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Abstract

Developing neurons use a combination of guidance cues to assemble a functional neural network.
A variety of proteins immobilized within the extracellular matrix (ECM) provide specific binding
sites for integrin receptors on neurons. Integrin receptors on growth cones associate with a number
of cytosolic adaptor and signaling proteins that regulate cytoskeletal dynamics and cell adhesion.
Recent evidence suggests that soluble growth factors and classic axon guidance cues may direct
axon pathfinding by controlling integrin-based adhesion. Moreover, since classic axon guidance
cues themselves are immobilized within the ECM and integrins modulate cellular responses to
many axon guidance cues, interactions between activated receptors modulate cell signals and
adhesion. Ultimately, growth cones control axon outgrowth and pathfinding behaviors by
integrating distinct biochemical signals to promote the proper assembly of the nervous system. In
this review, we discuss our current understanding how ECM proteins and their associated integrin
receptors control neural network formation.
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Neuronal growth cones

Growth cones are sensory-motile specializations at the ends of extending axons and
dendrites of developing neurons (Figure 1). The proper assembly of the nervous system
depends on the ability of growth cones to detect molecular cues in their environment and
respond with guided process outgrowth (Dent and Gertler, 2003; Huber et al., 2003; Lowery
and Van Vactor, 2009). Growth cones express a variety of receptors at their cell surface and
even at the tips of filopodia (Letourneau and Shattuck, 1989; O'Donnell et al., 2009), which
bind extracellular ligands. Receptors function as adhesive contacts with the surrounding
environment, but also activate biochemical signals within growth cones. Receptors activate
signals that positively or negatively influence axon outgrowth and if locally generated,
graded signals within growth cones promote axon turning. Coordination between
biochemical signals and receptor adhesion is emerging as an important regulatory
mechanism to control axon pathfinding.

ECM composition and function

The ECM is composed of a heterogeneous mixture of glycoproteins and proteoglycans
(PGs), including laminin, fibronectin, collagen, tenascin and heparan sulfate PGs (Table 1).
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These ECM molecules are synthesized and secreted by neurons and supporting cells into the
interstitial spaces surrounding developing neurons. Large ECM proteins self-assemble to
become immobilized into a semi-rigid scaffold that supports cell adhesion and traction
forces. Importantly, both the mechanical and chemical properties of the ECM influence cell
motility (Venstrom and Reichardt, 1993; Letourneau et al., 1994). Different ECM proteins
have been shown to positively and negatively influence neurite outgrowth in vitro and in
vivo. While supporting axon outgrowth, some ECM proteins are also specifically targeted by
degradative proteases, providing an adaptable cellular substratum. Complicating matters
further, ECM molecules can bind smaller secreted proteins and work cooperatively with
soluble growth factors to influence axon outgrowth (Hynes, 2009). First we discuss our
current understanding for the roles of several key ECM proteins in the regulation of growth
cone motility and axon guidance. Later we discuss the integrin receptors used by developing
neurons to bind ECM components. Lastly, we discuss intracellular signaling by integrins in
cooperation with axon guidance cue receptors and the function of growth cone point
contacts. Note that due to space limitations we do not focus on PGs here, but direct readers
to recent reviews on this topic (Holt and Dickson, 2005; de Wit and Verhaagen, 2007).

Collagenous proteins were once viewed as simple structural and scaffolding molecules that
only add tensile strength to tissues. However, there are at least 28 different collagen proteins
in vertebrates that are expressed in tissue-specific patterns during development. These
diverse proteins play a number of direct and indirect roles in the development of the nervous
system ranging from adhesive ligands to differentiation factors to chemotropic agents.

Non-fibril-forming collagens and collagen-like proteins are widely expressed in both the
developing central and peripheral nervous system (CNS and PNS) (Fox, 2008; Hubert et al.,
2009), with some specific forms expressed by neurons (Sumiyoshi et al., 2001; Sund et al.,
2001; Fox et al., 2007; Hubert et al., 2007). A number of studies have shown collagens are
permissive substrata for neural cell migration, differentiation, and neurite outgrowth in
culture (Venstrom and Reichardt, 1993; Letourneau et al., 1994; Watanabe et al., 2007).
Collagens also provide cues that orient axon outgrowth to allow accurate axon pathfinding.
For example, a mutation in the cle-1 gene in C. elegans, a type XV/XVIII collagen
homologue expressed by motoneurons (MNSs), disrupts normal cell migration and motor
axon guidance (Ackley et al., 2001). The cle-1 mutation is a deletion of the COOH-terminal
endostatin domain termed the NC1 domain and could be rescued by ectopic expression of
the trimer-forming NC1 domain. Similarly, the drosophila multiplexin gene (dmp), which is
related to collagens XV and XVII1, has also been reported to have a role in motor axon
pathfinding that depends on its endostatin domain (Meyer and Moussian, 2009).

Collagen proteins have also been shown to play essential roles in axon guidance in
vertebrates. For example, in Zebrafish diwanka mutants, MN growth cones fail to exit the
spinal cord into the periphery (Granato et al., 1996; Zeller and Granato, 1999; Schneider and
Granato, 2006). diwanka mutations were found to be in a lysyl hydroxylase protein (LH3),
an enzyme with glycosyltransferase activity that modifies type XVIII collagen. Interestingly,
the glycosyltransferase activity of LH3 functions within adaxial cells to chemically modify
collagen XVIII that is deposited on the surface of the developing myotome. In this model,
collagen XVIII is glycosylated by LH3 and secreted into the ECM where it becomes a
suitable substratum to promote the exit of motor axons into the periphery. At later stages of
motor axon development, loss of another collagen disrupts proper pathfinding at
intermediate choice points in the peripheral myotome (Beattie et al., 2000). In the zebrafish
stumpy mutant, trunk motor axons stall at their intermediate targets. Positional cloning
revealed that stumpy contains a mutation in the zebrafish homolog of collagen XIXal.
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Collagen X1Xal expression was observed in a temporal and spatial pattern consistent with a
role in motor axon guidance at intermediate targets (Hilario et al.).

In addition to MN pathfinding, collagens also play roles in target recognition during
arborization of retino-tectal axons. In zebrafish embryos, retinal ganglion cell axons
terminate in one of four main retinorecipient tectal layers. In dragnet mutants, retinal axon
arbors are mistargeted within the tectum (Xiao et al., 2005; Xiao and Baier, 2007). The
dragnet gene encodes the a5 chain of collagen 1V, a network-forming non-fibrillar collagen.
Evidence suggest that col4a5 is required for axon targeting, but not pathfinding, as axons in
dragnet mutants reach appropriate retinorecipient tectal layers, but sprout promiscuously
into inappropriate layers. Interestingly, col4a5 mMRNA is absent from the tectal neurons, but
is expressed within the epidermal cells lining the tectum. Heparan sulfate PGs normally bind
collagen in the tectal basement membrane, but they are dispersed in the dragnet mutant.
These findings suggest that col4a5-containing basement membrane anchors secreted factors
that contribute to the proper targeting and confinement of retinal arbors to correct tectal
layers.

Laminins are heterotrimeric glycoproteins, consisting of o, B, and y subunits, which
assemble into a characteristic cruciform structure that is a major component of the ECM in
the developing and mature CNS (Venstrom and Reichardt, 1993; Letourneau et al., 1994)
(Table 1). Laminin (LN) is a large molecule with numerous biological functions, including
regulation of cell adhesion, motility and differentiation. Moreover, different afy subunits
assemble to form 15 unique LN isotypes with distinct functions. For example, LN-1
(a1plyl, LN-111) promotes robust axon outgrowth as a substratum for a variety of CNS and
PNS neurons in culture. However, LN isoforms vary in their tissue distribution and ability to
promote neuritogenesis (Plantman et al., 2008). In fact, some isoforms of LN, such as s-
laminin, which contains the 2 subunit, actively stabilize presynaptic MN terminals and
promote pre- and post-synaptic differentiation (Noakes et al., 1995; Son et al., 1999;
Nishimune et al., 2008) (see review in this issue by (Singhal and Martin, 2011). LN isoforms
stimulate axon extension primarily through adhesion and signaling downstream of integrin
receptors (Kuhn et al., 1995; Halfter, 1996; Patton et al., 1997; Adams et al., 2005), although
other receptors such as syndecans or dystroglycan may be involved in some neurons. A
number of in vitro studies have demonstrated that LN-1 acts not only as a simple permissive
substratum, but if provided locally, can direct growing axons (Gomez et al., 1995; Kuhn et
al., 1995; Halfter, 1996; Patton et al., 1997; Kuhn et al., 1998; Adams et al., 2005; Turney
and Bridgman, 2005).

While LN in isolation has potent effects on neuronal morphogenesis, it likely also functions
to modulate responses to axon guidance cues in vivo, as a number of studies have now
observed modulatory effects of LN in vitro. For example, LN-1 was shown to convert
chemoattraction of retinal ganglion cell (RGC) neurons toward netrin into repulsion (Hopker
et al., 1999), which may be due to reduced levels of cyclic AMP (cAMP) within growth
cones on LN. This switch may function at the optic nerve head (ONH), where netrin-1 is
enriched and axons turn sharply to exit the eye. As LN-1 is reduced within the ONH, but is
high within the optic fiber layer and optic stalk surrounding the ONH (Cohen et al., 1987),
netrin may transiently attract RGC axons into the ONH, but subsequently repel axons out of
the retina and into the optic stalk (Mann et al., 2004). The effects of the inhibitory factor
EphB is also LN-sensitive. EphB has no effect on RGC axons growing on the cell adhesion
molecule L1, but when cultured on a combined LN-L1 substratum, growth cones pause, but
remain dynamic in response to EphB (Suh et al., 2004). Interestingly, in the developing
visual pathway, L1 is present on retinal axons (Bartsch et al., 1989; Hankin and Lagenaur,
1994; Lyckman et al., 2000), while LN is expressed within the optic disc where RGC axons
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converge (Hopker et al., 1999). The presence of EphB in this region may therefore promote
growth cone pausing to ensure that RGC axons do not overshoot this exit point. Moreover,
pausing may allow sufficient time for growth cones to detect guidance molecules, such as
netrin-1 and switch their response to be repelled into the optic nerve (Deiner et al., 1997).
Growth cone pausing on LN in response to EphB may also be due to transient stabilization
of integrin-dependent adhesions ((Woo et al., 2009); see section on modulation of adhesion).

Similar to the studies described above, LN can also switch or nullify inhibitory axon
guidance cues. For example, ephrin-A5 is an important repulsive factor toward RGC axons,
which controls retinotectal topographic mapping through graded ligand and receptor
expression patterns. Consistent with this role, ephrin-AS5 is repulsive to retinal growth cones
on the ECM protein fibronectin. However, when cultured on LN, RGCs are attracted toward
a gradient of soluble ephrin-A5 (Weinl et al., 2003). Chemoattraction toward ephrin-A5 on
LN likely depends on the concentration of ephrin-A5 and nasal-temporal position of RGCs
(i.e. EphA expression), as higher concentrations of ephrin-A5 stall axon outgrowth by
temporal RGC axons on LN (Woo et al., 2009). LN also blocks the inhibitory effects of
myelin-associated glycoprotein (MAG) (David et al., 1995; Laforest et al., 2005), which is
responsible in part for limited regeneration by adult mammalian CNS neurons after injury
(Cafferty et al., 2010). These observations have important implications for axonal
regeneration in the adult mammalian CNS.

Analysis of LN mutants in a number of model systems provides strong evidence that LN is
necessary for proper axon guidance. A role for LN in axon guidance has been described in
C. elegans, Drosophila, zebrafish and mouse embryos (Garcia-Alonso et al., 1996;
Karlstrom et al., 1996; Forrester and Garriga, 1997; Huang et al., 2003; Paulus and Halloran,
2006; Chen et al., 2009), as well as with antibody perturbation studies in grasshopper
(Bonner and O'Connor, 2001). In C. elegans, LN has been shown to modulate the guidance
of two distinct neuronal populations. First, mutation in Unc-6, the worm orthologue of
netrin-1 and a LN-related protein, results in guidance errors of pioneer axons along the body
wall (Ishii et al., 1992). Another mutant in a LN o chain called epi-1 (epithelialization
defective), was shown to regulate the axonal extension of canal-associated neurons (CANSs)
(Forrester and Garriga, 1997). These neurons are born in the head and migrate to the middle
of the C. elegans embryo where they eventually extend ascending and descending axons.
While CANs of epi-1 mutants migrate to their proper location, their axons follow aberrant
pathways, suggesting that the LN a chain only has a role in axon guidance. In Drosophila,
the Laminin A (LamA) gene is responsible for ocellar pioneer axons to successfully reach
the brain once they exit the eye-antenna imaginal disc (Garcia-Alonso et al., 1996). In
vertebrates, the role for LN in development seems to be more profound. Analysis of
zebrafish bashful (bal)/LN-al mutants revealed that most CNS axon pathways are defective
(Karlstrom et al., 1996; Paulus and Halloran, 2006; Wolman et al., 2008). Many axon types,
including retinal ganglion cell axons, early forebrain axons, and hindbrain reticulospinal
axons, make directional decision pathfinding errors. Additionally, axon tracts in bal mutants
show defects in fasciculation, extension and increased branching. Interestingly, in contrast to
CNS axons, most peripheral axons appear normal in bal mutants. Two other zebrafish
mutants identified in a screen for retinal axon guidance defects, named grumpy (gup), and
sleepy, were subsequently shown to be mutants in LN subunits 1, and y1, respectively
(Karlstrom et al., 1996). In mouse, conditional knock-out of y1 subunits specifically in
cortical neurons results in profound defects in neuronal migration and morphogenesis (Chen
et al., 2009). While previously studies suggested that LN primarily functions in the pial
basement membrane (Halfter et al., 2002), this study shows that LN also supports migration
and process extension within the cortical plate. Interestingly, mutant cortical neurons even
exhibit axon outgrowth defects in vitro, suggesting that these neurons secrete their own
substratum to support axon extension in an autocrine manner.
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The tenascin (TN) family of oligomeric glycoproteins mediate neuron-glia interactions and
can exert both inhibitory and stimulatory effects on cell motility. The TN family contains
five known members, TN-C, TN-R, TN-X, TN-Y and TN-W (Table 1). However, only TN-
C, TN-R, TN-Y and TN-W have been detected in the developing CNS (Dorries and
Schachner, 1994; Dorries et al., 1996; Xiao et al., 1996; Faissner, 1997; Gotz et al., 1997;
Weber et al., 1998; Tucker et al., 1999; Treloar et al., 2009). Tenascin molecules are mainly
secreted by immature and reactive astrocytes, and by subsets of radial glia cells (Brodkey et
al., 1995; Kawano et al., 1995). In addition, a restricted number of immature neurons
produce TN, including granule cells in the hippocampus, some MNs of the spinal cord, as
well as a subset of neurons of the developing retina (Kawano et al., 1995; Bartsch, 1996).
Interestingly, while TN is absent from most regions of the normal adult brain, TN persists in
areas known to retain a high degree of plasticity, such as the hypothalamus and the olfactory
system, indicating a role in neuronal regeneration and axonal outgrowth throughout life
(Gonzalez and Silver, 1994).

Tenascin family proteins contain varying numbers of distinct functional domains that have
differential effects on specific neuronal sub-types (Jones and Jones, 2000). The amino
terminus is characterized by a series of cysteines and heptad repeats, which are involved in
multimerization, followed by a number of Epidermal Growth Factor (EGF)-like repeats and
several fibronectin type I11 (FN-111)-like modules. The carboxy terminus of TN displays
sequences homologous to the fibrinogen B- and y-chains. Interestingly, specific TN domains
can have different effects on axon outgrowth. For example, the Epidermal Growth Factor
(EGF)-like region of TN-R is anti-adhesive to cells and inhibits neurite outgrowth, while
certain FN-111 domains of TN promote adhesion and axon outgrowth (Meiners et al., 1999).
Alternative splicing of the FN-I11 domains generates further diversity in TN. For example, at
least 9 alternatively spliced forms of TN-C have been identified, which occur at varying
frequency over development (Jones and Jones, 2000) and can have differential effects on
specific neuronal sub-types (Gotz et al., 1996). TN functional domains were determined
using targeted monoclonal antibodies that block neurite outgrowth but had no effect on its
anti-adhesive properties (Gotz et al., 1996; Kiernan et al., 1996). The inhibitory properties of
TN on axon outgrowth has been revealed using patterned substrata, where growth cones
choose between TN and growth promoting substratum such as LN (Faissner and Kruse,
1990; Faissner and Steindler, 1995; Neidhardt et al., 2003; Robles and Gomez, 2006). These
experimental paradigms reveal specific signals and cytoskeletal rearrangements that occur in
response to contact with TN (Williamson et al., 1996; Robles and Gomez, 2006). Specific
domains of TN can also differentially influence cellular sub-compartments, such as the cell
body, axons and dendrites (Dorries et al., 1996).

The role of TN in vivo is less well understood, but several studies suggest that TNs may
have a role in fine-tuning neuronal connections and synaptogenesis, as seen in TN-C
knockout mice, which display abnormalities in motor coordination and exploratory behavior
(Fukamauchi et al., 1996; Kiernan et al., 1999). Additionally, mice with mutant TN-R
display decreased axonal conduction velocities in the CNS (Weber et al., 1999). In the
developing optic system of zebrafish, a reduction in TN-R expression causes excessive
axonal branching of the optic tract, implicating a contact-repellent function for TN-R
(Becker et al., 2003). Similarly, in the mouse olfactory system, TN-C is believed to function
as an inhibitory boundary molecule to restrict olfactory sensory neuron growth in the
developing olfactory bulb (Treloar et al., 2009). In contrast, recent evidence suggests that
TN-C in the injured spinal cord of adult zebrafish promotes axonal regrowth (Yu et al.,
2011). These widely differing functional effects of TN can likely be attributed to the specific
receptors expressed by neurons (Table 1). In fact, forced over-expression of a9 integrin
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subunits allows regeneration of adult rat DRG neurons on TN-C ((Andrews et al., 2009) and
see review in this issue by (Kwok and Fawcett, 2011)).

Fibronectin (FN) is widely expressed within the ECM of the CNS and PNS and functions in
neuronal cell adhesion, migration and outgrowth during development and regeneration
(Venstrom and Reichardt, 1993; Letourneau et al., 1994) (see review in this issue by
(Gardiner, 2011). Like other ECM molecules, FN is structurally complex, containing several
functional domains. The arginine-glycine-aspartic acid (RGD)-containing domain, located
near the middle of the molecule is recognized by several integrins. FN is expressed in
spatially and temporally dynamic patterns in regions of active morphogenesis in the spinal
cord and cortical subplate (Stewart and Pearlman, 1987; Chun and Shatz, 1988). In the
earliest stages of cortical development, FN is produced by cells in the ventricular zone
throughout the telencephalic vesicle, where it may serve as a component of the local
environment that supports cell division and determines cell fate (Pearlman and Sheppard,
1996). It is also distributed along radial glial processes in close association with preplate
neurons. Additionally, FN is produced by migrating neurons that target specific cortical
domains, suggesting that it may help neurons discriminate between adjacent glial guides
(Pearlman and Sheppard, 1996).

A supportive role for FN in neuronal survival, differentiation and morphogenesis comes
from a number of cell culture studies. For example, FN promotes neural stem cell
proliferation and migration (Jacques et al., 1998), neuronal survival (Millaruelo et al., 1988),
stimulates neurite outgrowth (Bozyczko and Horwitz, 1986) and promotes adhesion of
sensory neurons (Muller et al., 1995; Venstrom and Reichardt, 1995). Moreover, when given
a choice between FN and LN on patterned substrata, DRG and spiral ganglion neuron
growth cones exhibit behavioral changes indicating a preference for one substratum over
another (Gomez and Letourneau, 1994; Evans et al., 2007). FN also modulates the responses
of DRG neurons to the inhibitory effects of chondroitin sulfate proteoglycan (CSPG), as
growth cone response to CSPG boundaries differ on FN compared with LN (Hynds and
Snow, 2001). Similarly, the response of neurons to gradients of classic guidance cues such
as netrin and ephrin-A5 differ for neurons growing upon FN versus LN (Hopker et al., 1999;
Weinl et al., 2003). While these results suggest that FN can have a significant influence on
the guidance of axons, it is not known if similar functions for FN occur in vivo.

ECM proteolysis regulates axon guidance

An additional level of control of cell matility and axon outgrowth by the ECM occurs
through targeted cleavage of ECM components. Although still poorly understood, there is
good evidence that the ECM is actively remodeled to reveal or disrupt integrin binding sites.
These processes occur through the activity of proteolytic enzymes such as the matrix
metalloproteases (MMPs), the A Disintegrin and Metalloproteases (ADAMS) and
plasminogens (reviewed in: (Yong et al., 2001; McFarlane, 2003; Rivera et al., 2010)).
Invasive cells such as metastatic carcinoma cells are known to use degradative proteases to
promote their migration into tissues (Poincloux et al., 2009) and similar processes are
expected in developing neurons. Matrix proteases were once believed to regulate axon
extension by simply degrading the surrounding matrix to create a passage for axonal
outgrowth (Muir, 1994; Zuo et al., 1998; Ethell and Ethell, 2007; Gutierrez-Fernandez et al.,
2009; Sarig-Nadir and Seliktar, 2010). However, more recent studies performed both in vitro
and in vivo now suggest that proteolytic cleavage is directed toward specific ligands in the
environment, as well as receptors on growth cones to activate or terminate motility
(Fambrough et al., 1996; Schimmelpfeng et al., 2001; Webber et al., 2002; Hehr et al., 2005;
Chen et al., 2007). Other evidence suggests that matrix proteases act to reveal cryptic sites in
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molecules that are otherwise inert in axon guidance, as well as release neurotrophic factors
that may associate with the ECM (Yong et al., 2001; McFarlane, 2003). ADAMs are
particular intriguing, as these transmembrane proteins contain both a metalloprotease
domain and a disintegrin domain (Yang et al., 2006) and have been shown to function in
axon guidance. For example, inhibition of ADAM10 activity within the neuroepithelial cells
along the pathway of growing RGC axons leads to axon guidance errors (Hehr et al., 2005;
Chen et al., 2007). However, as the proteolytic activity of ADAMs is directed toward both
ECM proteins and axon guidance receptors, the specific cause of axon guidance defects
reported in ADAM loss of function experiment can be ambiguous. Moreover, the disintegrin
function of ADAMSs provides further complications, as this domain has been shown to both
activate and inactivate integrin receptors (Yang et al., 2006). A secreted form of ADAM
referred to as ADAMTS contains a conserved thrombospondin type 1-like repeat that binds
glycosaminoglycan side chains of PGs and may be involved in PG cleavage (Rivera et al.,
2010). While there has been bits of tantalizing data implicating MMP activity in the
regulation of axon guidance, much still remains unknown. For example, the molecular
mechanisms that control the location and activity of MMPs within growth cones are poorly
understood.

ECM receptors on growth cones

Integrins encode substratum specificity

Integrins are a family of heterodimeric receptors, composed of an a and B subunit, initially
characterized for their role in anchoring cells to the ECM (Hynes, 1996; Hynes, 2002).
Eighteen o and eight  subunits in humans have been identified to date, which assemble into
24 integrin heterodimers. The binding specificity of heterodimers is determined by the
affinity of the combined subunits. Many integrin subunits are expressed at high levels in
developing neurons, but most decline to low levels in the adult (Jones, 1996; Pinkstaff et al.,
1999). Interestingly, some regions of the nervous system maintain expression of integrin
subunits, where they regulate synaptic stability and plasticity (Schmid and Anton, 2003).
Moreover, adult hippocampal progenitor cells also express multiple integrin receptors,
which are necessary for their morphological differentiation (Harper et al., 2010).
Manipulation of integrin expression or function indicates that integrins function in neuronal
migration and axon extension in several CNS regions during development (Georges-
Labouesse et al., 1998; Becker et al., 2003; Harper et al., 2010; Marchetti et al., 2010). The
broad expression of multiple integrin subunits in developing neurons allows these neurons to
extend axons on a variety of ECM proteins (Table 1) (Pinkstaff et al., 1999; Gupton and
Gertler, 2010). Interestingly, ectopic expression of specific integrin sub-units is sufficient to
allow normally insensitive neurons to polarize on certain ECM substrata. As previously
described, this ability to promote axon outgrowth has been exploited in regenerating systems
by expressing a9 integrin in adult neurons that do not normally express this subunit
((Andrews et al., 2009) and see review in this issue by (Kwok and Fawcett, 2011)).
Significantly, this manipulation also improved regeneration in vivo. These results highlight
both the importance of understanding integrin function in development and their potential as
a therapeutic target after injury or disease.

Integrin receptor activation and trafficking

Integrins are activated upon ligand engagement and receptor clustering. Although still
poorly understood in nerve growth cones, inside-out signaling pathways that increase
integrin ligand affinity and promote clustering have been investigated in non-neuronal cells
(Moser et al., 2009) and are likely similar in growth cones. For example, an interaction with
the head domain of the scaffolding protein talin is necessary for integrin activation
(Tadokoro et al., 2003; Simonson et al., 2006). Loss or mutation of talin that prevents this
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interaction blocked activation of f1, f2, and $3-containing integrins. Structure-function
studies suggest that talin-binding changes the angle of the transmembrane segment of 3
integrins such that the head groups of integrin heterodimers are able to bind their ligands and
signal (Garcia-Alvarez et al., 2003; Wegener et al., 2007). Talin itself is a target of multiple
regulatory mechanisms (Legate and Fassler, 2009), some of which are known to operate in
axon guidance, such as calpain proteolysis (Robles et al., 2003). Although little is known
about how talin regulates growth cone motility or axon guidance, we find that it does target
to the tips of filopodia where B1 integrin also concentrates (unpublished observations and
(Gomez et al., 2001)), which consistent with its role in filopodial protrusion (Sydor et al.,
1996).

Integrin function in growth cones is regulated not only by ligand binding, but it also appears
to be regulated by receptor trafficking (Ezratty et al., 2009). During process extension,
growth cones must undergo constitutive exocytosis and endocytosis (Tojima et al., 2011).
Exocytosis in growth cones involves SNARE-dependent (VAMP-2, VAMP-4, VAMPT)
processes, while endocytosis involves both clathrin-dependent and independent mechanisms
(Eva et al., 2010; Racchetti et al., 2010; Tojima et al., 2011) . While it is unclear if integrin
receptors are specifically trafficked to the plasma membrane in response to environmental
cues, recent work showed that integrins activate VAMP-7 mediated exocytosis to promote
neuritogenesis by cortical neurons (Gupton and Gertler, 2010). Therefore, local activation of
integrins could direct axon outgrowth through targeted VAMP7-mediated exocytosis.
Similarly, asymmetric retrieval of membrane also orients axon outgrowth. Recent work
showed that a gradient of myelin-associated glyocprotein (MAG) resulted in repulsive
growth cone turning through local clathrin-dependent endocytosis of B1 integrin containing
vesicles (Hines et al., 2010). Together these results suggest that signals activated by
gradients of guidance cues may be locally amplified by directed insertion or retrieval of
integrin receptors.

Integrin co-receptors signal cross-talk

While most studies focus have focused on integrin receptors, the heparan sulfate
proteoglycan (HSPG) syndecan is also an important ECM receptor. Syndecans function as
co-receptors with certain integrins and are essential for focal adhesion formation by
fibroblasts on LN and FN (Morgan et al., 2007). Moreover, syndecans may serve a similar
function with growth factors (Lee and Chien, 2004) and are necessary for normal responses
to several guidance cues (Kantor et al., 2004; Lee et al., 2004; Matsumoto et al., 2007). In
particular, mutation of syndecan genes or enzymatic cleavage of their heparan chains results
in guidance defects to Slit in C. elegans (Rhiner et al., 2005), Drosophila (Johnson et al.,
2004; Steigemann et al., 2004), and mouse (Hu, 2001; Inatani et al., 2003). These studies
illustrate the complex nature of neuronal interactions with the ECM, which provides the
versatility necessary for the assembly of the nervous system. For further review, see (Lee
and Chien, 2004; Van Vactor et al., 2006) and the article by Broadie et al. in this issue.

Another important feature of integrin signaling is cross-talk with non-ECM receptors. In
particular, interactions between signals generated by integrins and neurotrophin receptors
have been recognized for years (Tucker and Mearow, 2008) and similar interactions with
axon guidance cue receptors are just being revealed ((Nakamoto et al., 2004); see below).
For example, embryonic DRG explants plated on FN or LN require Nerve Growth Factor
(NGF) for efficient growth (Millaruelo et al., 1988), whereas LN or FN alone can induce
axonogenesis from adult DRGs (Tucker et al., 2005). In embryonic and adult DRGs,
subpopulations of sensory neurons have distinctive requirements for ECM and NGF (Guan
et al., 2003; Tucker et al., 2006), which can be mediated by differential integrin expression
((Gardiner et al., 2005) and see review in this issue by (Gardiner, 2011)). These
subpopulations serve different sensory functions and their substratum preference may be a
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mechanism for proper innervation. The effects of NGF on axon outgrowth are integrin-
specific since a similar enhancement of outgrowth is not observed on L1, which also
supports axon extension (Liu et al., 2002). The convergence of integrin and neurotrophin
signaling may function to restrict sensory innervation in vivo, since LN and NGF together
result in segregation of axons between embryonic DRGs, whereas FN and NGF allow inter-
mingling of axons (Hari et al., 2004). One likely target that serves to integrate integrin and
growth factor generated signals are the non-receptor tyrosine kinases (NTKs), FAK and Src.
FAK binds to and is required for EGF stimulated cell motility on FN via its targeting to
focal adhesions (Sieg et al., 2000). Similarly, FAK and Src are activated downstream of
NGF and the FAK-mediated upregulation of integrin receptors is necessary for NGF-
enhancement of axon growth from DRGs (Tucker et al., 2005; Tucker et al., 2008). A role
for FAK downstream of growth factor receptors and integrins in both fibroblasts and
neurons, together with its recently described function downstream of several axon guidance
cue receptors (see below), suggests that FAK likely plays a critical role in axon pathfinding
in the developing embryo.

A dynamic protein network (adhesome) links integrin receptors to the ECM

Growth cones form adhesions to ECM proteins that resemble fibroblast focal contacts

Integrin receptors physically link cells to their immediate environment at distinct contact
points containing a large number of linkage and regulatory proteins. Structures such as focal
contacts (FCs) and focal adhesions (FAs) are highly complex and dynamic macromolecular
assemblies that link the actin cytoskeleton to ECM proteins through integrin receptors.
Studies that have largely focused on fibroblasts and epithelial cells have shown that
individual cells form distinct adhesion sites that serve unique functions. For example, FCs
are nascent adhesions that form first just behind the leading edge of lammelipodial and
filopodial protrusions and support transient sampling of the environment. In fibroblasts,
some FCs mature into larger and more stable FAs that support traction forces from cell to
ECM. Focal contacts and adhesions may contain upwards of 150 different proteins that are
interchanged and post-translationally modified during their lifetime within the integrin
adhesome (Zaidel-Bar et al., 2007).

Neuronal growth cones assemble dynamic adhesion complexes on ECM substrata similar to
fibroblast FCs. Live imaging of neurons expressing paxillin-mCherry and GFP-dSH2, a
fluorescent phosphotyrosine (PY) reporter, show that adhesions form within nascent
filopodial and lamellipodial protrusions, which remain fixed in position during growth cone
advance (Figure 2). While a subset of growth cone adhesions do stabilize and expand
rearward similar to fibroblast FAs (Woo and Gomez, 2006), distinct growth cone adhesions
have not been systematically classified since their morphological and kinetic features are not
as clearly distinguishable. Therefore, growth cone adhesions are collectively referred to as
point contacts (PCs) (Gomez et al., 1996; Renaudin et al., 1999; Robles and Gomez, 2006).
Retrospective immunofluorescent staining confirms that positionally stable growth cone PCs
colocalize with classic FA components such as B1-integrin, vinculin, and paxillin ((Robles
and Gomez, 2006) and unpublished observations). Vinculin and paxillin are adaptor proteins
that are involved in direct or indirect linking of actin filaments to the cytoplasmic tail of
integrin receptors (Figure 1). Consistent with this notion, adhesions often cluster along actin
filament bundles (Robles and Gomez, 2006), suggesting that PCs may mediate traction force
generation in growth cones. It is important to note that PCs have only been observed in
growth cones on ECM substrata and not in growth cones on non-biological substrata (glass
or PDL) or neural cell adhesion molecule (NCAM, unpublished observations).

Growth cone PCs also contain signaling proteins that modulate adhesion assembly and
disassembly and likely regulate a number of other important cellular functions. Two crucial
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proteins are the non-receptor tyrosine kinases (NTKSs), FAK and Src, which localize to point
contacts and are known to control the molecular composition of adhesion complexes in
motile cells by regulating protein-protein interactions (Robles and Gomez, 2006; Woo et al.,
2009). Importantly, these kinases are modulated downstream of a variety of receptors (Knoll
and Drescher, 2004; Li et al., 2004; Bechara et al., 2008) and interact with multiple
signaling pathways, suggesting their localization to PCs controls additional cellular
functions (Huveneers and Danen, 2009). The Rho family GTPases Rac1 and RhoA also
regulate the assembly and maturation of growth cone PCs downstream of integrin signaling
(Figure 3). In migrating fibroblasts, FC formation at the leading edge of lamellipodia and
filopodia are promoted by Rac1 activity (Rottner et al., 1999), while maturation into FAs
requires RhoA activity and actomyosin contraction (Chrzanowska-Wodnicka and Burridge,
1996). Consistent with the presence of distinct adhesion complexes in growth cones, Racl
was found to promote the assembly of transient point contacts, while RhoA was necessary to
stabilize existing PCs (Woo and Gomez, 2006). It is important to note that while PCs have
not yet been observed in neurons in vivo, loss of function of proteins involved in PC
assembly and turnover interferes with many aspects of normal neural development (Beggs et
al., 2003; Clegg et al., 2003; Rico et al., 2004; Robles and Gomez, 2006; Woo et al., 2009),
suggesting these adhesion complexes also play crucial roles in developing neurons in vivo.
For example, we find that midline crossing by spinal commissural interneurons and
retinotopic mapping by RGC is disrupted in FAK loss of function conditions (Robles and
Gomez, 2006; Woo et al., 2009).

As it appears that fibroblast and growth cone adhesions share many similarities, it follows
that many of the activities associated with fibroblast FAs and FCs also occur at growth cone
PCs. In fibroblasts and other non-neuronal cells, integrin-dependent adhesions have been
shown to not simply serve as anchorage points between the ECM and the cytoskeleton.
Rather, they function as active signaling centers, where a wide variety of proteins are
regulated to control diverse cellular functions (Zaidel-Bar et al., 2007). For example, PCs
may locally control actin polymerization by targeting factors such as Arp2/3, p130cas and
various GEFs and GAPs for Rho GTPases (Figure 3) (Cary et al., 1998; Huang et al., 2007;
Liu et al., 2007; Serrels et al., 2007; Tomar and Schlaepfer, 2009). FAs have also been
shown to colocalize with and organize caveoli-containing lipid rafts (Gaus et al., 2006),
which serve as a platform for diverse signaling events and are known to be necessary for
neurite outgrowth and growth cone chemotropism (Guirland et al., 2004; Langhorst et al.,
2008). In addition, vinculin, a fundamental component of FAs and growth cone PCs,
associates with proteins that target mMRNA and protein translation machinery to FAs
(Chicurel et al., 1998; Lee et al., 2009; Willett et al., 2009). As local protein translation was
found to be necessary for growth cone chemotropism (Campbell and Holt, 2001), it is
possible that PCs function to locally modulate protein translation in growth cones. While
PCs of growth cones share many similar functions as adhesion sites of motile non-neuronal
cells, it is likely that growth cone PCs will have many additional upstream modulators and
downstream activities given the profoundly complex roles growth cones serve in neural
network assembly and synapse formation.

Modulation of integrin-dependent adhesion by axon guidance cues

Several studies have demonstrated that axon guidance factors such as netrins, Semaphorins,
Slits and ephrins can promote or inhibit axon outgrowth by modulating integrin receptors or
their associated adhesion complexes (Nakamoto et al., 2004). Some guidance cues act
directly on integrin receptors, while others indirectly influence integrin-associated adhesion
complex proteins. As examples of direct effects on integrin receptors, both Semaphorin 7a
(Sema7a) and myelin-associated glycoprotein (MAG) contain integrin-binding RGD
sequences and function as ligands to activate integrin receptors (Pasterkamp et al., 2003;
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Goh et al., 2008). Interestingly, both MAG and Sema7a activate FAK downstream of
integrin binding, yet have opposite effects on axon outgrowth. Activation of FAK (and Src)
downstream of both growth promoting and inhibiting axon guidance cues is not uncommon
and is discussed further below. Briefly, activation of FAK by MAG may lead to adhesion
disassembly and subsequent integrin endocytosis, whereas Sema7a may promote adhesion
cycling without receptor endocytosis. A second myelin-associated protein, Nogo-A, inhibits
axon outgrowth and regeneration by directly inhibiting integrin receptors through an
unknown mechanism (Hu and Strittmatter, 2008). Several other guidance cues have been
shown to bind various integrin heterodimers in non-neuronal cells and neurons. For
example, neurotrophins (Staniszewska et al., 2008), Wnt5a (Kawasaki et al., 2007) and
netrin (Yebra et al., 2003) each can bind specific integrin heterodimers.

Netrin is particularly intriguing, as it is an important secreted axon guidance cue that works
in cooperation with integrin-ECM adhesion and signaling in several ways (Baker et al.,
2006). First, netrin was found to support cell adhesion by directly and independently binding
integrin and deleted in colorectal cancer (DCC) receptors (Yebra et al., 2003; Shekarabi et
al., 2005). Interestingly, netrin colocalizes with the basal lamina ECM in vivo and binds
purified ECM proteins in vitro, implying that secreted netrin may be immobilized within the
ECM (Yebra et al., 2003). Moreover, cortical GABAergic interneurons expressing a3/p1
integrin receptors bind directly to netrin, which is necessary for proper migration of these
neurons into the cortex (Stanco et al., 2009). However, integrin signaling also appears to
modulate netrin function downstream of DCC receptors, as chemotropic turning toward
netrin is sensitive to the ECM substratum (Hopker et al., 1999). Specifically, the study by
Hopker et al. found that attractive turning on FN or PDL was switched to repulsion when
neurons were plated on LN. Although substratum-dependent differences in CAMP/PKA/
Epac signaling within growth cones have been implicated (Ming et al., 1997; Nishiyama et
al., 2003; Murray et al., 2009), the exact mechanisms leading to bidirectional turning
responses are unknown.

Another intriguing link between integrin and DCC receptors is their common activation of
FAK and Src. The cytoplasmic tails of B1-containing integrin receptors interact with FAK in
combination with several other adhesion-related adaptor proteins (Legate and Fassler, 2009),
leading to FAK auto-phosphorylation at tyrosine 397 (Y397) and recruitment of Src (Figure
3). Similarly, three papers reported that netrin activates FAK and Src to promote DCC
tyrosine phosphorylation and FAK binding of DCC (Li et al., 2004; Liu et al., 2004; Ren et
al., 2004). It is noteworthy that both integrin adhesion proteins and DCC receptors bind
within the FAT domain of FAK. However, it remains unclear whether integrin and DCC
receptors utilize FAK in parallel, or if these receptors cooperate with or compete for FAK
function. Future studies should consider the growth substratum when testing the effects of
netrin. Lastly, integrin receptors were recently found to facilitate cell migration toward
netrin in C. elegans by targeting UNC-40 (DCC) receptors to the plasma membrane
(Hagedorn et al., 2009). This result suggests that integrins may associate with DCC in cis.

Semaphorins comprise a large family of secreted and membrane associated guidance cues
that influence both axon extension and cell motility by regulating integrin receptors and their
associated adhesion complexes. Semaphorins have diverse effects on cell motility, likely
owing to the wide variety of receptors and co-receptors that bind semaphorins. The primary
ligand-binding receptors for semaphorins are the plexins and neuropilins. However, a
number of associated receptors appear necessary for signal transduction and specific cellular
responses (Franco and Tamagnone, 2008). For example, Sema3A stimulates integrin-
dependent extension of hippocampal neuron dendrites by activating FAK (Schlomann et al.,
2009). FAK is not activated by Sema3A if integrins are not engaged, suggesting that active
FAK is associated with and may influence integrin adhesion complexes. Conversely, growth
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cone collapse and the repulsive effects of semaphorins on hippocampal axons do not appear
to require integrin engagement, since the effects of semaphorins could occur on non-integrin
binding substrata (Song et al., 1998; Schlomann et al., 2009). While modulation of integrin
receptors may not be necessary for the collapsing or repulsive effects of semaphorins, it is
still possible that integrins are involved in the normal inhibitory effects of semaphorins that
occur within cells on ECM proteins or in vivo. This possibility is supported by observations
that paxillin-containing PCs that form within growth cones on LN are rapidly disassembled
by soluble Sema3A (Woo and Gomez, 2006). Moreover, FAK is necessary for Sema3A-
induced collapse of cortical neurons, which depends on cis interactions between the cell
adhesion molecule L1 and neuropilin receptors and disassembly of paxillin containing
adhesions (Bechara et al., 2008).

The Eph/ephrins are probably the best characterized and most complex system of receptors/
ligands that regulate a number of important developmental functions through the control of
cell adhesion. Ephs and ephrins are cell surface molecules that function as both signaling
ligands and receptors and work cooperatively with integrin receptors. Eph proteins are
transmembrane receptor tyrosine kinases activated by ephrin ligands in forward signaling,
while ephrins are either transmembrane or GPl-anchored receptors reciprocally activated by
Eph ligands in reverse signaling (Pasquale, 2005). In non-neuronal cells, forward signaling
through Eph receptors has been shown to both activate and inhibit integrin-mediated cell
spreading and adhesion, suggesting that complex cellular conditions regulate Eph receptor
output (Miao et al., 2000; de Saint-Vis et al., 2003; Deroanne et al., 2003; Miao et al., 2005;
Prevost et al., 2005; Sharfe et al., 2008; Noren et al., 2009). The diversity of cellular effects
of ephrins likely result from activation of multiple possible signaling pathways affecting the
actin cytoskeleton and adhesion (Pasquale, 2008). Many Eph receptors activate Ras/Rho
family GTPases. For example, EphA receptors activate RhoA signaling through the Rho
GEF Ephexin (Shamah et al., 2001). More recently, NTK signaling has been identified as a
common pathway of both forward and reverse signaling. Src family kinases interact with
EphA receptors, phosphorylate Ephexin (Sahin et al., 2005) and are required for retinal
axons to respond to ephrin-A (Knoll and Drescher, 2004). In addition, several studies have
found that FAK can have diverse effects downstream of ephrins. EphrinA was shown to
increase FAK phosphorylation and promote cell migration or retraction in certain cell types
(Carter et al., 2002; Parri et al., 2007), but reduce FAK phosphorylation and decrease cell
adhesion and motility in other cells (Miao et al., 2000; Bourgin et al., 2007). In retinal
ganglion cell (RGC) growth cones, ephrin-Al activates FAK and Src (Woo et al., 2009) and
results in stabilization of integrin adhesions and stalled outgrowth. Interestingly, by
comparing active FAK in nasal versus temporal RGC growth cones, it appears that moderate
levels of active FAK correlate with maximal rates of outgrowth and changes above or below
this optimal set-point inhibit outgrowth. This may explain how ephrinA inhibits outgrowth
by temporal RGC axons, yet promotes outgrowth by nasal RGCs (Hansen et al., 2004; Woo
etal., 2009). It is also noteworthy that Eph receptors can physically interact with FAK and
other known integrin-associated adaptor proteins and localize to cellular focal adhesions
(Miao et al., 2000), suggesting these receptors may associate within a common protein
complex (Figure 3). Adding to this molecular complexity, forward and reverse Eph/ephrin
signaling within individual cells may function antagonistically toward integrin adhesion
(Sharfe et al., 2008).

The NTKs FAK and Src are necessary downstream of many growth promoting and
inhibiting axon guidance cues. How can these signaling kinases transduce opposing cellular
behaviors from different axon guidance cues? In the context of modulation of integrin-
dependent adhesion, several possible mechanisms could explain varying effects on cell
motility. First, the molecular targets of FAK/Src may depend on receptor activation. FAK/
Src normally target to and regulate integrin-based adhesion sites of cells on ECM substrata.
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However, upon stimulation with guidance cues, FAK and Src may associate with guidance
cue receptors (Li et al., 2004; Liu et al., 2004; Ren et al., 2004; Bechara et al., 2008; Shi et
al., 2009). As NTKSs can activate a number of different targets, including RhoA GEF and
GAP proteins (Tomar and Schlaepfer, 2009), NTK target specificity could be determined by
protein associations driven by receptor binding. In support of this possibility, treatment of
hippocampal neurons with ephrin B2 led to FAK dissociation from 3-containing integrins
and association with EphB2 receptors in dendritic spines (Shi et al., 2009). In this model,
activation of guidance cue receptors could further affect cell motility by drawing FAK/Src
away from integrin receptors. Alternatively, parallel signals activated by guidance cue
receptors may modulate permissive integrin-based adhesion dynamics. For example,
increased RhoA signaling by Ephexin may activate actomyosin contractility, which
stabilizes integrin adhesions (Lim et al., 2008).

Closing remarks

Cells navigate within their environment through coordination of leading edge membrane
protrusion/retraction and associated adhesion/de-adhesion of new protrusions. Extensive
research has focused on the molecular mechanisms that control membrane protrusion, but
far less is known about how adhesion influences cell motility. This is especially true for
neuronal growth cones, which are known to interact with a wide variety of ECM proteins,
cell adhesion molecules and soluble guidance factors. Signals activated by soluble or cell-
associated guidance cues likely influence growth cone motility by modulating adhesion to
the ECM and other cells. Cell adhesion can be controlled in a number of ways, such as
through receptor activation and clustering, or by modulating linkage with the cytoskeleton.
In addition, signals generated by integrin receptors likely reciprocally influence responses to
other axon guidance cues. This cross-talk between signals generated by adhesive integrin
receptors and axon guidance cue receptors can provide great versatility for pathway
selection by developing neurons. Further, adhesion to the ECM may not only stabilize
leading edge protrusions, but may provide tissue-specific mechanical signals to growth
cones (see review in this issue by (Moore and Sheetz, 2011)). Mechanical forces can
modulate ion channels and enzyme activity within cells. Accordingly, cell motility and axon
outgrowth are influenced by the elastic properties of the cell substratum (Lo et al., 2000;
Kostic et al., 2007). Since the elastic properties of tissues through which axons grow can
vary significantly (Discher et al., 2005), adhesion-dependent mechanosensors may provide
specific signals that guide axons. Future studies should focus on how guidance cues
influence axon outgrowth by modulating cell adhesion and examine the roles of integrin
adhesion dynamics, as well as mechanical signals in vivo.
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Figure 1. Growth cones assemble macromolecular adhesion complexes (point contacts) that link
ECM proteins to actin filaments

A. A Xenopus spinal neuron growth cone immuno-labelled for phospho-Tyr118-paxillin
(green) and F-actin (red). Note multiple point contact adhesions along actin filaments
(arrows). B. A Xenopus spinal neuron growth cone immuno-labelled for B-tubulin (green)
and F-actin (red). Note that microtubules may regulate the trafficking of vesicles containing
integrin and guidance cue receptors. Scale, 5 um. C. Schematic representation of a growth
cone (adapted from (Kamiguchi and Lemmon, 2000)) on the ECM with several integrin
receptors (blue) linked to actin filaments through adhesion complexes (green). Integrin
receptor trafficking within recycling endosomes (blue vesicles) along microtubules (dark
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green) may regulate axon guidance (see text for details) A guidance cue/growth factor
receptor is illustrated on the apical surface (orange). D. Schematic representation of key
molecular components of growth cone point contact adhesions. Integrin of heterodimeric
receptors (dark blue lines) bind to proteins within the ECM, such as Col, LN and FN.
Integrin activation leads to the assembly of multiple scaffolding proteins, such as talin,
paxillin and vinculin to the cytoplasmic tail of integrins. In addition, FAK and Src are
activated by clustering of integrin receptors, and they modulate the composition of
adhesions through phosphorylation of key residues that allow for binding of many additional
proteins (not shown). Several scaffolding proteins bind directly to actin filaments (red),
which is believed to restrain retrograde flow and allow the force of actin polymerization to
generate membrane protrusion. Guidance cue receptors (orange) can also regulate adhesion-
associated proteins through binding and activation of FAK and Src. Cross-talk through
FAKJ/Src signaling modulates adhesion assembly and turnover, as well as regulation of the
actin cytoskeleton.
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GFP-dSH2 (PY)

Figure 2. Two-channel total internal reflection fluorescence (TIRF) microscopy of
phosphotyrosine (PY) and paxillin in a living growth cone

This neuron is co-expressing GFP-dSH2 (green), which brightly labels regions containing
concentrated tyrosine-phosphorylated proteins and paxillin-mCherry (red), which labels
integrin-dependent adhesion sites. Note that only PY is concentrated at the tips of elongating
filopodia (solid white arrowheads mark one extending filopodium and open white
arrowheads mark a filopodium that extends then retracts), which appear green due to the
absence of paxillin. On the other hand, stable adhesions that contain both paxillin and PY
appear yellow throughout this time period (solid arrows). Stable adhesion likely contain
many other signaling and adaptor proteins, such as FAK and a-actinin. New adhesions often
form from retracting PY-positive filopodia that stabilize and cluster with paxillin (at open
arrowhead at 3 min) or by apparent simultaneous clustering of paxillin and PY-proteins
within nascent protrusions (open arrows). However, in some instances, paxillin appears to
cluster at adhesion sites independent of PY-containing proteins (red arrowheads). Scale, 10
pm.
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Figure 3. Cooperation between integrin-dependent signaling pathways and modulatory receptors
regulate growth cone motility by balancing Rho GTPase signaling

Integrins signal through a Src-FAK complex to promote membrane protrusion by elevating
Rac1 and inhibiting RhoA. However, shifting this balance to more RhoA and less Racl
activity leads to less actin polymerization and more actomyosin contractility. Modest RhoA
signaling will stabilize adhesions to promote growth cone stalling or turning. Strong RhoA
signaling will cause growth cone collapse and axon retraction. Shifting the balance of Rho
GTPase signaling may occur through growth-promoting and inhibiting extracellular ligands
that directly signal through Src-FAK. Alternatively, modulation of Src-FAK signals may
occur as a result of re-association of FAK-associated protein complexes with modulating
receptors.
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ECM proteins and associated integrin receptors involved in the morphological
differentiation of neurons

Note that in some instances non-integrin receptors are listed in parenthesis.

TN-C, TN-R, TN-W, TN-X, TN-Y
Adapted from (Jones and Jones,

ECM molecule Integrin Neuronal type Function References
receptor
Collagen 011 Rat sympathetic RGCs Neurite outgrowth (Leinetal.,
1991)
—— ’*_'":8 0P DRG Adhesion and neurite (Bradshaw et
E outgrowth al., 1995)
(protomer of 3 o chains) P, Motor, DRG Neurite outgrowth (Venstrom and
28 Col isoforms Non fibrillar, Reichardt,
fibrillar-forming, fibrillar associated 1995)
Adapted from (Kalluri, 2003) i
(DDR1) Cerebellar granule neurons Neurite outgrowth (Bhatt et al.,
2000)
Laminin 31, 01Bg DRG Neurite outgrowth (Rivas et al.,
1992; Venstrom
and Reichardt,
1995)
a1P,03P1 PC12, DRG, Cortical Neurite outgrowth; migration (Tomaselli et
o al., 1990;
! Tomaselli et al.,
1993; Anton et
al., 1999)
(trimer, apBy chains) a1, 0Py Neural crest Cell adhesion (Lallier and
5a, 3B, 3y known Bronner-Fraser,
15 LN isoforms 1993)
Adapted from (Aumailley et al., i . .
2005) agP1 Retinal, Olfactory; Ciliary Neurite outgrowth and (Calof et al.,
ganglion migration 1994; Weaver et
al., 1995)
azPi, a7fy Cortical Neuritogenesis (Gupton and
Gertler, 2010)
03P1, 0eP1, 07P1 Adult DRG Adhesion and neurite (Plantman et al.,
outgrowth 2008)
azPy, ogPy Retinal, Hippocampal, Adhesion and neurite (lvins et al.,
Thalamic, Cortical outgrowth 1998)
Tenascin agPy Motor, DRG Neuritogeneis and neurite (Varnum-
outgrowth Finney et al.,
1995)
a7y cerebellar granule Neurite outgrowth (Mercado et al.,
2004)
ogPy PC12, Adult DRG Neurite outgrowth and (Andrews et al.,
regeneration 2009)
(hexbrachion, 190-300 kDa subunits) (contactin) Hippocampal Neurite outgrowth (Michele and

Faissner, 2009)
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2000)
Fibronectin 4Py Chick DRG and Neurite outgrowth (Humpbhries et
sympathetic; Mouse retinal al., 1988; Hikita
ganglion etal., 2003)
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ECM molecule Integrin Neuronal type Function References
receptor
. _'\_\ asPy Cortical; Striatal progenitor Neuronal differentiation and (Yoshida et al.,
. cells migration 2003; Tate et
e, al., 2004)
..
-y --‘-'."-PF-'-.. . -
(~440 kDa dimer) ogPy Chick DRG; Tectal Adhesion, neurite outgrowth (Muller et al.,
20 alternative spiced monomers and migration 1995; Stettler
Adapted from (Leiss et al., 2008) and Galileo,
2004)

P s i —]

Vitronectin
75 kDa monomer

oyBa; ovPBa, onPs

ayPs

Neural crest

Retinal; Cerebellar granule

Adhesion and migration

Neurite outgrowth

(Delannet et al.,
1994)

(Neugebauer et
al., 1991;
Murase and
Hayashi, 1998)

DDR1, Discoidin domain receptor 1.
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