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Abstract

The formation of axon collateral branches from the pre-existing shafts of axons is an important
aspect of neurodevelopment and the response of the nervous system to injury. This article provides
an overview of the role of the cytoskeleton and signaling mechanisms in the formation of axon
collateral branches. Both the actin filament and microtubule components of the cytoskeleton are
required for the formation of axon branches. Recent work has begun to shed light on how these
two elements of the cytoskeleton are integrated by proteins that functionally or physically link the
cytoskeleton. While a number of signaling pathways have been determined as having a role in the
formation of axon branches, the complexity of the downstream mechanisms and links to specific
signaling pathways remain to be fully determined. The regulation of intra-axonal protein synthesis
and organelle function are also emerging as components of signal-induced axon branching.
Although much has been learned in the last couple of decades about the mechanistic basis of axon
branching we can look forward to continue elucidating this complex biological phenomenon with
the aim of understanding how multiple signaling pathways, cytoskeletal regulators and organelles
are coordinated locally along the axon to give rise to a branch.
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Introduction

The function of the nervous system requires complex neuronal circuitry. The formation of
circuitry depends on the establishment of synaptic contacts between single neurons and
multiple targets. During development, axon branching allows each neuron to establish
synaptic contacts with multiple targets and is crucial for the assembly of highly
interconnected network (Gallo, 2011; Gibson and Le Ma, 2011; Lewis et al., 2013;
Rockland, 2013; Kalil and Dent, 2014; Petrovic and Schmucker, 2015). Therefore,
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understanding the mechanisms underlying the control of axonal branching is crucial in the
study of neuronal circuit development (Gibson and Le Ma, 2011). In the adult nervous
system axon branches also emerge in response to injury and neurodegeneration, and are
repressed by extracellular signals (Onifer et al., 2011; Akbik et al., 2012; Carmel and
Martin, 2014; Kadomatsu and Sakamoto, 2014). The injury induced axon branching/
sprouting contributes to the endogenous circuitry repair mechanisms (Carmel and Martin,
2014).

Axon branches can arise from two distinct mechanisms. (1) The growth cone can split and
give rise two Y or T shaped axon branches. For example, live imaging of individual
zebrafish motor axons reveals that the first axonal branches are generated via bifurcation of
the growth cone (Sainath and Granato, 2013). Although growth cone bifurcation can
contribute to the formation of branches in specific instances, this is not the major mechanism
that contributes to axon branching (discussed in Gallo, 2011). (2) Axon collateral branches
emerge from protrusive filopodia and lamellipodia initiated locally along the shaft of the
axon independent of the growth cone. Studies of the dynamics of collateral branching
revealed three mechanisms of axon collateral branch initiation primarily involving either
formation of filopodia, lamellipodia or growth cone pausing (reviewed in Gallo, 2011). In
the filopodia based mechanism, branches initiate as axonal filopodia protrusions from the
quiescent axon shaft. Time-lapse imaging of fluorescently labeled corticospinal axons
showed that in the vicinity of the pons the axon shaft exhibits several dynamic behaviors
including the de novo formation of filopodia extensions, and some of the filopodia mature
into a branch (Bastmeyer and O’Leary, 1996). Similarly, /n vitro studies demonstrated that
along the axons of sensory neurons, branches are initiated by the emergence of filopodia
followed by stabilization of the filopodia and maturation into a branch (Figure 1; Gallo and
Letourneau, 1998, 1999; Ketschek and Gallo, 2010; Spillane et al., 2012). In the
lamellipodial mechanism, branches arise from lamellipodia that form at the base of the axon,
and move anterograde along the axon. These lamellipodial precursors of branches are
termed growth cone like “waves” and have been observed in hippocampal neurons (Ruthel
and Banker, 1999; Flynn et al., 2009). Branches then emerge from locations along the axon
where the waves stop. Moreover, lamellipodia can also arise de novo along the axon shaft in
the absence of growth cone like “waves”. In the growth cone pausing mechanism, the
collateral branch is formed from sites along the axon shaft representative of locations where
the growth cone stalled, leaving behind a domain of persistent protrusive activity, followed
by resumption of its advance (Halloran and Katherine, 1994; Kalil et al., 2000). The
importance of axonal protrusive activity in the form of filopodia and lamellipodia is
underscored in all of these mechanisms for the initiation of a collateral branch.

The formation of axon branches involves the regulation of the neuronal cytoskeleton. The
major constituents of the axonal cytoskeleton include actin filaments and microtubules that
are highly dynamic and undergo rapid cycles of polymerization and depolymerization
(Figure 1; Gallo, 2011; Kalil and Dent, 2014; Zhang and Rasband, 2016). Branching
initiates through the protrusion of actin filament-based filopodia and lamellipodia that are
subsequently invaded by axonal microtubules as the branch matures and continues extending
(Figure 1). In this review, we will discuss the role of cytoskeletal dynamics and their
regulators in the formation of branches. Moreover, we will consider the signaling pathways
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known to regulate cytoskeletal dynamics and modulate axonal branching, and conclude with
a discussion regarding the necessity to elucidate how the many cellular events underlying
branching are coordinated in space and time. The basic sequence of cytoskeletal events and a
summary of the identified cytoskeletal regulators underlying the formation of an axon
branch at a specific point along the axon shaft are shown in Figure 1.

Cytoskeletal dynamics and reorganization underlying the early stages of
branch formation

Actin dynamics in axonal branching

Unlike the highly dynamic growth cone, the consolidated axon shaft contains relatively low
levels of actin filaments and exhibits minimal protrusive activity. The formation of axon
branches is preceded by the dynamic polymerization and reorganization of the cytoskeleton
along the axon shaft. This includes the local accumulation of actin filaments that is required
for the formation of actin-driven protrusions and subsequent branch formation. The first step
in the formation of collateral branches involves the actin filament dependent initiation of
axonal filopodia, and in some cases lamellipodia (as discussed above). Since the formation
of axonal filopodia is the most common first step for branching, this review will focus on
this process. Filopodia are thin finger like membrane protrusions mainly composed of a
bundle of parallel actin filaments and actin associated proteins. The rapidly polymerizing
barbed ends of filaments are oriented toward the tip of the filopodium, generating forces that
push the membrane forward. Formation of filopodia can be understood in terms of three
basic events: actin filament nucleation driving the initiation of new actin filaments, rapid
elongation of nucleated actin filaments through barbed-end polymerization, and the bundling
of elongating actin filaments (Svitkina et al., 2003; Mattila and Lappalainen, 2008).

Axonal actin patches serve as precursors to the emergence of axonal filopodia

Focal accumulations of actin filaments along the axon, termed actin patches, are precursors
to the emergence of filopodia (Figures 1A-C, 2A; reviewed in Gallo, 2011, 2013), a form of
filopodial emergence that is similar to that described for filopodia arising from non-neuronal
lamellipodia (Svitkina et al., 2003). Actin patches consist of localized highly dynamic
domains of actin filaments with general organization similar to lamellipodial structures
(Spillane et al., 2011). Live imaging of chicken sensory neurons transfected with eYFP-
actin, revealed that actin patches form spontaneously and are transient (Loudon et al., 2006;
Ketschek and Gallo, 2010; Spillane et al., 2011, 2012, 2013; Sainath et al., 2016), and
similar structures have been reported in other neuronal systems /n vitro and in vivo
(Korobova and Svitkina, 2008; Mingorance-Le Meur and O’Connor, 2009; Andersen et al.,
2011; Spillane et al., 2011; Chia et al., 2014; Chetta et al., 2015; Hand et al., 2015). Actin
patches serving as precursors to the formation of axonal filopodia and branches have also
been imaged in vivo (Andersen et al., 2011; Spillane et al., 2011; Hand et al., 2015).
Although filopodia emerge from actin patches, only some patches give rise to axonal
filopodia. Along the axons of embryonic sensory neurons approximately twenty percent of
patches give rise to filopodia (Ketschek and Gallo, 2010). The emergence of the filopodia
from the actin patches, involves the reorganization of some of the actin filaments in the
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patch into a bundle of filaments. The branch inducing signal Nerve Growth Factor (NGF)
promotes formation of axonal filopodia by increasing the rate of formation of actin patches
through localized microdomains of PI3K signaling without altering the probability that an
actin patch will give rise to a filopodium (Ketschek and Gallo, 2010; Spillane et al., 2012).
Thus, at least in the context of NGF signaling, the regulation of the formation of axonal actin
patches is a crucial aspect of the mechanism of the initiation of axon branches. If and how
other branch inducing signals similarly impact the rate of formation of actin patches, or the
probability of filopodia emergence from patches, remains to be determined.

Actin filaments are highly regulated by actin associated proteins that have important roles in
axonal branching. An important regulator at the earliest steps of collateral branch formation
is the Arp2/3 complex (Strasser et al., 2004; Spillane, et al., 2011, 2012). The Arp2/3
complex nucleates new filaments from the sides of existing filaments, giving rise to
networks of branched actin filaments that can then be bundled together to give rise to the
actin filament bundle and serving as the core of the emerging filopodium (Svitkina et al.,
2003; Korobova and Svitkina, 2008). Spillane et al. (2011) demonstrated that in sensory
neurons the Arp2/3 complex is required for the formation of actin patches, axonal filopodia
and in turn branches (Figure 2C). (Spillane et al., 2011, 2012). WAVEL and cortactin drive
activation of the Arp2/3 complex and stabilization of Arp2/3-mediated branched filaments,
respectively. The role of these two proteins in filopodia formation during branching has been
studied (Kim, et al., 2006; Mingorance-Le Meur and O’Connor, 2009; Spillane, et al., 2012).
In chicken sensory neurons, WAVEL activity promotes Arp2/3-dependent actin patch
initiation (Spillane et al., 2012), while Cortactin positively regulates actin patch duration and
promotes the emergence of filopodia from actin patches (Spillane, et al., 2012). The Arp2/3
complex is generally considered to require binding to the sides of pre-existing filaments to
nucleate branched filaments. Therefore, additional actin filament nucleators may also
operate in actin patches to generate the mother filaments that the Arp2/3 complex
subsequently binds (Figure 2B). The actin nucleation factor cordon-bleu is a likely candidate
as it positively contributes to the formation of axon collateral branches in hippocampal
neurons, and can cooperate with Arp2/3 in the formation of actin filaments (Ahuja et al.,
2007; Hou et al., 2015). Nevertheless, the specific role of cordon bleu in actin patch and
filopodia initiation during axonal branching needs further studies. It is also likely that
additional members of the actin nucleating formin family will have roles in the formation of
axonal filopodia and branches, but this remains to be determined (YYang and Svitkina, 2011).
A genetic analysis of actin nucleators in Drosophila revealed that both the DAAM formin
and the Arp2/3 complex partially contribute to the regulation of the number of growth cone
filopodia, and when both DAAM and Arp2/3 are ablated very few filopodia form
(Goncalves-Pimentel et al., 2011). However, a role for Arp2/3 in mediating the entirety of
filament nucleation should not be readily discounted, as recent work has determined that the
Arp2/3 complex can be activated to nucleate filaments independent of pre-existing filaments
when the complex is activated by binding to WISH/DIP1/SPIN90 (Wagner et al., 2013).
SPIN90 is expressed by neurons, localizes to axons and positively regulates the number of
growth cone filopodia (Kim et al., 2011). Given the relatively large cohort of identified actin
filament nucleation systems, elucidation of the ones relevant to axon branching will be a
fruitful venue of future research.
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Emergence and elongation of axonal filopodia

Microtubule

The emergence of a filopodium involves the rapid elongation of actin filaments through
barbed-end polymerization, and the bundling of actin filaments to give rise to the core of
filaments supporting the shaft of the filopodium (Lebrand et al., 2004; Mattila and
Lappalainen, 2008). These processes require the activity of different multiple actin binding
proteins. For example, the Ena/VASP family proteins are multifunctional actin binding
proteins that directly regulate assembly of the actin filament network and modulate the
morphology and behavior of lamellipodia and filopodia (Dent et al., 2007; Mattila and
Lappalainen, 2008; Bear et al., 2009). Ena/VVASP proteins bind to the barbed ends of actin
filaments and enhance actin filament elongation. Subcellular depletion of Ena/\VASP, by
targeting the proteins to the mitochondria, decreases the number of filopodia in hippocampal
neurons and inhibits collateral branch formation along retinotectal axons (Lebrand et al.,
2004; Dwivedy et al., 2007). The actin-severing protein actin-depolymerizing factor (ADF)/
cofilin increases actin depolymerization, severs filaments and increases the turnover of actin
filaments, thereby promoting filament assembly by increasing the available pool of actin
monomers and free barbed ends (Fass et al., 2004). ADF/cofilin is required for Brain
Derived Nerve Factor (BDNF)-induced filopodia at retinal growth cones (Chen et al., 2006;
Flynn et al., 2012). Fascin is a filament bundling protein that increases the stiffness of
filopodial bundles, and promotes extension and maintenance of the filopodia beyond the
leading edge in non-neuronal cells (Vignjevic D et al., 2006; Mattila and Lappalainen,
2008). However, the specific contribution of fascin to axonal branching has not been
addressed. Cortactin and the actin filament binding protein Drebrin have both been shown to
promote the formation of axonal filopodia and axon collateral branching. Analysis of the
roles of these proteins in actin patch dynamics, revealed that both contribute to the
emergence of filopodia from actin patches (Figure 1; Spillane et al., 2012; Ketschek et al.,
2016) and are discussed further in subsequent sections.

dynamics in axon branching

Although axons generate multiple filopodia during the process of branching, only a subset of
these filopodia mature into collateral branches. The maturation of a filopodium into a branch
requires the invasion of the filopodium by microtubules (Gallo, 2011; Kalil and Dent, 2014;
Figure 3A). The targeting of microtubules into filopodia provides cytoskeletal support for
the nascent branch, and allows the delivery of axonal transport cargoes into the branch.
Microtubules are hollow tubular structures composed of linear arrays of a and B tubulin
dimers. Microtubules exhibit polarity and the two ends are referred to as the plus and minus
ends, respectively. The majority of the plus ends/tips in axons are directed distally toward
the axon terminus. The plus end of microtubules is highly dynamic undergoing repeated
bouts of polymerization and depolymerization, collectively referred to as plus end dynamic
instability. In developing branches, tubulin dimers are added and subtracted at the
microtubule plus end that is directed distally toward the membrane of the filopodium or
branch (Conde and Caceres, 2009; Kalil and Dent, 2014). In the axon, microtubules are
organized in a parallel bundled array. However, at the site of nascent branches microtubules
become unbundled and can also undergo local fragmentation along the axon shaft (Yu et al.,
1994; Dent et al., 1999; Gallo and Letourneau, 1998, 1999; Ketschek et al., 2015). The
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process of branching thus involves both microtubule plus end dynamic instability and the
local reorganization of the axonal microtubule array.

Observations at early stages of branch formation revealed localized disruption of the bundled
microtubule array where the microtubules splay apart. (Figure 3B; Dent et al., 1999; Gallo
and Letourneau, 1998, 1999; Kornack and Giger, 2005; Ketschek et al., 2015). The
mechanism that promotes the splaying apart (debundling) of microtubules is not understood.
However, a recent study suggests that actomyosin contractibility along the axon negatively
regulates the ability of microtubules to undergo splaying/debundling (Ketschek et al., 2015).
The same study reported that in chicken sensory neurons NGF promotes the localized
debundling of axonal microtubules along the axon prior to the emergence of collateral
branches. Depolymerization of actin filaments, or inhibition of myosin |1, potentiated the
effects of NGF on microtubule debundling. Sites of microtubule debundling strongly
correlated with the entry of microtubules into axonal filopodia, suggesting that debundling
may assist the entry of microtubule tips into filopodia. Furthermore, axonal microtubule
debundling during branching might promote the stalling or capture of axonal transport
cargoes using microtubule based mechanisms. Nevertheless, the mechanistic function of
microtubule debundling during axon branching needs further investigation. In addition,
localized severing of long microtubules into smaller fragments may also contribute to
branching by providing a supply of small microtubules that could then undergo active
transport into nascent branches (Dent et al., 1999; Gallo and Letourneau, 1998, 1999; Yu et
al., 1994, 2008). Microtubules can enter into axonal filopodia through either polymerization
or active transport, and both mechanisms can contribute to branching depending on the
experimental model systems (Dent et al., 1999; Gallo and Letourneau, 1999, 1998; Ketschek
et al., 2015). Molecules with identified roles in promoting the entry or retention of
microtubules in filopodia are discussed below (i.e., Septin 7 and Drebrin). Myosin 11 is
found in axonal filopodia and does not regulate the entry of microtubules into filopodia, but
negatively regulates the ability of the microtubule tip to penetrate deep into the filopodial
shaft following entry (Figure 1; Ketschek et al., 2016).

Microtubule severing proteins

During branching the properties of microtubules are regulated by diverse cellular factors,
including microtubule associated proteins (MAPS) which bind microtubules along their
lengths (Kornack and Giger, 2005; Gallo, 2011; Kalil and Dent., 2014). Spastin and Katanin
are severing proteins that fragment microtubules and differentially promote the formation of
collateral branching (Qiang et al., 2006; Yu et al., 2008). In cultured hippocampal neurons,
Spastin overexpression enhances the formation of axon branches, whereas its depletion
decreases branch formation (Yu et al., 2008). The MAP Tau protects microtubules from the
severing activity of Katanin. Depletion of Tau from axons potentiates the induction of axon
branching by Katanin (Qiang et al., 2006). This suggests two different models of branch
formation involving microtubule severing. In the first model, the local concentration of
Spastin along the axon may drive microtubule severing, and in the second model the local
regulation of Tau binding to microtubules may determine the ability of Katanin to sever
microtubules. Each of these mechanisms leading to the severing of axonal microtubules are
likely under the regulation of signaling cascades that regulate events such as the
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Microtubule

Kinesins

phosphorylation of Tau, the attachment or detachment of other proteins, and the localization
of Spastin/Katanin (Kornack and Giger; 2005; Qiang et al., 2006; Yu et al., 2008), but these
issues remain largely unexplored. Finally, in the context of NGF-induced axon branching,
and the localized splaying of the axonal microtubule array, there does not seem to be any
severing of microtubules or decreases in microtubule content at sites of axon branching
(Ketschek et al., 2016). This observation indicates that microtubule severing is not
necessary, but can have an important role in branching in a cell type or context dependent
manner. Whether microtubules populate nascent branches following severing and transport
or through plus end polymerization, could simply reflect two different means to achieve the
same end.

plus-end associated proteins

The microtubule plus end proteins (+Tips) are proteins that specifically accumulate at the
plus ends of polymerizing microtubules, allowing control of microtubule dynamics and
growth directionality. Different studies have shown the importance of +Tips in growth cone
mediated axon extension (Kornack and Giger, 2005; Conde and Caceres, 2009). The
adenomatous polyposis coli protein (APC) binds to the plus end of microtubules and
stabilizes their growing ends (Slep et al., 2005). APC is essential for microtubule
organization within the axon and growth cone of early developing mouse cortical neurons
(Zhou et al., 2004, Purro et al., 2008; Yokota et al., 2009). Genetic deletion of APC leads to
excessive branching that correlates with disruption of microtubule organization at branch
points. Furthermore, many of the exuberant branches arise from growth cone splitting and
not collateral formation along the axon shaft. The exact mechanisms of how APC
contributes to axonal branching remain to be elucidated (Chen et al., 2011; Pacheco and
Gallo, 2016).

Kinesins are a large family of motor proteins that move cargoes along microtubules.
However, some members of the Kinesin 1 subfamily, including KIF2A, do not function as
motor proteins but possess microtubule-destabilization activity (Kornack and Giger, 2005).
Studies in knockout mice showed that KIF2A suppresses the elongation of established axon
branches, resulting in abnormally long collateral branches (Homma et al., 2003; Noda et al.,
2012). Thus, KIF2A plays an important role in suppression of collateral branch extension,
but a role in branch initiation was not observed. Similarly, a recent study found that
Kinesin-1 (KIF5) accumulates at the tips of neurites within the axon arbor of cerebellar
granule neurons and suppresses their retraction, resulting in stabilization and subsequent
increased growth (Seno et al., 2016). Moreover, a role for microtubule motors in the
formation of collateral branches along sensory axons in response to treatment with NGF is
suggested by a study using ciliobrevin D, an inhibitor of the retrograde motor protein dynein
(Sainath and Gallo, 2015). As also observed in some other studies (see discussion in Sainath
and Gallo, 2015), manipulation of dynein activity was found to also impact the activity of
kinesin driven anterograde transport and block overall axonal transport. Thus, the effects of
ciliobrevin D on the inhibition of axon branching cannot be readily attributed to inhibition of
dynein, but do provide general evidence for a role of microtubule based motors in the
initiation of axon branches, as well as the regulation of the later stages of branch elongation.

Mol Cell Neurosci. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Armijo-Weingart and Gallo Page 8

Additional microtubule associated proteins (MAPs)

Interactions

Septins

Doublecortin (DCX) binds microtubules and influences microtubule stability and bundling
(Tint et al., 2009; Brouhard and Rice, 2014). DCX is required for neuronal migration and
axonal wiring (Koizumi et al., 2006). Studies in hippocampal neurons showed that DCX is
preferentially associated with microtubules in regions enriched in actin filaments (Tint et al.,
2009). Furthermore, DCX knockdown triggers excessive branching of cortical and granule
neurons, an effect attributed to a failure in the maintenance of microtubule crosslinking
(Bilimoria et al., 2010; Li et al., 2014). MAP1B is one of the earliest MAPS to be expressed
during development. In vitro studies highlight a key role of MAP1B in multiple processes
that are essential for neuronal regeneration, including axon guidance, retraction and
branching (Bouquet et al., 2007; Stroissnigg et al., 2007; Barnat et al., 2010; Tymanskyj et
al., 2012). Deletion of MAP1B in mice increases axonal branching (Bouquet et al., 2007,
Tymanskyj et al., 2012). Live imaging analysis of branch formation demonstrated that in the
absence of MAP1B axonal protrusions are more likely to be stabilized and therefore mature
into a branch (Bouquet et al 2004; Barnat et al., 2016). The intra-axonal translation of
MAP1B was also found to be negatively regulated by microRNA9 and downregulation of
MAP1B translation promoted axon branching (Dajas-Bailador et al., 2012).

between microtubules and actin filaments

Interaction between dynamic microtubules and actin filaments underlie many fundamental
processes including axonal branching (Kalil and Dent, 2014). Time lapse imaging studies
demonstrated that at branch points the splaying of microtubules is accompanied by focal
accumulation of actin filaments. Application of drugs that decrease either actin or
microtubule dynamics also inhibit polymerization of the other cytoskeleton element (Dent
and Kalil, 2001, Rodriguez et al., 2003). These observations support the notion that
interactions between dynamic microtubules and actin filaments are required for axon
branching and axon outgrowth. However, the mechanisms that coordinate the remodeling of
actin and microtubules during branching are poorly understood. Although there are multiple
possible molecules involved in branching that have the potential to bind actin filaments and
microtubules, few studies to date have addressed the role of any of those molecules in the
coordination of the actin and microtubule cytoskeleton during branching. For a
comprehensive treatment of microtubule-actin interactions during branching readers are
directed to a recent review focused on this topic (Pacheco and Gallo, 2016).

Septins comprise a family of GTP binding proteins that polymerize into higher order
structures. There are four main groups of Septins defined by their founding members (Septin
2,3,6 and 7 groups; Mostowy and Cossart, 2012). The first described Septin hetero-oligomer
consists of two Septin 2 subunits that bind each other and are flanked by Septin 6 subunits
that in turn bind Septin 7 subunits, resulting in a 762267 oligomer. However, Septin hetero-
oligomers vary in subunit composition as dictated by the rules of interaction between Septin
family members (see Nakahira et al., 2010), thereby giving rise to a large number of possible
oligomers. Septins regulate actin and microtubule organization, their crosstalk and their
binding to others effectors (Sheffield et al., 2003; Weirich et al., 2008). Septin 6 and Septin 7
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Drebrin

have been shown to be required for the morphogenesis of dendrites and axonal branching
through regulation of the axonal cytoskeleton (Tada et al., 2007; Xie et al., 2007; Cho et al.,
2011; Hu et al., 2012; Ageta-Ishihara et al., 2013). Furthermore, a recent investigation noted
that Septin7 negatively regulates the levels of acetylated tubulin in axons (Ageta-Ishihara et
al., 2013). Studies in chicken sensory neurons suggest that the combined action of Septin 6
and Septin 7 provides a mechanism for coordinating the cytoskeleton during collateral
branching along axons (Hu et al., 2012). This study demonstrated that Septin 6 localizes to
actin patches and likely acts as a scaffold to locally recruit cortactin to promote the
formation of filopodia from patches. Septin 7 targets specifically to the base of axonal
filopodia where the initial interactions of microtubule tips with filopodia are expected to take
place (Figure 1, 3C). Septin7 alters the organization of axonal microtubules, and was found
to be required and sufficient for the promotion of the localization of microtubules into
axonal filopodia. Septin 6 was also found to be required for the targeting of microtubules
into axonal filopodia, as evidenced by shRNA depletion, but overexpression of Septin 6 did
not promote microtubule targeting. This required but not sufficient role of Septin 6 may
relate to its function as a Septin 7 binding partner. However, relatively low colocalization
was observed for Septin 6 and 7 in patches and at the base of filopodia. This observation
suggests that at sites of filopodia formation these Septins may not represent the canonical
762267 oligomer, and clarification of the Septin oligomers of relevance to axon branching
awaits further consideration. Collectively, these studies suggest that Septin 6 and 7 comprise
a module that regulates the reorganization of actin filaments and microtubules, thereby
affecting the development of axonal collateral branches (Hu et al., 2012).

Drebrin is an actin filament binding protein, highly expressed in neuronal cells, involved in
the regulation of actin filament organization. Debrin can bundle actin filaments and regulate
the binding of additional actin binding proteins (Dun and Chilton, 2010; Wort, et al., 2010).
A previous study pointed to an important role for Drebrin as a link between the actin and
microtubule systems. Drebrin binds to EB3, a microtubule plus end binding protein that
associates with the tips of polymerizing microtubules (Geraldo et al., 2008). Furthermore,
Drebrin increases the number of axonal filopodia and branches generated by oculomotor
neurons in vivo (Dun et al., 2012). Ketschek et al (2016) reported that in sensory neurons
Drebrin coordinates the actin filament and microtubule cytoskeleton during the initial stages
of axon branching. This study revealed that Drebrin is involved in the formation of the
filopodia bundle from actin patches. Additionally, Drebrin normally localizes to actin
patches and the proximal but not distal half of filopodia (Figure 3D). Drebrin is thus well
placed to promote the entry of microtubule plus ends into the base of filopodia and guide
their tips into the filopodia shaft. Consistently, overexpression of Drebrin greatly increased
instances of microtubule plus tips entering axonal filopodia. Interestingly, myosin 1l was
found to negatively regulate the localization of Drebrin into the distal most parts of
filopodia, as inhibition of myosin 11 resulted in the presence of Drebrin throughout filopodia
instead of just the most proximal half of the filopodium. By directly monitoring the effects
of manipulating Drebrin function on both the axonal actin filament and microtubule
cytoskeleton, this report identified Drebrin as the first known coordinator of both
cytoskeletal systems during axon branching.
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Microtubule-actin crosslinking factor (MACF1)

MACF1 is a cytoskeletal crosslinking protein that interacts with actin filaments and
microtubules, and plays an important role in neuronal development (Fuchs and
Karakesisoglou, 2001; Lin et al., 2005). A recent study addressed the functional
consequences of knocking out MACF1 in cortical and hippocampal neurons, /n vivoand in
vitro, on dendritic and axonal development (Ka and Kim, 2015). When MACF1 was
knocked out, axons grew shorter and formed less axonal branches. MACF1 deletion
disrupted actin and microtubule organization. However, the effects of MACF1 knockout on
the specifics of the dynamics of the axonal cytoskeleton and branch formation remain to be
specifically addressed.

Signaling mechanisms that regulate cytoskeletal dynamics during axonal
branching

Nerve Growth Factor (NGF) induced branching

Extracellular signals, including neurotrophins, regulate the formation of collateral branches
(Gallo, 2011, 2013; Gibson and Ma, 2011; Bilimoria and Bonnie, 2013; Kalil and Dent,
2014). Neurotrophins are growth factors essential for the development of the vertebrate
nervous system. Each neurotrophin can signal through two different types of cell surface
receptors, Trk and p75. Activation of Trk receptor trigger activation of the
phosphatidylinositol-3 kinase (P13K), mitogen-activated protein kinase pathways, and others
(Huang and Reichardt, 2001, 2003). NGF stimulates formation of sensory axonal collateral
branching in sensory neurons through activation of the PI3K signaling pathway (Gallo and
Letourneau, 1998; Markus et al., 2002; Jones et al., 2003; Ketschek and Gallo, 2010). PI3K
is a lipid kinase that generates PIP3 (phosphatidylinositol [3,4,5] triphosphate) from PIP2
(phosphatidylinositol [4,5] biphosphate). PIP3 serves to target a variety of proteins to the
membrane. PIP3 recruits Akt Kinase, which can inhibit GSK3-g, and activate other
signaling pathways such as mTOR (Pan et al., 2005; Quian et al., 2005; Toker and
Marmiroli, 2014; Kriplani et al., 2015). The PI3K pathway is a major regulator of axonal
growth, controlling cellular cytoskeletal dynamics and expression of genes functioning
during neuron morphogenesis (Atwal et al., 2000; Arévalo et al., 2006; Cosker and Eickholt,
2007; Eickholt, et al 2007). Conversely, PTEN phosphatase converts PIP3 back to PIP2, and
genetic deletion of PTEN increases axonal branching (Kwon et al., 2006; Drinjakovic et al.,
2010; Geoffroy et al., 2015).

The current understanding of the mechanism of NGF-induced branching involves the
activation of the TrkA receptor by NGF, resulting in activation of PI3K signaling which in
turns activates the Racl GTPase to drive WAVEL activity, thereby activating the actin
nucleating complex Arp2/3 (Figure 2C; Spillane et al., 2011, 2012). Spillane et al (2012)
showed that in chicken sensory neurons, PI3K activity increases the axonal levels of the
actin associated protein cortactin that promotes the emergence of the filopodia from the actin
patches, and also the levels of WAVEL. The NGF-induced increases in these proteins is
mediated by intra-axonal translation of axonally targeted mMRNAs. Through live imaging of
sites of PIP3 formation along axons, Ketschek and Gallo (2010) identified localized
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microdomains of PI3K signaling that spatio-temporally correlate with the locations of actin
patch formation along axons.

Live imaging of microtubule tip polymerization in sensory neurons, transfected with
microtubule plus tip associated GFP-EB3, showed that NGF promotes microtubule
polymerization in distal axons, and treatment with NGF increases the percentage of
filopodia that contain microtubules (Ketschek and Gallo, 2010; Spillane, et al., 2012).
Ketschek et al (2016) reported that NGF promotes the localized debundling of axonal
microtubules prior to the emergence of collateral branches. These investigations determined
that NGF promotes the formation of collateral branches through the regulation of both the
actin filament and microtubule cytoskeleton.

Glycogen synthase kinase-3 (GSK3-a and )

GSK3 is a serine/threonine kinase primarily regulated through inhibition of its activity by
phosphorylation of its amino-terminal serine residue (Ser9). This protein is a downstream
effector of multiple extracellular cues including Wnts and NGF (Kim, et al., 2011b). GSK3
has emerged as an important regulator of axon extension and branching by regulating the
reorganization of microtubules (Zhou et al., 2004; Purro et al., 2008; Bilimoria et al., 2010;
Barnat et al., 2016). Pharmacological inhibition of GSK3 activity was shown to induce axon
branching in embryonic sensory neurons (Kim et al., 2006b). Moreover, Wnt3 signaling
directly affects the microtubule cytoskeleton in the growth cone by inducing APC loss from
the microtubule plus-end through inhibition of GSK3-B (Purro et al., 2008). Interestingly, a
recent study demonstrated that GSK3-p mediated phosphorylation of MAP1B negatively
regulates neurite branching in adult sensory neurons (Barnat et al, 2016). GSK3-p also
phosphorylates DCX contributing to DCX function in the restriction of axonal branching in
granule neurons of the cerebellar cortex (Bilimoria et al, 2010).

3’-5’-cyclic adenosine monophosphate (cAMP) signaling

cAMP has been suggested to serve as an important mediator in axonal growth (Averaimo
and Nicol, 2014). By using photo-activated adenylyl cyclase (PAC) to locally increment
CAMP levels, a recent study revealed that short term elevation of intracellular cAMP induces
axonal branching via Protein Kinase A (PKA) activation (Zhou et al 2016). Furthermore, a
study performed in hippocampal neurons indicates that Netrin promotes filopodia formation
along the axon through PKA induced phosphorylation of the actin regulators Ena/VASP
(Lebrand et al 2004). Calpain protease activity is essential for the repression of protrusive
activity along the axon by limiting Cortactin levels and inhibiting actin polymerization
(Mingorance-Le Meur and O’Connor, 2009). cAMP-PKA signaling inhibits the activity of
Calpain in hippocampal neurons, resulting in decreased proteolysis of Cortactin and
increased axonal protrusive activity and branching (Mingorance-Le Meur and O’Connor,
2009). The theme of the regulation of axonal plasticity by Calpain mediated mechanisms
was also determined in studies involving the effect of SDF1 on axon development. SDF1
binds to the G-protein-coupled receptor C-X-C motif chemokine receptor 4 (CXCR4) (Liu
et al., 2016), and regulates the development of the nervous system through effects on cell
migration and axon guidance (Mithal, et al, 2012). A recent report provides evidence that
SDF1 reduces branching in cortical interneuron through dual regulation of actin and
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microtubules. Upon SDF1 signaling, Calpain becomes active and cleaves Cortactin,
reducing Arp2/3 function, consolidating the actin network and reducing branch formation.
Simultaneously, SDF1 signaling activates DCX to bind and bundle microtubules, stabilizing
the microtubule array and reducing neuronal branching (Lysko et al., 2011, 2014). Whether
the regulation of calpain by SDF1 is mediated by cAMP signaling remains to be determined.

The role of GTPases in axonal branching

Rho GTPases (Racl, RhoA and Cdc42) are monomeric G proteins that can switch between
an inactive GDP bound state and active GTP-bound state. Guanine nucleotide exchange
factor (GEFs) interact with Rho GTPases and stimulate the exchange of GDP to GTP to
generate an active form. In contrast, GTPase activating proteins (GAPS) activate the intrinsic
GTPase activity, resulting in inactivation (Schmidt and Hall, 2002). A major role of Rho
GTPases is to control the assembly, disassembly and dynamic rearrangement of the actin
filament and microtubule cytoskeleton. Rho GTPases play crucial roles in axon growth,
guidance and branching (Hall and Lalli, 2010). Racl has been shown to positively regulate
axon branching (Moon and Gomez, 2010; Spillane, et al., 2012). Overexpression of vav2, a
Rac1/Cdc42 GEF, or constitutively active Racl in cultured Xengpus neurons promotes
branching, and /n vivovav2 increases branching in commissural interneurons (Moon and
Gomez, 2010). In sensory neurons, Racl is activated by NGF-PI3K pathway, and its activity
promotes the formation of actin patches. The effect of Racl is likely due to the activation of
its downstream effector WAVEL that in turn activates the Arp2/3 complex and promotes
actin polymerization (Spillane et al., 2012). RhoA-Kinase (ROCK) is activated downstream
of RhoA and in neurons it has generally been associated with the promotion of actomyosin
driven contractility and the suppression of the formation of protrusive actin filament based
structures (Gallo, 2011; Spillane and Gallo, 2014), while promoting the formation of
cytoplasmic bundles of actin filaments that serve contractile functions (Gallo, 2006).
Analysis of eYFP-actin dynamics in the distal axon of chicken sensory neurons revealed that
RhoA-ROCK negatively regulates the elaboration of actin patches (Loudon et al., 2006).
RhoA-ROCK signaling positively regulates the activity of myosin 11 by increasing the
phosphorylation of myosin 11 regulatory light chains, thereby inhibiting the emergence of
filopodia from actin patches by the activation of Myosin Il (Gallo, 2006; Loudon et al.,
2006). Focal Adhesion Kinase (FAK), negatively regulates axonal branching in hippocampal
neurons, in part by the activation and recruitment of p190RhoGEF (Rico et al., 2004). In
Drosophila mushroom body, activation of RhoA or inactivation of its effector DROCK/
ROCK, also inhibit the formation of branching (Billuart et al., 2001). Conversely, another
study presented evidence that RhoA activity in cortical neurons acts as a positive mediator of
activity dependent axon branching (Ohnami et al., 2008). In addition to the previously
discussed role of RhoA in driving actomyosin contractility, RhoA can also drive actin
polymerization through the regulation of formins (Kthn and Geyer, 2014), a role that may
be assumed in the context of activity mediated axonal plasticity. It is possible that neuronal
activity may bias the relative contribution of RhoA toward filament polymerization and
away from the actomyosin system, thereby resulting in the promotion of protrusive activity.
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Calcium

Cytoplasmic calcium levels are major regulators of a multitude of cellular functions
including cytoskeletal dynamics. The initiation of axonal filopodia and branches induced by
the local application of NGF along sensory axons was found to require neither extracellular
nor intracellular sources of calcium (Gallo and Letourneau, 1998). Unexpectedly, lowering
calcium levels instead promoted the formation of axonal filopodia in response to NGF along
sensory axons. Consistently, a recent study of the NGF induced branching of sympathetic
axons /n vitro and in vivo indicates that coronin-1 suppresses NGF-induced branching
through a calcium dependent mechanism (Suo et al., 2015). In contrast, the induction of
branches along cortical neuron axons by Netrin-1, correlates spatiotemporally with localized
calcium fluxes that are required for the emergence of branches (Tang and Kalil, 2005). Focal
elevation of calcium levels along the axons of buccal ganglion neurons from the snail
Helisoma trivolvis induced the formation of filopodia (Williams et al, 1995), albeit in a
developmental stage dependent manner. Similarly, using cultures of grasshopper central
nervous system neurons, Lau et al (1999) found that localized released of caged calcium
induced the formation of filopodia along axons from previously established accumulations
of actin filaments, likely analogous to actin patches. The role of calcium in the formation of
axonal filopodia and subsequently branches appears to be dependent on the neuron type
(e.g., peripheral vs central nervous system neurons) or signal inducing the response (e.g.,
NGF vs Netrin-1), and also the developmental stage of the neuron. Clearly, additional
investigation into the role of calcium in the formation of axonal filopodia and branches is
warranted and will likely uncover multiple possible scenarios and underlying mechanisms.

Intra-axonal protein synthesis

Localized translation of mRNAs in axons contributes to neuronal morphogenesis (Holt and
Schuman, 2013). The mRNA binding protein FMRP, that is involved in axonal translation,
negatively regulates axon branching (Pan et al., 2004; Tucker et al., 2006) through a
mechanism remains to be fully elucidated. Multiple mMRNAs coding for axonal cytoskeletal
regulators (B-Actin, Cofilin, Gap43, Arp2, Cortactin, WAVE1, Fascin, Tubulin) are targeted
into axons, through their 3"UTR sequences (Yoo et al., 2010; Gumy et al., 2011; Spillane et
al., 2012, 2013). The PI3K pathway promotes translation through the mammalian target of
rapamycin (mTOR) pathway (Martelli et al., 2011; Nandagopal and Roux, 2015). Spillane et
al (2012) provided evidence that in cultured chicken sensory axons NGF signaling through
PI3K-mTOR signaling promotes collateral branch formation dependent on the intra-axonal
protein synthesis of Arp2 subunit of the Arp2/3 complex, WAVE1, and Cortactin. This study
supports the important role of intra-axonal protein synthesis to locally increase cytoskeletal
regulators that are involved in axonal branching (Spillane et al., 2012). The observation that
microRNA-9 locally suppresses the axonal translation of MAP1B in cortical neurons, and
that this suppression promotes axon branching (see prior section on MAPs; Dajas-Bailador
et al., 2012), is also consistent with the notion that neurotrophins regulate branching through
the regulation of intra-axonal protein synthesis dependent mechanism. Collectively, these
studies indicate that increases in the translation of branch promoting proteins and the
suppression of the translation of branch inhibitory proteins both contribute to the
mechanism. Consistent with this notion, chondroitin sulfate proteoglycans (CSPGs) have
been reported to promote the intra-axonal translation of RhoA (Walker et al., 2012), which is
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generally inhibitory to branching (see prior section on GTPases), while also suppressing the
translation of Cortactin which promotes branching (Sainath et al., 2016). In general, these
observations are consistent with the originally proposed idea that the role of intra-axonal
protein synthesis is to locally regulate the axonal proteome to generate specific responses to
extracellular signals (Alvarez et al., 2000).

Involvement of mitochondria in determining axon branching

The positioning of mitochondria along axons has emerged as a required component of the
mechanism that determines the sites of axon branching (Courchet et al., 2013; Spillane et al.,
2013; Tao et al., 2014). While mitochondria and their respiration are required for the
formation of axonal filopodia and branches, the role of the mitochondrion seems to be
“permissive” in determining where branches can form. Indeed, although branches form from
axon segments containing mitochondria, not all axonal segments containing mitochondria
give rise to a branch. The mitochondria dependent component of axon branching is in part
mediated by AMPK, LKB1 and NUAK signaling (Courchet et al., 2013; Tao et al, 2014)
that serve to regulate mitochondria stalling, positioning and transport within axons. In the
context of NGF induced axon branching, mitochondria positioning and respiration also serve
to define sites along the axon of preferential intra-axonal protein synthesis that is in turn
required for the ensuing branching (Spillane et al., 2013). Mitochondria positioning and
respiration also define axon segments that preferentially give rise to actin patches and
filopodia, and the presence of a respiring mitochondrion at the base of a filopodium is also
required for the maturation of a filopodium into a branch (Spillane et al., 2013). A recent
study reports that CSPGs, which inhibit axon branching (reviewed in Kadomatsu and
Sakamoto, 2014), suppress mitochondrial respiration and in turn mitochondria associated
actin filament dynamics and the intra-axonal protein synthesis of Cortactin (Sainath et al.,
2016), providing evidence for the bidirectional regulation of mitochondria by branch
promoting (e.g., NGF) and inhibitory extracellular signals. The study by Sainath et al (2016)
also determined that actin patches associated with mitochondria exhibit more pronounced
dynamics than those not associated with mitochondria, in a manner dependent on
mitochondrial respiration, further emphasizing the role of axonal mitochondria as
determinants of local actin dynamics along axons. For additional treatment of the role of
organelles in branch formation the reader is directed to a recent review focusing on this topic
(Winkle et al., 2016).

Concluding Statement

The research to date has provided important insights on multiple cellular processes operative
during axonal branching. Future investigation into additional aspects of established
mechanisms and the elucidation of novel mechanistic perspectives will continue to add to
our understanding of the process of axon branching. A few main themes have emerged that
are shared by all forms of axon branching. First, localized signaling events along the axon
shaft determine the ability of that segment of the axon to gives rise to a branch (e.g.,
localized PI3K and/or calcium signaling). Second, the first step in the formation of an axon
branch involves actin filaments generating filopodia and/or lamellipodia that then have the
potential to mature into branches. Third, the maturation of a branch from a filopodium or
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lamellipodium requires the targeting and maintenance of microtubules into the protrusion.
Fourth, stalled mitochondria are a component of the mechanism that determines the
segments of the axon that have the potential to generate a branch.

A fundamental theme that remains to be clarified revolves around understanding why a
particular segment of the axon gives rise to a branch but not the adjoining segments. The
discovery of mitochondria positioning as a determinant of sites along the axon with the
potential to generate a branch has added much to this issue. However, while the presence of
a mitochondrion is permissive for the formation of a branch it is not strictly speaking
instructive as most other sites populated by mitochondria do not give rise to branches.
Localized signaling events (e.g., by PI13K) along the axon shaft drive the dynamics of actin
patches and filopodia. (Ketschek and Gallo, 2010; Spillane, et al., 2012, 2011) a role also
observed in dendritic filopodia (Luikart et al., 2008). The sites of actin patch formation
along the axon are also delineated by the presence of respiring mitochondria (Ketschek and
Gallo, 2010). However, the mitochondria dependent regulation of actin filaments is only one
component of axon branching. In contrast, the targeting of microtubules into filopodia is
independent of mitochondria respiration (Spillane et al., 2013). Similarly, although the actin
cytoskeleton requires intra-axonal protein synthesis during NGF-induced axon branching,
the enhanced polymerization of axonal microtubules and their targeting to filopodia is
independent of protein synthesis (Spillane et al., 2012). Collectively, these considerations
indicate that the actin filament and microtubule cytoskeleton are regulated independently
(Figure 4), at least in some forms of axon branching. However, whether the mechanisms that
regulate the crosstalk and interactions between actin filaments and microtubules (e.g.,
Drebrin and MACF1) are regulated remains to be addressed (Figure 4). These mechanisms
may operate at baseline levels without additional regulation, while the two cytoskeletal
elements are independently regulated. This issue awaits further investigation.

A fruitful future direction for the cohort of investigators addressing axon branching, will be
to determine how the axonal cytoplasm becomes reorganized at sites of branching. To date,
multiple signaling pathways have been involved in branching, but often times the exact roles
of these signaling pathways in the regulation of the various components of the cellular
mechanism of branching remain to be determined. It seems likely that individual pathways
will have orchestrational roles. For example, the PI3K pathway directly impacts the
dynamics of the actin filament cytoskeleton through downstream actin binding proteins,
while also having the potential to regulate mitochondrial respiration that in turn regulates
local actin filament dynamics and intra-axonal translation (Sainath et al., 2016). Similarly,
GSK3 signaling can impact a variety of cellular processes related to microtubules.
Understanding how these multiple pathways converge and diverge in the regulation of
specific aspects of the mechanism of branching remains a frontier. Investigations addressing
if and how cytoskeletal motor systems serve to locally target the required organelles,
signaling and effector molecules to sites of branching are lacking but may yield interesting
novel observations regarding how the neuron organizes its axonal cytoplasm.

Finally, it will also be of interest to further consider the possibility that there may be a
multiplicity of mechanisms capable of driving the formation of axon branches. While the
basic sequence of cytoskeletal events underlying the formation of a branch does not vary
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(e.g., formation of protrusive structures, subsequent population by microtubules and
maturation into a branch; Figure 4), the evidence reviewed herein indicates that different
upstream signals can regulate the process across different cells or contexts (e.g., calcium
signaling, GTPase signaling). Also, as previously noted, microtubules can be targeted into
nascent branches through either plus tip mediated polymerization or active transport.
Similarly, there are models and examples of filopodia formation independent of the network
convergence mechanism and Arp2/3 (reviewed in Gallo, 2013). Therefore, it would not be
unexpected if in some contexts the formation of filopodia leading to branches may be
operating independent of the Arp2/3 complex. Ultimately, the unifying elements of the
process of branching are the cytoskeletal rearrangements themselves, and these may be
accomplished through more than one mechanism. Furthermore, studies of the cellular
mechanism of axon branching are almost invariably performed on embryonic or early
postnatal neurons due to technical reasons revolving around the inability to culture adult
neurons, the dorsal root ganglion being an exception. Thus, the extrapolation of the current
knowledge base to the branching/sprouting observed in the adult nervous system in injury
and disease states may not be warranted, and the field would benefit from continued analysis
of the mechanism of branching in adult neuron model systems.
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HIGHLIGHTS
Branching requires coordination of the cytoskeleton

Coordination of the cytoskeleton is mediated by actin-microtubule binding
proteins

Mitochondria have a pivotal role in determining sites of branching
Mitochondria function regulates the axonal actin filament cytoskeleton

Intra-axonal protein synthesis is required for NGF-induced branching
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Figure 1.
Sequence of cytoskeletal events leading to the formation of axon collateral branches. The

schematic shows the formation of a collateral branch, in time (left to right), along an axon
(A). The first event in the formation of a branch is the emergence of an axonal filopodium
(B-C). The emergence of an axonal filopodium is preceded by the formation of an axonal
actin filament patch (B). The actin patch is a meshwork of actin filaments that gives rise to
the bundle of actin filaments that defines the core of the filopodium (C). The targeting of an
axonal microtubule into the filopodium is the next necessary step in the formation of a
branch from a filopodium (D). The inset shows the general distributions of Drebrin and
Septin 7 at axonal filopodia. Septin 7 localizes specifically to the base of filopodia and
Drebrin localizes to actin patches and the proximal half of filopodia. Note that although not
specifically shown, actin patches have shorter lifespans than filopodia and often are not
present at the base of existing filopodia, although remnants may persist. Filopodia
containing microtubules that remain in place have the potential to mature into nascent
branches. The process of maturation involves the disassembly of the filopodial actin filament
bundle, and the establishment of a distally polarized actin filament cytoskeleton giving rise a
small growth cone-like structure at the tip of the nascent branch (E). Once the branch if
established it then has the potential to continue elongating or undergo retraction back into
the main axon. Each of the steps B-E has a given probability of occurring. In other words,
only subsets of actin patches give rise to filopodia, only subsets of filopodia are targeted by
microtubules, and only a subset of filopodia containing microtubules undergo maturation.
Ultimately a branch arises from a segment of the axon that has successfully met the criteria
for each of these steps. Not shown in this schematic is the local splaying of the microtubule
array at sites of potential branching that is however discussed in the main text. The splaying
occurs early in the process between steps A-B. (F) Summary of molecules discussed in the
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main text with specific identified roles in steps A—E. Each set of regulators is shown below
the relevant step. Other regulators of branching which have not been assigned specific loci of
regulation in the cytoskeletal basis of branching are not shown, but discussed in the text.
Under (B) regulators are shown depending on whether they control the initiation of patches
or their subsequent development (i.e., increase in size and lifespan). Unless denoted by (=)
the role of the regulator is positive. If denoted by (=) the role is inhibitory. For example,
Myosin |1 acts to suppress the emergence of filopodia from actin patches (C). In (B) Drebrin
is denoted with a (*) to note that while it is required for patch initiation it is not sufficient to
drive initiation. In (E) myosin Il is denoted with (*). In this case, Myosin Il does not regulate
the entry of microtubules into filopodia but it serves to decrease the distance the
microtubules penetrate into the filopodium.
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Figure 2.
Axonal actin filament patch formation and dynamics. (A) Example of actin patch formation

(yellow arrow at 6 sec), elaboration (6—18 sec) and dissipation (30—42 sec) as imaged along
the axon of an embryonic sensory neuron expressing eYFP-p-actin. (B) Possible actin
filament nucleators involved in the initiation of actin patches. The specific nucleators
required for patch initiation remains to be determined, as reflected by the (?). (C) The
Arp2/3 complex is required for the detection and elaboration of axonal actin filament
patches. The inset shows an example of the complex network of actin filaments in axonal
actin patches, as detected using platinum replica electron microscopy (from a collaboration
with Dr. T. Svitkina, University of Pennsylvania). PI3K activity drives the Racl GTPase that
in turn activates the Arp2/3 complex through WAVE1. Cortactin serves to stabilize Arp2/3
mediated filament branches and positively regulates the elaboration of patches.
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Figure 3.
Microtubule dynamics, organization and microtubule-actin interactors. (A) Example of a

microtubule plus tip decorated with eGFP-EB3 (denoted by yellow arrowheads) entering an
axonal filopodium. The phase contrast images show the filopodium at 0 and 12 secs. The
microtubule tip enters the filopodium at 6 sec and by 12 sec has traveled almost to the tip of
the filopodium. (B) Example of the splaying of the microtubule array at sites of axonal
protrusive activity, reflected by filopodia. The splaying of microtubules is denoted by the
white]. Note that the adjacent axon segments exhibit a uniformly bundled array. (C)
Example of Septin 7 localization to the base of an axonal filopodium (from a collaboration
with Dr. E. Spiliotis, Drexel University). The inset shows a 2x empty magnification view of
the base of the filopodium. (D) Example of the distribution of Drebrin restricted to the
proximal 4-5 microns of axonal filopodia (denoted by red arrows) (from a collaboration
with Dr. J. Chilton, University of Exeter). All examples are from embryonic chicken sensory
neurons.
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General summary model of the regulation of the axonal cytoskeleton during branching.
Branch inducing signals activate multiple pathways that independently regulate the actin

filament and microtubule cytoskeleton. The ensuing cytoskeletal dynamics promote

branching by increasing actin filament dependent protrusive activity and microtubule tip
polymerization or transport into protrusions. Molecules that coordinate the actin filament
and microtubule cytoskeleton, in turn serve to promote interactions between the cytoskeletal

elements. It remains to be determined if and by which signaling pathways cytoskeletal

coordinators may be under regulation by branch inducing signals. The formation of a branch
requires the formation of protrusive structures along the axon through the regulation of actin
filaments, and the targeting and retention of microtubules in these protrusions. The means
through which these ends are accomplished, at the molecular level, are likely diverse relying
on different signaling pathways and effectors, as discussed in the concluding statement.
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