted to regulate a vari-
ety of other processes (Fig. 8). In the nervous
system, beyond axon guidance, they regulate
neuronal cell migration, axon branching, syn-
apse formation, axon pruning and neuronal
cell death, and axonal regeneration. In non-
neural systems, they have been co-opted to
regulate cell-cell interactions in a variety of
systems, including branching morphogenesis
in the kidney and lung, vascular patterning,
and immune cell migration and recognition.
Beyond these functions in normal development
and physiology, these molecules have also been
implicated in tumorigenesis. Finally, inherited
defects in guidance molecules are increasingly
being implicated in a variety of neurological
disorders (see Engle 2010, this collection). The
final articles of this collection (see Adams and
Eichmann 2010; Giger et al. 2010; Marin et al.
2010; Shen and Cowan 2010; Vanderhaeghen
and Cheng 2010) explore in detail the many
functions of guidance molecules beyond axon
guidance.

CONCLUSION

The past two decades have witnessed an explo-
sion of new knowledge about the mechani-
sms involved in wiring the nervous system and
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how these mechanisms regulate a wide variety of
biological phenomena beyond axon guidance,
per se. The excellent articles in this collection
aim to provide a comprehensive view of the state
of the field today, including both the impressive
advances that have been made, and the im-
portant challenges that remain. We still have a
poor understanding of whether additional major
guidance-cue families remain to be identified;
of the mysteries underlying how growth cones
change their responses to cues as they navigate
their lengthy trajectories; of the signaling mech-
anisms that are transduced following receptor
activation to direct growth-cone steering; and
of just what the limits on axon regrowth and
guidance following injury and in disease truly
are. Still, based on the rapid progress that has
been achieved in a short period of time, we
can be guardedly optimistic that significant
advances on all these fronts will be achieved in
the foreseeable future. It is our hope that this
collection will help fuel these advances by pro-
viding both new and established investigators
with a critical appraisal of the field.
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