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A fundamental feature of both early nervous system development and axon regeneration is the guidance of axonal projections to
their targets in order to assemble neural circuits that control behavior. In the navigation process where the nerves grow toward
their targets, the growth cones, which locate at the tips of axons, sense the environment surrounding them, including varies of
attractive or repulsive molecular cues, then make directional decisions to adjust their navigation journey. The turning ability of
a growth cone largely depends on its highly dynamic skeleton, where actin filaments and microtubules play a very important
role in its motility. In this review, we summarize some possible mechanisms underlying growth cone motility, relevant
molecular cues, and signaling pathways in axon guidance of previous studies and discuss some questions regarding directions
for further studies.

1. Introduction

Proper axon guidance is essential in both the developing ner-
vous system and the nerve regeneration process so as to
insure integrity and precision of nervous system patterning.
In the developing nervous system, axons project through
considerable distance to their targets [1]. During embryonic
development, each differentiating neuron sends out an axon,
the growth cone is located at the tip of it, which senses the
environmental change and leads the axon to migrate to its
target. This pathfinding process is influenced by a combina-
tion of different aspects, for example, the motility of the
growth cone, different guidance cues, and underlying signal-
ing pathways. Evidences have been provided by experiments
in both vertebrates and invertebrates [2, 3].

Not only that, axon guidance is also crucial in the nerve
regeneration process. Nerve injury has always been one of
the most common diseases that can be induced by crush,
traction, ischemia, penetrating injury, etc. However, there

exist some problems for the recovery after nerve injury, that
is, poor regeneration and compromised functional recovery.
Past researches had declared that the regeneration of the
peripheral nerves is easier than the central nerves, or so to
say, the central nerves can hardly regenerate because of a
variety of reasons including inhibitory environment of the
central nervous system (CNS) (for example, inhibitory mole-
cules and formation of glial scars [4]). In spite of that, func-
tional recovery needs proper axon navigation, which
requires the axons to navigate along the path correctly and
target the original position. The nerves would undergo sev-
eral changes (for example, axon end “die back” andWallerian
degeneration) shortly after injury, and the initiation of a
robust regeneration process can be observed after these
changes, but they tend to fail as a result of inability to navi-
gate in the proper direction [5]. During the navigation pro-
cess, misdirection usually happens, which means that the
motor nerves navigate incorrectly to the sensory nerves, or
to the skin, and so for the sensory nerves [6]. For example,
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in the rat sciatic model, different injury model showed unex-
pected low accuracy of motor axon regeneration which led
to disturbed functional recovery [7]. Obviously, misdirection
places an obstacle for the functional recovery since that
axons fail to reinnervate their original targets and result in
substantial functional deficits. Hence, navigation of the
axons needs to be extremely precise to guarantee the proper
function of the targets in both the developing and regenerat-
ing nervous system.

For bilaterally symmetrical animals, integrated sensory
inputs and coordinated motor control on both sides of the
body are essential. Some neurons in the CNS project their
axons to the opposite side of the body, whereas others project
axons that remain on the same side. In insects, the so-called
“midline cells” separate the two symmetrical halves of the
CNS, while in vertebrates, midline cells form the “floor
plate.” In the developing CNS, most of the central nervous
system cells grow toward the midline at first while they pri-
marily respond to attractive cues. And then the axons turn
longitudinally with two patterns, either ipsilaterally (growing
at their own side continuously) or contralaterally (crossing
the midline and then turning anteriorly toward the brain)
[8]. In vertebrates, the cell bodies of spinal commissural neu-
rons differentiate in the dorsal spinal cord and project their
axons ventromedially toward the floor plate in response to
multiple cues. Attractive cues facilitate crossing the midline

whereas repulsive cues cause the axons turn away from the
midline. For example, netrin-1 could mediate midline cross-
ing by attracting these axons. Aftermidline crossing, commis-
sural axons sort into distinct positionswithin the ventrolateral
funiculus and are repelled by repulsive cues, like Slit, and
never return the floor plate. Commissural axons are mainly
sensitive to attractive cues before crossing. After crossing, they
switch their responsiveness thus become insensitive to the
attractive cues but sensitive to repulsive cues. This switch
mechanism is getting more important in recent studies [9].
In the studies of the possible mechanisms of axon guidance,
a large number of experiments were based on midline cells.

In this review, we will first give an overview of the highly
dynamic structure of growth cone, or in other words, the
growth cone motility. Then, a summary of different repulsive
and attractive molecular cues that mediate the growth cone
guidance will be given. Lastly, we will present an outline of
the signaling pathways that modulate the reactions of the
growth cone toward different molecular cues (Figure 1).

2. Growth Cone Motility

Each axon is led by a highly motile structure, termed the
“growth cone,” which is located at the tip of an axon. Growth
cone samples different attractive and repulsive molecular
cues and responds to them by modulating its dynamic

(1) Netrins

(6) Morphogens

Multiple signaling pathways

Growth cone

Repulsive response: 
growth cone collapse

Attractive response: 
membrane protrusion

(2) Ephrins (3) Semaphorins (4) Slit

Wingless/Int-1Sonic hedgehog Bone morphogenic protein

(2) L2/HNK-1(1) L1

Neural cell adhesion 
moleculesGuidance cues

(5) Neurotrophic factors

Nerve growth factor 
Brain-derived 
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Glia-derived 
neurotrophic factor NT-3

Figure 1: Multiple attractive and repulsive molecular cues, including guidance cues (netrins, ephrins, semaphorins, slit, neurotrophic factors,
and morphogens.) and neural cell adhesion molecules (L1, L2/HNK-1), act on the growth cone and change the motility of it through multiple
signaling pathways. The membrane protrusion of growth cone is responsible for attractive response towards molecular cues, while the
collapse of growth cone is held accountable for repulsive response towards molecular cues.

2 Neural Plasticity



structures, thereby guiding the axon to their target. The
dynamic cytoskeleton of actin and microtubules in growth
cone is fundamental for them to function well in axon
guidance.

The sizes and shapes of the growth cones are divergent,
ranging from a simple “paint brush” with a single tapering
filopodium to a gigantic expansion bearing a rich efflores-
cence of filopodia and lamellipodia. The highly dynamic
shapes of growth cones are related with several morphologi-
cal distinct features on the surface that reflect the type of neu-
rons to which the growth cones belong to, or the local
environment of the growth cones, or their stage of develop-
ment [10]. The basic structures of a growth cone can be
divided into three parts based on cytoskeletal distribution:
the central (C) domain, the peripheral (P) domain, and the
transition (T) zone. The P-domain is primarily characterized
by filopodia and lamellipodia. Filopodia are thin spike-like
projections that consist of bundled actin filaments (F-actin
bundles) which retract at similar rates. Along F-actin
bundles, individual dynamic “pioneer” microtubules (MTs)
may explore this area. Lamellipodia consist of a network of
short and branched actin filaments (a mesh-like branched
F-actin networks), which is punctuated by long cross-linked
F-actin bundles [11]. Filopodia mainly function in sampling
the extracellular environment, whereas lamellipodia mainly
function in movement. In the cell migration process, filopo-
dia were described as finger-like protrusions that continu-
ously sense the environment [12]. The C-domain locates
behind the P-domain. It is affluent with cellular organelles
such as mitochondria and exocytotic vesicles. The pivotal
characteristic of this region is the dense microtubule array,
extending from the axonal shaft to the growth cone to sup-
port growth cone movement and to serve as the tracks for
transport of membranous organelles. Between the P- and
C-domains resides the T-region, where myosin contractile
structures (termed “actin arcs”) regulate both actin and
microtubules [13, 14]. In brief, the directional pathfinding
process of an axon might result from either growth cone
membrane protrusion towards attractive molecular cues or
growth cone collapse induced by repulsive molecular cues.
Membrane protrusion involves continued polymerization of
actin at the leading edge, myosin motors, and microtubules
rearrangement. On the other hand, collapse is accompanied
by loss of F-actin from the leading edge of the growth cone
and the subsequent loss of dynamic microtubules [15, 16]
(Figure 2).

In order to understand the mechanisms of growth cone
motility, we need to have a basic understanding of the basic
structural units within the growth cone: actin. Actin is a
highly conserved eukaryotic protein that forms microfila-
ments and is abundantly expressed in all tissues. It has three
subtypes in mammalians: α, β, and γ. Under specific depoly-
merized condition, actin exists in the form of monomer
(G-actin) with a single polypeptide of 42 kDa. While under
polymerized condition, actin form helical filaments (F-actin),
which undergo dynamic exchange process with small sub-
units, which contain different percentage of dimers and
oligomers [17, 18]. Neuron cells mostly express α and β
subtypes of actin [19]. The process of polymerization and

depolymerization is pivotal for actin to exert its function.
F-actin is considered to possess structural polarity with a
“barbed” and a “pointed” end. Actin dynamic in cell is
globally accepted that it bases on treadmilling, where actin
filaments polymerize regularly at the barbed ends and
depolymerize at the pointed ends [20].

In actin-based motile processes, actin-depolymerizing
factor (ADF)/cofilin family of actin regulatory molecules
are important. Early in the 1990s, the ADF/cofilin family
was widely acknowledged to be responsible for the high turn-
over rates of actin filaments. It was proposed that ADF and
cofilin cooperatively and preferentially bound the actinADP

subunits in the F-actin, which would increase the rate of
depolymerization from the pointed end, and kinetically lim-
ited the rate of barbed-end assembly, thus enhanced the
directional shuttling of subunits through the filaments [21,
22] (Figure 3). So far, much has been learned about the par-
ticipation of ADF/cofilin in axon guidance. The regulation
process of many guidance cues on growth cone motility
was elucidated to be tightly related with ADF/cofilin; the
details will be discussed below in Attractive and Repulsive
Molecular Cues anywhere related.

According to related experiments, the highly dynamic
F-actin networks enable the shape change of growth cones.
The motility of lamellipodia of most motile cells in P-domain
is characterizedby three steps:first, F-actinfilaments assemble
at the leading edge; second, F-actin filaments and bundles
retrogradely flow from the leading edge (distal growth
cone margin) to the central cytoplasmic domain, and
probably driven by the action of myosin motors, and that
the decreased rate of F-actin retrograde flow leads to the
directional growth of the leading edge; and third, proximal
F-actin recycle in the T-region maintains a steady state
retrograde filament reflux [23]. Coupled with this, actin
treadmilling was considered as the engine that generates
the protrusive force in lamellipodia [12].

Previous experiment observed the retrograde flow of
F-actin bundles in growth cone, where the process was
sustained by ongoing actin polymerization at the leading
edge and actin depolymerization at the proximal zone [24].
In the developing visual system in rat brain, retinal growth
cones that were labeled fluorescently became more filopodial
and larger as they traversed the optic chiasm, where they
made a directional decision [25]. In the regeneration process,
when growth coneswere reorienting, actin accumulated in the
P-domain and retrogradely flowed to C-domain along the
filopodia [26]. Furthermore, it is suggested that the rate
of retrograde F-actin flow was inversely proportional to
the rate of C-domain extension. Taken together, these
results suggested that the growth cone regulates the rate
and direction of axons with participation of intracellular
F-actin networks [27].

The role of myosin in retrograde F-actin flow was
explored as well. In Medeiros et al.’s experiment, the function
of myosin was blocked whether by gene inactivation or
enzyme inhibition, both treatments led to dose-dependent
attenuation of retrograde F-actin flow and filopodia growth,
and the result suggested that the growth rate was directly pro-
portional to myosin inhibition. It is proposed that F-actin
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retrograde flow resulted from two separated processes: actin
assembly and myosin-based filaments retraction. This exper-
iment was first to provide direct evidence for the involvement
of myosin in retrograde F-actin flow [28]. Then more specific
experiments were conducted trying to explain the function of
myosin subtypes. To selectively block myosin II, blebbistatin
was used, which was a specific myosin II ATPase that can
make the bound between myosin II and F-actin weaker by
trapping active myosin II in a certain state. It was found that
myosin II inhibition led to an approximate 50% decrease in
F-actin retrograde flow. After that, two possible forces were
proposed to account for the possible force(s) that drived the
remaining 50% retrograde flow in the presence of blebbista-
tin: the remaining myosin activity and/or the actin network
at the leading edge. Trying to verify the proposal, cytochala-
sin B was used to shut off barbed-end actin assembly at the

leading edge both with and without the presence of blebbista-
tin, respectively. Result showed that adding cytochalasin B
alone had no acute effect on F-actin retrograde flow. In con-
trast, when growth cones were pretreated with blebbistatin
and then treated with blebbistatin plus cytochalasin B, resid-
ual actin network was strongly inhibited. After blebbistatin
was washed out while cytochalasin B was still in the presence,
rapid clearance of F-actin retrograde flow was observed.
Together, these results suggested that myosin II contractility
and actin assembly accounted for a large percentage of
F-actin retrograde flow, and with the absence of myosin
II contractility, actin assembly could drive F-actin retrograde
flow about 50% of the control rate [29]. On the other hand,
there is another experiment demonstrating that myosin II
was tightly related with actin filaments turnover in growth
cone [29].

F-Actin bundles
F-Actin network
Microtubule

F-Actin bundles
F-Actin network
Microtubule

(a)

Attractive cue
Repulsive cue

CollapseProtrusion

Attractive cue
Repulsive cue

CollapseProtrusion

(b)

Figure 2: Schematic illustration of highly dynamic structure of a growth cone: dense microtubules located in the central domain that extend
from axonal shaft to a growth cone to support growth cone movement and to serve as the tracks for transport of membranous organelles. In
the peripheral domain, there are bundled actin filaments (F-actin bundles) retracting at similar rates at the leading edge and a network of short
and branched actin filaments (F-actin network). Sometimes microtubules also explore the peripheral domain. (b) Schematic illustration of
actin-based growth cone motility: attractive cues lead growth cone to protrude towards them. Protrusion is resulted from inhibited
retrograded actin flow, where continued polymerization of actin at the leading edge, myosin motors, and microtubules rearrangement is
involved. On the other hand, repulsive cues lead to actin filaments and microtubules dissolution and cause growth cone collapse that
triggers the repulsive response towards the repulsive cues.
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In spite of the actin cytoskeleton, microtubule is another
instructive part in directional steering of the growth cones.
Microtubules can initiate actin skeleton, and the directional
movement of the growth cones is modulated by the
interplay of these two cytoskeletal systems [30]. It is said
that, during the process of a growth cone to avoid an
inhibitory guidance cue, the microtubules would rear-
range to accomplish turning, and F-actin is required
for microtubule reorientation [31]. In Schaefer et al.’s
experiment, multimode fluorescent speckle microscopy
and correlative differential interference contrast imaging
were used to investigate the interaction between actin
bundles and microtubules. Result showed that filopodia
and actin arcs interacted with microtubules strongly. And
retrograde microtubule transport was observed that micro-
tubules in P-domain flow retrogradely at the same rate as
surrounding F-actin 65% of the time, suggesting a second
function of filopodia in clearance of microtubule from P-
domain [32]. However, less has been learned about the
mechanisms or molecules that participate in the interplay
between these two cytoskeletal systems. Latest research
proposed that microtubule plus-end tracking proteins
(+TIPs) might link the two cytoskeletons together and that
+TIPs coupled microtubules to actin filaments [33].

Other studies also proposed that the motility of growth
cone might be related with β-actin mRNA and its zipcode-
binding protein and possibly mediate the attractive effect of
certain guidance cue [34–36]. The mitochondrial dynamics
also regulate growth cone guidance in retinal ganglia cells
(RGCs), and this mechanism was reviewed a few years
ago [37, 38].

3. Attractive and Repulsive Molecular Cues

In this section, we summarize some molecular cues that act
on the growth cone, probably via regulating growth motility
and subsequently influence the directional decision making
of the growth cone. It is worthwhile mentioning that these
molecular cues are not categorized by their attractive or
repulsive effect on the growth cone because of intricate situ-
ations. In vivo, growth cones simultaneously encounter
attractive and repulsive guidance cues, and thus, the behav-
iors of growth cone during axonal pathfinding reflect the
complex integration of multiple signaling activities. For
example, one molecular cue may be regarded as an attractant
of a growth cone in most of the (similar) experiment condi-
tions. However, with the presence of other factors, the same
molecular cue can trigger repulsive turning response of the
same growth cone. Therefore, in this section, we do not give
absolute definition to the molecular cues. In other words,
instead of characterizing them in terms of the attractive or
repulsive turning response they can trigger of the growth
cone, we review the possible effects they may have on the
growth cone in different experiment conditions: in the
CNS or the peripheral nervous system, in the developing
nervous system or the regenerating process, in different
species, etc., and give examples when the effect of a guid-
ance cue may change.

3.1. Neural Cell Adhesion Molecules (NCAMs). Cell adhesion
molecules (CAMs) are ligands that participate in the cell-cell
recognition during the tissue formation period. The
better characterized CAMs belong to immunoglobulin (Ig)

ADP-actin
ADP-Pi-actin

ATP-actin

Pointed end

Barbed end

ADF/cofilin

F-Actin

Depolymerization

Recycling

ADP-actin
ADP-Pi-actin

ATP-acAA tin

Pointed end

ADF/cofilin

Depolymerization

Recycling

Figure 3: ADF/cofilin increases treadmilling of actin filaments. Treadmilling is fundamental for actin dynamic. In which process, actin
filaments polymerize regularly at the barbed ends and depolymerize at the pointed ends. ADF/cofilin preferentially binds with the
actinADP subunits in the F-actin and increases the rate of depolymerization from the pointed end. The different quantities of the different
species drawn are meant to give an idea of their relative concentration at steady state.
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superfamily, comprised of neural cell adhesion molecules
(NCAMs) and L1 with a shared L2/HNK-1 carbohydrate
epitope.

NCAMs are cell surface glycoproteins, distributing
along every area of differentiated nerve cells [39, 40]. Early
in the 1980s, NCAMs were discovered to have a function
in cell-cell interactions with the participation of some
other pleiotropic effects [41]. Researches had been done
in the chicken optical system. Antibody against NCAMs
was used. It is suggested that suppression of the NCAM-
mediated adhesion pathway resulted in a distortion of
optical pathway [42]. In mice and flies, NCAMs mediated
interaxonal adhesion, allowing growth cones to leave bun-
dles and explore new paths [43]. Other researches related
NCAMs to polysialic acid (PSA), which is a glycosylation
on the surface of NCAMs. Basically, the role of PSA was
thought to mediate cell-cell interactions and to create plas-
ticity of cells [44, 45]. Experiment on chicken eyes sug-
gested the involvement of PSA on NCAM to regulate the
pathfinding process of retina ganglion cell axons in the
developing nervous system [46]. What other experiments
found was consistent with this experiment. Experiment
on chick embryos suggested that PSA attenuated axon-
axon interactions in the plexus and allowed axon reorgani-
zation, which is essential for specific motor neuron projec-
tion. Removal of PSA caused motor neuron guidance error
which suggested that PSA was critical in specific motor
neuron pathfinding [47, 48]. However, further study pro-
posed that PSA only facilitated axons to respond to other
guidance cues but did not affect the pathfinding process
directly [49].

3.1.1. L1. L1 subfamily of Ig superfamily serves as hemophilic
and heterophilic receptors for lots of cell surface ligands.
Expression deficiency of L1 resulted in corticospinal axon
guidance errors, suggesting the function of L1 in the CNS
axon guidance [50]. L1 also function together with other
axon guidance cues to regulate axon guidance response, such
as semaphorin3A [51, 52]. Latest experiment revealed the
function of close homolog of L1 (CHL1, member of mamma-
lian L1 family) in axon guidance. CHL1 deletion in mice
caused a mistake in somatosensory thalamic axon projec-
tions, also interfered with semaphorin3A expression [53].
Then, the enzyme that mediated CHL1 function was sug-
gested to play a role in axon guidance as well: the integrated
function of BACE1 (the β-secretase enzyme that initiates
production of the β-amyloid peptide involved in Alzheimer
disease) was necessary for CHL1 to exert the function in axon
guidance in the hippocampus [54].

The role of L1 in the regeneration of the peripheral nerve
was explored. Experiment in a femoral nerve section model
in rats trying to analyze the expression changes at the proxi-
mal and distal ends of nerves at various time points after
injury provided a foundation for investigating the L1 effect
on peripheral nerve chemotaxis regeneration. For example,
it is suggested that L1 expression was higher in the sensory
nerves than in the motor nerves at 2 weeks after injury; L1
expression was higher in the motor nerves than in the
sensory nerves at the proximal end after injury, but its

expression was greater in the sensory nerves at 2 weeks, sug-
gesting that the second week might be a key period of chemo-
taxis regeneration. Meanwhile, in consistency with their
previous study that L1 expression in the sensory nerves of
normal rats was 5.8 times than that of the motor nerve, the
high expression of L1 at the proximal end of the sensory
nerves suggested that L1 is closely linked to chemotaxic
regeneration [55].

3.1.2. L2/HNK-1. L2/HNK-1 are carbohydrate epitope
shared by several neural adhesion molecules. They are car-
ried by several neural recognition molecules and were impli-
cated to be important in cell-to-cell and cell-to-laminin
adhesion [56].

At around 1990, preferential expression of the carbohy-
drate epitope L2 by Schwann cells was identified. In the
regeneration stage of axons, higher L2 expression level was
detected at the original target and much lower level in the
inappropriate target. Through indirect immunofluorescence
on fresh frozen sections, ventral roots of adult mice were
found to express the L2 carbohydrate by myelinating
Schwann cells, whereas few myelinating Schwann cells of
the dorsal spinal roots expressed this carbohydrate. To fur-
ther explore the impact of the preferential expression pattern
of L2 carbohydrate, L2 antibodies were used to block its func-
tion. As a result, reduced neurite outgrowth was observed on
motor neurons on ventral roots but not on dorsal roots. This
observation suggested that L2 carbohydrate promoted neur-
ite outgrowth of motor neurons and might thus contribute
to the preferential motor neuron regeneration, or so to say,
contribute to the pathway-selective reinnervation of motor
nerves, which is another important phenomenon in nervous
system patterning with unclear mechanisms [57, 58].
Regarding the role of HNK-1, a 3′-sulfated glucuronic acid,
presenting on membrane-bound cell recognition molecules,
experiments declared its participation in axon guidance. Its
antibody was injected to zebrafish embryos; axon misrouting
was observed [59]. Similarly, the role of HNK-1 was explored
in regenerating retinotectal projection in goldfish; result sug-
gested the role of HNK-1 in mediating retinal axon guidance
[60]. A recent study on HNK-1 after SCI in adult zebrafish
suggested that HNK-1 expression was upregulated in only
those neurons that were intrinsically capable of regeneration
and contributed to functional recovery after SCI, which
might imply a role of HNK-1 in axon regeneration but the
extent of which contributes to directional regeneration
remains to be demonstrated [61].

Only recently has attention been directed to guidance
cues and the signaling pathways; few researches are focusing
on cell adhesion molecules.

3.2. Guidance Cues. Guidance cues were described dating
back to 1960s and were regarded as either (1) broad gradients
that were longitude and latitude markers that could be uti-
lized by the axons to orient towards the targets, and the ori-
entation was established by chemical gradients of specific
chemical agents, or (2) substrate pathways, which were pre-
existing substrate routes, or a set of aligned guidance cues.
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The axons were guided along these routes in the developing
nervous system [62–64].

The well-known guidance cues include neurotrophic
factors, netrins, semaphorins, ephrins, slit, and the noncon-
ventional morphogens, including Wingless/Int-1 (Wnt),
sonic hedgehog (Shh), and bone morphogenetic protein
(BMP) families.

3.2.1. Neurotrophic Factors. Neurotrophic factors act as
target-derived trophic factors and have a broad spectrum of
biological functions in several tissues, including promoting
neuronal survival and neurite outgrowth. Among all the neu-
rotrophic factors, some play a role in mediating axon guid-
ance, including nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), glia-derived neurotrophic fac-
tor (GDNF), and neurotrophin-3 (NT-3). These neuro-
trophic factors exert different effects on growth cones. They
bind to various tyrosine kinase receptors (TrkA, TrkB, and
TrkC) with high affinity to mediate growth turning, as well
as bind to the neurotrophin receptor p75 (p75NTR) with
low affinity to mediate filopodial dynamics and subsequently
mediate growth cone motility [65–67]. Each Trk receptor
demonstrates chemical affinity to specific neurotrophic fac-
tors. TrkA preferentially binds NGF, TrkB binds BDNF
and NT-4/5, and TrkC binds NT-3. Despite the fact that neu-
rotrophic factors are normally regarded as chemoattractant
on growth cones, which means that they usually cause an
attractive turning response of a growth cone towards them,
it is worthwhile being aware that different neurotrophins
may possess chemoattractive or chemorepulsive effects on
the same growth cone under different conditions [68].

(1) Nerve Growth Factor (NGF). Nerve growth factor is the
first identified neurotrophin. The chemotropic effect was first
studied on the sensory neurons and sympathetic neurons in
the 1960s [68]. Experiments suggested that NGF was not
accountable for long-range axon guidance; instead, it
mediated local attractive response through TrkA receptor
[65, 69, 70]. The process that the growth cone turns toward
NGF was implicated to be mediated by activation of
ADF/cofilin that promoted actin polymerization and subse-
quently growth cone turning towards NGF gradient [71]. In
previous studies, with a biased turning model, where soluble
NGF gradients helped to determine the angle that neurites
turned, NGF induced chemoattractive response, although
absolute control was not achieved as neurites still grew to
channels without NGF gradients [72, 73]. However, in the
nervous system, guidance cues do not work alone, thus the
interplay among these proteins is necessary to analyze. Leip-
zig et al. was the first to study the response of coimmobilize
biotinylated NGF (bNGF) and biotinylated Sema3A (bSe-
ma3A) in a single region at varying concentrations in dorsal
root ganglia. It was indicated that axon responsiveness to a
multicued coimmobilized model was sensitive and complex,
and their strategy might be applied to future direct applica-
tion in the nervous system injury models [74]. Recently, the
combination of the experimental and computational model
has been exploited to mimic axon pathfinding process, a sig-
nificant chemoattractive response toward the NGF gradient

was observed, while some neurites were still found in the
end with no NGF gradient [73]. These studies demonstrated
the complexity in axon guidance that single factor was not
enough to support the whole process but with multiple guid-
ance cues and other factors.

NGF also has a potential role in promoting axon regener-
ation and functional recovery in adult after injury [75, 76].
Because of the poor physiochemical stability and low ability
to cross the blood spinal cord barrier of NGF, heparin-
poloxamer (HP) hydrogel was constructed to wrap NGF
and investigate the role of it in SCI. Result suggested that
the locomotor function was gradually restored with treat-
ment of NGF, while the NGF-HP hydrogel group showed
the most significantly improved locomotor function recovery
[77]. Another study found that intranasal NGF not only
promoted axon regeneration but also improved locomotor
behavior in rats with SCI [78]. Despite the improved
regeneration and functional recovery, the exact role of
NGF in guiding regrowing axons after injury needs to be
further elucidated.

(2) Brain-Derived Neurotrophic Factor (BDNF). BDNF was
initially regarded as an essential factor for sensory neuronal
survival in establishing or maintaining innervation [79].
Later, it was elucidated that BDNF has a wide range of func-
tions in the nervous system, varying from promoting neural
survival and differentiation, participating in the formation
of appropriate synaptic connections in the brain to mediating
growth cone guidance [80]. Normally, a gradient of BDNF
was believed to trigger an attractive turning response of the
growth cone. In the first place, BDNF is capable of mediating
growth cone motility. It was suggested that BDNF stimulated
filopodial number and length on growth cones of chick
embryo retinal ganglion cell and dorsal root ganglion axons
by increasing filopodial protrusion rates. Among which, ret-
inal growth cone motility was regulated by BDNF through
the activation of ADF/cofilin, and this mechanism was inde-
pendent of myosin II activity which also enabled to increase
filopodial length [81]. Coupled with these studies, its che-
moattractive turning effect on a growth cone was suggested
to need the participation of Ca2+ and the activation of tran-
sient receptor potential canonical channels (TRPC) [82].

BDNF is also one of the best characterized neurotrophic
factors promoting axon regeneration and functional recovery
[83–85]. After SCI in the rat, gene-modified human bone
marrow-derived mesenchymal stem cells that continuously
secreted BDNF were transplanted into the acute SCI model.
Result indicated that locomotor recovery was improved,
and BDNF might be associated with improved functional
outcome in acute SCI. However, another study which also
investigated functional outcome after transplantation of bio-
material that could express BDNF in the SCI model did not
observe improved functional outcome. The difference
between these studies is that the lesion sites of the spinal cord
were different so that the requirement of the extent of precise
retargeting might be different [86]. Functional outcomes
influenced by BDNF were explored frequently in the cases
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of combined treatment. For example, it has been shown that
overexpression of BDNF in the SCI model could trigger
spasticity-like symptoms [87]. Considering the complexity
of combined treatment, it is important to explore the mere
role of BDNF in axon regeneration.

As indicated previously, the attractive or repulsive effect
of the same guidance cue on the same growth cone may be
inversed with the presence of other factors. According to
Song et al., a gradient of BDNF induced repulsive turning
of growth cones in the presence of a competitive analogue
of cAMP or of a specific inhibitor of protein kinase A [88].

(3) Glia-Derived Neurotrophic Factor (GDNF). GDNF acts as
chemoattractant for various neuronal projections. It was
believed that GDNF mediates these effects via two main sig-
naling receptors: Ret (a transmembrane tyrosine kinase
receptor) and NCAM, both of which requires GFRa1 as a
receptor for proper ligand binding and activation. The inter-
sections between GDNF and other guidance cues were impli-
cated as well [89]. The positive regulation of GDNF in
mediating the repulsive Seme3B signaling required NCAM
but not Ret in commissural axon guidance [90]. GDNF also
has a crosslink with ephrins. Latest study proposed that
reverse signaling of ephrin-As was mediated by Ret that
transmitted GDNF signaling upon interaction with the
ligand-binding glycosylphosphatidylinositol (GPI) receptor
GFRa1 [91]. In the peripheral nerve injury model, spatially
and temporally controlled released GDNF enhanced axon
regeneration and functional muscle reinnervation. In the
context of chronic denervation, GDNF levels would continu-
ously go down and place an obstacle for regeneration. Hence,
the strategy that can control the spatial and temporal delivery
of GDNF might be used to promote axon regeneration after
peripheral nerve injury [92].

(4) NT-3. In the developing model, locally applied NT-3
attracted the developing corticospinal tracts (CST) in rats.
To be specific, NT-3 directed the growth of the CST collateral
branches from the white matter tract into the spinal gray
matter target areas. In the injured model, lesioned adult rat
corticospinal fibers regrew toward locally applied NT-3 while
collagen was used as a vesicle. Also, in the injured adult CNS,
increased NT-3 expression in the correct target significantly
promoted regeneration into the appropriate region [93].
Taken together, these studies suggested that NT-3 may pos-
sess the attractive effect towards the axons whether in the
developing nervous system or nerve regeneration after injury
[94]. Latest study also suggested that during the process of
the cephalic neural crest cells (NCCs) invading the optic
vesicle region in chick embryos, NT-3 was involved in this
chemotactic guidance of NCCs [95].

3.2.2. Netrins (UNC-6). Netrins are large (~70–80 kDa)
soluble proteins with amino acid sequences that are similar
with proteins of the laminin family. They can function as
diffusible attractants and repellants in different situations.

Two kinds of netrins were purified from embryonic chick
brain, which were netrin-1 and netrin-2. In chickens, netrin-
1 is expressed by floor plate cells, while netrin-2 is expressed

in the ventral two thirds of the spinal cord. Both netrin-1 and
netrin-2 were believed to serve as chemoattractant at the
beginning [96, 97]. Netrins were suggested to be important
in commissural growth cone guidance and were expressed
throughout embryogenesis [98]. However, later research in
Drosophila indicated the bifunction role of netrin-1, where
it was a chemoattractant for ventrally directed commis-
sural axons whereas it was a chemorepellent for trochlear
motor axons [99]. Another experiment in vitro showed
that the repellent function of netrin-1 was depended on
the status of cytosolic cAMP-dependent activity [100].
Experiment had also been done on rodent. A complete
netrin-1 null animal showed much more severe axon guid-
ance defects than netrin-1 loss-of-function gene-trap mice,
indicating the importance of netrin-1 in axon guidance in
the vertebrate [101].

The receptors of netrins were identified then: Deleted in
colorectal cancer (DCC) and UNC-5. One of the homologs
of DCC is UNC-40, which primarily affects ventral migration
[102, 103]. DCC, a transmembrane protein of the Ig family,
expressing on spinal commissural axons, was suggested to
possess netrin-1-binding activity as a receptor of netrins.
Netrin/DCC exerted the guidance function on retinal axons
in Xenopus, vagal sensory axons in rodent, and olfactory sen-
sory axons in zebrafish [104–106]. At that time, whether
DCC could function alone to mediate the response of netrins
was not clear [107, 108]. Then a following study, using her-
maphrodite distal tip cells of C. elegans as a model, suggested
that DCC and UNC-40 could mediate axon guidance inde-
pendently and cooperatively. [109]. Latest research indicated
that Down’s syndrome cell adhesion molecule (DSCAM),
expressing on spinal commissural axons, possessed binding
affinity to netrin-1, collaborating with DCC and mediating
commissural axon guidance in vertebrates [110, 111].
Another receptor for netrins is UNC-5. In rat, two homo-
logs of UNC-5 were identified: UNC5H1A and UNC5H2
(both have immunoglobulin-like domains like UNC-5).
Both were believed to be receptors of netrins as well. Nor-
mally, it is proposed that the DCC family mediated axon
attraction response while the UNC-5 family mediated
repulsion response toward the growth cone. However,
DCC-mediated attraction was suggested to be able to con-
vert to UNC-5/DCC-mediated repulsion by forming a
receptor complex of UNC-5/DCC, which was triggered by
netrin-1, while spontaneous suppression of the interaction
between their cytoplasmic domains might be the underlying
reason [112, 113].

Then the mechanisms of UNC-40-mediated response
were explored. UNC-40 is regulated by UNC-73 and
kinesin-related VAB-8 protein at its upstream. MIG-2
GTPase (one of the genetically identified targets of
UNC-73) was activated at first, and then they affected the
subcellular localization of UNC-40 [114]. Random fluctua-
tion of UNC-40 activity of a neuron was suggested to affect
this process. The response of UNC-40 to netrin was
described as a stochastic process that evolved in time via ran-
dom change [115]. Latest research indicated that the gene
madd-2 could promote the attractive response attributed to
netrins and that the MADD-2 (proteins encoded by gene
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madd-2, related with the human developmental disorder
Opitz syndrome) could potentiate the UNC-40 activity
[116]. Netrins can change the polarity of growth cone protru-
sions in C. elegans, or so to say, the balance between UNC-40
driving protrusion and UNC-5/UNC-40 inhibiting protru-
sion [117, 118].

Another possible receptor of netrin has been proposed
recently. The structures of a functional netrin-1 region were
determined and provided evidence for neogenin to be a
receptor of netrin-1. Neogenin was similar with DCC in
structure and could bind with netrin-1 and netrin-3. Based
on the determined structure, the researchers proposed that
netrin created ligand/receptor signaling, assembled at the
neuronal surface by binding to and bringing together recep-
tor molecules via its two binding sites [119].

The effect of netrin-1 in peripheral nerve transection
injury is also explored. In the nerve transection model, unin-
nervated Schwann cells would shed their myelin and prolifer-
ate to form Büngner bands together with other cell types.
Büngner band could serve as a bridge in the nerve gap and
direct the axons to navigate to their original targets again.
The regeneration process often occurs within Büngner
bands. Experiments suggested that netrin-1 was expressed
in the Schwann cells of the intact peripheral nerves and was
upregulated in Schwann cells of the distal nerve segment after
peripheral nerve transection injury. With respect to that, dif-
ferent receptors of netrin-1 have different expression patterns
in the intact peripheral nerves and injured nerves. In vitro
experiments indicated that netrin-1 could promote prolifera-
tion and migration of Schwann cell through Unc5b receptor.
Moreover, netrin-1 promoted Schwann cell migration was
shown to be mediated by the p38 MAPK and PI3K-Akt sig-
nal pathway [120]. Since Schwann cell proliferation and
migration is important in guiding the regenerating axons
grow through the nerve gap, these results might relate
netrin-1 to proper peripheral axon guidance after injury,
and the netrin-1/Unc5b system is likely to serve as a new
therapeutic strategy for PNS regeneration [121, 122].

It seems that, netrins, instead of being a conventional
guidance cue merely, it might link neuron survival and guid-
ance functionally [123]. However, there emerged some new
opinions on the role of netrin-1 that were opposed to that
in the previous studies. Ntn1 conditional knockout mouse
line was used where netrin-1·expression in floor plate cells
was selectively ablated. Results showed that in the absence
of floor plate-derived netrin-1, the hindbrain and spinal cord
commissural axons developed normally. Furthermore, with
high expression of netrin-1 in the ventricular zone, Ntn1
deletion from the ventricular zone had the same commissural
axon guidance defects as previously studied Ntn1-knockout
mice. These findings showed that the previous view was inac-
curate about the attraction response of commissural axons
mediating by a gradient of floor-plate-derived netrin-1, but
that netrin-1 primarily acted locally by promoting growth
cone adhesion [124]. And that it is netrin-1 supplied by neu-
ral progenitors, not floor plate cells, that guided commissural
axons in the developing spinal cord; the deposition of netrin-
1 on the pial surface was a growth substrate that directed
ventral axon guidance [125].

Some relevant signaling pathways were explored then.
The c-Jun N-terminal kinase 1 (JNK1) pathway, one of the
subfamilies of the MAPKs, is essential in brain development
and strongly expressed in the nervous system. Both in vitro
and in vivo experiments showed that inhibition of JNK-1
inhibited axon attraction mediated by netrin-1 in the pres-
ence of DCC or DSCAM. The result suggested that JNK1
was important in netrin/DCC and netrin/DSCAM signaling
in the developing nervous system [126]. Furthermore,
TUBB3, the most dynamic b-tubulin isoform in neurons,
was proposed to directly interact with DCC and was impor-
tant in netrin-1-mediated microtubule dynamics in guiding
commissural axons in vivo [127].

3.2.3. Semaphorins. Semaphorins are defined by a conserved
∼500 amino acid extracellular Sema domain, comprising a
large family of secreted and transmembrane proteins, some
of which function in axon guidance [128, 129]. Semaphorins
are classified into at least eight classes in terms of the domain
organization of their primary structure and the species ori-
gins. The receptors of semaphorins fall into two big families,
the plexins and neuropilins (NRP). Four members of the
plexin family (plexin-As; plexin-A1, -A2, -A3, and -A4)
and two members of the neuropilin family (neuropilin-1
and neuropilin-2) were proved to be receptors for class
3-secreted semaphorins and being potent neural chemore-
pellent. Among the large family of semaphorins, semaphorin
3A (Sema3A) was studied in the greatest details, which is a
member of class 3 semaphorin [130]. Plexins and neuropilins
were suggested to form complexes to mediate axon guidance
by Sema3A [131–133]. Sema3A mediated the repellent
response by inducing growth cone collapse. Collapsin
response mediator protein-2 (CRMP2) was identified as an
intracellular protein mediating Seme3A-induced growth
cone collapse [134]. Recently, Sema3A-mediated growth
cone collapse has been suggested to have connection with a
major drug target of Alzheimer’s disease: BACE1 (beta-site
amyloid precursor protein-cleaving enzyme 1). CHL1 frag-
ment was generated by BACE1 upon Sema3A binding, and
the fragment relayed Sema3A signal via ezrin-radixin-
moesin (ERM) proteins to the neuronal cytoskeleton. That
is to say, CHL1 and BACE1 controlled axon guidance by reg-
ulating growth cone dynamics [135]. The Rab family of small
monomeric G proteins was suggested to involve in this
process as well. Activation of Rab5 mediated Sema3A-
mediated growth cone collapse in the developing nervous
system in rodent [136].

Plexins were identified first as antigens for the monoclo-
nal antibody MAbB2, expressing in the optic tectum in Xeno-
pus tadpoles [137]. cDNA cloning and sequencing of
Xenopus plexins revealed that they mediated homophilic cell
adhesion [138]. Genetic and biochemical analysis in Dro-
sophila suggested that repulsive response was mediated by
plexin B (plexin B is endogenously expressed by the CNS
neurons) with the participation of the Rho family GTPases.
Both plexin B and P-21-activated kinase (PAK) are down-
stream effectors of active Rac; they competed with each other
to bind with active Rac in the same GTP-dependent manner.
PAK mediated the major signaling output of Rac to actin
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polymerization, which was essential for growth cone to turn.
The binding of plexin B with Rac downregulated the PAK
output with the participation of seven amino acid sequences
in the cytoplasmic domain. Meanwhile, plexin B also pos-
sessed binding affinity to RhoA to upregulate its output,
whereas the binding mechanism of plexin B with RhoA has
been unknown yet [139]. On the other hand, NRP serve as
receptors of semaphorins as well, while NPR-1 and NPR-2
bind differently with different class three semaphorins
[140, 141]. In rodent, NRP-1 was thought to allow endothe-
lial tip cell filopodia to protrude in a new direction at a spe-
cific location in the developing CNS [142]. NPR-2 was
indicated to regulate a central projection of sensory axons
in the spinal cord and the anterior commissure [143]. Except
acting alone, NRP-1 and NRP-2 could also cooperate to
mediate guidance of cranial neural crest cells and position
sensory neurons via forming complexes with semaphorins
[144]. Latest research proposed that semaphorin 6B
(Sema6B) bound to floor plate-derived plexin A2 for naviga-
tion at the midline where a cis-interaction happened [145].

More recent study showed that other than acting as
ligand to activate plexins or NRP, Sema-1a could also signal
in reverse as a receptor [146]. Individual research demon-
strated that Sema-1a reverse signaling played an important
role in mediating midline crossing. Typically, Sema/plexin
signaling is associated with repulsive response in terms
of inhibiting midline crossing. However, according to
Hernandez-Fleming et al., in the Drosophila CNS, Sema-1a
functioned as a receptor to promote midline crossing, thus
resulting in an attractive response instead of the typical
repulsive response. Furthermore, Sema-1a-promoted mid-
line crossing is independent of its canonical binding partner
plexin A. Instead, the secreted Sema-2s functioned as
attractive or adhesive ligands for Sema-1a-mediated midline
crossing [147].

3.2.4. Ephrins. Ephrins can be grouped into two types:
ephrin-As and ephrin-Bs. A glycosylphosphatidylinositol
(GPI) anchors ephrin-As to the cell membrane, and ephrin-
Bs contain a transmembrane domain followed by a short
cytoplasmic domain. The receptors of ephrins belong to the
Eph family, the largest subgroup of receptor tyrosine kinases.
Ephrins mediated both attractive and repulsive responses
toward a growth cone.

In terms of the mechanisms of ephrin-As and ephrin-Bs,
respectively, a possible mechanism in regulating ephrin-As
activity is reverse signaling that triggers attractive and repul-
sive response relying on different coreceptors. p75 neurotro-
phin receptor was suggested to be involved in this reverse
signaling in axon repulsion in developing retinal axons in
mice. And genetic evidence was found in motor axons as
well [148, 149]. The mechanisms of ephrin-Bs in mediat-
ing axon pathfinding overlap some of ephrin-As. Continu-
ously, analysis of mutations in B-type ephrins revealed the
role of reverse signaling in ephrin-Bs-mediated axon guid-
ance, including ephrin-B1 and ephrin-B2 [150–152], and
this reverse signaling was possibly regulated by the Src
family kinases (SFKs), which was known as positive regu-
lators of phosphotyrosine-mediated reverse signaling [153].

The receptors of ephrins are Eph receptors, members of
tyrosine kinases receptors. Eph receptors are divided into
two types (EphA and EphB) in terms of amino acid sequence
and ligand specificity. EphA contains eight subtypes: EphA1-
EphA8, while EphB contains five types (EphB1–EphB4,
EphB6) [154, 155]. EphA receptors played a role in commis-
sural axon guidance in chicken hindbrain and topographic
mapping in mouse corticothalamic projections [156, 157].
EphB receptors were important in regulating repulsive
response towards axons in the ventral midline and in the
retinal system in the developing nervous system of mice
[158–160]. Functions and possible mechanisms of relevant
subtypes were explored. Ephrin-A4 mutant mice displayed
aberrant midline axon guidance and defective spinal cord
central pattern generator activity, mediating Rac-specific
GTPase-activating protein α2-chimaerin [161]. In the recent
years, researchers found that mice with genetically abolished
EphA4 cleavage had motor axon guidance defects. EphA4
cleavage was proposed to be important to establish the con-
centration differential of active ephrins [162]. The signal
transduction pathway of Ephrin-A5 was corresponding with
the activation of Rho and its downstream effector Rho kinase
[163]. In the context of commissural axon guidance, nonre-
ceptor spleen tyrosine kinases (Syk) were proposed to act as
molecular switch of growth cone attractive and repulsive
responses, and ephrin-B3/EphB2 were proposed as candi-
dates in driving Syk-dependent switching at the midline.
Unlike Sema3B, which is a secreted factor that possesses lon-
ger range ability, ephrin-B3 is expressed at the floor plate and
acts with short range activity. These guidance cues might act
in different spatial and temporal windows. Thus, proper
coordination between attraction and repulsion responses of
a complex array of guidance cues plays a crucial role in
developing commissural axons [164].

In spite of working independently to mediate chemore-
pulsion alone, ephrins can form complexes with other types
of guidance cues. UNC5c, one subtype of netrin receptors,
could form a complex in a ligand-dependent manner with
EphB2. This kind of synergistic integration involved SFK sig-
naling, which is a common effector of pathways of both guid-
ance cues [165]. Moreover, a new theory has been proposed
in recent years about how ephrin-Eph signaling mediates
intercellular communication. It was believed that release of
extracellular vesicles, or exosomes, containing Ephs and
ephrins might be a part of the intercellular communication
in addition of the direct cell contact [166].

Eph/ephrin signaling also plays a role in directing injured
axons to reconnect and reestablish their function in the nerve
regeneration process. As stated earlier, Schwann cells are
required to guide axons across the bridge to the distal stump
of the transected nerves. According to Parrinello et al., in the
early stages of peripheral nerve repair after transection,
through EphB2/ephrin signaling, fibroblasts caused the
Schwann cells to migrate out of the nerve stumps to guide
regrowing axons across the wound [167]. Later, TGFβ was
further identified as a key mediator of peripheral nerve
regeneration after transection where Eph/ephrin signaling
was identified as a novel effector of TGFβ. Their works are
further evidences that Schwann cells could interact with
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regenerating axons thus being important in directional axon
guidance, and wound microenvironment is a key determi-
nant of Schwann cell identity [168]. On the other hand, in
the model of optic nerve injury of adult mice, EphrinA3 dele-
tion did not affect regeneration, but the absence of EphA4
enhanced the growth of lesioned axons without increasing
unwanted axonal branching. These results are likely to be uti-
lized to improve axon regeneration together with other
growth-stimulatory treatments of injury in both the CNS
and the PNS [169].

3.2.5. Slit and Roundabout. The study on Slit and Round-
about (Robo) was glooming in the 1990s. Slit was identified
as a large extracellular matrix protein with four regions con-
taining tandem arrays of a 24-amino-acid leucine-rich repeat
with conserved flanking sequences (flank-LRR-flank) and
two regions with EGF-like repeats. It played a major role in
the development of the specialized midline glial cells and
the commissural axon tracts that traverse the midline glia
cells [170]. In the olfactory system, Slit acted as a repulsive
molecular cue for migrating neurons [171]. Analysis of slit
mutant phenotype and consequences of transgene expression
indicated that Slit acted to repel growth cone away from the
ventral midline in Drosophila embryos [172].

Large-scale screen for mutations trying to find out the
type of the factors that are affecting the axon pathfinding in
the CNS in Drosophila embryo indicated that mutations in
robo led to opposite misrouting and caused some of the
growth cones to cross the midline that they were not sup-
posed to, suggesting the possible repulsive function of Robo
in axon guidance [173]. At this time, it was unknown what
midline ligands Robo binds to. Interestingly, the evidences
supporting the hypothetical ligand-receptor relationship
between Slit and Robo emerged almost at the same time.
Two human Robo family genes, two rat Robo family mem-
bers, and a second Robo-like gene in Drosophila were identi-
fied. Three Slit homologs in the mouse were identified by in
situ hybridization. During embryogenesis, these three slit
genes and Robo1 were expressed in unique and complemen-
tary patterns in the CNS and in other tissues, thereby propos-
ing the ligand-receptor relationship between Slit and Robo
[174]. Meanwhile, genetic analysis in Drosophila indicated
that, in slit mutants, growth cones entered the midline but
never left it with high expression of Robo level abnormally.
Another finding was that slit and robo displayed dosage-
sensitive genetic interactions, suggesting that they might
have the same pathway. Thereby, Slit possibly was the mid-
line ligand for Robo [175, 176]. Isolation of vertebrate homo-
logs of the Drosophila slit gene verified that Slit protein
bound to Robo [177].

Although it had been widely acknowledged that Robo
was the receptor of Slit at that time, doubts still existed. For
example, as mentioned above, in slitmutant mice, the growth
cones entered the midline but never left it. But in robo
mutant mice, growth cones crossed the midline that they
do not normally do; the difference probably means that Slit
has other receptors. Genetic analysis of Drosophila genome
revealed that it encoded three Robo families. Result suggested
that the robo, robo2 double mutant was largely identical to slit

mutant (the axons navigated to the midline but did not leave
it), meaning that the functions of these two receptors were
accounted for all the functions of Slit in midline axon guid-
ance [178]. Then, one year later, the cell surface heparan sul-
fate (HS) was believed to be involved in the repulsive
guidance activities of Slit2 protein, which was important in
axon growth and branching of neurons. Previous studies pre-
sented evidences regarding binding affinity of HS to Slit2:
first, Slit2 protein was found to bind with the column of hep-
arin used for purification. Second, Slit2 protein bound to gly-
pican-1, a member of membrane-associated heparan sulfate
proteoglycan, which was completely abolished by heparinase
III treatment. In order to evaluate the biological significance
of this binding activity between Slit2 and HS, heparinase III
was used to remove HS; it turned out that the binding
between Slit2 and its receptor Robo-1 was abolished to levels
barely detectable by immunofluorescence. On the contrary,
with the presence of HS, binding affinity of Robo-1 to Slit2
was enhanced. Furthermore, in the absence of HS, the repul-
sive activity of Slit2 on the migration of olfactory interneuron
precursors was completely abolished. Taken together, these
findings demonstrated the important role of HS in repul-
sive activities of Slit2 [179]. In another experiment, the
HS-polymerizing enzyme EXT1 in the embryonic mouse
brain was conditionally disrupted, the result showed that
the EXT1-null mice displayed severe guidance errors in
major commissural tracts, proving the participation of HS
in midline guidance [180]. After that, researches have been
done to study the role of the carrier proteins of HS in axon
guidance, heparan sulfate proteoglycans (HSPGs). HSPGs
were presented on the cell surface or in the extracellular
matrix, and they were highly negatively charged heteroge-
neous carbohydrate modifications of some proteins [181].
Two classes of HSPGs were thought to be responsible for
carrying HS polymers: the transmembrane Syndecans and
the glycosylphosphatidylinositol- (GPI-) linked glypicans.
Drosophila has one Syndecan gene (sdc) and two glypican
genes. HSPG sdc was proved important in midline axon
guidance [182]. The function of HSPG also is related with
other types of guidance cues. For example, LON-2/glypican,
a kind of HSPG secreted from epidermal cells, was proposed
to act as an extracellular modulator of UNC-40/DCC-medi-
ated axon guidance [183].

In mammals, three Slit homologs (Slit1-Slit3) and four
members (Robo1-Robo4) of the Robo family were identified.
Robo1 and Robo2 are receptors for Slit1-Slit3 with similar
binding affinities. In the context of commissural axon guid-
ance, Robo1 and Robo2 were found responsible for some
but not all Slit-mediated repulsion, which might imply the
existence of another Slit receptor. Robo1 and Robo2 could
collaborate to prevent recrossing of postcrossing axons [9].
While Robo1 and Robo2 have some genetic overlap, they
have a distinct role in pioneer longitudinal axon trajectories
in the CNS. It is suggested that Robo1 acted predominantly
to guide pioneer longitudinal axons in ventral tracts and
Robo2 in dorsal tract. Additionally, Robo2 has a distinct
function in repelling neuron cell bodies from the floor plate
[184]. Robo3, which is expressed exclusively in commissural
neurons, might possess a complex, central, and multifaceted
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role in controlling the development of commissural circuits.
It is illustrated that, unlike other Robo receptors, Robo3 does
not harbor high binding affinity for Slits because of specific
substitutions in the first immunoglobulin domain. Robo3
could form complex with DCC, and netrin-1 could bind to
DCC and induce Robo3 phosphorylation. Thereby, Robo3
is a component of an attractive netrin-1 receptor mechanism.
Specifically, the mutations of the Ig1 domain of mammalian
Robo3 might contribute to switch its function. Two splice
isoforms of Robo3 with opposite activities were identified:
Robo3.1 and Robo3.2. Robo3.1 is expressed in precrossing
axons and promotes midline crossing by suppressing the
axonal responsiveness to Slit. Robo3.2 localizes to post-
crossing axons and contributes to midline crossing [185].
Moreover, Robo3.1A, the longest isoform of Robo3, was
suggested that it did not directly bind with Slit on its
own but prevent Slit from binding to the surface of cells
expressing its close homolog Robo1/2 by downregulating
Robo2 protein level [186].

The crosslinks between the Slit/Robo signaling and other
guidance cues were presented as well. For example, Robo1
formed complex with DCC and silenced the attractive effect
of netrin-1 in growth cones of embryonic Xenopus spinal
axons [187]. In mammals, netrin-1/DCC-mediated attractive
response and Slit/Robo-mediated repulsive response bal-
anced each other and acted together to guide pioneer mid-
brain longitudinal axons [188]. Lately, a crosslink between
Slit/Robo and semaphorin/plexin signaling in commissural
axon guidance was found. The N-terminal fragment on Slit
specifically bound with plexinA1 and was independent of
Robos and neuropilins, indicating that plexinA1 is a new Slit
receptor that mediates both semaphorin and Slit activities of
repulsive response during commissural axon guidance [189].

3.2.6. Morphogens as Nonconventional Guidance Cues. Mor-
phogens are signaling molecules produced in certain regions
but can form a long-range gradient from their source. Three
types of morphogens have been regarded as nonconventional
guidance cues: Wingless/Int-1 (Wnt), sonic hedgehog (Shh),
and bone morphogenetic protein (BMP) families; all of them
are critical in organizing body patterns [190].

(1) Wingless/Int-1 (Wnt). Wnt proteins are a family of
morphogens that have been shown to function as axon
guidance cues and were studied most in anterior-
posterior (A/P) guidance of commissural axons in the spi-
nal cord or in the bilateral symmetrical nervous system. In
particular, Wnt proteins are expressed in a decreasing
anterior-posterior gradient in the floor plate. Wnt proteins
are coupled to various receptors and then activate different
downstream pathways, which can be categorized into
canonical (β-catenin dependent) and noncatenin (β-
catenin independent) signaling pathways. Noncanonical
Wnt/β-catenin signaling was shown to regulate axon guid-
ance in the developing nervous system where Wnts bind
to several cell membrane receptors: a class of seven-
transmembrane protein receptors called Frizzled, as well
as the Ryk/Derailed receptor tyrosine kinase. In C. elegans
genome, five Wnts (EGL-20, CWN-1, CWN-2, LIN-44, and

MOM-2) and four Frizzled receptors (MIG-1, CFZ-2, LIN-
17, and MOM-5) were identified, and all of them were sug-
gested to participate the pathfinding process of a pair of bilat-
erally symmetric motor neurons [191]. In the Drosophila
embryonic nervous system, Derailed, an atypical receptor
tyrosine kinase expressed on axons projecting in the anterior
commissure, was identified as a receptor of Wnt5 [192]. In C.
elegans, Drosophila, and mouse, Ryk (receptor related to
tyrosine kinase) serve as a Wnt receptor [193]. Furthermore,
in the rat embryonic nervous system, Wnt proteins acted as
axonal attractants in midline axon guidance with the receptor
Frizzled3 expressed in the spinal cord. This Wnt/Frizzled
pathway controlled the anterior turning of the spinal cord
commissural axons after midline crossing. However, this
attractive response was thought to be independent of Ryk/-
Derailed signaling[194]. While in zebrafish, muscle-specific
receptor tyrosine kinase unplugged/MuSK bound with
Wnt11r in muscle fibers to restrict growth cone guidance,
where MuSK is a muscle-specific receptor tyrosine kinase
[195]. Later research proposed the important role of
Wnt/Ryk calcium signaling mechanisms in regulating repul-
sion response in cortical cultures. When axons sensed guid-
ance cues, calcium was released from internal stores and
entered through TRPC channels, which process was an
important source of calcium. And calcium/CaMKII (cal-
cium/calmodulin-dependent protein kinase II) was proposed
as a downstream effector of Wnt/Ryk signaling [196].

The separate class ofWnt pathways, canonical β-catenin-
dependent Wnt signaling pathway, was shown to play a role
in axon regeneration. Several studies suggested that the
canonical β-catenin-dependent Wnt signaling pathway is
activated after SCI and optic nerve injury and could promote
functional recovery [197–200]. While the specific role and
mechanism of it in guiding regrowth axons remain to be elu-
cidated, Wnt expression after nerve injury may have thera-
peutic potential in promoting axon regeneration and
functional recovery.

Latest researches built the links between Wnts and
growth cone cytoskeleton. Between calcium signaling and
the reorganization of dynamic microtubules lays tau. Tau
is phosphorylated at the Ser 262 microtubule-binding site
by CaMKII which was required for Wnt5a-induced axon
repulsive turning [201]. Another crosslink was related to
the planar cell polarity (PCP) signaling pathway, a signal-
ing complex consisted of GIT1/PIX/Rac/PAK. In zebrafish,
the so-called commissural primary ascending (CoPA) is
the earliest born spinal commissural neuron to navigate
the midline and turn ipsilaterally. In the mutant model,
the PCP signaling pathway was suggested to modulate
the anterior guidance decisions of CoPA axons [202]. This
complex was believed to control growth cone motility as
well [203]. The PCP signaling pathway was important in
commissural axons to turn anteriorly in a Wnt gradient
after midline crossing, where Wnt5a increased Frizzled3
endocytosis, which was correlated with filopodia elonga-
tion. And then Frizzled3 was recycled [204]. Taken
together, Wnts, coupled with their receptors, play a role
in axon pathfinding process.
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(2) Sonic Hedgehog (Shh). Shh is secreted by floor plate in the
spinal cord. It patterns the ventral spinal cord in vertebrates
and promotes ventral migration of commissural axons. Boc
served as receptor of Shh in mediating attractive response of
commissural axons in mice embryo [205]. It is worthwhile
mentioning that the function of Shh and its receptors in the
establishment of binocular vision in vertebrates is much
clearer. In higher vertebrates, visual formation is relayed to
the brain once retina has received information. Visual infor-
mation is delivered through retinal ganglion cell (RGC) neu-
rons, whose axons extend towards themidline andmeet at the
so-called optic chiasm at the midline. Then, each RGC axon
has to decide to either cross or turn away from the chiasm
midline and grow towards the brain. As RGC axons need to
project either contralaterally or ipsilaterally and continuously
to the brain to enable binocular vision, the optical chiasm is
regarded as a choice point during development. In mice,
two major types of RGC populations exist: (1) the Islet2-
expressing contralateral projecting (c)RGCs, which both
produce and respond to Shh and (2) the Zic2-expressing ipsi-
lateral projecting RGCs (iRGCs), which lack Shh expression
[206]. In Fabre et al.’s study, Boc was found enriched in ipsi-
lateral RGCs in the developing retina ofmice embryo and that
Shh repelled ipsilateral RGC axons at the optic chiasm via
Boc [207]. Later, this process was elucidated further. It is
proposed that despite the fact that ipsilateral RGCs were
repelled away from the midline by Shh, the mRNA for Shh
was not found in optic chiasm. Instead, Shh protein was pro-
duced by contralateral RGCs, transported anterogradely
along the axon, and accumulated at the optic chiasm to repel
ipsilateral RGC axons. Furthermore, this study established
that Shh can serve as a diffusible cue and can act at axon
guidance midline choice points [208]. Shh also mediated
olfactory sensory neuron axons to enter their target glomer-
uli and to branch in the target region in rat embryos [209].

Another receptor of Shh is Ptc. Upon binding Shh, Ptc
released Smoothened (Smo), a transmembrane protein,
which then mediated Shh signaling by activating intracellular
molecules including the Gli family transcription factors
[210]. The signaling mediator Smo was important for normal
projection of commissural axons to the floor plate. Shh was
suggested to collaborate with netrin-1, both served as che-
moattractant for commissural axons in mouse embryos while
Shh acted via Smo [211]. Moreover, it is proposed that Shh
guided commissural axons via a rapidly acting in a transcrip-
tionally independent manner but activated SFKs in a Smo-
dependent manner and caused changes in the growth cone
skeleton, where graded SFK activity could mediate axon
turning [212].

Recent research elucidated that in Shh-mediate commis-
sural axon repulsion, heparan sulfate proteoglycan glypican1
(GPC1) functioned together with hedgehog-interacting pro-
tein [213]. And as previously stated in Wnt, PCP signaling
also plays a role in Shh/Smo-mediated response in the con-
text of commissural axon guidance in rodents. It is proposed
that Shh in the ventral midline could switch onWnt/PCP sig-
naling by inhibiting the mRNA level of Shisa2 in the cell
body. In turn, the inhibition allowed Frizzled3 to be

trafficked to the cell surface, resulting in the activation of
Wnt/PCP signaling in commissural axon growth cones. Pre-
sumably, the link between Shh and PCP signaling may also
occur in other developmental processes. Taken together, it
is suggested that the switch mechanism is highly sophisti-
cated to ensure proper changes of responsiveness for axons
at intermediate targets [214]. Just like other guidance cues,
Shh is associated with changes in the growth cone cytoskele-
ton as well. According to Lepelletier et al., the turning of rat
commissural axons up a Shh gradient needed β-actin protein
synthesis at the growth cone, and Shh-induced local transla-
tion of β-actin required zipcode-binding protein 1 (ZBP1),
which is an mRNA binding protein that transport β-actin
mRNA and releases it for local translation upon phosphory-
lation. Meanwhile, ZBP1 activity was required for correct
commissural axon guidance in vivo. These results identified
a new mediator, ZBP-1, for noncanonical Shh signaling in
axon guidance [215].

(3) Bone Morphogenetic Protein (BMP) Family. During neu-
ral tube development, several members of the BMP family
are expressed in the dorsal roof plate (RF), such as BMP7,
growth/differentiation factor 7 (GDF7), and BMP6. It is
believed that their main function is to control the induction
and differentiation of dorsal interneurons. BMPs exerted
their function as a heterodimer of BMP7 and GDF7. Early
in the 1990s, BMP7 was found to act as roof plate-derived
chemorepellent that repelled the commissural axons away
from the dorsal root in the developing spinal cord in vitro
[216]. Experiment on gene mutant mice suggested that
GDF7 enhanced the axon-orienting activity of BMP7 as che-
morepellent for commissural axons [217]. In cultured
embryonic Xenopus laevis spinal neurons, BMP7 gradient
was suggested to attract and repel growth cone in a time-
dependent manner through regulating ADF/cofilin with dif-
ferent signaling pathways [218]. The canonical BMP receptor
(BMPR) complex consisted of type I and II serine/threonine
kinases. BMPRIA and BMPRIB are two subtypes of type I
BMPR. However, it seemed that BMPRIB was necessary
and sufficient in mediating commissural axon guidance in
chicken embryos, as well as in reorientation in mouse
embryos [219]. Another experiment studied the function of
BMPRIB on RGC. BMP receptors IA, IB, and II were
expressed in the developing retina, while BMPRIB was
expressed exclusively in the ventral retina during embryonic
development and was required for normal ventral ganglion
cell axon to target the optic nerve head [220]. A neural-
specific secreted antagonist of BMP signaling was identified:
brorin, expressed in human, mice, and zebrafish. In zebrafish,
brorin gene was primarily expressed in developing neural tis-
sues. Result suggested that brorin was essential for the appro-
priate expression of axon guidance molecules [221]. A recent
study proposed the involvement of a kind of Na+/Ca2+

exchanger proteins, NCX-9, in axon guidance in C. elegans.
NCX-9 secreted guidance cue UNC-129/BMP to control
the left/right patterning in neural circuit formation [222].

BMPs are also important in regrowing axons in adults
after injury. Setoguchi et al.’s experiment suggested that
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taking advantage of gene modifications which could attenu-
ate BMP signaling promoted functional recovery after SCI
of mice [223]. Another study found that the expression of
BMP2/4 witnessed an increase in oligodendrocytes and
astrocytes around the injury site following the spinal cord
contusion, while the application of BMP antagonist led to
promoted regrowth of the corticospinal tract and enhanced
locomotor activity. Therefore, BMPs may play a role in inhi-
biting axonal regeneration and limiting functional recovery
following injury to the CNS [224]. However, BMP-Smad sig-
naling might possess a positive role in axon regeneration. A
so-called conditioning lesion model revealed the function of
the transcription factor Smad1. Neuronal Smad1 was upreg-
ulated and phosphorylated Smad1 accumulated in the
nucleus after axotomy of the peripheral branch of adult dor-
sal root ganglia, suggesting that continued presence of Smad1
was required to maintain the growth program [225]. It is
worthwhile mentioning that Smad1 is developmentally regu-
lated; reactivated Smad1 signaling in adult dorsal root ganglia
resulted in rekindling of axon growth potential. Taken
together, BMP/Smad could be a therapeutic target to pro-
mote axon regeneration after nerve injury [226].

4. Signaling Pathways

The key to understand the mechanisms of axon guidance is
to link the regulation of growth cone cytoskeleton to the
reception of guidance cues. Here, we summarize some of
the signaling pathways in terms of the category of the guid-
ance cues (Table 1) and the network of some signaling path-
ways (Figure 4).

4.1. GTPase-Related Pathways. The role of GTPase in axon
guidance is becoming more evident [228, 244]. The Rho
family GTPases are mainly responsible for rearrangement
of F-actin skeleton. The activities of Rho GTPases are regu-
lated by two classes of proteins: RhoGAPs and RhoGEFs.
Those GTPases are inactivated to guanosine diphosphate
(GDP) by hydrolysis and regulated by GTPase-activating
proteins (GAPs). In contrast, guanine nucleotide exchange
factors (GEFs) promote the release of bound GDP and allow
for binding to GTP. Briefly speaking, RhoGEFs switch
GTPases on, while RhoGAPs switch them off [245, 246].
GTPases interact with the so-called effector proteins in the
downstream that can mediate the effect of them. Three major
small GTPases are important in regulating guidance: Rho,
Rac, and Cdc42.

ROCKs (also known as Rho kinases), a class of serine/-
threonine kinases, were the first downstream effectors of
Rho to be discovered. Two main classes of the ROCK
family: ROCK-1 and ROCK-2, were identified. Normally,
the RhoA/ROCK pathway was thought to inhibit axon
growth [247, 248], since the inhibition of ROCK activity
promoted axon growth and regeneration [249, 250]. Block-
age of ROCK by cell-permeable inhibitor Y27632 led to
axon misguidance, together with many other studies that
suggested the involvement of the RhoA/ROCK pathway
in axon guidance [242, 251, 252].

A classic study revealed the link between Rho and actin
cytoskeleton: LIM-kinase (LIMK) was phosphorylated and
activated by ROCK, in turn, LIMK phosphorylated cofilin,
which is a kind of actin-depolymerizing factor and is essen-
tial for turnover of actin filaments. Phosphorylated cofilin
resulted in decreased depolymerization of F-actin [253, 254].
Later study proposed that actin depolymerization factor
(ADF), which is mentioned above, was regulated by LIMK
as well. LIMK phosphorylated and inactivated ADF/cofilin,
resulted in net increase in the cellular filamentous actin.
Recent study proposed that active cofilin 1 was able to restore
the response of injured axons to attractive cues, and it might
be a potential target that can be utilized to reinstate the regen-
eration capacity of axons in neurodegenerative diseases [255].
In spite of ADF/cofilin in this RhoA/ROCK pathway, the
myosin light chain (MLC) kinase phosphorylation was found
pivotal as well. In mammalian cells, nonmuscle myosins are
regulated by MLC on Ser19 by the myosin light chain kinase
(MLCK). MLCK-mediated phosphorylation of MLC regu-
lated actin-myosin II interactions in cytoskeleton dynamics
[256]. In an experiment studying the dendritic cells traffick-
ing, during entry into lymphatics, Sema3A was found to
induce actomyosin contraction by activatingMLC phosphor-
ylation; this effect could be attenuated by blockage of ROCK
activity [230]. Another study was consistent with this result
that activated ROCK increased the phosphorylation rate of
MLC thereby causing neurite retraction [257]. In these stud-
ies, lysophosphatidic acid (LPA) was important that could
both induce growth cone collapse and neurite retraction.
LPA-induced growth cone collapse and LPA-induced neurite
retractionwere bothmediated by activating ROCK [257, 258].
Another important family involved in the Rho signaling
pathway is the collapsin response mediator protein (CRMP)
family. It was phosphorylated by ROCK in response to LPA,
this signaling pathway was related with semaphorins’ activity
[228]. Then, CRMP1, a member of the CRMP family, was
proposed to interact with Speedy A1 (Spy1), a member of
the Speedy/RINGO family. Spy1 interrupted the binding pro-
cess of CPMR1 with actin and mediated Sema3A-induced
growth cone collapse in the regeneration process after sciatic
nerve crush injury [259].

Rac is also important. GEF Trio was essential in pho-
toreceptor axon guidance in Drosophila. The two Trio
GEF domains activated Rac1, which in turn, activated
p21-activated kinase (PAK) that regulated actin dynamics,
thereby controlling the direction of growth cone [233].
Rac1 also activated LIMK and triggered phosphorylation
of cofilin [260]. The crosslink between Rho and Rac is
MLCK, which also served as a downstream effector for
PAK. Cellular effects of PAK were indicated to be medi-
ated through the phosphorylation and inactivation of
MLCK and a decrease in MLC phosphorylation, thus
reduced activity of myosin II [256, 261].

Cdc42 responses to both attractive and repulsion molec-
ular cues and causes change in growth cone motility. This
signaling was modulated by focal adhesion kinase (FAK)
activity, which served as a common upstream modulator
for BDNF and Slit, whereas BDNF activated Cdc42 while
Slit2 inactivated Cdc42 [235, 262]. An important
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Table 1: Suggested signaling pathways of guidance cues.

Target Suggested mechanisms

Semaphorins

Sema 3A
Rac1 amino acids 17-13 [134], LIMK/cofilin [227], CRMP family [228],
GSK-3β [229], RhoA/ROCK [230], ERM family [135], Rab family [136]

Sema 3F PI3K/Akt, MEK/ERK [231]

Sema 4D GSK-3β [232]

Slit Dock, Pak, the Rac1/Rac2/Mtl small GTPases [233], Fyn, Cdk5 [234], FAK/Cdc42 [235]

Ephrins
Ephrin-B2 Nck/Pak signaling complex [236]

Ephrin-A
RhoA activation, Cdc42 and Rac1 inhibition [237], Rho/ROCK [163], Ret [91],

Tsc2-Rheb [238], RacGAP α2-chimaerin [161]

Netrin Netrin-1 Trio, Rac1 [239], cAMP [100], JNK-1 [126], TRPC channel [240]

Neurotrophic factors

NGF TrkA receptor [65], cAMP [241], ROCK [242], PI3K, PLC-γ [243]

BDNF TRPC channel [82], ADF/cofilin (AC) [67], PI3K, PLC-γ [243], FAK/Cdc42 [235]

GDNF Ret [91]

Nonconventional guidance cues

Wnt Wnt/Frizzled [194], PCP [204], Ryk/Derailed [192, 193]

Shh SFKs [212]

BMP LIMK, ADF/cofilins [218]

Abbreviations: LIMK: LIM kinase, PI3K: phosphatidylinositol 3 kinase, PLC-γ: phospholipase C-γ, MEK: mitogen-activated protein kinase, ERK: extracellular
signal-regulated kinase, ROCK: RhoA kinase, TRPC: transient receptor potential canonical, ERM: ezrin/radixin/moesin, FAK: focal adhesion kinase, PCP:
planar cell polarity, SFKs: Src family kinases.
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Figure 4: Summarization of some signaling pathways in mediating the response of growth cone towards multiple molecular cues.
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downstream effector of Cdc42 is N-WASP (neural Wiskott-
Aldrich syndrome protein) and the Arp2/3 complex.
Arp2/3 is a kind of actin-binding protein and was implicated
to be a regulator of actin dynamics in nonneuron cells [263],
while its role in growth cone guidance has been unclear and
controversial yet. Opinions diverse on whether it is necessary
in filopodia formation in the growth cone [264]. Latest
research indicated that the role of Arp2/3 on growth cone
motility was crucial for guidance regarding L1, but not on
laminin, that the function of Arp2/3 depended on the sub-
strate [265]. Cdc42 activated N-WASP, which continued to
activate Arp2/3 and caused actin assembly [266, 267]. In
addition, Cdc42 has crosslinks with other small GTPases.
In BDNF-mediated change in filopodial dynamics of the
growth cone, Cdc42 mimicked the activation of ADF/cofilin
that resulted from BDNF treatment. The interaction between
these two small GTPases occurred upstream of ROCK [81].
Other crosslinks lay between Cdc42 and Rac1 are Pak and
N-WASP. Research suggested that Rac1 was an activator of
N-WASP and even more potent than Cdc42 [268]. Also,
Pak1 bound both Cdc42 and Rac1 and led to activation of
LIMK. Thus, these activated GTPases regulate actin depoly-
merization through Pak and LIMK [269].

4.2. Phosphoinositides: PI3K/Akt Pathway. The PI3K/Akt
pathway is very important in regulating tumor cell prolif-
eration, growth, survival, and angiogenesis as well as in
promoting axon outgrowth in both the CNS and the
PNS, serving as the survival pathway downstream of neu-
ronal growth factors [270]. Previous studies suggested that
activity of the second messenger phosphatidylinositol 3, 4,
5-trisphophate 3 (PIP3) and Akt (also called protein
kinase B) mediated growth cone chemoattraction. PI (4,5)
P2 can be phosphorylated to PIP3 by phosphatidylinositol
3 kinase (PI3K). PIP3 elevation resulted in increased activity
of its downstream regulator Akt and activated the activity of
TRPC, which was indicated to mediate BDNF and netrin-1
signaling. However, with suppressed activity of phosphatase
and tensin homolog (PTEN), which is an endogenous inhib-
itor for the PI3K/Akt pathway, chemorepulsion was blocked
with negative cues. The result suggested that activation of this
PI3K/Akt signaling pathway regulated chemoattractive
response towards growth cone [271, 272]. Furthermore, it is
shown that PTEN negatively regulated PIP3 levels of the
growth cone and mediated chemorepulsion but not che-
moattraction [272]. Latest researches proposed a role for
PTEN in inhibiting axon regeneration and functional recov-
ery after spinal cord injury [273, 274]. Downstream effector
of Akt: glycogen synthase kinase (GSK)-3β, is involved in
axon guidance as well. Activation of GSK-3β induced growth
cone collapse, while the process could be blocked by Akt-
activated phosphorylation of GSK-3β [229, 232]. Latest
research demonstrated that in the mature nervous system,
peripheral axotomy activated PI3K/GSK3 signaling, and this
signaling was conveyed by the induction of Smad1. Together,
PI3K/GSK3/Smad1 could promote sensory axon regenera-
tion, but the extent of this signaling pathway contributes to
axon pathfinding process in regeneration, and subsequent
functional recovery remains to be determined [275].

5. Final Thoughts

Growth cone motility is of fundamental importance to its
turning ability which allows it to sense the attractive and
repulsive cues surrounding it and make directional decision.
Several well-identified guidance cues and other cell adhesion
molecules that could mediate axon guidance keep exerting
their effects on the growth cone, whether by forming concen-
tration gradient or acting locally, and continuously influence
actin cytoskeleton and microtubules stability and dynamics
of the growth cone [276]. Regulation of growth cone motility
is applied to both developing and regenerating axons that the
guidance cues could regulate growth cone motility and sub-
stantially, its turning ability of navigation in both processes
where multiple signaling pathways bridge the effects of guid-
ance cues to the growth cone to mediate axon guidance.

The effects of guidance cues was studied to the most
details in the developing nervous system, but not in the
regeneration process. Although some of the guidance cues
were proved to enhance axon outgrowth, and some were
thought to improve functional recovery, such as locomotor
recovery, the exact roles and mechanisms of these guidance
cues in axon guidance in the regeneration process are still
not clear. Factors influencing the regeneration process are
complex, for example, the injury site and the size of injured
nerve. Despite surgical nerve repair and other strategies used
clinically to promote regeneration, function recovery is usu-
ally compromised especially in the cases of spinal cord injury
due to the lost capability of neurons in the CNS to regenerate.
In peripheral nerve injury, motor, sensory, and autonomic
functions might loss. Poor functional recovery in part comes
down to misdirection since regrowing axons fail to reinner-
vate target organs and thus having negative impact on func-
tional outcomes. In such cases, axon guidance needs to be
precise in the navigation process. Notably, nerve fibers could
regenerate without navigating appropriately to its original
targets. Since that functional recovery is the most tightly rel-
evant outcome to successful peripheral nerve regeneration, it
is rational to illustrate whether the nerves make successful
end organ connections by functional analysis [277].

On the other hand, it is widely accepted that the motility
of growth cone is attributed to its actin andmicrotubule cyto-
skeleton and that affluent signaling pathways weave a subtle
network to connect molecular cues with the cytoskeleton.
However, these underlying mechanisms in axon guidance
also apply to other processes, such as cell proliferation, cell
migration, cell adhesion, and neurodegenerative diseases. It
would be intriguing to know what the influences are in terms
of the interplays among axon guidance and other processes
in integrated scenario. Future orientation might be related
with electric stimulation remedy. It is suggested that electro-
acupuncture promoted nerve regeneration in both the CNS
and the PNS in rodents. Induction secretion of some guid-
ance cues (e.g., endogenous NT-3) and neurotrophic factors
were observed when applying electric stimulation [278,
279]. However, less has been known about whether electric
stimulation can regulate axon guidance. Since varies guid-
ance cues are shared by nerve regeneration and axon guid-
ance, it would be worthy examing and comparing the rate
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of misdirection after nerve injury with or without electric
stimulation, thereby exploring the function of electric stimu-
lation in axon guidance. Further studies will help us have a
better understanding of the intrinsic mechanisms of axon
pathfinding process in both the developing nervous system
and the nerve regeneration process and hopefully to provide
foundation for clinic treatment.

Conflicts of Interest

The authors have declared no conflict of interest.

Acknowledgments

This work was supported by grants from the National
Natural Science Foundation of China (81873034), the
Natural Science Foundation Project of CQ CSTC
(cstc2014jcyjA10083; 2010BB5127), the Undergraduate
Scientific Research Training Project of Southwest University
(Project No. 20162902001), and the Undergraduate Scientific
Research Training Project of College of Pharmaceutical
Sciences of Southwest University (Project No. YX2017-
CXZD-02).

References

[1] M. Tessier-Lavigne, M. Placzek, A. G. S. Lumsden, J. Dodd,
and T. M. Jessell, “Chemotropic guidance of developing
axons in the mammalian central nervous system,” Nature,
vol. 336, no. 6201, pp. 775–778, 1988.

[2] M. Tessier-Lavigne and C. S. Goodman, “The molecular
biology of axon guidance,” Science, vol. 274, no. 5290,
pp. 1123–1133, 1996.

[3] H. Kamiguchi, “The mechanism of axon growth: what we
have learned from the cell adhesion molecule L1,” Molecular
Neurobiology, vol. 28, no. 3, pp. 219–228, 2003.

[4] M. T. Fitch and J. Silver, “CNS injury, glial scars, and inflam-
mation: inhibitory extracellular matrices and regeneration
failure,” Experimental Neurology, vol. 209, no. 2, pp. 294–
301, 2008.

[5] M. Kerschensteiner, M. E. Schwab, J. W. Lichtman, and
T. Misgeld, “In vivo imaging of axonal degeneration and
regeneration in the injured spinal cord,” Nature Medicine,
vol. 11, no. 5, pp. 572–577, 2005.

[6] G. C. W. De Ruiter, R. J. Spinner, J. Verhaagen, and M. J. A.
Malessy, “Misdirection and guidance of regenerating axons
after experimental nerve injury and repair,” Journal of Neuro-
surgery, vol. 120, no. 2, pp. 493–501, 2014.

[7] G. C. W. de Ruiter, M. J. A. Malessy, A. O. Alaid et al., “Mis-
direction of regenerating motor axons after nerve injury and
repair in the rat sciatic nerve model,” Experimental Neurol-
ogy, vol. 211, no. 2, pp. 339–350, 2008.

[8] T. Kidd, K. Brose, K. J. Mitchell et al., “Roundabout controls
axon crossing of the CNS midline and defines a novel sub-
family of evolutionarily conserved guidance receptors,” Cell,
vol. 92, no. 2, pp. 205–215, 1998.

[9] A. Jaworski, H. Long, and M. Tessier-Lavigne, “Collaborative
and specialized functions of Robo1 and Robo2 in spinal com-
missural axon guidance,” Journal of Neuroscience, vol. 30,
no. 28, pp. 9445–9453, 2010.

[10] D. Bray and P. J. Hollenbeck, “Growth cone motility and
guidance,” Annual Review of Cell Biology, vol. 4, no. 1,
pp. 43–61, 1988.

[11] E. Tanaka and J. Sabry, “Making the connection: cytoskeletal
rearrangements during growth cone guidance,” Cell, vol. 83,
no. 2, pp. 171–176, 1995.

[12] C. Le Clainche and M.-F. Carlier, “Regulation of actin assem-
bly associated with protrusion and adhesion in cell migra-
tion,” Physiological Reviews, vol. 88, no. 2, pp. 489–513, 2008.

[13] O. F. Omotade, S. L. Pollitt, and J. Q. Zheng, “Actin-based
growth cone motility and guidance,” Molecular and Cellular
Neuroscience, vol. 84, pp. 4–10, 2017.

[14] L. A. Lowery and D. Van Vactor, “The trip of the tip: under-
standing the growth cone machinery,”Nature Reviews Molec-
ular Cell Biology, vol. 10, no. 5, pp. 332–343, 2009.

[15] K. Kalil and E. W. Dent, “Touch and go: guidance cues signal
to the growth cone cytoskeleton,” Current Opinion in Neuro-
biology, vol. 15, no. 5, pp. 521–526, 2005.

[16] A. E. Fournier, F. Nakamura, S. Kawamoto, Y. Goshima, R. G.
Kalb, and S. M. Strittmatter, “Semaphorin3A enhances endo-
cytosis at sites of receptor–F-actin colocalization during
growth cone collapse,” The Journal of Cell Biology, vol. 149,
no. 2, pp. 411–422, 2000.

[17] J. A. Cooper, “The role of actin polymerization in cell motil-
ity,” Annual Review of Physiology, vol. 53, no. 1, pp. 585–605,
1991.

[18] P. Matsudaira, J. Bordas, andM. H. Koch, “Synchrotron x-ray
diffraction studies of actin structure during polymerization,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 84, no. 10, pp. 3151–3155, 1987.

[19] P. C. Letourneau, “Actin in axons: stable scaffolds and
dynamic filaments,” in Cell Biology of the Axon, E. Koenig,
Ed., vol. 48 of Results and Problems in Cell Differentiation,
pp. 265–290, Springer, Berlin, Heidelberg, 2009.

[20] H. Wioland, B. Guichard, Y. Senju et al., “ADF/cofilin accel-
erates actin dynamics by severing filaments and promoting
their depolymerization at both ends,” Current Biology,
vol. 27, no. 13, pp. 1956–1967.e7, 2017.

[21] M.-F. Carlier, V. Laurent, J. Santolini et al., “Actin depoly-
merizing factor (ADF/cofilin) enhances the rate of filament
turnover: implication in actin-based motility,” The Journal
of Cell Biology, vol. 136, no. 6, pp. 1307–1322, 1997.

[22] J. R. Bamburg, “Proteins of the ADF/cofilin family: essential
regulators of actin dynamics,” Annual Review of Cell and
Developmental Biology, vol. 15, no. 1, pp. 185–230, 1999.

[23] D. M. Suter and P. Forscher, “An emerging link between
cytoskeletal dynamics and cell adhesion molecules in growth
cone guidance,” Current Opinion in Neurobiology, vol. 8,
no. 1, pp. 106–116, 1998.

[24] P. Forscher and S. J. Smith, “Actions of cytochalasins on the
organization of actin filaments and microtubules in a neuro-
nal growth cone,” The Journal of Cell Biology, vol. 107, no. 4,
pp. 1505–1516, 1988.

[25] P. Godement, J. Salaün, and C. A. Mason, “Retinal axon
pathfinding in the optic chiasm: divergence of crossed
and uncrossed fibers,” Neuron, vol. 5, no. 2, pp. 173–186,
1990.

[26] T. P. O'Connor and D. Bentley, “Accumulation of actin in
subsets of pioneer growth cone filopodia in response to
neural and epithelial guidance cues in situ,” The Journal of
Cell Biology, vol. 123, no. 4, pp. 935–948, 1993.

17Neural Plasticity



[27] C.-H. Lin and P. Forscher, “Growth cone advance is inversely
proportional to retrograde F-actin flow,” Neuron, vol. 14,
no. 4, pp. 763–771, 1995.

[28] C. H. Lin, E. M. Espreafico, M. S. Mooseker, and P. Forscher,
“Myosin drives retrograde F-actin flow in neuronal growth
cones,” Neuron, vol. 16, no. 4, pp. 769–782, 1996.

[29] N. A. Medeiros, D. T. Burnette, and P. Forscher, “Myosin II
functions in actin-bundle turnover in neuronal growth
cones,” Nature Cell Biology, vol. 8, no. 3, pp. 216–226,
2006.

[30] K. B. Buck and J. Q. Zheng, “Growth cone turning induced by
direct local modification of microtubule dynamics,” Journal
of Neuroscience, vol. 22, no. 21, pp. 9358–9367, 2002.

[31] J. F. Challacombe, D. M. Snow, and P. C. Letourneau, “Actin
filament bundles are required for microtubule reorientation
during growth cone turning to avoid an inhibitory guidance
cue,” Journal of Cell Science, vol. 109, no. 8, pp. 2031–2040,
1996.

[32] A. W. Schaefer, N. Kabir, and P. Forscher, “Filopodia and
actin arcs guide the assembly and transport of two popula-
tions of microtubules with unique dynamic parameters in
neuronal growth cones,” The Journal of Cell Biology,
vol. 158, no. 1, pp. 139–152, 2002.

[33] G. M. Cammarata, E. A. Bearce, and L. A. Lowery, “Cytoskel-
etal social networking in the growth cone: how +TIPs medi-
ate microtubule-actin cross-linking to drive axon outgrowth
and guidance,” Cytoskeleton, vol. 73, no. 9, pp. 461–476, 2016.

[34] J. Yao, Y. Sasaki, Z. Wen, G. J. Bassell, and J. Q. Zheng, “An
essential role for β-actin mRNA localization and translation
in Ca2+-dependent growth cone guidance,” Nature Neurosci-
ence, vol. 9, no. 10, pp. 1265–1273, 2006.

[35] H. L. Zhang, T. Eom, Y. Oleynikov et al., “Neurotrophin-
induced transport of a β-Actin mRNP complex increases
β-actin levels and stimulates growth cone motility,” Neuron,
vol. 31, no. 2, pp. 261–275, 2001.

[36] K.-M. Leung, F. P. van Horck, A. C. Lin, R. Allison,
N. Standart, and C. E. Holt, “Asymmetrical β-actin mRNA
translation in growth cones mediates attractive turning to
netrin-1,” Nature Neuroscience, vol. 9, no. 10, pp. 1247–
1256, 2006.

[37] M. B. Steketee, S. N. Moysidis, J. E. Weinstein et al., “Mito-
chondrial dynamics regulate growth cone motility, guidance,
and neurite growth rate in perinatal retinal ganglion cells
in vitro,” Investigative Ophthalmology & Visual Science,
vol. 53, no. 11, pp. 7402–7411, 2012.

[38] K. L. Lathrop andM. B. Steketee, “Mitochondrial dynamics in
retinal ganglion cell axon regeneration and growth cone guid-
ance,” Journal of Ocular Biology, vol. 1, no. 2, p. 9, 2013.

[39] U. Rutishauser, A. Acheson, A. Hall, D. Mann, and
J. Sunshine, “The neural cell adhesion molecule (NCAM) as
a regulator of cell-cell interactions,” Science, vol. 240,
no. 4848, pp. 53–57, 1988.

[40] B. Dickson, “A roundabout way of avoiding the midline,”
Nature, vol. 391, no. 6666, pp. 442-443, 1998.

[41] U. Rutishauser, “Influences of the neural cell adhesion mole-
cule on axon growth and guidance,” Journal of Neuroscience
Research, vol. 13, no. 1-2, pp. 123–131, 1985.

[42] J. Silver and U. Rutishauser, “Guidance of optic axons in vivo
by a preformed adhesive pathway on neuroepithelial end-
feet,” Developmental Biology, vol. 106, no. 2, pp. 485–499,
1984.

[43] C. J. Desai, Q. Sun, and K. Zinn, “Tyrosine phosphorylation
and axon guidance: of mice and flies,” Current Opinion in
Neurobiology, vol. 7, no. 1, pp. 70–74, 1997.

[44] U. Rutishauser, “Polysialic acid and the regulation of cell
interactions,” Current Opinion in Cell Biology, vol. 8, no. 5,
pp. 679–684, 1996.

[45] U. Rutishauser and L. Landmesser, “Polysialic acid in the
vertebrate nervous system: a promoter of plasticity in cell-
cell interactions,” Trends in Neurosciences, vol. 19, no. 10,
pp. 422–427, 1996.

[46] P. P. Monnier, S. G. M. Beck, J. Bolz, and S. Henke-Fahle,
“The polysialic acid moiety of the neural cell adhesion mole-
cule is involved in intraretinal guidance of retinal ganglion
cell axons,” Developmental Biology, vol. 229, no. 1, pp. 1–14,
2001.

[47] J. Tang, L. Landmesser, and U. Rutishauser, “Polysialic acid
influences specific pathfinding by avian motoneurons,” Neu-
ron, vol. 8, no. 6, pp. 1031–1044, 1992.

[48] J. Tang, U. Rutishauser, and L. Landmesser, “Polysialic acid
regulates growth cone behavior during sorting of motor
axons in the plexus region,” Neuron, vol. 13, no. 2, pp. 405–
414, 1994.

[49] M. G. Hanson and L. T. Landmesser, “Normal patterns of
spontaneous activity are required for correct motor axon
guidance and the expression of specific guidance molecules,”
Neuron, vol. 43, no. 5, pp. 687–701, 2004.

[50] N. R. Cohen, J. S. H. Taylor, L. B. Scott, R. W. Guillery,
P. Soriano, and A. J. W. Furley, “Errors in corticospinal axon
guidance in mice lacking the neural cell adhesion molecule
L1,” Current Biology, vol. 8, no. 1, pp. 26–33, 1998.

[51] V. Castellani, J. Falk, and G. Rougon, “Semaphorin3A-
induced receptor endocytosis during axon guidance
responses is mediated by L1 CAM,” Molecular and Cellular
Neuroscience, vol. 26, no. 1, pp. 89–100, 2004.

[52] V. Castellani, A. Chédotal, M. Schachner, C. Faivre-Sarrailh,
and G. Rougon, “Analysis of the L1-deficient mouse pheno-
type reveals cross-talk between Sema3A and L1 signaling
pathways in axonal guidance,” Neuron, vol. 27, no. 2,
pp. 237–249, 2000.

[53] A. G. Wright, G. P. Demyanenko, A. Powell et al., “Close
homolog of L1 and neuropilin 1 mediate guidance of tha-
lamocortical axons at the ventral telencephalon,” Journal of
Neuroscience, vol. 27, no. 50, article 13667, 13679 pages,
2007.

[54] B. Hitt, S. M. Riordan, L. Kukreja, W. A. Eimer, T. W.
Rajapaksha, and R. Vassar, “β-Site amyloid precursor protein
(APP)-cleaving enzyme 1 (BACE1)-deficient mice exhibit a
close homolog of L1 (CHL1) loss-of-function phenotype
involving axon guidance defects,” Journal of Biological Chem-
istry, vol. 287, no. 46, article 38408, 38425 pages, 2012.

[55] Q.-r. He, M. Cong, Q. Z. Chen et al., “Expression changes of
nerve cell adhesion molecules L1 and semaphorin 3A after
peripheral nerve injury,” Neural Regeneration Research,
vol. 11, no. 12, pp. 2025–2030, 2016.

[56] G. Keilhauer, A. Faissner, and M. Schachner, “Differential
inhibition of neurone–neurone, neurone–astrocyte and
astrocyte–astrocyte adhesion by L1, L2 and N-CAM antibod-
ies,” Nature, vol. 316, no. 6030, pp. 728–730, 1985.

[57] R. Martini, Y. Xin, B. Schmitz, and M. Schachner, “The
L2/HNK-1 carbohydrate epitope is involved in the preferen-
tial outgrowth of motor neurons on ventral roots and motor

18 Neural Plasticity



nerves,” European Journal of Neuroscience, vol. 4, no. 7,
pp. 628–639, 1992.

[58] R. Martini, M. Schachner, and T. Brushart, “The L2/HNK-1
carbohydrate is preferentially expressed by previously motor
axon-associated Schwann cells in reinnervated peripheral
nerves,” Journal of Neuroscience, vol. 14, no. 11, pp. 7180–
7191, 1994.

[59] T. Becker, C. G. Becker, M. Schachner, and R. R. Bernhardt,
“Antibody to the HNK-1 glycoepitope affects fasciculation
and axonal pathfinding in the developing posterior lateral
line nerve of embryonic zebrafish,” Mechanisms of Develop-
ment, vol. 109, no. 1, pp. 37–49, 2001.

[60] J. T. Schmidt and M. Schachner, “Role for cell adhesion and
glycosyl (HNK-1 and oligomannoside) recognition in the
sharpening of the regenerating retinotectal projection in
goldfish,” Journal of Neurobiology, vol. 37, no. 4, pp. 659–
671, 1998.

[61] L. Ma, H.-F. Shen, Y.-Q. Shen, and M. Schachner, “The adhe-
sion molecule-characteristic HNK-1 carbohydrate contrib-
utes to functional recovery after spinal cord injury in adult
zebrafish,” Molecular Neurobiology, vol. 54, no. 5, pp. 3253–
3263, 2017.

[62] M. J. Katz and R. J. Lasek, “Substrate pathways which guide
growing axons in Xenopus embryos,” Journal of Comparative
Neurology, vol. 183, no. 4, pp. 817–831, 1979.

[63] M. J. Katz and R. J. Lasek, “Invited review: guidance cue pat-
terns and cell migration in muiticeliuiar organisms,” Cell
Motility, vol. 1, no. 1, pp. 141–157, 1980.

[64] M. J. Katz and R. J. Lasek, “Substrate pathways demonstrated
by transplanted Mauthner axons,” Journal of Comparative
Neurology, vol. 195, no. 4, pp. 627–641, 1981.

[65] G. Gallo, F. B. Lefcort, and P. C. Letourneau, “The trkA
receptor mediates growth cone turning toward a localized
source of nerve growth factor,” Journal of Neuroscience,
vol. 17, no. 14, pp. 5445–5454, 1997.

[66] T. Yamashita, K. L. Tucker, and Y.-A. Barde, “Neurotrophin
binding to the p75 receptor modulates Rho activity and axo-
nal outgrowth,” Neuron, vol. 24, no. 3, pp. 585–593, 1999.

[67] S. Gehler, A. E. Shaw, P. D. Sarmiere, J. R. Bamburg, and
P. C. Letourneau, “Brain-derived neurotrophic factor regu-
lation of retinal growth cone filopodial dynamics is medi-
ated through actin depolymerizing factor/cofilin,” Journal
of Neuroscience, vol. 24, no. 47, article 10741, 10749 pages,
2004.

[68] H. Paves and M. Saarma, “Neurotrophins as in vitro growth
cone guidance molecules for embryonic sensory neurons,”
Cell and Tissue Research, vol. 290, no. 2, pp. 285–297, 1997.

[69] R. Gundersen and J. Barrett, “Neuronal chemotaxis: chick
dorsal-root axons turn toward high concentrations of nerve
growth factor,” Science, vol. 206, no. 4422, pp. 1079-1080,
1979.

[70] G. W. Hoyle, E. H. Mercer, R. D. Palmiter, and R. L. Brinster,
“Expression of NGF in sympathetic neurons leads to exces-
sive axon outgrowth from ganglia but decreased terminal
innervation within tissues,” Neuron, vol. 10, no. 6,
pp. 1019–1034, 1993.

[71] B. M. Marsick, K. C. Flynn, M. Santiago-Medina, J. R.
Bamburg, and P. C. Letourneau, “Activation of ADF/cofilin
mediates attractive growth cone turning toward nerve growth
factor and netrin-1,” Developmental Neurobiology, vol. 70,
no. 8, pp. 565–588, 2010.

[72] D. Mortimer, J. Feldner, T. Vaughan et al., “ABayesian model
predicts the response of axons to molecular gradients,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 106, no. 25, pp. 10296–10301,
2009.

[73] G. C. Catig, S. Figueroa, and M. J. Moore, “Experimental and
computational models of neurite extension at a choice point
in response to controlled diffusive gradients,” Journal of
Neural Engineering, vol. 12, no. 4, article 046012, 2015.

[74] A. M. McCormick, N. A. Jarmusik, and N. D. Leipzig, “Co-
immobilization of semaphorin3A and nerve growth factor
to guide and pattern axons,” Acta Biomaterialia, vol. 28,
pp. 33–44, 2015.

[75] H. Yu, J. Liu, J. Ma, and L. Xiang, “Local delivery of controlled
released nerve growth factor promotes sciatic nerve regener-
ation after crush injury,” Neuroscience Letters, vol. 566,
pp. 177–181, 2014.

[76] H. Zhang, F. Wu, X. Kong et al., “Nerve growth factor
improves functional recovery by inhibiting endoplasmic
reticulum stress-induced neuronal apoptosis in rats with spi-
nal cord injury,” Journal of Translational Medicine, vol. 12,
no. 1, p. 130, 2014.

[77] Y.-Z. Zhao, X. Jiang, J. Xiao et al., “Using NGF heparin-
poloxamer thermosensitive hydrogels to enhance the nerve
regeneration for spinal cord injury,” Acta Biomaterialia,
vol. 29, pp. 71–80, 2016.

[78] L. Aloe, P. Bianchi, A. de Bellis, M. Soligo, and M. L. Rocco,
“Intranasal nerve growth factor bypasses the blood-brain bar-
rier and affects spinal cord neurons in spinal cord injury,”
Neural Regeneration Research, vol. 9, no. 10, pp. 1025–1030,
2014.

[79] P. Ernfors, K.-F. Lee, and R. Jaenisch, “Mice lacking brain-
derived neurotrophic factor develop with sensory deficits,”
Nature, vol. 368, no. 6467, pp. 147–150, 1994.

[80] S. Cohen-Cory, A. H. Kidane, N. J. Shirkey, and S. Marshak,
“Brain-derived neurotrophic factor and the development of
structural neuronal connectivity,” Developmental Neurobiol-
ogy, vol. 70, no. 5, pp. 271–288, 2010.

[81] T. J. Chen, S. Gehler, A. E. Shaw, J. R. Bamburg, and P. C.
Letourneau, “Cdc42 participates in the regulation of
ADF/cofilin and retinal growth cone filopodia by brain
derived neurotrophic factor,” Journal of Neurobiology,
vol. 66, no. 2, pp. 103–114, 2006.

[82] Y. Li, Y.-C. Jia, K. Cui et al., “Essential role of TRPC channels
in the guidance of nerve growth cones by brain-derived neu-
rotrophic factor,” Nature, vol. 434, no. 7035, pp. 894–898,
2005.

[83] S. Liu, B. Sandner, T. Schackel et al., “Regulated viral BDNF
delivery in combination with Schwann cells promotes axonal
regeneration through capillary alginate hydrogels after spinal
cord injury,” Acta Biomaterialia, vol. 60, pp. 167–180,
2017.

[84] J. Zheng, J. Sun, X. Lu, P. Zhao, K. Li, and L. Li, “BDNF pro-
motes the axonal regrowth after sciatic nerve crush through
intrinsic neuronal capability upregulation and distal portion
protection,” Neuroscience Letters, vol. 621, pp. 1–8, 2016.

[85] S. Han, B. Wang,W. Jin et al., “The collagen scaffold with col-
lagen binding BDNF enhances functional recovery by facili-
tating peripheral nerve infiltrating and ingrowth in canine
complete spinal cord transection,” Spinal Cord, vol. 52,
no. 12, pp. 867–873, 2014.

19Neural Plasticity



[86] M. Sasaki, C. Radtke, A. M. Tan et al., “BDNF-hypersecreting
humanmesenchymal stem cells promote functional recovery,
axonal sprouting, and protection of corticospinal neurons
after spinal cord injury,” The Journal of Neuroscience,
vol. 29, no. 47, pp. 14932–14941, 2009.

[87] K. Fouad, D. J. Bennett, R. Vavrek, and A. Blesch, “Long-term
viral brain-derived neurotrophic factor delivery promotes
spasticity in rats with a cervical spinal cord hemisection,”
Frontiers in Neurology, vol. 4, p. 187, 2013.

[88] H.-j. Song, G.-l. Ming, and M.-m. Poo, “cAMP-induced
switching in turning direction of nerve growth cones,”
Nature, vol. 388, no. 6639, pp. 275–279, 1997.

[89] H. Peterziel, T. Paech, J. Strelau, K. Unsicker, and
K. Krieglstein, “Specificity in the crosstalk of TGFβ/GDNF
family members is determined by distinct GFR alpha recep-
tors,” Journal of Neurochemistry, vol. 103, no. 6, pp. 2491–
2504, 2007.

[90] C. Charoy, H. Nawabi, F. Reynaud et al., “gdnf activates
midline repulsion by semaphorin3B via NCAM during
commissural axon guidance,” Neuron, vol. 75, no. 6,
pp. 1051–1066, 2012.

[91] D. Bonanomi, O. Chivatakarn, G. Bai et al., “Ret is a multi-
functional coreceptor that integrates diffusible- and contact-
axon guidance signals,” Cell, vol. 148, no. 3, pp. 568–582,
2012.

[92] L. M. Marquardt, X. Ee, N. Iyer et al., “Finely tuned temporal
and spatial delivery of GDNF promotes enhanced nerve
regeneration in a long nerve defect model,” Tissue Engineer-
ing Part A, vol. 21, no. 23-24, pp. 2852–2864, 2015.

[93] L. T. Alto, L. A. Havton, J. M. Conner, E. R. Hollis II,
A. Blesch, and M. H. Tuszynski, “Chemotropic guidance
facilitates axonal regeneration and synapse formation after
spinal cord injury,” Nature Neuroscience, vol. 12, no. 9,
pp. 1106–1113, 2009.

[94] D. A. Houweling, A. J. Lankhorst, W. H. Gispen, P. R. Bär,
and E. A. J. Joosten, “Collagen containing neurotrophin-3
(NT-3) attracts regrowing injured corticospinal axons in the
adult rat spinal cord and promotes partial functional recov-
ery,” Experimental Neurology, vol. 153, no. 1, pp. 49–59,
1998.

[95] J. P. Zanin, N. L. Battiato, and R. A. Rovasio, “Neurotrophic
factor NT-3 displays a non-canonical cell guidance signaling
function for cephalic neural crest cells,” European Journal of
Cell Biology, vol. 92, no. 8-9, pp. 264–279, 2013.

[96] T. Serafini, S. A. Colamarino, E. D. Leonardo et al., “Netrin-1
is required for commissural axon guidance in the developing
vertebrate nervous system,” Cell, vol. 87, no. 6, pp. 1001–
1014, 1996.

[97] A. B. Huber, A. L. Kolodkin, D. D. Ginty, and J.-F. Cloutier,
“Signaling at the growth cone: ligand-receptor complexes
and the control of axon growth and guidance,” Annual
Review of Neuroscience, vol. 26, no. 1, pp. 509–563, 2003.

[98] R. Harris, L. M. Sabatelli, andM. A. Seeger, “Guidance cues at
the Drosophila CNS midline: identification and characteriza-
tion of two Drosophila netrin/UNC-6 homologs,” Neuron,
vol. 17, no. 2, pp. 217–228, 1996.

[99] S. A. Colamarino and M. Tessier-Lavigne, “The axonal
chemoattractant netrin-1 is also a chemorepellent for troch-
lear motor axons,” Cell, vol. 81, no. 4, pp. 621–629, 1995.

[100] G.-l. Ming, H.-j. Song, B. Berninger, C. E. Holt, M. Tessier-
Lavigne, and M.-m. Poo, “cAMP-dependent growth cone

guidance by netrin-1,” Neuron, vol. 19, no. 6, pp. 1225–
1235, 1997.

[101] J. M. Bin, D. Han, K. Lai Wing Sun et al., “Complete loss of
netrin-1 results in embryonic lethality and severe axon guid-
ance defects without increased neural cell death,” Cell
Reports, vol. 12, no. 7, pp. 1099–1106, 2015.

[102] S. S.-Y. Chan, H. Zheng, M. W. Su et al., “UNC-40, a C. ele-
gans homolog of DCC (deleted in colorectal cancer), is
required in motile cells responding to UNC-6 netrin cues,”
Cell, vol. 87, no. 2, pp. 187–195, 1996.

[103] E. M. Hedgecock, J. G. Culotti, and D. H. Hall, “The unc-5,
unc-6, and unc-40 genes guide circumferential migrations
of pioneer axons and mesodermal cells on the epidermis in
C. elegans,” Neuron, vol. 4, no. 1, pp. 61–85, 1990.

[104] E. M. Ratcliffe, S. U. Setru, J. J. Chen, Z. S. Li, F. D'autréaux,
and M. D. Gershon, “Netrin/DCC-mediated attraction of
vagal sensory axons to the fetal mouse gut,” Journal of
Comparative Neurology, vol. 498, no. 5, pp. 567–580,
2006.

[105] J. R. de la Torre, V. H. Höpker, G.-l. Ming et al., “Turning
of retinal growth cones in a netrin-1 gradient mediated by
the netrin receptor DCC,” Neuron, vol. 19, no. 6,
pp. 1211–1224, 1997.

[106] V. Lakhina, C. L. Marcaccio, X. Shao et al., “Netrin/DCC sig-
naling guides olfactory sensory axons to their correct location
in the olfactory bulb,” Journal of Neuroscience, vol. 32, no. 13,
pp. 4440–4456, 2012.

[107] K. Keino-Masu, M. Masu, L. Hinck et al., “Deleted in colorec-
tal cancer (DCC) encodes a netrin receptor,” Cell, vol. 87,
no. 2, pp. 175–185, 1996.

[108] E. Stein, Y. Zou, M. Poo, and M. Tessier-Lavigne, “Binding of
DCC by netrin-1 to mediate axon guidance independent of
adenosine A2B receptor activation,” Science, vol. 291,
no. 5510, pp. 1976–1982, 2001.

[109] D. C. Merz, H. Zheng, M. T. Killeen, A. Krizus, and J. G.
Culotti, “Multiple signaling mechanisms of the UNC-
6/netrin receptors UNC-5 and UNC-40/DCC in vivo,”
Genetics, vol. 158, no. 3, pp. 1071–1080, 2001.

[110] A. Ly, A. Nikolaev, G. Suresh, Y. Zheng, M. Tessier-Lavigne,
and E. Stein, “DSCAM is a netrin receptor that collaborates
with DCC in mediating turning responses to netrin-1,” Cell,
vol. 133, no. 7, pp. 1241–1254, 2008.

[111] G. Liu, W. Li, L. Wang et al., “DSCAM functions as a netrin
receptor in commissural axon pathfinding,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 106, no. 8, pp. 2951–2956, 2009.

[112] E. D. Leonardo, L. Hinck, M. Masu, K. Keino-Masu, S. L.
Ackerman, and M. Tessier-Lavigne, “Vertebrate homologues
of C. elegans UNC-5 are candidate netrin receptors,” Nature,
vol. 386, no. 6627, pp. 833–838, 1997.

[113] K. Hong, L. Hinck, M. Nishiyama, M.-m. Poo, M. Tessier-
Lavigne, and E. Stein, “A ligand-gated association between
cytoplasmic domains of UNC5 and DCC family receptors
converts netrin-induced growth cone attraction to repul-
sion,” Cell, vol. 97, no. 7, pp. 927–941, 1999.

[114] N. Levy-Strumpf and J. G. Culotti, “VAB-8, UNC-73 and
MIG-2 regulate axon polarity and cell migration functions
of UNC-40 in C. elegans,” Nature Neuroscience, vol. 10,
no. 2, pp. 161–168, 2007.

[115] Y. Yang, W. S. Lee, X. Tang, and W. G. Wadsworth, “Extra-
cellular matrix regulates UNC-6 (netrin) axon guidance by

20 Neural Plasticity



controlling the direction of intracellular UNC-40 (DCC)
outgrowth activity,” PLoS One, vol. 9, no. 5, article e97258,
2014.

[116] J. C. Hao, C. E. Adler, L. Mebane, F. B. Gertler, C. I.
Bargmann, and M. Tessier-Lavigne, “The tripartite motif
protein MADD-2 functions with the receptor UNC-40
(DCC) in netrin-mediated axon attraction and branch-
ing,” Developmental Cell, vol. 18, no. 6, pp. 950–960, 2010.

[117] C. E. Adler, R. D. Fetter, and C. I. Bargmann, “UNC-6/netrin
induces neuronal asymmetry and defines the site of axon
formation,” Nature Neuroscience, vol. 9, no. 4, pp. 511–518,
2006.

[118] A. D. Norris and E. A. Lundquist, “UNC-6/netrin and its
receptors UNC-5 and UNC-40/DCC modulate growth cone
protrusion in vivo in C. elegans,” Development, vol. 138,
no. 20, pp. 4433–4442, 2011.

[119] K. Xu, Z. Wu, N. Renier et al., “Structures of netrin-1 bound
to two receptors provide insight into its axon guidance mech-
anism,” Science, vol. 344, no. 6189, pp. 1275–1279, 2014.

[120] J. Lv, X. Sun, J. Ma et al., “Netrin-1 induces the migration of
Schwann cells via p38 MAPK and PI3K-Akt signaling
pathway mediated by the UNC5B receptor,” Biochemical
and Biophysical Research Communications, vol. 464, no. 1,
pp. 263–268, 2015.

[121] H. K. Lee, I. A. Seo, E. Seo, S.-Y. Seo, H. J. Lee, and H. T. Park,
“Netrin-1 induces proliferation of Schwann cells through
Unc5b receptor,” Biochemical and Biophysical Research Com-
munications, vol. 362, no. 4, pp. 1057–1062, 2007.

[122] A.-L. Cattin and A. C. Lloyd, “The multicellular complexity
of peripheral nerve regeneration,” Current Opinion in Neuro-
biology, vol. 39, pp. 38–46, 2016.

[123] G. Newquist, J. M. Drennan, M. Lamanuzzi, K. Walker, J. C.
Clemens, and T. Kidd, “Blocking apoptotic signaling rescues
axon guidance in netrin mutants,” Cell Reports, vol. 3, no. 3,
pp. 595–606, 2013.

[124] C. Dominici, J. A. Moreno-Bravo, S. R. Puiggros et al., “Floor-
plate-derived netrin-1 is dispensable for commissural axon
guidance,” Nature, vol. 545, no. 7654, pp. 350–354, 2017.

[125] S. G. Varadarajan, J. H. Kong, K. D. Phan et al., “Netrin1 pro-
duced by neural progenitors, not floor plate cells, is required
for axon guidance in the spinal cord,” Neuron, vol. 94, no. 4,
pp. 790–799.e3, 2017.

[126] C. Qu, W. Li, Q. Shao et al., “c-Jun N-terminal kinase 1
(JNK1) is required for coordination of netrin signaling in
axon guidance,” Journal of Biological Chemistry, vol. 288,
no. 3, pp. 1883–1895, 2013.

[127] C. Qu, T. Dwyer, Q. Shao, T. Yang, H. Huang, and G. Liu,
“Direct binding of TUBB3 with DCC couples netrin-1 signal-
ing to intracellular microtubule dynamics in axon outgrowth
and guidance,” Journal of Cell Science, vol. 126, no. 14,
pp. 3070–3081, 2013.

[128] A. L. Kolodkin, D. J. Matthes, and C. S. Goodman, “The
semaphorin genes encode a family of transmembrane and
secreted growth cone guidance molecules,” Cell, vol. 75,
no. 7, pp. 1389–1399, 1993.

[129] M. L. Winberg, J. N. Noordermeer, L. Tamagnone et al.,
“Plexin A is a neuronal semaphorin receptor that controls
axon guidance,” Cell, vol. 95, no. 7, pp. 903–916, 1998.

[130] F. Nakamura, R. G. Kalb, and S. M. Strittmatter, “Molecular
basis of semaphorin-mediated axon guidance,” Journal of
Neurobiology, vol. 44, no. 2, pp. 219–229, 2000.

[131] F. Suto, K. Ito, M. Uemura et al., “Plexin-A4 mediates axon-
repulsive activities of both secreted and transmembrane
semaphorins and plays roles in nerve fiber guidance,” Journal
of Neuroscience, vol. 25, no. 14, pp. 3628–3637, 2005.

[132] Z. He and M. Tessier-Lavigne, “Neuropilin is a receptor for
the axonal chemorepellent semaphorin III,” Cell, vol. 90,
no. 4, pp. 739–751, 1997.

[133] B. Rohm, A. Ottemeyer, M. Lohrum, and A. W. Püschel,
“Plexin/neuropilin complexes mediate repulsion by the axo-
nal guidance signal semaphorin 3A,”Mechanisms of Develop-
ment, vol. 93, no. 1-2, pp. 95–104, 2000.

[134] I. Västrik, B. J. Eickholt, F. S. Walsh, A. Ridley, and
P. Doherty, “Sema3A-induced growth-cone collapse is medi-
ated by Rac1 amino acids 17–32,” Current Biology, vol. 9,
no. 18, pp. 991–998, 1999.

[135] S. Barão, A. Gärtner, E. Leyva-Díaz et al., “Antagonistic
effects of BACE1 and APH1B-γ-secretase control axonal
guidance by regulating growth cone collapse,” Cell Reports,
vol. 12, no. 9, pp. 1367–1376, 2015.

[136] K.-Y. Wu, M. He, Q. Q. Hou et al., “Semaphorin 3A activates
the guanosine triphosphatase Rab5 to promote growth cone
collapse and organize callosal axon projections,” Science
Signaling, vol. 7, no. 340, p. ra81, 2014.

[137] S. Takagi, T. Tsuji, T. Amagai, T. Takamatsu, and
H. Fujisawa, “Specific cell surface labels in the visual centers
of Xenopus laevis tadpole identified using monoclonal anti-
bodies,” Developmental Biology, vol. 122, no. 1, pp. 90–100,
1987.

[138] K. Ohta, A. Mizutani, A. Kawakami et al., “Plexin: a novel
neuronal cell surface molecule that mediates cell adhesion
via a homophilic binding mechanism in the presence of
calcium ions,” Neuron, vol. 14, no. 6, pp. 1189–1199,
1995.

[139] H. Hu, T. F. Marton, and C. S. Goodman, “Plexin B mediates
axon guidance in Drosophila by simultaneously inhibiting
active Rac and enhancing RhoA signaling,” Neuron, vol. 32,
no. 1, pp. 39–51, 2001.

[140] L. S. Gammill, C. Gonzalez, C. Gu, and M. Bronner-Fraser,
“Guidance of trunk neural crest migration requires neuropi-
lin 2/semaphorin 3F signaling,” Development, vol. 133,
no. 1, pp. 99–106, 2006.

[141] L. S. Gammill, C. Gonzalez, and M. Bronner-Fraser, “Neuro-
pilin 2/semaphorin 3F signaling is essential for cranial neural
crest migration and trigeminal ganglion condensation,”
Developmental Neurobiology, vol. 67, no. 1, pp. 47–56, 2007.

[142] H. Gerhardt, C. Ruhrberg, A. Abramsson, H. Fujisawa,
D. Shima, and C. Betsholtz, Developmental Dynamics,
vol. 231, no. 3, pp. 503–509, 2004.

[143] H. Chen, A. Bagri, J. A. Zupicich et al., “Neuropilin-2 regu-
lates the development of select cranial and sensory nerves
and hippocampal mossy fiber projections,” Neuron, vol. 25,
no. 1, pp. 43–56, 2000.

[144] Q. Schwarz, J. M. Vieira, B. Howard, B. J. Eickholt, and
C. Ruhrberg, “Neuropilin 1 and 2 control cranial gangliogen-
esis and axon guidance through neural crest cells,” Develop-
ment, vol. 135, no. 9, pp. 1605–1613, 2008.

[145] I. Andermatt, N. H. Wilson, T. Bergmann et al., “Semaphorin
6B acts as a receptor in post-crossing commissural axon guid-
ance,” Development, vol. 141, no. 19, pp. 3709–3720, 2014.

[146] S. Jeong, K. Juhaszova, and A. L. Kolodkin, “The control of
semaphorin-1a-mediated reverse signaling by opposing

21Neural Plasticity



pebble and RhoGAPp190 functions in Drosophila,” Neuron,
vol. 76, no. 4, pp. 721–734, 2012.

[147] M. Hernandez-Fleming, E. W. Rohrbach, and G. J. Bashaw,
“Sema-1a reverse signaling promotes midline crossing in
response to secreted semaphorins,” Cell Reports, vol. 18,
no. 1, pp. 174–184, 2017.

[148] Y.-S. Lim, T. McLaughlin, T.-C. Sung, A. Santiago, K.-F. Lee,
and D. D. M. O'Leary, “p75NTR mediates ephrin-A reverse
signaling required for axon repulsion and mapping,” Neuron,
vol. 59, no. 5, pp. 746–758, 2008.

[149] I. Dudanova, T.-J. Kao, J. E. Herrmann, B. Zheng, A. Kania,
and R. Klein, “Genetic evidence for a contribution of
EphA: ephrinA reverse signaling to motor axon guidance,”
Journal of Neuroscience, vol. 32, no. 15, pp. 5209–5215,
2012.

[150] C. A. Cowan, N. Yokoyama, A. Saxena et al., “Ephrin-B2
reverse signaling is required for axon pathfinding and
cardiac valve formation but not early vascular develop-
ment,” Developmental Biology, vol. 271, no. 2, pp. 263–271,
2004.

[151] J. O. Bush and P. Soriano, “Ephrin-B1 regulates axon
guidance by reverse signaling through a PDZ-dependent
mechanism,” Genes & Development, vol. 23, no. 13,
pp. 1586–1599, 2009.

[152] T. Sato, T. Hamaoka, H. Aizawa, T. Hosoya, and
H. Okamoto, “Genetic single-cell mosaic analysis implicates
ephrinB2 reverse signaling in projections from the posterior
tectum to the hindbrain in zebrafish,” Journal of Neurosci-
ence, vol. 27, no. 20, pp. 5271–5279, 2007.

[153] A. Palmer, M. Zimmer, K. S. Erdmann et al., “EphrinB phos-
phorylation and reverse signaling: regulation by Src kinases
and PTP-BL phosphatase,” Molecular Cell, vol. 9, no. 4,
pp. 725–737, 2002.

[154] A. Chisholm and M. Tessier-Lavigne, “Conservation and
divergence of axon guidance mechanisms,” Current Opinion
in Neurobiology, vol. 9, no. 5, pp. 603–615, 1999.

[155] J. Huot, “Ephrin signaling in axon guidance,” Progress in
Neuro-Psychopharmacology and Biological Psychiatry,
vol. 28, no. 5, pp. 813–818, 2004.

[156] Y. Zhu, S. Guthrie, and F. Murakami, “Ephrin A/EphA con-
trols the rostral turning polarity of a lateral commissural tract
in chick hindbrain,” Development, vol. 133, no. 19, pp. 3837–
3846, 2006.

[157] M. Torii, P. Rakic, and P. Levitt, “Role of EphA/ephrin-A sig-
naling in the development of topographic maps in mouse
corticothalamic projections,” Journal of Comparative Neurol-
ogy, vol. 521, no. 3, pp. 626–637, 2013.

[158] E. Birgbauer, S. F. Oster, C. G. Severin, and D. W. Sretavan,
Development, vol. 128, no. 15, pp. 3041–3048, 2001.

[159] S. R. Kadison, T. Mäkinen, R. Klein, M. Henkemeyer, and
Z. Kaprielian, “EphB receptors and ephrin-B3 regulate axon
guidance at the ventral midline of the embryonic mouse spi-
nal cord,” Journal of Neuroscience, vol. 26, no. 35, pp. 8909–
8914, 2006.

[160] K. Kullander, S. D. Croll, M. Zimmer et al., “Ephrin-B3 is the
midline barrier that prevents corticospinal tract axons from
recrossing, allowing for unilateral motor control,” Genes &
Development, vol. 15, no. 7, pp. 877–888, 2001.

[161] H. Wegmeyer, J. Egea, N. Rabe et al., “EphA4-dependent
axon guidance is mediated by the RacGAP α2-chimaerin,”
Neuron, vol. 55, no. 5, pp. 756–767, 2007.

[162] G. Gatto, D. Morales, A. Kania, and R. Klein, “EphA4 recep-
tor shedding regulates spinal motor axon guidance,” Current
Biology, vol. 24, no. 20, pp. 2355–2365, 2014.

[163] S. Wahl, H. Barth, T. Ciossek, K. Aktories, and B. K. Mueller,
“Ephrin-A5 induces collapse of growth cones by activating
Rho and Rho kinase,” The Journal of Cell Biology, vol. 149,
no. 2, pp. 263–270, 2000.

[164] N. Noraz, I. Jaaoini, C. Charoy et al., “Syk kinases are
required for spinal commissural axon repulsion at the mid-
line via the ephrin/Eph pathway,” Development, vol. 143,
no. 12, pp. 2183–2193, 2016.

[165] S. Poliak, D. Morales, L. P. Croteau et al., “Synergistic integra-
tion of netrin and ephrin axon guidance signals by spinal
motor neurons,” eLife, vol. 4, 2015.

[166] J. Gong, R. Körner, L. Gaitanos, and R. Klein, “Exosomes
mediate cell contact–independent ephrin-Eph signaling dur-
ing axon guidance,” The Journal of Cell Biology, vol. 214,
no. 1, pp. 35–44, 2016.

[167] S. Parrinello, I. Napoli, S. Ribeiro et al., “EphB signaling
directs peripheral nerve regeneration through Sox2-
dependent Schwann cell sorting,” Cell, vol. 143, no. 1,
pp. 145–155, 2010.

[168] M. P. Clements, E. Byrne, L. F. Camarillo Guerrero et al.,
“The wound microenvironment reprograms Schwann cells
to invasive mesenchymal-like cells to drive peripheral nerve
regeneration,” Neuron, vol. 96, no. 1, pp. 98–114.e7, 2017.

[169] S. Joly, N. Jordi, M. E. Schwab, and V. Pernet, “The ephrin
receptor EphA4 restricts axonal sprouting and enhances
branching in the injured mouse optic nerve,” European Jour-
nal of Neuroscience, vol. 40, no. 7, pp. 3021–3031, 2014.

[170] J. M. Rothberg, J. R. Jacobs, C. S. Goodman, and S. Artavanis-
Tsakonas, “slit: an extracellular protein necessary for
development of midline glia and commissural axon pathways
contains both EGF and LRR domains,” Genes & Develop-
ment, vol. 4, no. 12a, pp. 2169–2187, 1990.

[171] W. Wu, K. Wong, J.-H. Chen et al., “Directional guidance of
neuronal migration in the olfactory system by the protein
Slit,” Nature, vol. 400, no. 6742, pp. 331–336, 1999.

[172] R. Battye, A. Stevens, and J. R. Jacobs, “Axon repulsion from
the midline of the Drosophila CNS requires slit function,”
Development, vol. 126, no. 11, pp. 2475–2481, 1999.

[173] M. Seeger, G. Tear, D. Ferres-Marco, and C. S. Goodman,
“Mutations affecting growth cone guidance in drosophila:
genes necessary for guidance toward or away from the mid-
line,” Neuron, vol. 10, no. 3, pp. 409–426, 1993.

[174] W. Yuan, L. Zhou, J.-h. Chen, J. Y. Wu, Y. Rao, and D. M.
Ornitz, “The mouse SLIT family: secreted ligands for ROBO
expressed in patterns that suggest a role in morphogenesis
and axon guidance,” Developmental Biology, vol. 212, no. 2,
pp. 290–306, 1999.

[175] K. Brose, K. S. Bland, K. H. Wang et al., “Slit proteins bind
Robo receptors and have an evolutionarily conserved role in
repulsive axon guidance,” Cell, vol. 96, no. 6, pp. 795–806,
1999.

[176] T. Kidd, K. S. Bland, and C. S. Goodman, “Slit is the midline
repellent for the Robo receptor in Drosophila,” Cell, vol. 96,
no. 6, pp. 785–794, 1999.

[177] H.-S. Li, J. H. Chen, W. Wu et al., “Vertebrate slit, a secreted
ligand for the transmembrane protein roundabout, is a repel-
lent for olfactory bulb axons,” Cell, vol. 96, no. 6, pp. 807–818,
1999.

22 Neural Plasticity



[178] J. H. Simpson, T. Kidd, K. S. Bland, and C. S. Goodman,
“Short-range and long-range guidance by Slit and its Robo
receptors,” Neuron, vol. 28, no. 3, pp. 753–766, 2000.

[179] H. Hu, “Cell-surface heparan sulfate is involved in the repul-
sive guidance activities of Slit2 protein,”Nature Neuroscience,
vol. 4, no. 7, pp. 695–701, 2001.

[180] M. Inatani, F. Irie, A. S. Plump, M. Tessier-Lavigne, and
Y. Yamaguchi, “Mammalian brain morphogenesis and mid-
line axon guidance require heparan sulfate,” Science,
vol. 302, no. 5647, pp. 1044–1046, 2003.

[181] K. H. Wang, K. Brose, D. Arnott et al., “Biochemical purifica-
tion of a mammalian Slit protein as a positive regulator of
sensory axon elongation and branching,” Cell, vol. 96, no. 6,
pp. 771–784, 1999.

[182] K. G. Johnson, A. Ghose, E. Epstein, J. Lincecum, M. B.
O'Connor, and D. Van Vactor, “Axonal heparan sulfate
proteoglycans regulate the distribution and efficiency of the
repellent Slit during midline axon guidance,” Current Biology,
vol. 14, no. 6, pp. 499–504, 2004.

[183] C. R. Blanchette, P. N. Perrat, A. Thackeray, and C. Y.
Bénard, “Glypican is a modulator of netrin-mediated axon
guidance,” PLoS Biology, vol. 13, no. 7, article e1002183,
2015.

[184] M. Kim, A. P. Roesener, P. R. F. Mendonca, and G. S.
Mastick, “Robo1 andRobo2 have distinct roles in pioneer lon-
gitudinal axon guidance,” Developmental Biology, vol. 358,
no. 1, pp. 181–188, 2011.

[185] P. Zelina, H. Blockus, Y. Zagar et al., “Signaling switch of the
axon guidance receptor Robo3 during vertebrate evolution,”
Neuron, vol. 84, no. 6, pp. 1258–1272, 2014.

[186] L. Li, S. Liu, Y. Lei, Y. Cheng, C. Yao, and X. Zhen, “Robo3.1A
suppresses Slit-mediated repulsion by triggering degradation
of Robo2,” Journal of Neuroscience Research, vol. 92, no. 7,
pp. 835–846, 2014.

[187] E. Stein and M. Tessier-Lavigne, “Hierarchical organization
of guidance receptors: silencing of netrin attraction by Slit
through a Robo/DCC receptor complex,” Science, vol. 291,
no. 5510, pp. 1928–1938, 2001.

[188] M. Kim, W. Farmer, B. Bjorke et al., “Pioneer midbrain lon-
gitudinal axons navigate using a balance of netrin attraction
and Slit repulsion,” Neural Development, vol. 9, no. 1, p. 17,
2014.

[189] C. Delloye-Bourgeois, A. Jacquier, C. Charoy et al., “PlexinA1
is a new Slit receptor and mediates axon guidance function of
Slit C-terminal fragments,” Nature Neuroscience, vol. 18,
no. 1, pp. 36–45, 2015.

[190] M. Zecca, K. Basler, and G. Struhl, “Direct and long-range
action of a wingless morphogen gradient,” Cell, vol. 87,
no. 5, pp. 833–844, 1996.

[191] C.-L. Pan, J. E. Howell, S. G. Clark et al., “Multiple Wnts and
frizzled receptors regulate anteriorly directed cell and growth
cone migrations in Caenorhabditis elegans,” Developmental
Cell, vol. 10, no. 3, pp. 367–377, 2006.

[192] S. Yoshikawa, R. D. McKinnon, M. Kokel, and J. B. Thomas,
“Wnt-mediated axon guidance via the Drosophila Derailed
receptor,” Nature, vol. 422, no. 6932, pp. 583–588,
2003.

[193] T. R. Keeble, M. M. Halford, C. Seaman et al., “The Wnt
receptor Ryk is required for Wnt5a-mediated axon guidance
on the contralateral side of the corpus callosum,” Journal of
Neuroscience, vol. 26, no. 21, pp. 5840–5848, 2006.

[194] A. I. Lyuksyutova, C.-C. Lu, N. Milanesio et al., “Anterior-
posterior guidance of commissural axons by Wnt-frizzled
signaling,” Science, vol. 302, no. 5652, pp. 1984–1988, 2003.

[195] L. Jing, J. L. Lefebvre, L. R. Gordon, and M. Granato, “Wnt
signals organize synaptic prepattern and axon guidance
through the zebrafish unplugged/MuSK receptor,” Neuron,
vol. 61, no. 5, pp. 721–733, 2009.

[196] B. I. Hutchins, L. Li, and K. Kalil, “Wnt/calcium signaling
mediates axon growth and guidance in the developing corpus
callosum,” Developmental Neurobiology, vol. 71, no. 4,
pp. 269–283, 2011.

[197] S. Kurimoto, J. Jung, M. Tapadia et al., “Activation of the
Wnt/β-catenin signaling cascade after traumatic nerve
injury,” Neuroscience, vol. 294, pp. 101–108, 2015.

[198] A. K. Patel, K. K. Park, and A. S. Hackam, “Wnt signaling
promotes axonal regeneration following optic nerve injury
in the mouse,” Neuroscience, vol. 343, pp. 372–383, 2017.

[199] J. P. Rodriguez, M. Coulter, J. Miotke, R. L. Meyer,
K.-I. Takemaru, and J. M. Levine, “Abrogation of β-catenin
signaling in oligodendrocyte precursor cells reduces glial
scarring and promotes axon regeneration after CNS
injury,” Journal of Neuroscience, vol. 34, no. 31, article 10285,
10297 pages, 2014.

[200] P. E. Herman, A. Papatheodorou, S. A. Bryant et al., “Highly
conserved molecular pathways, including Wnt signaling,
promote functional recovery from spinal cord injury in
lampreys,” Scientific Reports, vol. 8, no. 1, p. 742, 2018.

[201] L. Li, T. Fothergill, B. I. Hutchins, E. W. Dent, and K. Kalil,
“Wnt5a evokes cortical axon outgrowth and repulsive
guidance by tau mediated reorganization of dynamic micro-
tubules,” Developmental Neurobiology, vol. 74, no. 8,
pp. 797–817, 2014.

[202] A. Dwivedy, F. B. Gertler, J. Miller, C. E. Holt, and
C. Lebrand, “Ena/VASP function in retinal axons is required
for terminal arborization but not pathway navigation,”Devel-
opment, vol. 134, no. 11, pp. 2137–2146, 2007.

[203] M. Santiago-Medina, K. A. Gregus, and T. M. Gomez, “PAK-
PIX interactions regulate adhesion dynamics and membrane
protrusion to control neurite outgrowth,” Journal of Cell
Science, vol. 126, no. 5, pp. 1122–1133, 2013.

[204] K. Onishi, B. Shafer, C. Lo, F. Tissir, A. M. Goffinet, and
Y. Zou, “Antagonistic functions of Dishevelleds regulate
Frizzled3 endocytosis via filopodia tips in Wnt-mediated
growth cone guidance,” Journal of Neuroscience, vol. 33,
no. 49, article 19071, 19085 pages, 2013.

[205] A. Okada, F. Charron, S. Morin et al., “Boc is a receptor for
sonic hedgehog in the guidance of commissural axons,”
Nature, vol. 444, no. 7117, pp. 369–373, 2006.

[206] L. Sánchez-Arrones, F. Nieto-Lopez, C. Sánchez-Camacho
et al., “Shh/Boc signaling is required for sustained generation
of ipsilateral projecting ganglion cells in the mouse retina,”
Journal of Neuroscience, vol. 33, no. 20, pp. 8596–8607,
2013.

[207] P. J. Fabre, T. Shimogori, and F. Charron, “Segregation of
ipsilateral retinal ganglion cell axons at the optic chiasm
requires the Shh receptor Boc,” Journal of Neuroscience,
vol. 30, no. 1, pp. 266–275, 2010.

[208] J. Peng, P. J. Fabre, T. Dolique et al., “Sonic hedgehog is a
remotely produced cue that controls axon guidance trans-
axonally at a midline choice point,” Neuron, vol. 97, no. 2,
pp. 326–340.e4, 2018.

23Neural Plasticity



[209] Q. Gong, H. Chen, and A. I. Farbman, “Olfactory sensory
axon growth and branching is influenced by sonic hedgehog,”
Developmental Dynamics, vol. 238, no. 7, pp. 1768–1776,
2009.

[210] D. Huangfu and K. V. Anderson, “Signaling from Smo to
Ci/Gli: conservation and divergence of Hedgehog pathways
from Drosophila to vertebrates,” Development, vol. 133,
no. 1, pp. 3–14, 2006.

[211] F. Charron, E. Stein, J. Jeong, A. P. McMahon, and
M. Tessier-Lavigne, “The morphogen sonic hedgehog is an
axonal chemoattractant that collaborates with netrin-1 in
midline axon guidance,” Cell, vol. 113, no. 1, pp. 11–23,
2003.

[212] P. T. Yam, S. D. Langlois, S. Morin, and F. Charron, “Sonic
hedgehog guides axons through a noncanonical, Src-family-
kinase-dependent signaling pathway,” Neuron, vol. 62,
no. 3, pp. 349–362, 2009.

[213] N. H.Wilson and E. T. Stoeckli, “Sonic hedgehog regulates its
own receptor on postcrossing commissural axons in a
glypican1-dependent manner,” Neuron, vol. 79, no. 3,
pp. 478–491, 2013.

[214] K. Onishi and Y. Zou, “Sonic hedgehog switches on
Wnt/planar cell polarity signaling in commissural axon
growth cones by reducing levels of Shisa2,” eLife, vol. 6,
article e25269, 2017.

[215] L. Lepelletier, S. D. Langlois, C. B. Kent et al., “Sonic hedge-
hog guides axons via zipcode binding protein 1-mediated
local translation,” Journal of Neuroscience, vol. 37, no. 7,
pp. 1685–1695, 2017.

[216] A. Augsburger, A. Schuchardt, S. Hoskins, J. Dodd, and
S. Butler, “BMPs as mediators of roof plate repulsion of com-
missural neurons,” Neuron, vol. 24, no. 1, pp. 127–141, 1999.

[217] S. J. Butler and J. Dodd, “A role for BMP heterodimers in roof
plate-mediated repulsion of commissural axons,” Neuron,
vol. 38, no. 3, pp. 389–401, 2003.

[218] Z. Wen, L. Han, J. R. Bamburg, S. Shim, G.-l. Ming, and J. Q.
Zheng, “BMP gradients steer nerve growth cones by a balan-
cing act of LIM kinase and slingshot phosphatase on ADF/co-
filin,” The Journal of Cell Biology, vol. 178, no. 1, pp. 107–119,
2007.

[219] K. Yamauchi, K. D. Phan, and S. J. Butler, “BMP type I recep-
tor complexes have distinct activities mediating cell fate and
axon guidance decisions,” Development, vol. 135, no. 6,
pp. 1119–1128, 2008.

[220] J. Liu, S. Wilson, and T. Reh, “BMP receptor 1b is required for
axon guidance and cell survival in the developing retina,”
Developmental Biology, vol. 256, no. 1, pp. 34–48, 2003.

[221] A. Miyake, Y. Mekata, H. Fujibayashi, K. Nakanishi,
M. Konishi, and N. Itoh, “Brorin is required for neurogenesis,
gliogenesis, and commissural axon guidance in the zebrafish
forebrain,” PLoS One, vol. 12, no. 4, article e0176036, 2017.

[222] V. Sharma, S. Roy, I. Sekler, and D. M. O'Halloran, “The
NCLX-type Na+/Ca2+ exchanger NCX-9 Is required for pat-
terning of neural circuits in Caenorhabditis elegans,” Journal
of Biological Chemistry, vol. 292, no. 13, pp. 5364–5377, 2017.

[223] T. Setoguchi, K. Nakashima, T. Takizawa et al., “Treatment of
spinal cord injury by transplantation of fetal neural precursor
cells engineered to express BMP inhibitor,” Experimental
Neurology, vol. 189, no. 1, pp. 33–44, 2004.

[224] I. Matsuura, J. Taniguchi, K. Hata, N. Saeki, and
T. Yamashita, “BMP inhibition enhances axonal growth and

functional recovery after spinal cord injury,” Journal of Neu-
rochemistry, vol. 105, no. 4, pp. 1471–1479, 2008.

[225] H. Zou, C. Ho, K. Wong, and M. Tessier-Lavigne, “Axotomy-
induced Smad1 activation promotes axonal growth in adult
sensory neurons,” The Journal of Neuroscience, vol. 29,
no. 22, pp. 7116–7123, 2009.

[226] P. Parikh, Y. Hao, M. Hosseinkhani et al., “Regeneration of
axons in injured spinal cord by activation of bone morphoge-
netic protein/Smad1 signaling pathway in adult neurons,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 108, no. 19, pp. E99–E107, 2011.

[227] H. Aizawa, S. Wakatsuki, A. Ishii et al., “Phosphoryla-
tion of cofilin by LIM-kinase is necessary for semaphorin
3A-induced growth cone collapse,” Nature Neuroscience,
vol. 4, no. 4, pp. 367–373, 2001.

[228] B. P. Liu and S. M. Strittmatter, “Semaphorin-mediated
axonal guidance via Rho-related G proteins,” Current
Opinion in Cell Biology, vol. 13, no. 5, pp. 619–626, 2001.

[229] Y. Uchida, T. Ohshima, Y. Sasaki et al., “Semaphorin3A
signalling is mediated via sequential Cdk5 and GSK3β
phosphorylation of CRMP2: implication of common phos-
phorylating mechanism underlying axon guidance and
Alzheimer’s disease,” Genes to Cells, vol. 10, no. 2, pp. 165–
179, 2005.

[230] H. Takamatsu, N. Takegahara, Y. Nakagawa et al., “Sema-
phorins guide the entry of dendritic cells into the lymphatics
by activating myosin II,” Nature Immunology, vol. 11, no. 7,
pp. 594–600, 2010.

[231] J. K. Atwal, K. K. Singh, M. Tessier-Lavigne, F. D. Miller, and
D. R. Kaplan, “Semaphorin 3F antagonizes neurotrophin-
induced phosphatidylinositol 3-kinase and mitogen-
activated protein kinase kinase signaling: a mechanism for
growth cone collapse,” Journal of Neuroscience, vol. 23,
no. 20, pp. 7602–7609, 2018.

[232] Y. Ito, I. Oinuma, H. Katoh, K. Kaibuchi, and M. Negishi,
“Sema4D/plexin-B1 activates GSK-3β through R-Ras GAP
activity, inducing growth cone collapse,” EMBO Reports,
vol. 7, no. 7, pp. 704–709, 2006.

[233] T.P.Newsome,S. Schmidt,G.Dietzl et al., “Triocombineswith
dock to regulate Pak activity during photoreceptor axon path-
finding inDrosophila,”Cell, vol. 101, no. 3, pp. 283–294, 2000.

[234] Y. Sasaki, C. Cheng, Y. Uchida et al., “Fyn and Cdk5 mediate
semaphorin-3A signaling, which is involved in regulation of
dendrite orientation in cerebral cortex,” Neuron, vol. 35,
no. 5, pp. 907–920, 2002.

[235] J. P. Myers, E. Robles, A. Ducharme-Smith, and T. M. Gomez,
“Focal adhesion kinase modulates Cdc42 activity down-
stream of positive and negative axon guidance cues,” Journal
of Cell Science, vol. 125, no. 12, pp. 2918–2929, 2012.

[236] N. Srivastava, M. A. Robichaux, G. Chenaux,
M. Henkemeyer, and C.W. Cowan, “EphB2 receptor forward
signaling controls cortical growth cone collapse via Nck
and Pak,” Molecular and Cellular Neuroscience, vol. 52,
pp. 106–116, 2013.

[237] S. M. Shamah,M. Z. Lin, J. L. Goldberg et al., “EphA receptors
regulate growth cone dynamics through the novel guanine
nucleotide exchange factor ephexin,” Cell, vol. 105, no. 2,
pp. 233–244, 2001.

[238] D. Nie, A. di Nardo, J. M. Han et al., “Tsc2-Rheb signaling
regulates EphA-mediated axon guidance,” Nature Neurosci-
ence, vol. 13, no. 2, pp. 163–172, 2010.

24 Neural Plasticity



[239] A. Briancon-Marjollet, A. Ghogha, H. Nawabi et al., “Trio
mediates netrin-1-induced Rac1 activation in axon out-
growth and guidance,” Molecular and Cellular Biology,
vol. 28, no. 7, pp. 2314–2323, 2008.

[240] G. X. Wang andM.-M. Poo, “Requirement of TRPC channels
in netrin-1-induced chemotropic turning of nerve growth
cones,” Nature, vol. 434, no. 7035, pp. 898–904, 2005.

[241] R. W. Gundersen and J. N. Barrett, “Characterization of the
turning response of dorsal root neurites toward nerve growth
factor,” The Journal of Cell Biology, vol. 87, no. 3, pp. 546–
554, 1980.

[242] R. P. Loudon, L. D. Silver, H. F. Yee Jr, and G. Gallo, “RhoA-
kinase and myosin II are required for the maintenance of
growth cone polarity and guidance by nerve growth factor,”
Journal of Neurobiology, vol. 66, no. 8, pp. 847–867, 2006.

[243] G.-L. Ming, H.-J. Song, B. Berninger, N. Inagaki, M. Tessier-
Lavigne, and M.-M. Poo, “Phospholipase C-γ and phosphoi-
nositide 3-kinase mediate cytoplasmic signaling in nerve
growth cone guidance,” Neuron, vol. 23, no. 1, pp. 139–148,
1999.

[244] B. J. Dickson, “Rho GTPases in growth cone guidance,” Cur-
rent Opinion in Neurobiology, vol. 11, no. 1, pp. 103–110,
2001.

[245] M. A. Robichaux and C. W. Cowan, “Signaling mechanisms
of axon gand early synaptogenesis,” in The Neurobiology of
Childhood, pp. 19–48, Springer, 2013.

[246] A. Schmidt and A. Hall, “Guanine nucleotide exchange
factors for Rho GTPases: turning on the switch,” Genes &
Development, vol. 16, no. 13, pp. 1587–1609, 2002.

[247] Y. Fujita and T. Yamashita, “Axon growth inhibition by
RhoA/ROCK in the central nervous system,” Frontiers in
Neuroscience, vol. 8, p. 338, 2014.

[248] J. C. Koch, L. Tönges, E. Barski, U. Michel, M. Bähr, and
P. Lingor, “ROCK2 is a major regulator of axonal degenera-
tion, neuronal death and axonal regeneration in the CNS,”
Cell Death & Disease, vol. 5, no. 5, article e1225, 2014.

[249] A. E. Fournier, B. T. Takizawa, and S. M. Strittmatter, “Rho
kinase inhibition enhances axonal regeneration in the injured
CNS,” Journal of Neuroscience, vol. 23, no. 4, pp. 1416–1423,
2003.

[250] J. F. Borisoff, C. C. M. Chan, G. W. Hiebert et al., “Suppres-
sion of Rho-kinase activity promotes axonal growth on inhib-
itory CNS substrates,” Molecular and Cellular Neuroscience,
vol. 22, no. 3, pp. 405–416, 2003.

[251] L. Luo, L. Y. Jan, and Y.-N. Jan, “Rho family small GTP-
binding proteins in growth cone signalling,” Current Opinion
in Neurobiology, vol. 7, no. 1, pp. 81–86, 1997.

[252] V. Pernet, S. Joly, N. Jordi et al., “Misguidance and modula-
tion of axonal regeneration by Stat3 and Rho/ROCK signal-
ing in the transparent optic nerve,” Cell Death & Disease,
vol. 4, no. 7, p. e734, 2013.

[253] P. Lappalainen, M. M. Kessels, M. J. T. V. Cope, and D. G.
Drubin, “The ADF homology (ADF-H) domain: a highly
exploited actin-binding module,” Molecular Biology of the
Cell, vol. 9, no. 8, pp. 1951–1959, 1998.

[254] M. Maekawa, T. Ishizaki, S. Boku et al., “Signaling from Rho
to the actin cytoskeleton through protein kinases ROCK and
LIM-kinase,” Science, vol. 285, no. 5429, pp. 895–898,
1999.

[255] S. Tilve, F. Difato, and E. Chieregatti, “Cofilin 1 activation
prevents the defects in axon elongation and guidance induced

by extracellular alpha-synuclein,” Scientific Reports, vol. 5,
no. 1, article 16524, 2015.

[256] L. C. Sanders, F. Matsumura, G. M. Bokoch, and P. de
Lanerolle, “Inhibition of myosin light chain kinase by
p21-activated kinase,” Science, vol. 283, no. 5410,
pp. 2083–2085, 1999.

[257] M. Amano, K. Chihara, N. Nakamura et al., “Myosin II
activation promotes neurite retraction during the action
of Rho and Rho-kinase,” Genes to Cells, vol. 3, no. 3,
pp. 177–188, 1998.

[258] N. Arimura, N. Inagaki, K. Chihara et al., “Phosphorylation
of collapsin response mediator protein-2 by Rho-kinase: evi-
dence for two separate signaling pathways for growth cone
collapse,” Journal of Biological Chemistry, vol. 275, no. 31,
article 23973, 23980 pages, 2000.

[259] L. Yao, Y.-H. Liu, X. Li et al., “CRMP1 interacted with Spy1
during the collapse of growth cones induced by Sema3A
and acted on regeneration after sciatic nerve crush,” Molecu-
lar Neurobiology, vol. 53, no. 2, pp. 879–893, 2016.

[260] O. Bernard, “Lim kinases, regulators of actin dynamics,” The
International Journal of Biochemistry & Cell Biology, vol. 39,
no. 6, pp. 1071–1076, 2007.

[261] T.-L. Chew, R. A. Masaracchia, Z. M. Goeckeler, and R. B.
Wysolmerski, “Phosphorylation of non-muscle myosin II
regulatory light chain by p21-activated kinase (γ-PAK),”
Journal of Muscle Research & Cell Motility, vol. 19, no. 8,
pp. 839–854, 1998.

[262] K. Wong, X. R. Ren, Y. Z. Huang et al., “Signal transduction
in neuronal migration,” Cell, vol. 107, no. 2, pp. 209–221,
2001.

[263] E. D. Goley andM. D.Welch, “The ARP2/3 complex: an actin
nucleator comes of age,” Nature Reviews Molecular Cell Biol-
ogy, vol. 7, no. 10, pp. 713–726, 2006.

[264] G. A. Strasser, N. A. Rahim, K. E. VanderWaal, F. B. Gertler,
and L. M. Lanier, “Arp2/3 is a negative regulator of growth
cone Translocation,” Neuron, vol. 43, no. 1, pp. 81–94,
2004.

[265] J. E. San Miguel-Ruiz and P. C. Letourneau, “The role of
Arp2/3 in growth cone actin dynamics and guidance is sub-
strate dependent,” Journal of Neuroscience, vol. 34, no. 17,
pp. 5895–5908, 2014.

[266] N. K. Hussain, S. Jenna, M. Glogauer et al., “Endocytic
protein intersectin-l regulates actin assembly via Cdc42 and
N-WASP,” Nature Cell Biology, vol. 3, no. 10, pp. 927–932,
2001.

[267] M. Fukuoka, S. Suetsugu, H. Miki, K. Fukami, T. Endo, and
T. Takenawa, “A novel neural Wiskott-Aldrich syndrome
protein (N-Wasp) binding protein, Wish, induces Arp2/3
complex activation independent of Cdc42,” The Journal of
Cell Biology, vol. 152, no. 3, pp. 471–482, 2001.

[268] N. Tomasevic, Z. Jia, A. Russell et al., “Differential regulation
ofWASP and N-WASP by Cdc42, Rac1, Nck, and PI(4,5)P2,”
Biochemistry, vol. 46, no. 11, pp. 3494–3502, 2007.

[269] D. C. Edwards, L. C. Sanders, G. M. Bokoch, and G. N. Gill,
“Activation of LIM-kinase by Pak1 couples Rac/Cdc42
GTPase signalling to actin cytoskeletal dynamics,” Nature
Cell Biology, vol. 1, no. 5, pp. 253–259, 1999.

[270] K. J. Christie, C. A. Webber, J. A. Martinez, B. Singh, and
D. W. Zochodne, “PTEN inhibition to facilitate intrinsic
regenerative outgrowth of adult peripheral axons,” Journal
of Neuroscience, vol. 30, no. 27, pp. 9306–9315, 2010.

25Neural Plasticity



[271] S. J. Henle, G. Wang, E. Liang, M. Wu, M. M. Poo, and J. R.
Henley, “Asymmetric PI(3,4,5)P3 and Akt signaling mediates
chemotaxis of axonal growth cones,” Journal of Neuroscience,
vol. 31, no. 19, pp. 7016–7027, 2011.

[272] S. J. Henle, L. P. Carlstrom, T. R. Cheever, and J. R. Henley,
“Differential role of PTEN phosphatase in chemotactic
growth cone guidance,” Journal of Biological Chemistry,
vol. 288, no. 29, article 20837, 20842 pages, 2013.

[273] C. A. Danilov and O. Steward, “Conditional genetic deletion
of PTEN after a spinal cord injury enhances regenerative
growth of CST axons and motor function recovery in mice,”
Experimental Neurology, vol. 266, pp. 147–160, 2015.

[274] K. Du, S. Zheng, Q. Zhang et al., “Pten deletion promotes
regrowth of corticospinal tract axons 1 year after spinal cord
injury,” Journal of Neuroscience, vol. 35, no. 26, pp. 9754–
9763, 2015.

[275] Saijilafu, E. M. Hur, C. M. Liu, Z. Jiao, W. L. Xu, and F. Q.
Zhou, “PI3K–GSK3 signalling regulates mammalian axon
regeneration by inducing the expression of Smad1,” Nature
Communications, vol. 4, no. 1, p. 2690, 2013.

[276] G. Liu and T. Dwyer, “Microtubule dynamics in axon guid-
ance,”Neuroscience Bulletin, vol. 30, no. 4, pp. 569–583, 2014.

[277] X. Navarro, “Functional evaluation of peripheral nerve regen-
eration and target reinnervation in animal models: a critical
overview,” European Journal of Neuroscience, vol. 43, no. 3,
pp. 271–286, 2016.

[278] Q. Yan, J. W. Ruan, Y. Ding, W. J. Li, Y. Li, and Y. S. Zeng,
“Electro-acupuncture promotes differentiation of mesenchy-
mal stem cells, regeneration of nerve fibers and partial func-
tional recovery after spinal cord injury,” Experimental and
Toxicologic Pathology, vol. 63, no. 1-2, pp. 151–156, 2011.

[279] N. S. Hoang, C. Sar, J. Valmier, V. Sieso, and F. Scamps,
“Electro-acupuncture on functional peripheral nerve regen-
eration in mice: a behavioural study,” BMC Complementary
and Alternative Medicine, vol. 12, no. 1, p. 141, 2012.

26 Neural Plasticity


	A Subtle Network Mediating Axon Guidance: Intrinsic Dynamic Structure of Growth Cone, Attractive and Repulsive Molecular Cues, and the Intermediate Role of Signaling Pathways
	1. Introduction
	2. Growth Cone Motility
	3. Attractive and Repulsive Molecular Cues
	3.1. Neural Cell Adhesion Molecules (NCAMs)
	3.1.1. L1
	3.1.2. L2/HNK-1

	3.2. Guidance Cues
	3.2.1. Neurotrophic Factors
	3.2.2. Netrins (UNC-6)
	3.2.3. Semaphorins
	3.2.4. Ephrins
	3.2.5. Slit and Roundabout
	3.2.6. Morphogens as Nonconventional Guidance Cues


	4. Signaling Pathways
	4.1. GTPase-Related Pathways
	4.2. Phosphoinositides: PI3K/Akt Pathway

	5. Final Thoughts
	Conflicts of Interest
	Acknowledgments

