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Abstract
Motile growth cones lead growing axons through developing tissues to synaptic targets. These
behaviors depend on the organization and dynamics of actin filaments that fill the growth cone
leading margin (peripheral (P-) domain). Actin filament organization in growth cones is regulated
by actin-binding proteins that control all aspects of filament assembly, turnover, interactions with
other filaments and cytoplasmic components, and participation in producing mechanical forces.
Actin filament polymerization drives protrusion of sensory filopodia and lamellipodia, and actin
filament connections to the plasma membrane link the filament network to adhesive contacts of
filopodia and lamellipodia with other surfaces. These contacts stabilize protrusions and transduce
mechanical forces generated by actomyosin activity into traction that pulls an elongating axon
along the path towards its target. Adhesive ligands and extrinsic guidance cues bind growth cone
receptors and trigger signaling activities involving Rho GTPases, kinases, phosphatases, cyclic
nucleotides and [Ca++] fluxes. These signals regulate actin binding proteins to locally modulate
actin polymerization, interactions and force transduction to steer the growth cone leading margin
towards the sources of attractive cues and away from repellent guidance cues.
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Introduction
At the tip of a growing axon is a motile growth cone, which was named in 1890 by the
Nobel Laureate Santiago Ramon y Cajal. Cajal brilliantly recognized that growth cones
navigate through developing tissues to their targets (Sotelo, 2002). This article discusses
actin dynamics in growth cones, including actin filament (F-actin) functions in growth cone
motility, actin binding proteins (ABPs) that regulate actin dynamics, and signaling
mechanisms that mediate growth cone steering by extrinsic cues.

Growth Cone Behavior
The obvious activity of a growth cone is persistent protrusion and withdrawal of finger-like
filopodia and broad lamellipodia from the actin-rich growth cone leading margin, called the
peripheral or P-domain (Figure 1; Video 1). New protrusions bear membrane receptors at
their tips that detect locally expressed adhesive ligands and extrinsic guidance cues.
Although most filopodia range from 5-20 μm long, the small fraction that extend as far as 50
μm and longer suggests that individual growth cones can sample large area of their
environment (Letourneau, 1979). These sensory functions of filopodia and lamellipodia are
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key to growth cone advance and navigation. Adhesive contacts stabilize the advancing P-
domain, and coupled with the detection of guidance cues, provides the local signals that
trigger growth cone turning for navigation. The constant advance and searching behavior of
growth cones depends on the dynamic assembly, turnover, organization and protein
associations of actin filaments in the P-domain (Dent et al., 2011; Lowery and van Vactor,
2009; Vitriol and Zheng, 2012; these reviews contain excellent schematic drawings).

Actin Dynamics and Actin Binding Proteins
Two aspects of actin filament dynamics are particularly significant to growth cone motility.
1) The polymerization and recycling of actin filaments provides the protrusive forces for the
exploratory filopodia and lamellipodia. 2) Actin filaments in the P-domain interact with the
motor protein myosin II to generate traction forces that pull the growth cone forward against
adhesions and steer growth cone turning. The effects of inhibitors of actin polymerization
and myosin II activity indicate that these actin functions are not essential for axonal
elongation (Marsh and Letourneau 1984; Turney and Bridgman 2005), which still proceeds
by microtubule advance and plasma membrane expansion. However, without actin
dynamics, axonal elongation is slow and unresponsive to extrinsic cues. A growth cone
without F-actin control is like a runaway vehicle without a driver to operate the brake,
accelerator and steering wheel.

Growth cones are rich in actin, with a cytoplasmic concentration up to 100 μM, which is
much higher than the 0.1 μM critical concentration at which actin filaments spontaneously
polymerize (Pollard et al. 2003). Yet, about 50% of growth cone actin is unpolymerized
monomer, because of the abundance of actin binding proteins (ABPs) that regulate every
aspect of actin dynamics and organization (Korn, 1982; Pak et al. 2008; Revenu et al. 2004).
ABP functions can be grouped into various roles. Actin polymerization and
depolymerization are regulated by ABPs that nucleate actin polymerization, that bind to G-
actin (globular) monomers, to barbed (+) F-actin ends, to pointed (−) F-actin ends, along F-
actin, and that sever F-actin. F-actin organization is regulated by ABPs that crosslink F-actin
into networks, create branched F-actin arrays, and bind F-actin into linear bundles. Actin
interactions with other components are regulated by ABPs that bind F-actin to membrane
proteins, microtubules, vesicles, and scaffolding proteins. F-actin-mediated mechanical
force is generated by myosin motor proteins. The functions of ABPs in growth cones are
discussed in the context of the motile activities of growth cone protrusion, regression and
adhesion. This review does not include all ABPs identified in growth cones, but covers the
roles that ABPs play in growth cone actin dynamics (See Table 1 in Dent and Gertler, 2003
and Table 1 in Dent et al., 2011 for extensive tables of ABPs in growth cones).

Roles of ABPs in Filopodial and Lamellipodial Protrusion
The force driving filopodial and lamellipodial protrusion is actin polymerization that pushes
the plasma membrane forward at the growth cone leading margin, the P-domain, (Carlier
and Pantaloni, 2007; Mogilner and Oster 2003; Pollard and Borisy, 2003; Yarmola and
Bubb, 2009). This actin polymerization requires G-actin monomers and free F-actin barbed
ends, where monomers are added (Figure 2). G-actin monomer availability at the leading
margin involves two actin monomer binding proteins (Kiuchi et al. 2011; Lee et al. 2013).
Profilin binds ADP-G-actin released from actin filament pointed ends, speeds nucleotide
exchange to ATP-G-actin, and through protein-protein interactions, profilin-ATP-G-actin
concentrates at the leading edge, making ATP-G-actin readily available for polymerization.
ß-thymosin binds ATP-G-actin in a non-polymerizable form, but readily releases ATP-G-
actin when the free concentration drops (Kiuchi et al. 2011). This sequestration may
facilitate maintenance of a high ATP-G-actin concentration at the leading margin (Lee et al.
2013).
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ABPs regulate the availability of free F-actin barbed ends at the leading margin. Capping
proteins, like capZ, bind barbed ends and block monomer addition (Dent et al. 2011). When
motility is low or when the P-domain retreats, barbed ends may be capped. Barbed end
capping is inhibited by ABPs, such as ena, Vasp, and Evl (Bear et al., 2002; Breightsprecher
et al., 2008; Dent et al, 2011). The anti-capping activity of these proteins is associated with
continued polymerization of actin filaments, especially in filopodia. Two types of ABPs,
Arp2/3 complex (Rotty et al. 2013) and formins (Kovar et al. 2006; Romero et al. 2004),
nucleate G-actin to create new barbed ends for polymerization. The Arp2/3 complex binds at
the side of an existing actin filament and nucleates a new filament that branches from the
mother filament. Formins capture several actin monomers to nucleate a new filament and
remain bound to the barbed end to facilitate polymerization of long filaments. Both Arp2/3
and formin individually bind profilin-ATP-G-actin, enhancing G-actin availability for
nucleation. Besides the nucleation of new filaments, new barbed ends are created by the
severing of existing actin filaments by the closely related ABPs, actin depolymerizing factor
(ADF) and cofilin, which localizes to the growth cone leading edge (Dent et al., 2011;
Marsick et al., 2012a; Sarmiere and Bamburg, 2004;). Excess ADF/cofilin activity can
promote extensive filament breakdown, however, when G-actin concentrations are high,
balanced ADF/cofilin activity can create limited F-actin severing, and the increase in barbed
ends will trigger accelerated actin polymerization and protrusion.

Filopodial and lamellipodial shapes are determined by the relative activities of ABPs that
regulate actin polymerization and filament interactions. High activities of the Arp2/3
complex and barbed end capping proteins lead to the highly branched arrays of short actin
filaments that are assembled in lamellipodia (Pollard and Borisy, 2003). Filopodial
protrusion is associated with nucleation by formins, which remain associated with barbed
ends, together with anti-capping proteins Ena, Vasp and Evl, to allow polymerization of
individual filaments to be maintained during filopodial protrusion (Dent et al. 2011; Mellor,
2010). However, protrusion shapes are influence by many factors, and Arp2/3-mediated
actin nucleation may also contribute to filopodial protrusion (Mellor, 2010; Yang and
Svitkina, 2011). ABPs that interconnect actin filaments also influence the shapes of
protrusions. In the highly branched actin networks of lamellipodia the elongated actin
crosslinking protein filamin can interconnect and stabilize Arp2/3-mediated dendritic arrays.
In filopodia the bundling of long actin filaments by a short F-actin crosslinker, such as
fascin, stabilizes the filament core of elongating filopodia.

The effective transformation of actin polymerization into protrusion involves F-actin
connections to the plasma membrane. Several ABPs mediate F-actin links to membrane
components. The ERM (ezrin-radixin-moesin) proteins bind F-actin to several
plasmalemmal proteins. ERM proteins are concentrated in filopodia and lamellipodia, and
L1, a major neuronal adhesion molecule, is a key partner in ERM-mediated linkage of F-
actin to the plasmalemma (Figure 3; Marsick et al. 2012b, Mintz et al., 2003; Sakurai et al.
2008). When ERM proteins are knocked down or blocked, filopodial and lamellipodial
protrusion is greatly reduced on L1 and other substrata (Marsick et al. 2012b). IRSp53 is
another membrane-associated protein that localizes to the leading edge of filopodia and
lamellipodia (Scita et al. 2008). The IRSp53 family includes multi-domain proteins that bind
actin filaments, plasmalemmal phospholipids, and Rho GTPases, and their modulators,
which regulate actin polymerization. IRSp53 and related proteins have important roles in
mediating extrinsic regulation of growth cone motility.

F-actin linkage to other growth cone receptors is mediated by distinct macromolecular
complexes. For example, F-actin is coupled to the adhesion molecule N-cadherin by a
complex of alpha- and ß-catenin (Bard et al. 2008; Giannone et al. 2009). Integrin receptors
mediate growth cone adhesions to extracellular matrix molecules like laminin and
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fibronectin. Several ABPs are involved in linking F-actin to integrins. Talin plays a key role
by directly connecting integrins to F-actin (Bard et al. 2008; Myers et al. 2011; Vicente-
Manzanares et al. 2009). Other critical adaptors include vinculin, which binds F-actin and
talin, while also binding PIP2 in the inner plasmalemmal layer, and alpha - actinin, which
binds F-actin, vinculin, and also PIP2 in the plasmalemma. In addition, paxillin is a key
adaptor protein in adhesions that is regulated by tyrosine phosphorylation (see below).
Localized inactivation of talin and vinculin in filopodia interferes with filopodial extension
(Sydor et al. 1996).

Roles of ABPs in F-actin Turnover and Force Generation
Turnover of actin filaments at the leading edge is equally important to growth cone motility.
Most filopodia and lamellipodia are eventually withdrawn. At the side of a growth cone,
protrusion ceases, as the P-domain is transformed to the central body of a growth cone (C-
domain). To sustain protrusion and maintain growth cone shape, F-actin polymerized at the
leading margin is recycled to release G-actin for re-polymerization at the leading margin.
Actin polymerization is confined to the leading edge, but depolymerization occurs
throughout the actin network, turning over the entire network within a few minutes (Van
Goor et al. 2012). ABPs have roles in both promoting and inhibiting this F-actin turnover.
ADF/cofilin proteins bind to the sides of actin filaments and induce filaments to break, as
well as accelerating G-actin release from F-actin pointed ends. Gelsolin also severs F-actin,
but its role in growth cone dynamics is minor compared to ADF/cofilin (Dent et al. 2011).
As F-actin disassembles at filament pointed ends, the released monomer binds to ABPs
profilin and thymosin, mentioned earlier, and returns to the leading edge by diffusion or
other transport mechanisms. Tropomodulin and tropomyosin play important roles in
regulating sarcomere structure and regulating actomyosin activity. Tropomodulin binds and
stabilizes F-actin pointed ends, while tropomyosins are rod-shaped molecules that bind F-
actin and block other ABPs, such as ADF/cofilin and myosin II, from binding F-actin.
Neurons express multiple isoforms of tropomodulin and tropomyosin in growth cones
(Schevzov et al. 2012). Although growth cone studies are limited, the effects of protein
knockdown on neurite growth suggest that tropomodulin and tropomyosin have roles in
regulating growth cone actin dynamics (Schevzov et al. 2012).

Filopodia and lamellipodia are protruded and withdrawn at rates of 1-4 μm/min. This rate
reflects relative differences between protrusive activities, such as actin polymerization at the
plasma membrane and actin crosslinking by ABPs, and anti-protrusive activities, such as
actin depolymerization and forces that move the actin network back from the leading margin
(Video 2). This retrograde flow has two components. As actin polymerization pushes against
the plasma membrane, membrane tension resists and pushes the actin network back. In
addition, the actin network of the P-domain is engaged by myosin-II motor molecules that
pull the network backwards. Thus, during protrusion, actin polymerization exceeds
retrograde flow and actin depolymerization, and when filopodial and lamellipodia are
withdrawn, retrograde flow and/or F-actin breakdown exceed actin polymerization.

The dynamics of actin filament polymerization, depolymerization and linkage to other
components of the P-domain are responsible for many aspects of growth cone motility.
However, the production of mechanical forces within this actin system is another important
component. Myosins are motor molecules that bind F-actin and move cargoes or exert
tensions on the F-actin network. Several myosins participate in growth cone motility (Brown
and Bridgman 2004). Myosin V moves vesicles towards F-actin barbed ends, and may move
precursors to the plasmalemma for expansion and receptor insertion (Brown and Bridgman
2004). Myosin VI travels toward filament pointed ends and may move endocytic vesicles
(Brown and Bridgman 2004; Hasson, 2003). Myosin X is a barbed end-directed motor that
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concentrates at filopodial tips. It may transport cargo during protrusion or otherwise promote
F-actin polymerization (Kerber and Cheney 2011).

The most abundant myosin in the P-domain is the barbed end-directed motor myosin II
(Figure 4). Myosin II has roles that both limit and promote growth cone migration and axon
guidance. It powers retrograde flow in the P-domain by pulling the actin network back from
the leading edge (Lin et al. 1996). This myosin II-driven movement concentrates and warps
the actin network, promoting filament breakdown and recycling of G-actin to the leading
edge (Medeiros et al. 2006). These retrograde forces bend and retract filopodial and
lamellipodial protrusions that do not maintain adhesion to other cells or matrices. Finally,
the myosin II-powered accumulation of F-actin in the proximal P-domain blocks advance of
microtubules and other components of the growing axon (Medeiros et al., 2006; Zhou et al.,
2002).

The Roles of ABPs in Growth Cone Adhesion and Migration
Filopodial and lamellipodial protrusion is converted to growth cone migration and axon
elongation by adhesive contacts with other surfaces. The forces that drive retrograde flow of
actin filaments are impeded by ABP-mediated connections between F-actin and the plasma
membrane. Although these bonds may slip, they slow retrograde flow, promoting protrusion.
However, more significant are F-actin connections to adhesion complexes at contact sites
with other cells and extracellular matrices. These complexes involve the ABPs that mediate
actin-adhesive molecule connections; ERM proteins and shootin1 (with L1), alpha- and ß-
catenin (with N-cadherin) and talin, vinculin, alpha-actinin and paxillin (with integrins).
These direct F-actin links to adhesive sites create a molecular “clutch” through which
myosin II-derived force that pulls F-actin back from the leading edge is transduced into
substratum-directed traction for growth cone advance (Figure 5; Jay 2000; Letourneau 1979,
1981, 1983; Suter and Forscher 2000).

Traction of individual filopodia and growth cones on substrata have been measured at >100
μdynes (Bridgman et al. 2001; Heidemann et al. 1990; Koch et al. 2012). The relationship
of this “clutch” to retrograde actin flow is seen in studies showing that when growth cones
exert greater traction on adhesive sites, the actin retrograde flow rate is reduced (Chan and
Odde 2008; Koch et al. 2012). As previously stated, the rate of filopodial protrusion can be
1-4 μm/min. Maximal axonal elongation rates have been recorded at nearly the same
velocity, up to 3 μm/min (Letourneau, observed). Presumably, in these cases adhesion and
clutch activity is strong, while retrograde actin flow is negligible. The strength of the clutch
(or inversely, its “slippage”) depends on how much F-actin is connected to adhesive sites,
relative strengths of the links between F-actin, membrane proteins and extracellular ligands,
and the force of retrograde flow. Thus, disruption of ABPs that contribute to this clutch
interferes with growth cone traction and neurite elongation. When ERM or shootin proteins
are knocked down, neurite elongation on an L1 substratum is greatly reduced, and the
retrograde flow rate increases (Marsick et al. 2012b; Toriyama et al. 2013). Disruption of
the N-cadherin- catenin link to F-actin reduces F-actin coupling to N-cadherin, weakening
the clutch (Bard et al. 2008). Growth cone migration on a N-cadherin substratum is reduced,
but there is no effect on axon growth on laminin. Depletion of talin does not interfere with
cell spreading on an ECM substratum. However, talin depletion reduces substratum traction
together with increased retrograde actin flow (Zhang et al. 2008).

This cycle of protrusion, adhesion and traction promotes axon elongation. Protrusion and
adhesion of the P-domain expands cytoplasmic space for advancing the microtubule
cytoskeleton. Myosin II-powered traction at adhesive sites counteracts intrinsic compressive
forces and tensions that limit microtubule polymerization, microtubule advance and
expansion of the plasmalemma. When F-actin barbed ends are well anchored at adhesive
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sites, like at a sarcomere Z-line, actin filaments and other structures associated with myosin
II motors can be pulled toward the adhesive sites. Several ABPs might connect microtubules
and the actin network in the P-domain. ACF7 (Drosophila Short Stop; Sanchez-Soriano et
al. 2009), MAP1b (Noiges et al. 2002), CLASP1,2 (Marx et al. 2013; Svetkov et al. 2007),
and drebrin (Geraldo et al. 2008; Worth et al. 2013) have all been shown to bind
microtubules and actin filaments and have been localized in growth cones. These proteins
have all been proposed to mediate microtubule-actin interactions that might direct the
advance of microtubules in the growth cone P-domain (Figures 4, 6).

Coordinating Actin Dynamics for Growth Cone Navigation
Growth cone navigation to synaptic targets occurs as protrusion, adhesion and traction are
locally coordinated by interactions of growth cone receptors with adhesive ligands and
guidance cues (Figure 7). In the following sections we discuss signaling mechanisms that act
on ABPs to mediate growth cone navigation.

While recent studies have begun to address the cellular and molecular details of growth cone
navigation in vivo (Evans and Bashaw 2010, Quinn and Wadsworth 2008, Robles and
Gomez 2006) many insights into mechanisms of growth cone navigation are known from
extensive in vitro studies. When neurons are plated on a homogeneous substratum, growth
cones exhibit stochastic brief turning, but generally migrate forward, pulling the trailing
axon behind. However, growth cones can be directed by a chemical gradient of attractive or
repulsive guidance cues released from a micropipette positioned ahead and at an angle to the
orientation of axon outgrowth (Ming et al. 1999, Song et al. 1998, Zheng et al. 1994). In
addition, neurons cultured on a substratum patterned with alternating stripes of adhesive and
non-adhesive or repulsive molecules, growth cones migrate on the adhesive stripe,
wandering from one edge of the stripe to the other, sampling, but not crossing, onto the non-
adhesive or repulsive substratum (Knoll and Drescher 2004, Letourneau 1975, Snow et al.
1994).

Local stimulation with an attractive guidance cue promotes growth cone protrusion and
adhesion in the P-domain region nearest to the guidance cue. Cytoplasmic signaling
triggered by the cue regulates ABPs to locally increase actin polymerization and/or decrease
retrograde actin flow (Figure 8; Vitriol and Zheng 2012). Increased growth cone point
contacts by filopodia located toward the attractant stabilize filopodia and lamellipodia and
support further protrusion (Myers and Gomez 2011). The turn is continued and completed
by engagement of the molecular clutch at adhesion sites, which allows myosin II-powered
force to be directed to advance microtubules and associated organelles, completing the turn
(Figures 4, 6; Suter et al. 1998).

Growth cones turn away from repulsive or repellent cues by stopping protrusion and/or
losing adhesion on the side of the leading edge that is closer to the negative cue. As
protrusion continues on the side away from the repellent, the growth cone turns away from
the negative cue. Video records show that the negative cues slit3 and ephrin-A2 arrest
leading edge protrusion, while retrograde flow continues within the collapsing P-domain
(Video 3; Marsick et al. 2012a). This suggests actin polymerization is inhibited by signaling
triggered by negative cues. Repulsive signaling may further stop protrusion by increasing
retrograde flow or by inducing the removal or inactivation of plasmalemmal adhesion
molecules (Woo and Gomez 2006).

Signal Transduction Pathways that Regulate Actin Filament Dynamics
Receptor activation on growth cones through binding of adhesive ligands and soluble axon
guidance cues triggers local intracellular signals that modulate actin filament dynamics to
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control growth cone navigation (Quinn and Wadsworth 2008). In the following sections we
discuss signaling mechanisms that act on ABPs to mediate growth cone navigation.

The Rho family GTPases, RhoA, Rac1 and Cdc42, are key signaling intermediates activated
by growth factors, adhesive ligands and guidance cue receptors (Hall and Lalli 2010). Rho
GTPases are activated when GDP is exchanged for GTP by guanine nucleotide exchange
factors (GEFs) and are inactivated upon hydrolysis of GTP, which is facilitated by GTPase
activating proteins (GAPs) (Etienne-Manneville and Hall 2002). Many adhesion and
guidance cue receptors either contain intrinsic GTPase regulatory activity or regulate
messengers that act on the neuronal GEFs and GAPs (Lowery and Van Vactor 2009). Both
activation and inhibition of Rho GTPases by guidance cues has been detected in pull-down
assays and by measurements in fixed or live growth cones, using antibodies and biosensors
(Wong et al. 2001, Yuan et al. 2003). Live imaging is particular useful, as it allows local
signaling to be correlated with real time motility during stimulation with guidance cues
(Myers et al. 2012). Importantly, Rho GTPases signaling is necessary downstream of many
adhesion molecules and axon guidance cues, because molecular and pharmacological
inhibition of these actin regulators blocks growth cone turning in vitro and proper neuronal
morphogenesis in vivo (Li et al. 2002, Yuan et al. 2003).

The activities of RhoA, Rac1 and Cdc42 regulate protrusion, retraction and adhesion
through regulation of actin binding proteins that control actin filament polymerization,
disassembly, and actomyosin contractility. In general, activities of Rac1 and Cdc42 are
associated with attractive growth cone turning, and RhoA activity is associated with
responses to repellent cues (Luo 2000). However, reality is more subtle, as it appears that
tight spatial and temporal regulation of Rho GTPases contributes to both positive and
negative turning responses to guidance cues.

One of the principal targets of RhoA activity is RhoA kinase (ROCK). ROCK activates
contractility by phosphorylating the regulatory myosin light chain (MLC) and by inhibiting
myosin light chain phosphatase (MLCP). This heightened myosin II activity may increase
retrograde flow, thereby reducing leading edge protrusion. Several repulsive guidance cues
strongly activate RhoA/ROCK signaling and actomyosin contraction (Shamah et al., 2001;
Niederost et al., 2002; Swiercz et al., 2002), resulting in growth cone collapse and retraction
(Jalink et al., 1994).

Another target of ROCK is LIM kinase, which phosphorylates ADF/cofilin at Serine3 and
inhibits ADF/cofilin severing of F-actin (Sarmiere and Bamburg 2004). Such increased F-
actin stability may promote protrusion, if actin polymerization is limited relative to F-actin
turnover. In fact, during chemoattraction toward BDNF, Xenopus growth cones protruded
and turned toward the region of the P-domain with reduced active cofilin (higher phospho-
ADF/cofilin) in response to the attractive cue (Wen et al. 2007). On the other hand, in chick
embryonic neurons, three repulsive cues, slit3, ephrin-A2, and semaphorin 3A, also inhibit
cofilin (increase phospho-ADF/cofilin), consistent with RhoA activation by these cues
(Marsick et al. 2012a). This decreased ADF/cofilin activity in slit3- or ephrin-A2-treated
growth cones is associated with a reduction in F-actin barbed ends, which are seeds for actin
polymerization. Further, the combination of reduced actin turnover and increased myosin II
activity in repellent-treated growth cones stimulates growth cone retraction by increased
actomyosin contractility. There are two possible explanations for these discrepant results.
First, cofilin may function within an optimal set-point for promoting axon outgrowth, with
the basal level in a particular situation determining the effect of inhibiting cofilin activity on
the rate or direction of outgrowth. Alternatively, additional simultaneous signaling activated
by positive and negative cues may modulate the effects of reduced cofilin activity. In
support of the set-point hypothesis, partial inhibition of cofilin using a PAK inhibitory
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peptide was found to stimulate axon outgrowth, while full inhibition of cofilin caused axon
retraction (Santiago-Medina et al. 2013).

Although growth cone collapse in response to negative cues involve RhoA, ROCK and
myosin II contraction, RhoA, ROCK and myosin II also contribute to attractive growth cone
turning. A modest level of ROCK activity and myosin-II-based contraction promotes
integrin adhesion stabilization during protrusion (Arakawa et al. 2003, Woo and Gomez
2006) and ROCK directly phosphorylates ERM proteins, actin-membrane linkers, to
promote cell-cell adhesion (Matsui et al. 1999). In addition, growth cone turning towards the
attractive cue NGF is blocked by inhibiting ROCK, because of failure to suppress protrusive
activity away from the NGF source (Loudon et al. 2006).

The GTPases Rac1 and Cdc42 are activated by attractive cues, such as Netrin and BDNF
(Briancon-Marjollet et al. 2008, Myers et al. 2012, Shekarabi et al. 2005). Rac1 and Cdc42
signaling increases activities of several ABPs that promote actin filament polymerization to
stimulate growth cone protrusion and turning toward attractive guidance cues. Principal
targets of Rac1 and Cdc42 signaling are WAVE and N-WASP, respectively, which are
activated by these GTPases resulting in Arp2/3-mediated polymerization of dendritic actin
arrays (Hall and Lalli 2010). Another target of Rac1 signaling is the phosphatase Slingshot,
which dephosphorylates and activates ADF/cofilin (Ng and Luo 2004). Netrin and NGF
activate F-actin severing by ADF/cofilin to increase F-actin barbed ends and further
stimulate actin polymerization, driving protrusion toward the source of positive cue
(Marsick et al. 2010).

However, the actin polymerization activities of Rac1 may also contribute to turning away
from repellent cues, such as semaphorin3A (Sema3A) and ephrin-A2 (Jurney et al. 2002;
Marston et al. 2003, Vastrik et al. 1999). Actin polymerization is necessary at sites of
membrane endocytosis, where filopodia and lamellipodia are retracted in response to
repellents, and locally increased endocytosis is sufficient to promote repulsive turning
(Hines et al. 2010). Interestingly, many axon guidance cues may regulate axon outgrowth
through modulation of adhesion receptor function (e.g. trafficking, ligand affinity,
clustering, cytoskeleton linkage). For example, MAG, Sema3A, Sema7A, Ephrin-A1, Slit
and Netrin have all been shown to regulate integrin-dependent adhesion (Hines et al. 2010,
Miao et al. 2000, Pasterkamp et al. 2003, Stevens and Jacobs 2002, Woo and Gomez 2006,
Yebra et al. 2003).

The p21-activated kinase (PAK) is another effector downstream of Rac1 and Cdc42. At least
three isoforms of PAK (PAK1-3) have been identified at distinct locations in growth cones
(Santiago-Medina et al. 2013). These distinct localizations may target PAK to specific
effectors. For example, in Xenopus neurons, PAK2 localizes to both paxillin-containing
adhesions and to the tips of extending filopodia, suggesting a role in adhesion and actin
polymerization at filopodial tips. Similar to ROCK, PAKs also activate myosin II and LIM
kinase, but likely act differently in growth cone motility because of their specific
localizations. For example, PAK2 and PAK3 bind the Rac1 GEF called PIX, which binds to
paxillin at growth cone point contact adhesions to regulate adhesion formation. While PAK1
does not appear to localize specifically within Xenopus growth cones, PAK1 was recently
found to phosphorylate Shootin1 in hippocampal neurons. Shootin1, like ERM proteins,
mediates actin linkage to the adhesion molecule L1, reducing retrograde flow by increasing
clutching forces on F-actin (Toriyama et al. 2013). Other targets of Rho GTPases that likely
regulate the growth cone cytoskeleton include, actin nucleating formins, ena/Vasp anti-
capping factors and F-bar containing membrane curving proteins (Hall and Lalli 2010).
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Non-receptor tyrosine kinases, such as Focal Adhesion Kinase (FAK) and Src Family
Kinases (SFKs), are another means by which guidance cues regulate actin dynamics,
adhesion and motility (Figures 5, 9). FAK regulates Rho GTPases and acts downstream of
several guidance cues. In non-neuronal cells, FAK activates the GTPase Regulator
Associated with FAK (GRAF), which is a GAP for RhoA and Cdc42 (Hildebrand et al.
1996), and binds and activates both p190RhoGEF and p190RhoGAP, which have opposite
effects on RhoA activity. FAK activates RhoA in some contexts via p190RhoGEF, as it does
to control axon branching and synapse formation (Rico et al. 2004). In addition to Cdc42
inactivation via GRAF, FAK may also indirectly activate Cdc42 signaling. FAK is
phosphorylated at Y861 by Src, and this creates a binding site for the scaffolding protein
p130Cas (Cho and Klemke 2002). Subsequently, p130Cas associates with the Rac GEF
DOCK180, which leads to Rac activation downstream of integrin engagement (Brugnera et
al. 2002, Cote and Vuori 2002). Interestingly, p130Cas was found to activate both Rac1 and
Cdc42 downstream of Netrin signaling, which is necessary for midline crossing by
commissural interneurons (Liu et al. 2007). Therefore, it appears that FAK is capable of
activating or inactivating both RhoA and Cdc42, depending on the particular GEF or GAP
protein involved.

SFKs are complex signaling and scaffolding proteins that function in close association with
FAK in the regulation of cell-matrix and cell-cell adhesion (Mitra et al. 2005). The
complexity of SFK function in growth cones is exemplified by observations that SFKs are
necessary downstream of both attractive and repellent guidance cues (Knoll and Drescher
2004, Li et al. 2004, Robles and Gomez 2006, Yam et al. 2009). Contributing to this
complexity is the number of potential upstream activators and downstream targets for SFKs
in growth cones. For example, SFKs function synergistically with Rho GTPases to modulate
the activity of N-WASP and PAK (Renkema et al. 2002, Torres and Rosen 2003). Both N-
WASP and PAK contain cryptic tyrosine residues for phosphorylation by SFKs, but these
sites become accessible to phosphorylation only after binding active Cdc42. Phosphorylation
of N-WASP and PAK by SFKs may alter the active state, localization or active lifetime of
N-WASP and PAK. Another target of SFKs that regulates actin polymerization is cortactin,
which promotes actin polymerization through linking Arp2/3 to F-actin in lamellipodia and
invadopodia (Kirkbride et al. 2011). However, little is known about cortactin function in
growth cones (Decourt et al. 2009, Kurklinsky et al. 2011). Lastly, cytosolic [Ca2+]
fluctuations in growth cones regulate the actin cytoskeleton in several ways that affect
growth cone guidance (Gomez and Zheng 2006, Henley and Poo 2004). Many proteins that
regulate actin, either directly as ABPs or indirectly, as kinases, phosphatases, proteases, etc.
are regulated allosterically by [Ca2+]. In addition, the particular source of Ca2+ signals can
have varying and even opposite effects on growth cone motility. For example, blocking
certain Ca2+ channels with specific antagonists stimulates neurite outgrowth, while blocking
other Ca2+ channels has no effect or slows neurite outgrowth (Jacques-Fricke et al. 2006).
Channel-specific effects of Ca2+ influx are possible since [Ca2+] functions in distinct
microdomains (Augustine et al. 2003), highly localized sites of Ca2+ influx or release that
are linked to specific [Ca2+]-sensitive effector functions. Consistent with this notion, both
positive and negative guidance cues have been shown to control growth cone motility by
stimulating Ca2+ influx and release from intracellular stores (Henley et al. 2004, Jin et al.
2005, Shim et al. 2005, Jacques-Fricke et al. 2006, Wen et al. 2007, Kaczmarek et al. 2012).
Some [Ca2+]-activated effectors are ABPs, including lpha-actinin, gelsolin and troponin.
Other [Ca2+]-activated effectors control Rho GTPase signals. For example, BDNF and
Netrin activate [Ca2+]-dependent calmodulin kinase II (CaMKII), which increases Rac1/
Cdc42 and decreases RhoA activity to promote axon outgrowth (Jin et al. 2005). However,
[Ca2+] signaling through calmodulin also activates myosin II contractility. There is
extensive crosstalk between [Ca2+] and cAMP signaling in regulating growth cone
navigation (Nicol et al. 2011, Forbes et al. 2012). cAMP regulates Ca2+ channel activity and
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IP3-dependent Ca2+ release, while [Ca2+] regulates adenyl cyclase activity. In addition,
cAMP signaling modulates downstream effectors of Ca2+ signaling. The switching of
growth cone turning responses from attractive to repulsive and the reverse are the result of
[Ca2+]/cAMP crosstalk and downstream regulation of ABPs (Song and Poo 1999).

One class of Ca2+ channel that may be a common target of both positive and negative
guidance cues are members of the Trp family of heterotetrameric cation channels. Channels
that contain TrpC subunits are necessary for attractive and repulsive turning toward different
guidance cues and can also be activated by mechanical forces (Kerstein et al. 2013, Li et al.
2009, Li et al. 2005, Shim et al. 2005, Wang and Poo 2005, Wen et al. 2007). In kidney
podocytes, TrpC5 subunit-containing channels associate with and activate Rac1 to promote
cell motility, while TrpC6 subunit-containing channels associate with and activate RhoA to
induce stress fibers and cell contractility (Tian et al. 2010). Although not tested in growth
cones, similar TrpC subunit-specific effects likely regulate axon guidance. Another direct
Ca2+ effector in growth cones is the protease calpain, which can inhibit axon extension by
cleaving target proteins, including proteins that regulate cell adhesion and motility
(Kaczmarek et al. 2012, Kerstein et al. 2013, Robles et al. 2003). For example, one principal
target of calpain is the ABP talin, which both activates integrin receptors and links integrins
to the actin cytoskeleton. In non-neuronal cells, talin plays key roles in the dynamics of
adhesion turnover and cell motility (Franco et al. 2004). Talin targets to the tips of growth
cone filopodia, where it likely activates integrin receptors (Calderwood et al. 1999) and
initiates point contact assembly to stabilize protrusions (Kerstein et al. 2013). Co-
localization of talin with pY118-paxillin in some filopodia suggests these are nascent
adhesions and are regulated by Ca2+ influx through mechanosensitive channels. As rapid
point contact turnover is associated with efficient growth cone migration (Myers and Gomez
2011), Ca2+/calpain activity may disrupt adhesion assembly or maturation through cleavage
of talin (Bate et al. 2012; Kerstein et al. 2013).

Future Directions
Much has been learned about growth cone actin dynamics, since Ramon y Cajal deduced
growth cone behaviors from fixed sections of chick embryos. The key roles of ABPs in
regulating growth cone behaviors are recognized, and the complex events that link guidance
cues to actin dynamics are beginning to be revealed. However, much remains to be learned.
Not all ABPs and signaling components that regulate actin dynamics in growth cones are
identified. It is still unclear how the diverse and sometimes redundant activities of ABPs are
coordinated and how growth cones integrate simultaneous signaling from multiple guidance
cues, which is the in vivo state. The interactions of F-actin, the driver of growth cone
motility, and microtubules, the driver of axon elongation, remain unclear. Clinical
applications may arise from the better understanding of actin dynamics in growth cones.
Mental retardation, autism, and other developmental brain disorders may arise from
defective growth cone actin dynamics and navigation to and branching in target areas
(Bernstein et al. 2012; Engle, 2010; Izzi and Charron 2011; Ramakers, 2002). Recovery
from nervous system injuries and diseases may require axonal growth to regenerate or
replace lost neuronal connections (Saijilafu et al., 2013). Better understanding of actin
dynamics in growth cones can promote therapies that return or replace lost protein functions
or regulatory signaling in growth cones, so neural circuits develop more normally or be
more fully repaired after disease or injury.

How can new technologies and approaches be used to further understand growth cone actin
dynamics? Advances in genetics, fluorescence chemistry, illumination systems, and
microscopes are sharpening the dissection of the functions of individual ABPs and elements
of the signaling pathways that mediate growth cone guidance. Expression of fluorescent
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protein analogs and biosensors allows the location of proteins and signaling activities in live
growth cones to be detected at high resolution. Light activated fluorescence or the use of
structured illumination improves resolution further. Targeted mutations of individual ABPs
or signaling components can be combined with expression of fluorescent analogues with
engineered light activated properties. Light activation provides tight temporal and spatial
control of protein function, either positive or negative, which is limited by the more
common approach of overexpression of dominant-negative or constitutively active proteins,
or with knock-downs or knock-outs, which allow for adaptation. Super-resolution
microscopes offer resolution to 100 nm or less for proteins and biosensors in fixed and live
growth cones. Nanofabrication and microfluidics offers precise control of the presentation of
adhesive ligands and guidance cues to couple with the above approaches to analyzing
growth cone function. These new technologies can also be used for improved modeling of in
vivo environments, while still allowing high spatial and temporal resolution of actin
dynamics. Most growth cone studies are done on inflexible, two-dimensional substrata
coated on glass for maximal microscopic resolution. However, growth cones in vivo travel in
complex three-dimensional spaces. These new technologies can be used to probe growth
cone mechanisms in matrices that better approximate in vivo environments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Left panel is a confocal microscope image of a growth cone of a chick dorsal root ganglion
neuron showing F-actin labeled with fluorescent phalloidin. Actin filaments fill the filopodia
and small veil-like lamellipodia of the growth cone leading margin. The right panel is an
electron micrograph of the branched network and bundles of actin filaments in the growth
cone periphery in an area similar to that marked with an asterisk in the left panel. Right
image is courtesy of Dr. Lorene Lanier, University of Minnesota.
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Figure 2.
A,B. GFP-Utrophin (GFP-Utr; F-actin probe) and TMR-Kabiramide C (TMR-KabC; F-actin
barbed end binding) fluorescent images of a Xenopus growth cone on PDL-laminin collected
with a TIRF microscope. Note bright TMR-KabC fluorescence at the periphery (arrow in B),
indicating a high concentration of F-actin barbed ends. C. Merged image of the growth cone
in (A,B) shows strong co-localization of GFP-Utr and TMR-KabC in central domain, but
primarily TMR-KabC in the peripheral domain. Weak labeling of peripheral actin with GFP-
Utr is consistent with the slow association rate of GFP-Utr onto recently polymerized F-
actin. D. Single line kymograph constructed from region indicated by the white line in (C).
The slope of the diagonal bands of GFP-Utr and TMR-KabC fluorescence (arrows) indicates
a retrograde flow rate of ~ 4 μm/min. Scale bars, 5 μm or as indicated. With permission
from Santiago-Medina et al. (2012) Dev. Neurobiol. 72, 585-599.
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Figure 3.
Immunofluorescent images of two dorsal root ganglion growth cones multiple-labeled to
show (upper panels) F-actin barbed ends (Rh-actin), ADF/cofilin, and F-actin (phalloidin) or
(lower panels) barbed ends (Rh-actin, phosphorylated ERM proteins (pERM) and F-actin
(phalloidin) in the growth cone leading margin after global exposure to an attractive
guidance cue. With permission from Marsick et al., (2012b) J. Neurosci. 32, 282-196.
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Figure 4.
Immunofluorescence images of chick dorsal root ganglion growth cones multiple-labeled to
show (left panel) microtubules, F-actin and myosin II and (right panels) microtubules, F-
actin and paxillin. Myosin II is the motor molecule that exerts tension on adhesive sites and
growth cone structures, and paxillin marks adhesive contacts of filopodia and lamellipodia.
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Figure 5.
Key components of growth cone point contact adhesions. Integrin αβ heterodimeric
receptors (dark blue lines) bind to extracellular matrix proteins, such as collagen, laminin
and fibronectin. Integrin activation leads to the assembly of scaffolding proteins, such as
talin, paxillin and vinculin with the cytoplasmic tail of integrins. In addition, kinases FAK
and Src are activated, and they modulate the adhesions through phosphorylation of key
residues that allow for assembly of additional proteins (not shown). Several 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 regulate adhesion-associated proteins through binding and activation of FAK
and Src. Cross-talk through FAK/Src signaling modulates adhesion dynamics, as well as
actin dynamics. With permission from Myers et al., (2011) Dev. Neurobiol. 71, 901-923.
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Figure 6.
Left panel is a whole-mount electron micrographs from the leading margin of a dorsal root
ganglion growth cone. Right panel is a thin section from a similar region. These images
show the relationship between microtubules and associated organelles that have advanced
into the P-domain (arrows) and bundles of actin filaments (arrowheads), which might
determine where the microtubules advance. Left panel with permission from Letourneau,
P.C. (1979) Exp. Cell Res. 124, 127-138, right panel from Letourneau, P.C. (1983) J. Cell
Biol. 97, 963-973.
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Figure 7.
A model of growth cone navigation. Actin polymerization pushes the leading margin of the
growth cone forward. Forces generated by myosin II pull actin filaments backwards, where
filaments are disassembled. When growth cone receptors make adhesive contacts, a ‘clutch’
links the adhesive contact to actin filaments, and the retrograde flow of actin filaments
slows. This permits the advance of microtubules and organelles and promotes axonal
elongation. Intracellular signals generated by attractive and repulsive axonal guidance cues
interact with the mechanisms of actin polymerization, myosin II force generation, adhesive
contacts, and microtubule advance to regulate the paths of growth cone migration.
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Figure 8.
Phase-contrast and psuedocolor images depicting the higher density of F-actin in the P-
domain regions of growth cones that are closer to a micropipette releasing an attractive
guidance cue. Upper panel shows a chick dorsal root ganglion growth cone exposed to nerve
growth factor, and lower panel shows a chick retinal growth cone exposed to netrin. With
permission from Marsick et al., (2010) Dev. Neurobiol. 70, 565-588.

Gomez and Letourneau Page 25

J Neurochem. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
A, B. Total Internal Reflection Fluorescence (TIRF) microscopy images of paxillin-GFP and
mCherry dual-Src homology 2 domain (mCh-dSH2) fluorescent images of a growth cone on
PDL-laminin. Note that paxillin and phosphotyrosine (PY), as revealed with mChdSH2,
colocalize at adhesion sites (arrowheads in A, B), whereas the tip of a growing filopodium
has PY, without paxillin (arrow in B). C. Merged image of the growth cone in (A, B) shows
co-localization at several peripheral adhesions. Note that mCh-dSH2 puncta within the
central domain are mobile vesicles. D. Single line kymograph constructed from region
between the arrowheads in C. Note a stable adhesion (arrow) that disassembles after a new
protrusion extends forward, followed by the formation of a second adhesion (arrowhead),
which stabilizes the receding protrusion. Scale bar, 10 μm in all images and as indicated in
kymographs. With permission from Santiago-Medina et al. (2012) Dev. Neurobiol. 72,
585-599.
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