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Abstract

Neural connectivity requires proper polarization of neurons, guidance to appropriate target
locations, and establishment of synaptic connections. From when neurons are born to when they
finally reach their synaptic partners, neurons undergo constant rearrangment of the cytoskeleton to
achieve appropriate shape and polarity. Of particular importance to neuronal guidance to target
locations is the growth cone at the tip of the axon. Growth-cone steering is also dictated by the
underlying cytoskeleton. All these changes require spatiotemporal control of the cytoskeletal
machinery. This review summarizes the proteins that are involved in modulating the actin and
microtubule cytoskeleton during the various stages of neuronal development.

1. INTRODUCTION

The development and function of the vertebrate nervous system is founded upon the
formation of appropriate synaptic connections between neurons that are often located in
distant regions of the organism. The complex neural network, in which each neuron
synapses onto multiple postsynaptic partners and receives inputs from multiple presynaptic
partners, is established by directional migration of nascent neurons from sites of
neurogenesis to specific locations in the organism, the directional extension and branching
of the presynaptic axon toward distal synaptic sites, and the ramification of postsynaptic
dendrites and formation of dendritic spines. A failure to establish proper neural connectivity
due to specific genetic mutations is associated with many neurological and neuropsychiatric
conditions including multiple congenital cranial dysinnvervation disorders, mirror
movement disorders, L1 syndrome, Joubert syndrome, and Kallmann syndrome, among
others (Engle, 2010). Furthermore, variation in a number of genes associated with polygenic
complex trait conditions including schizophrenia, bipolar disorder, and autism are also
associated with improper connectivity (Connor et al., 2011; Mingorance-Le Meur and
O’Connor, 2009; Wolff et al., 2012). Therefore a thorough understanding of the molecular
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mechanisms dictating proper formation of a functional nervous system is not only an
exciting area of fundamental scientific research, but also a critical area of scientific
investigation to improve the human condition.

2. CYTOSKELETAL DYNAMICS AND ORGANIZATION DURING NEURONAL
DEVELOPMENT

The shape, polarization, and motility of all cell types are dictated by intracellular
filamentous networks that constitute the cytoskeleton, including microfilaments or
filamentous actin (F-actin) composed of polymerized globular actin (G-actin), intermediate
filaments, which in the nervous system are neurofilaments composed of intermediate
filament proteins, and the microtubule (MT) cytoskeleton comprising protofilaments of af-
tubulin heterodimers. The polymerization and depolymerization dynamics of these
cytoskeletons, their organization into higher-order structures or architecture, and the
carefully orchestrated interplay between the cytoskeletons are driving forces behind cell
membrane protrusion and neuronal shape change and stability. Pharmacological inhibitors
that disrupt the polymerization or depolymerization of F-actin or MTs have demonstrated
that dynamics of F-actin and MTs are essential for proper polarization, migration and
guidance of neurons, and steering of axons toward target locations. For example, perturbing
actin dynamics with cytochalasin D, which prevents actin polymerization at the fast growing
“barbed” ends, prevents neurite initiation. Similarly jasplakinolide treatment, which blocks
F-actin depolymerization, induces axon retraction (Dent et al., 2007; Gallo et al., 2002).
Similarly altering MT stability using low concentrations of taxol, which promotes
polymerization at the MT plus end, facilitates axon regeneration, whereas colchicine or
colcemid treatment, which prevents MT polymerization, prevents axon elongation (Bamburg
et al., 1986; Gomez and Letourneau, 2013; Sengottuvel et al., 2011).

In vivo newly born neurons are spherical shaped, whereas dissociated neurons cultured on a
2D surface in vitro are initially asymmetrical, but flattened onto the substrate in a pancake-
like shape (stage 1). Cultured neurons undergo a stereotypical progression of shape changes
during developmental neurogenesis (Bradke and Dotti, 2000; Dotti et al., 1988) (Fig. 1). F-
actin rich sheet-like lamellipodial protrusions and finger-like filopodial protrusions decorate
the periphery of immature neurons. The lamellipodia and filopodia coalesce into thin minor
neurites (stage 2) (Dehmelt and Halpain, 2004; Dent et al., 2007; Mingorance-Le Meur and
O’Connor, 2009). Whereas initially each neurite process is of similar length and composed
of nearly equivalent amounts of F-actin and MTs and similar cytoskeletal regulatory
proteins, eventually one neurite establishes polarity, accumulates axonal-specific proteins,
and elongates at a faster rate during axon specification (stage 3). The remaining neurites
subsequently acquire dendritic markers.

The growth cone at the tip of the elongating axon is a specialized cytoskeletal-based motile
structure, which responds to extracellular cues to guide the axon toward postsynaptic
partners (Fig. 2). The axonal growth cone is organized into three domains: the central
domain, the peripheral domain, and the transition zone (Lowery and Van Vactor, 2009). The
central domain, or palm of the growth cone contains MTs extending from the axonal shaft.
The F-actin rich lamellipodial veils in the peripheral domain in contrast, are studded with
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bundled F-actin rich filopodial protrusions and relatively few “pioneering” MTSs. In
nonneuronal cells, filopodial bundles are thought to arise from branched F-actin networks,
but whether this is the case in the growth cone is less clear. In the peripheral zone, barbed
filament ends are oriented toward the growth-cone periphery, whereas the depolymerizing
“pointed” ends of F-actin lie in the transition zone. When F-actin is engaged to the substrate
through adhesion complexes, polymerization at the barbed ends of F-actin is thought to
provide the force for filopodial and lamellipodial protrusion during growth-cone
translocation (Gomez and Letourneau, 2013). In contrast, incomplete engagement of F-actin
to the substrate results in polymerization-dependent retrograde flow of F-actin away from
the plasma membrane. As the branched F-actin network moves retrogradely toward the
transition zone, it becomes a substrate for nonmuscle myosin Il-mediated contraction.
Actomyosin contraction further enhances retrograde flow, leading to contraction and
reorganization of F-actin into an arc in the transition zone. MTs polymerize into this region,
pushing the F-actin arc toward the growth-cone periphery. F-actin depolymerization in the
proximal zone and contraction-mediated bundling of MTs reduces the area of the rear of the
growth cone as it becomes a part of the axon shaft (Burnette et al., 2008). During axon
guidance, extracellular cues modulate cytoskeletal dynamics and F-actin retrograde flow in
the growth cone to dictate the rate and directionality of axonal protrusion (Dent et al., 2011).

The human brain contains approximately 1000-fold more synapses than neurons, indicating
that branching of the axon is required to achieve full synaptic capacity. Axon branching
similarly requires cytoskeletal rearrangements. Just like in the transition zone of growth
cones, F-actin and MTs colocalize and interact at the axon branch points. Pharmacological
inhibitors of actin or MT dynamics blocked axon branching and directed axon outgrowth of
cortical neurons in vitro (Dent and Kalil, 2001).

F-actin and MT dynamics during dendrite specification and branching differ from axon
specification, growth, and branching. Dendritic growth requires strong adhesion to the
substrate to counteract actin-driven tensile forces (Chamak and Prochiantz, 1989). The
strong substrate adhesion helps to compensate the lack of contractile forces produced by the
less densely packed MTs in the dendrites. MTorientation in the dendrites is still a study in
progress with reports suggesting that more than 90% of MTs in the dendrites have their
minus-end pointed and oriented away from the soma or oriented biaxially. In contrast, MTs
in the axons have their plus-end pointed outward (Georges et al., 2008; Stone et al., 2008).
Invasion of MTs into dendritic growth-cone filopodia is essential to stabilize the filopodia,
which then becomes a dendritic branch. F-actin localizes to the cortex of dendrites and
dendritic spines. Dendritic plasticity involves turnover of F-actin (Georges et al., 2008).

Due to the extended cytoskeletal-based processes of neurons, the F-actin, neurofilament, and
MT cytoskeletons comprise a significant portion of neuronal cell material. The unique
morphology of neurons is accomplished through the activity of numerous cytoskeletal
regulatory proteins, which dynamicallyorganize the neuronal cytoskeletal during neuronal
morphogenesis (Fig. 1). These regulatory proteins can promote or repress polymerization
and/ or depolymerization or organize cytoskeletons into higher-order structures. In this
section of the review we summarize the numerous cytoskeletal-associated proteins known to
alter the F-actin and MT cytoskeletons to precisely orchestrate cytoskeletal organization and
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dynamics in developing neurons. In contrast, our understanding of the regulation of the NF
cytoskeleton is considerably more rudimentary and requires extensive investigation.

2.1 Actin-Binding Proteins

F-actin is a polar, 9-nm wide right-hand coiled filament containing polymerized G-actin.
The rate-limiting step of F-actin polymerization is the formation of a stable oligomer of
actin comprising three to four G-actin subunits, termed nucleation. Once nucleated, actin
filaments can elongate on both ends. However, the ends of the filament have distinct
biochemical properties and critical concentrations of G-actin at which they polymerize. The
barbed end continues to polymerize at lower concentrations of G-actin (0.1 uM), whereas
the critical concentration for the minus end is 0.8 uM. Due to this difference, at G-actin
concentrations between these values, barbed ends polymerize while the pointed ends
depolymerize, creating an actin treadmill. This treadmill promotes turnover of F-actin in the
growth cone. In the following sections we will review the actin-binding proteins that
regulate actin dynamics and organization (Fig. 3).

2.1.1 Actin-Nucleating Proteins

2.1.1.1 Arp2/3 and Nucleation Promoting Factors: In cells the rate-limiting step of F-
actin nucleation is accelerated by actin-nucleating proteins. The nucleating Arp2/3 complex
is composed of seven proteins, in which actin-related proteins Arp2 and Arp3 mimic a dimer
of G-actin and participate in the nucleation of a new “daughter” filament at a ~70 degree
angle branch on the side of an existing “mother” filament (Mullins et al., 1998). The Arp2/3
complex stabilizes the pointed end of the new filament to the existing filament and creates a
new barbed end for polymerization. In nonneuronal cells, the Arp2/3 complex is involved in
the formation of lamellipodia and filopodia, suggesting it would likely be critical for
morphology changes of developing neurons (Svitkina and Borisy, 1999; Svitkina et al.,
2003). However, work from several labs has indicated that the role of Arp2/3 during
different stages of neuronal development is more complex, and likely dependent upon the
extracellular environment of the neuron and type of neuron.

Based on the evidence that filopodia and lamellipodia are required precursors of
neuritogenesis (Dent et al., 2007), involvement of the Arp2/3 complex in neuritogenesis may
be expected. In embryonic mouse cortical neurons this requirement appears to be context
dependent, inhibition of Arp2/3 complex by expression of the inhibitory peptide CA only
disrupted neuritogenesis stimulated by laminin (Gupton and Gertler, 2010). In contrast,
depletion of either the Arp3 or p34 subunit of Arp2/3 in primary neuronal cultures using
SiRNA reduced the number of lamellipodial and filopodial protrusions, and decreased F-
actin retrograde flow during neuritogenesis. This was associated with supernumary neurite
formation and decreased neurite length (Korobova and Svitkina, 2008). One explanation for
this may be that inhibition of Arp2/3 decreases F-actin stability, thus allowing MTeasier
access to the periphery, as has been seen in other contexts to promote neuritogenesis (Flynn
etal., 2012). Similarly, mutations in the Arp2/3 genes (Arx genes) in Caenorhabditis
elegans are associated with decreased filopodia number and growth-cones size in the PQR
neuron (Norris et al., 2009). In contrast, the Lanier group observed that Arp2/3 is
predominantly located in the central domain of the growth cone of embryonic mouse
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hippocampal neurons, and that dominant negative-based inhibition of Arp2/3 function did
not inhibit lamellipodia protrusion or filopodia formation, but did increase axon outgrowth
and increase aberrant axon crossing of an inhibitory semaphorin 3a substrate (Strasser et al.,
2004), suggesting that the inhibition of Arp2/3 complex function disrupts axon guidance in
some contexts. In chicken sensory axons, axonal filopodia arising from actin patches along
the axon serve as precursors for collateral axon branches (Spillane et al., 2011). Dominant
negative inhibition of the Arp2/3 complex impaired the formation of actin patches, and
subsequent filopodia formation and collateral branching. Furthermore, platinum replica EM
and immunostaining studies in hippocampal neurons indicate that Arp2/3 complex localizes
in spine heads and presynaptic boutons, where the F-actin network is in a branched as
opposed to bundled architecture (Korobova and Svitkina, 2010). Supporting a role for
Arp2/3 in spine formation, sSiRNA-mediated depletion of the p34 subunit or the Arp3 of
Arp2/3 reduced the number of spine heads in dissociated hippocampal cultures (Hotulainen
et al., 2009; Wegner et al., 2008). Cre-mediated deletion of the ArpC3 subunit of Arp2/3 in
postnatal forebrain excitatory neurons resulted in a gradual loss of spines in vivo preceded
by a decrease in the structural plasticity of spines and an accumulation of filopodia-like
spines (Kim et al., 2013). Whereas these studies indicate that Arp2/3 functions distinctly in
the variety of plasma membrane protrusions in neurons, further studies exploiting
conditional deletion of Arp2/3 components or acute inhibition of Arp2/3 function using the
pharmacological inhibitor CK-666 are required to better define the role of Arp2/3 in the
stages of neuronal morphogenesis and ameliorate the controversies in the field.

Arp2/3-mediated F-actin nucleation requires Arp2/3 activation by one of many nucleation
promoting factors (NPFs) such as Wiskott—Aldrich syndrome protein (WASP) family
members and/or suppressor of cCAMP receptor (Scar) (Rotty et al., 2012). NPFs modulate
actin filament nucleation by competing with profilin to bind to G-actin and delivering G-
actin to Arp2/3 bound to a preexisting filament. Although many studies have established the
function of NPFs in motility and cell shape change in nonneuronal cells, very little is known
about NPFs in neuron morphology establishment. Suetsugu et al. suggest that a balance
between WASP phosphorylation and degradation is essential to neurite extension and
required for axonal growth-cone filopodia formation (Chacon et al., 2012; Suetsugu et al.,
2002). Junction-mediating and regulatory protein (JMY) promotes actin polymerization
either by functioning as an NPF for the Arp2/3 complex or through its tandem-monomer-
binding property independent of Arp2/3 activity. Its function independent of Arp2/3 likely
increases the number of available mother filaments to form a branched actin network via
Arp2/3 activity (Zuchero et al., 2009). Depletion of JIMY via siRNA in Neuro 2a cells
increases the number of cells that form neurite-like extensions, suggesting JMY is a negative
regulator of neuritogenesis (Firat-Karalar et al., 2011). While WASP and Scar are the well-
characterized NPFs in nonneuronal cells, their function in neuronal morphogenesis remains
to be determined. It is intriguing to speculate that the multitude of NPFs may function to
regulate Arp2/3 function during distinct phases of neuronal development or in response to
different extracellular cues. For example, N-WASP is implicated downstream of netrin-1
stimulation (Shekarabi, 2005).
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2.1.1.2 Cordon-Bleu: Cordon-bleu (Cobl) is a brain-enriched actin-nucleating protein
(Ahuja et al., 2007). Cobl contains three WH2 (WASP homology 2) domains, that tightly
bind G-actin and decrease the lag phase of actin polymerization in vitro, indicating that Cobl
promotes nucleation of new filaments (Ahuja et al., 2007). Filaments formed by Cobl
nucleation are long, unbundled, and unbranched. Overexpression of full-length Cobl or a
Cobl construct containing all three WH2 domains, but not constructs containing individual
WH2 domain or the C-terminal proline-rich domains lead to a marked increase in both the
number of dendrites and the branching along axons and dendrites in primary rat
hippocampal neurons (Ahuja et al., 2007). Analogously, RNAi-mediated knockdown of
Cobl reduced neurite number and loss of branching (Ahuja et al., 2007). Therefore Cobl-
dependent actin nucleation likely promotes neurite formation and branching. Similarly,
RNAi-mediated depletion of Cobl in vivo resulted in a significant decrease in dendritic
arborization (DA) in Purkinje neurons (Haag et al., 2012), indicating that Cobl is also
involved in terminal DA. Whereas the function of Arp2/3 is critical in lamellipodial
protrusion in nonneuronal cells, Cobl may function in neurons as a critical actin-nucleating
protein for filopodia-dense neurons. Cobl function may also explain why loss of Arp2/3
function in neurons is not always associated with dramatic neuronal morphology change.

2.1.1.3 Formins: Formins are a large family of actin-regulatory proteins that nucleate
unbranched actin filaments and subsequently bind processively to the barbed end and
promote F-actin polymerization. Several formin family members are implicated in neuronal
development. Loss of function of the Drosphila formin DAAM results in loss of filopodia
formation in axonal growth cones in the fly embryo (Matusek et al., 2008). Maternal and
zygotic null daam1 mutant flies exhibit several gross neuroanatomical defects, including
misrouted axons, breaks in the connectives and commissures, a disorganized nerve cord, and
in some cases, a complete lack of axon bundles. When cultured in vitro, daam1 mutant
neurons show a marked decrease in the number and length of axonal growth-cone filopodia
(Matusek et al., 2008), further supporting the hypothesis that filopodia are critical structures
in axonal development. Since expression of murine Daam1 could rescue loss of drosophila
daaml, this suggests functional conservation of Daam1 between fly and mouse. The role of
Daam1 in axonal development in the vertebrate has not yet been established. However, in
mouse hippocampal neurons, Daam1 localizes to the shaft of dendrites and to dendritic
spines (Salomon et al., 2008). In this study, viral-mediated overexpression of Daam1 in
hippocampal slices did not influence dendritic numbers but did decrease the number of
spines, suggesting that Daam1 also controls dendritic spine density. In mouse hippocampal
neurons, overexpression and siRNA-mediated knockdown experiments suggest that another
formin family member, forminl mediates dendritogenesis and synaptogenesis downstream
of the Neurogenin3 transcription factor (Simon-Areces et al., 2011).

2.1.1.3.1 Diaphanous Formins: The three actin-nucleating mammalian formins of the
Diaphanous family (mDial, mDia2, and mDia3) are activated downstream of Rho GTPases
(Wasserman, 1998). mDial and mDia3 are enriched in the developing and adult brain
(Shinohara et al., 2012), and mDia2 expression increases during the later stages of neuronal
morphogenesis (Hotulainen et al., 2009). Ectopic expression of mDia2 in embryonic cortical
neurons rescues filopodia formation and neuritogenesis caused by deletion of members of
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the Ena/vasodilator stimulated phosphoprotein (VASP) family of actin-regulatory proteins
(Dent et al., 2007). This suggests that although filopodia are a prerequisite of neurite
formation, the specific mechanism of their formation may not be critical. Evidence gathered
thus far indicates that mDial functions in axon elongation in mouse cerebellar granule cells
downstream of the neural cytokine SDF-1. siRNA-mediated knockdown of mDial or
expression of a dominant negative mDial inhibits axon elongation stimulated by SDF-1
(Arakawa et al., 2003). Analogously, expression of an active mutant of mDial induces axon
elongation. Deletion of the genes encoding mDial and mDia3 impairs tangential migration
of precursors of interneurons from the subventricular zone (Shinohara et al., 2012). Axons
of spinal cord neurons from these mice aberrantly cross the midline in vivo (Toyoda et al.,
2013). In vitro their axons failed to retract in response to the repulsive cues Ephrin-A5,
Ephrin-B3, or Sema3A, suggesting that diaphanous formins are required for collapse
responses to these repulsive cues (Toyoda et al., 2013). mDia2 expression increases during
the emergence of dendritic spines. mDia2 overexpression reduces the number of spine
heads, whereas depleting mDia2 expression leads to the formation of stubby spines
(Hotulainen et al., 2009). This suggests that formins are critical to both axonal elongation
and dendrite morphology including dendritic spine formation and synaptic transmission.

2.1.2 Barbed-End Binding Proteins

2.1.2.1 Ena/VASP Protein Family: The Ena/\VVASP family of actin-regulatory proteins
comprises three vertebrate family members: mena (mEnabled), VASP, and EVL (Ena/
VASP-like protein) that bind the barbed end of F-actin and promote polymerization. There
is a single ortholog in Drosophila(enabled) and C.elegans(unc-34) (Bear and Gertler, 2009).
This family is ubiquitously expressed and involved in numerous physiological processes
including morphogenesis, endothelial barrier function, and cancer cell invasion. In
nonneuronal cell types, Ena/\VVASP proteins localize to focal adhesions, tips of filopodia,
and/or at the leading edge of lamellipodia. They promote actin polymerization by interacting
with the free barbed ends of F-actin and to profilin: G-actin complexes, thereby facilitating
the transfer of monomeric actin to the barbed end, as well as by preventing termination of
elongation by F-actin capping proteins (Barzik et al., 2005).

In neurons, Ena/VASP proteins are critical for the formation of filopodia (Dent et al., 2007),
which are crucial throughout neuronal development. Genetic loss of all three mammalian
family members: ENAH (gene-encoding Mena), VASP, and EVL in mouse embryonic
cortical neurons results in a failure in both filopodia formation and subsequently
neuritogenesis in vitro. This corresponds to a block in cortical axon formation in vivo as
well. Inhibition of neuritogenesis is rescued by expression of other actin-regulatory proteins
that promote filopodia formation, including Myo10 or mDia2 (Dent et al., 2007), suggesting
filopodia are prerequisite of neuritogenesis. In order to study the function of Ena/\VASP
proteins in the later stages of neuronal development; therefore, genetic deletion could not be
used. The role of Ena/VASP in growth-cone filopodia formation was established by
exploiting the binding of the Ena/\VVASP Homology Domain 1 (EVH1) to a specific proline-
rich motif (abbreviated as FP4) attached to a mitochondrial targeting sequence (FP4Mito).
Expression of FP4Mito mistargets Ena/VVASP proteins to mitochondria, sequestering Ena/
VASP function (Bear et al., 2000). FP4Mito expression prior to neuritogenesis blocks
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neurite initiation, phenocopying genetic deletion of the family (Gupton and Gertler, 2010).
Expression subsequent to neurite outgrowth revealed that Ena/\VVASP proteins are also
required for growth-cone filopodia formation and filopodial response to the soluble axon-
guidance cue netrin-1 (Lebrand et al., 2004), suggesting Ena/VASP proteins are likely
important in axon guidance. This is supported by several experiments in C.elegans, where
loss of functional unc-34, disrupts proper guidance in response to both netrin and slit axon-
guidance cues (Norris et al., 2009; Yu et al., 2002). Whereas in retinal ganglion cells
(RGCs) isolated from Xenopus, sequestering the function of XEna/XVASP orthologs to the
mitochondrial surface reduced filopodia formation, the number of axons extending out of the
eye, and terminal axon arborization, but surprisingly did not cause an axon-guidance defect
along the optic tract (Dwivedy et al., 2007), suggesting that the Ena/VASP proteins are not
essential for axonal guidance in the Xenopus optic nerve. In contrast in mice genetically null
for all three Ena/VASP proteins, the optic nerves were thinner and failed to extend to the
midline to form the x-shaped optic chiasm (Dent et al., 2007).

These apparent differences are likely due to a number of factors including neuronal subtype
and Ena/VVASP responses to distinct extracellular cues and intracellular signaling pathways.
Indeed the requirement for Ena/\VASP proteins in cortical neuron neuritogenesis can also be
bypassed by attachment to the ECM component laminin-1 and activation of integrin
signaling pathways (Gupton and Gertler, 2010). This differential response occurred in vivo
as well: in mice genetically null for Ena/\VASP genes, the intralayer cortical positioning and
cortical fiber tract formation were disrupted within the cortex, suggesting that neuronal
migration and axon-guidance defects occur in the absence of Ena/\VASP proteins. However,
ectopic neurite formation occurred in laminin-rich regions of the brain (Dent et al., 2007).
Genetic loss of function studies performed in vivo in Drosophila DA sensory neurons
indicated Enabled is a positive regulator of dendritic branching and spine-like protrusions
(Li et al., 2005a). While there are instances of unique functions of the vertebrate Ena/VASP
proteins (Gupton et al., 2012; Lanier et al., 1999; Philippar et al., 2008; Worth et al., 2010),
expression of any of the Ena/\VVASP proteins rescues loss of filopodia caused by deletion of
all three genes (Dent et al., 2007) and genetic loss of all three is required for the gross
neuroanatomical anomalies. However a recent study from the Webb lab suggests that VASP
may have unique functions in spine formation (Lin et al., 2010). siRNA-mediated
knockdown experiments in murine hippocampal cultures suggested that VASP regulates
spine density, size, and morphology as well as synaptic strength, likely through its
modulation of actin dynamics in dendritic spines (Lin et al., 2010). What the unique
functions of VASP are in this instance, and why Mena or EVL were not sufficient to
maintain dendritic spine morphology in the absence of VASP is unclear.

2.1.2.2 L amellipodin: Lamellipodin was originally identified as an Ena/VVASP ligand that
independently localizes to lamellipodial and filopodial protrusions via a pleckstrin
homology domain that specifically binds PI(3,4)P, (Krause et al., 2004). Although
lamellipodin does not directly interact with actin, in nonneuronal cells lamellipodin recruits
Ena/VASP proteins to the leading edge of a cell and modulates lamellipodial protrusions
(Michael et al., 2010). In utero electroporation of ShRNA against lamellipodin disrupts
radial migration of newly born cortical neurons in vivo (Pinheiro et al., 2011). SiRNA-
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mediated knockdown of lamellipodin in primary hippocampal neurons in vitro reduced axon
length without affecting dendrites (Michael et al., 2010). In C. elegans, single mutants of
unc-34 or the lamellipodin ortholog MI1G-10 exhibited minor axon-guidance defects,
whereas severe axon-guidance defects occurred in response to both netrin and slit in double
mutants (Chang et al., 2006). These defects were associated with decreased filopodia
numbers and reduced axon outgrowth. While knocking down lamellipodin had no effect on
basal dendrite length or number in hippocampal or cortical neuronal cultures (Michael et al.,
2010; Tasaka et al., 2011), it did blunt the increase in dendrite length and number
downstream of active Ras (Tasaka et al., 2011), suggesting that lamellipodin may also affect
dendrite morphology in some instances. Lamellipodin also regulates dendrite development
downstream of Slit-Robo-Ras signaling (Tasaka et al., 2012). Knockdown of lamellipodin
by shRNA decreases dendritic outgrowth and branching in dissociated rat cortical neurons.
The phenotypes associated with deletion of lamellipodin or its paralog RIAM, which is
expressed later in neuronal development have not yet been described.

2.1.3 Actin-Monomer Binding Proteins

2.1.3.1 Profilin: The profilin family of proteins promotes F-actin polymerization by binding
and making G-actin polymerization competent. Profilin 2A is a brain-specific isoform that
increases the ratio of F/G-actin, and thus is suggested to increase the stability of F-actin (Da
Silva et al., 2003). Deletion of the profilin 2A gene (PFN2) or depletion of profilin 2A using
antisense oligonucleotides induces supernumerary neurites and increases neurite length in
dissociated hippocampal neuronal cultures (Da Silva et al., 2003). One possible explanation
for this is that, decreasing the stability of F-actin promotes neurite sprouting and elongation
by allowing increased MT entry into the F-actin based protrusions that were maintained,
which is a theme revisited throughout this review and may explain why loss of Arp2/3
function also increases neurite number. Genetic mutants of chickadee (chick), the
Drosophila ortholog of profilin, exhibit a failure in ISNb axon outgrowth to their target
locations, and these stalled growth cones were characterized by increased filopodia
formation (Wills et al., 1999). The multiple profilins present in the mammalian genome
likely overlap in function in the developing brain. Future studies must determine how
blocking both profilinl and profilin2 function affects axon outgrowth and guidance, to
determine if this phenocopies loss of the single drosophila ortholog.

2.1.4 Actin-Bundling Proteins

2.1.4.1 Fascin: Fascin bundles parallel F-actin and is involved in the assembly of structures
such as filopodia, microspikes, and lamellipodial ribs in nonneuronal cells (Vignjevic et al.,
2006). These structures in neuronal growth cones are regions of fascin enrichment (Cohan et
al., 2001), suggesting that fascin is a likely player in neuritogenesis and neurite outgrowth.
However, experiments to address this have not been reported. A genetic deficiency in the
drosophila homolog of fascin (singed) leads to an increase in F-actin within the neurites and
growth cones, and aberrant curling of the neurites of mushroom body v neurons in vitro
(Kraft et al., 2006), suggesting that fascin function may be important for cytoskeletal
tensegrity. In sensory neurons of the s larvae, singed is enriched in class 111 neurons, and
singed loss of function mutants are characterized by a loss of filopodial protrusions (Nagel
et al., 2012). Interestingly fascin expression correlates with a morphological distinction
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between class 111 and class IV neurons, as well as the curvature of the dendritic arbor. The
function of fascin in vertebrate neurons remains to be explored, and as the three fascin genes
may have redundant functions; individual function may be difficult to determine.

2.1.4.2 CRP1: CRP1 (cysteine-rich protein) is the only known member of the CRP actin-
bundling/crosslinking protein family expressed in the CNS, where it localizes to growth-
cone filopodia (Ma et al., 2011). CRP family proteins interact with both a-actinin and zyxin
(Crawford et al., 1994; Harper et al., 2000; Sadler et al., 1992). CRP1 mediates F-actin
bundling either by binding to a-actinin or by binding to F-actin directly. Overexpression of
CRP1 in cultured hippocampal neurons increases filopodia number, whereas decreasing
CRP1 expression using ShRNA decreases the number of primary neurites and filopodia, and
the degree of neurite branching (Ma et al., 2011). Since the length of the longest neurite,
presumably the axon, was unaffected, CRP1 was suggested to specifically modulate
dendritic growth.

2.1.4.3 Palladin: Palladin is an actin-bundling phosphoprotein critical in organizing the
actin cytoskeleton in fibroblast cells (Goicoechea et al., 2008). Multiple palladin isoforms
are expressed differentially based on tissue type and developmental stages. The brain-
specific isoform is shorter than the protein expressed in other cell types, raising the
possibility that it performs a function unique to neuronal cells. Localization studies reveal
that palladin predominantly localizes to the axonal growth cone and is absent from dendrites
(Boukhelifa et al., 2001). Antisense RNA-mediated knockdown of palladin in dissociated
cortical neurons results in decreased neurite outgrowth (Boukhelifa et al., 2001). However,
more recent studies found no defects in neurite outgrowth in cortical neurons isolated from
palladin knockout mice (Shu et al., 2009). Whether the lack of effect in outgrowth observed
in the palladin knockout is due to compensation by another actin-bundling protein that does
not occur following acute reduction of palladin levels has not yet been determined.

2.1.5 F-Actin-Severing Proteins

2.1.5.1 ADF/Cdfilin: The three proteins of the actin-depolymerizing factor (ADF)/cofilin
family, cofilin-1 (or n-cofilin), cofilin-2 (or m-cofilin), and ADF, bind to F-actin, increase F-
actin torsional dynamics, and subsequently sever F-actin. This produces a new barbed end,
for actin polymerization as well as an unprotected pointed end for F-actin depolymerization
(Bamburg and Berstein, 2010). ADF and cofilin-1 are expressed in the adult and developing
mammalian brain (Bellenchi et al., 2007). ADF/cofilin activity is repressed by
phosphorylation at Ser3, mediated by LIM Kinase. ADF/ cofilin is reactivated by the
phosphatase Slingshot. Based on immunocytochemistry in mouse hippocampal neurons
using antibodies against total cofilin and inactive, Ser3 phosphorylated cofilin, Garvalov et
al. suggest that active cofilin is concentrated in the axonal growth cone (Garvalov et al.,
2007). Supporting a role for ADF/cofilin in axon outgrowth, gain of function experiments
employing overexpression of wildtype or nonphosphorylatable Xenopus ADF/cofilin in rat
cortical neurons and mouse hippocampal neurons increases neurite length (Garvalov et al.,
2007; Meberg and Bamburg, 2000). However, expression of a pseudophosphory-lated
Xenopus ADF/cofilin does not reduce neurite length, indicating it does not act as a dominant
negative. In contrast, siRNA-mediated knockdown of cofilin-1 in mouse hippocampal
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neurons reduced both the number of neurons containing Tau-positive axons and the length
of the longest neurite (Garvalov et al., 2007; Meberg and Bamburg, 2000), suggesting that
acute depletion of cofilin-1 blocks axon outgrowth and specification. Deletion of CFCL1
(the gene encoding cofilin-1) in newly born neurons causes defects in radial migration of
cortical neurons and impairs neurite outgrowth of cortical neurons in vitro and in vivo but
does not inhibit neuritogenesis. However, deletion of ADF alone fails to cause defects in
neuritogenesis or subsequent stages of neuronal development (Bellenchi et al., 2007). This
indicates that there are some nonoverlapping functions of cofilin-1 and ADF; however,
whether redundant functions exist was not confirmed in this study. To address this, Flynn et
al. crossed the constitutive ADF~/~ mice with Nestin-Cre CFCL1%f mice to produce brain-
targeted deletion of ADF/cofilin-1. Unlike the individual knockout mice, the double-
knockout mice died within 12 h of birth and displayed severe brain defects at embryonic day
17 including disrupted cortical lamination, enlarged ventricles, and no obvious axonal fiber
tracts (Flynn et al., 2012). Correspondingly, dissociated cortical neurons from the double
mutants did not initiate or extend neurites. EM revealed a gross disorganization of F-actin
arranged circumferentially to the cell periphery as opposed to the tight bundles in filopodia
and a meshwork of F-actin observed in the lamellipodia of wild-type neurons. Live cell
imaging showed a decrease in F-actin retrograde flow in mutant neurons (Flynn et al., 2012),
suggesting that ADF/cofilin promote breaking the symmetry of the neuronal spherical shape
by reorganizing the F-actin cytoskeleton and permitting F-actin retrograde flow. These
severe disruptions to actin dynamics and neuronal morphology that occurred in the absence
of ADF/cofilin function underscore the importance of turnover of F-actin based structures in
the developing neurons, as discussed earlier with Arp2/3 and profilin2. Interestingly, the
failure of neuritogenesis in vitro can be partially rescued by pharmacological destabilization
of F-actin, which promoted MT entry into the periphery (Flynn et al., 2012). Similar
conclusions were made in cerebellar granule neurons, in which unphosphorylated cofilin is
required for neurite outgrowth in response to the neural cell adhesion molecule L1 (Figge et
al., 2012). In contrast to genetic deletion, this study utilized the phosphatase calcineurin that
functions upstream of cofilin and by using peptide inhibitors of cofilin phosphoryation and
dephosphorylation.

Cofilin also functions in axonal growth-cone guidance in response to both attractive and
repulsive cues. Peptide inhibitors of cofilin dephosphorylation block growth-cone repulsion
from Sema3A in DRG neurons (Aizawa et al., 2001). Manipulations that decrease
unphosphorylated, active cofilin block DRG and RGC guidance toward NGF and netrin,
respectively, whereas inducing a gradient of cell permeable active cofilin was sufficient to
induce attractive turning (Marsick et al., 2010). EM data indicates that cofilin also localizes
at the periphery of dendritic spines in rat hippocampal neurons (Racz and Weinberg, 2006).
During spine formation, siRNA-mediated knockdown of cofilin-1 results in spines that are
long, thin, and more branched, indicating that ADF/cofilin and actin turnover are important
in dendritic spine morphology (Hotulainen et al., 2009). This is corroborated by a number of
studies in which manipulating cofilin levels or activity was shown to modulate spine
morphology and alter synaptic transmission (Shi et al., 2009; Zhou et al., 2004, 2007).
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2.1.6 Other F-Actin-Binding Proteins

2.1.6.1 Tropomodulin: Tropomodulin (Tmod) family proteins bind to the pointed end of F-
actin, and block both elongation and depolymerization (Weber et al., 1994), and thus
regulate the length of actin filaments. The two neuronal isoforms Tmod1 and Tmod2 exhibit
distinct localization patterns in dissociated hippocampal neurons. Tmod1 localizes to
growth-cone lamellipodia and Tmod2 predominantly localizes to the soma (Fath et al.,
2011). shRNA-mediated knockdown of Tmod2 in a neuroblastoma line increases the
proportion of cells extending neurites and increases the neurite length. In contrast ShRNA-
mediated knockdown of Tmod1 increases the number of neurites per cell and slightly
decreases neurite length (Fath et al., 2011). This indicates that proper control of pointed-end
capping is critical to control of neurite initiation and elongation in neuronal-like cells.
Further supporting distinct roles for these isoforms, overexpression of one isoform is unable
to compensate for the loss of the other (Fath et al., 2011). While interpretations of these
experiments are complicated by the fact that knockdown of a single Tmod isoform increases
the expression of the other, one possible difference in the function of Tmod isoforms in
neuronal morphology may be due to their relative affinities for both the pointed end and
actin monomers (Yamashiro et al., 2010). Tmod2~/~ mice exhibit defects in behavior,
learning, memory, and synaptic function (Cox et al., 2003), but whether this is due to
changes in the formation, morphology, or plasticity of dendritic spines remains to be seen.
Further elucidation of the roles for Tmods in neuronal development are warranted.

2.1.6.2 Tropomyosins: Tropomyosin (Tm) isoforms bind along the major grove of F-actin
as head-to-tail dimers. They are derived from four genes, and via alternative splicing there
are >40 isoforms (EI-Mezgueldi, 2014; Marston and Gautel, 2013), a specific subset of
which are expressed in neurons (Schevzov et al., 1997). Early studies indicate that Tm4,
Tmb5a, and Tm5b isoforms are enriched in growth cones of developing neurons, whereas
Tm5NML1 (tropomyosin 3, gamma) localizes to the axon hillock and proximal regions of
axons and dendrites, and TmBr3 to presynaptic terminals (Had et al., 1994; Schevzov et al.,
1997; Weinberger et al., 1996). Overexpression of TM5NML1 in mouse cortical neurons
significantly enlarges growth cones and increases dendrite number and axon branching
(Schevzov et al., 2005). In contrast, overexpression of Tm3 inhibits neurite outgrowth. Loss
of the tropomyosin 2 gene in Drosophila increases the size of dendritic fields (Li and Gao,
2003), indicative of evolutionarily conserved functions of this gene family. The expression
patterns and isoform diversity of the tropomyosin family complicate their functional studies.
Conditional knockouts will be required to define the neurological functions of this gene
family.

2.1.6.3 UNC-115/abL IM Proteins: The actin-binding LIM (abLIM) protein family
comprises three vertebrate members: abLIM1, abLIM2, and abL1M3, and a single ortholog
in C.elegans, unc-115. abLIM proteins directly bind F-actin and localize to actin stress
fibers in nonneuronal cells. Although they are suggested to regulate the actin cytoskeleton
through scaffolding other regulatory proteins, their effects on actin dynamics and
organization has not been defined. abLIM 1 was originally identified in human retina and
murine cardiac tissue sarcomeres (Roof, 1997; Yang and Lundquist, 2005); abL1M2 and
abLIM3 are enriched in neuronal and muscle tissue (Barrientos et al., 2007), however,
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literature regarding the neuronal function of vertebrate abLIMs is scant. In contrast, by using
unc-115 deleted C. elegans mutants and unc-115 minigenes to rescue their mutant
phenotypes, the Lundquist group implicates unc-115 in axon guidance in the worm (Gitai et
al., 2003; Lin et al., 1996; Lundquist et al., 1998; Struckhoff and Lundquist, 2003; Yang and
Lundquist, 2005). Similarly, mutation of the drosophila ortholog also results in axon
projection defects (Garcia et al., 2007). Overexpression of unc-115 leads to the formation of
ectopic neurites tipped with lamellipodial and filopodial-rich growth cones in PDE neurons,
which requires the F-actin-binding domain of unc-115 (Yang and Lundquist, 2005).
However, the biochemical function of abLIM proteins has yet to be identified. Therefore
future work that defines the mechanisms abLIMs in regulating the actin cytoskeleton, as
well as whether they have conserved functions in the developing vertebrate nervous system
are critical.

2.1.7 F-Actin Motor Proteins

2.1.7.1 Myosin 11: Myosin Il minifilaments bind to F-actin via motor head domains,
forming contractile structures important to cell shape change and motility of muscle and
nonmuscle cells. The three vertebrate isoforms: myosin 1A, myosin 11B, myosin IIC,
contain a heavy chain (MHC) comprising a motor domain and a cargo-binding tail domain.
MHC-A and MHC-B are highly expressed isoforms in neurons and localize to the central
domain of growth cones, with MHC-B exhibiting a slightly more peripheral localization
(Rochlin et al., 1995). Seminal experiments from the Forscher lab utilized nonspecific
inhibitors of myosin ATPase activity to implicate myosin Il activity in F-actin retrograde
flow in axonal growth cones and thus growth-cone shape and motility (Lin et al., 1996),
leading to the formulation of the “clutch hypothesis.” More recently, these experiments have
been revisited with the specific myosin Il inhibitor, blebbistatin (Medeiros et al., 2006; Yang
et al., 2012). Blebbistatin treatment similarly revealed that myosin Il activity was required
for floor plate chemorepulsion of chick cranial motor neurons downstream of slit and
netrin-1 (Murray et al., 2010). Myosin |l contractility is regulated by the phosphorylation of
its myosin regulatory light chain (MRLC). Phosphorylation regulates the spatiotemporal
organization of the actomyosin network in response to both intra- and extracellular cues.
Inhibition of myosin Il activity in vivo, by electroporating chick embryos with dominant
negative or constitutively active MRLC results in misguided axonal pathfinding of the
cranial motor axons and a loss of turning toward exit points (Murray et al., 2010). These
results suggest that myosin Il1-dependent regulation of F-actin retrograde flow in the growth
cone is important for axonal pathfinding. Although blebbistatin treatment can inhibit all
myosin Il isoforms, there is conflicting evidence of isoform-specific functions during
neuronal development. Antisense nucleotides against myosin 11B-blocked neurite outgrowth
and elongation, whereas antisense nucleotides against myosin I1A-reduced neurite retraction
in neuroblastoma cells (Wylie et al., 1998). In line with a positive role for myosin I1B in
axon outgrowth, superior cervical ganglia neurons cultured from MHC 1B knockout mice
exhibited decreased rates of neurite outgrowth, and significantly smaller growth cones, and
decreased filopodial traction force (Tullio et al., 2001). In contrast, in cerebellar granule
neurons the blebbistatin-mediated block in RGM-dependent neurite retraction was
phenocopied by siRNA specific to myosin Il1A, but not myosin 1B, implicating myosin 1A
as a negative regulator of axon outgrowth (Kubo et al., 2008). In DRG neurons, however,
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overexpression of myosin I1A but not myosin 11B could prevent growth-cone collapse and
growthcone retraction in response to Sema3A. Inhibiting all myosin Il isoforms with
blebbistatin completely abolished retraction in response to Sema3A; and deletion of myosin
11B alone did not block retraction, solidifying a role for other isoforms (Brown et al., 2009).
Myosin 1B is shown to further enhance the process of retraction by localizing to the neck
and rear of these growth cones. SCG neurons isolated from myosin 11B knockout mice
exhibited reduced growth cone size, filopodia number, and traction forces generated at these
growth cones (Bridgman et al., 2001). Interestingly, these growth cones exhibited faster F-
actin retrograde flow, suggesting that different myosin Il isoforms cooperate to control
retrograde flow (Brown, 2003). Clearly myosin Il is a critical player in the growth cone,
however, there may be cell type-specific uses of the different isoforms.

2.1.8 Membrane-Actin Linker Proteins

2.1.8.1 Spectrin: Spectrins are multiunit protein scaffold complexes first identified in red
blood cells that stabilize membrane microdomains. 2a-spectrin genes and 53-spectrin genes
have been identified in mammals, each encoding multiple splice variants. 2a, 2, and 2u
tetramerize to form an actin-crosslinking protein, with different isoforms localizing to the
soma and neurite processes (Lazarides and Nelson, 1983). More recently, superresolution
microscopy revealed distinct localization of spectrin within the axon compared to dendrites
(Xu et al., 2013). In the axon, spectrin forms periodic ring-like structures, whereas in
dendrites spectrin was organized longitudinally along F-actin within the dendritic shaft (Xu
et al., 2013). A brain-specific B-spectrin, fodrin, relocalizes from the cortical plasma
membrane to intermediate filaments upon neurite formation in PC12 cells (Takemura et al.,
1993) and is transported down the axon in RGCs and SGC, possibly in a KIF3-dependent
manner (Takeda et al., 2000; Willard and Simon, 1983) and localizes in the central domain
of the growth cone (Sobue and Kanda, 1989). 31-Spectrins may link neural cell adhesion
molecules (NCAM) to the actin cytoskeleton, and are involved in connecting the actin
cytoskeleton to the extracellular environment, and establishing neuronal morphology.
Specifically, interrupting the binding of ;-spectrin to NCAM with dominant negative [31-
spectrin subunits 2-3 in hippocampal neurons blocked neurite outgrowth downstream of
NCAM (Leshchyns’ka et al., 2003). Axon formation and guidance is also hindered in the
absence of all-spectrin as seen in the ventricular zone of mice genetically lacking all-
spectrin (Stankewich et al., 2011). Loss of function of $-spectrin but not a-spectrin in
Drosophila causes axon-guidance defects at the midline (Hulsmeier et al., 2007). Similarly
loss of unc-70, a B-spectrin ortholog in C. elegans is associated with inhibited axon
outgrowth as well as spontaneous axon breaking (Hammarlund et al., 2000; Hammarlund et
al., 2007). The localization of spectrin in vertebrate neurons, and the phenotypes observed in
invertebrates, suggest that the function for multiple spectrin variants is likely important in
vertebrate neuronal morphogenesis. Due to the large number of genes and splice variants,
these functions will likely be difficult to parse.

2.1.8.2 Ankyrin: Ankyrin family proteins (ankyrins-R, ankyrins-B, ankyrins-G) link the
spectrin-actin cortical cytoskeleton to the cytoplasmic domains of integral membrane
proteins, including cell adhesion molecules and ion channels (Mohler et al., 2002). Ankyrin
B, for example, interacts with LICAM and modulates LICAM maobility (Gil et al., 2003),
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perhaps acting as a clutch and modulating axon outgrowth. Ankyrin G localizes to the
axonal initial segment (AIS) and nodes of Ranvier (Kordeli et al., 1995). In vivo, cerebellar
loss of ankyrin-G in mice causes disorganized axon initial segments and decreased ability to
fire action potentials (Jenkins and Bennett, 2001; Zhou et al., 1998).

2.1.8.3 ERM Proteins: The Ezrin, radixin, and moesin (ERM) family of proteins links the
actin cytoskeleton to the plasma membrane, which stabilizes membrane protrusions.
Subcellular fractionation and immunocytochemistry experiments in rat hippocampal neurons
indicate radixin and moesin mainly localize to the growth cones of developing neurons
(Paglini et al., 1998). Suppression of these two ERM proteins, but not ezrin by antisense
oligonucleotides caused a reduction in growth-cone size, retraction of growth-cone
lamellipodia, increased filopodial protrusive activity, and decreased rate of neurite
elongation, resulting in stunted neurites (Paglini et al., 1998). In contrast, a more recent
study suggests that ezrin interacts with the netrin receptor DCC and localizes to growth-cone
filopodia upon netrin stimulation. Expression of dominant negative ezrin mutants inhibited
netrin-1 mediated axon outgrowth in rat cortical neurons, but not basal axon outgrowth
(Antoine-Bertrand et al., 2011). Chromophore-assisted laser inactivation of radixin in the
growth cones of chick DRG neurons reduced lamellipodial area (Castelo and Jay, 1999).
Additionally inhibiting ERM function, either by using dominant negative ERM construct
that competes with endogenous ERM protein thereby preventing membrane-actin
cytoskeleton linkage or by using a SiRNA mixture against radixin and moesin, resulting in
disorganized actin filaments within a smaller and less motile growth cone (Marsick et al.,
2012). Together these experiments point to a role for ERM proteins in establishing the
structural integrity of the growth cone.

2.1.8.4 Shootinl: Brain-specific Shootinl was identified in a proteomics screen for proteins
upregulated during neuronal polarization that were specifically enriched in the axon of
hippocampal neurons (Toriyama et al., 2006). Shootinl localizes to all neurite growth cones
in stage 2 dissociated hippocampal neurons, whereas it becomes polarized and localized
specifically to the axonal growth cone in stage 3 hippocampal neurons. When
overexpressed, Shootinl failed to polarize in only one neurite, resulting in the formation of
more than one Tau-positive axon per neuron (Toriyama et al., 2006). In the growth cones of
hippocampal neurons, Shootinl links the cell adhesion molecule L1 to F-actin retrograde
flow (Shimada et al., 2008). This was observed by fluorescent speckle microscopy with L1-
CAM-Fc coated beads placed on axonal growth cones. sShRNA-mediated depletion of
Shootinl decreased the velocity of the retrograde flow of the L-Fc coated beads, suggesting
the linkage between the L1-CAM and F-actin had been disrupted. Since sShRNA-mediated
silencing of Shootinl also inhibited axonal outgrowth and overexpression of Shootinl
increased neurite outgrowth, shootinl is a plausible link or clutch molecule between F-actin
retrograde flow and adhesion.

2.1.8.5 Af-6/Afadin: Af-6/Afadin and the drosophila homolog Canoe (cno) bind to F-actin
and localize to cadherin-based cell-to-cell adherens junctions (Mandai et al., 1997; Xie et al.,
2005). In the Drosophila larva, cno is expressed in midline longitudinal axonal tracts of the
CNS. In cno loss-of-function mutants, several axonal defects were observed in a subset of
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Robo-expressing axons normally repelled from the midline. These include defasciculation,
axon stalling, and aberrant axon crossing of the midline (Slovakova et al., 2012). Cno forms
a complex with the slit receptor, robo and regulates the filopodial localization of robo.
Genetic loss of afadin also results in defasciculation, axon stalling, and misguidance thus
suggesting that afadin regulation of robo is required for axon response to slit. This is further
supported since these axonal phenotypes are slightly alleviated in slit/cno or robo/cno
double mutants (Slovakova et al., 2012). In mouse cortical neurons, afadin interacts with the
small GTPase Ras in a GTP-bound state to promote axon branching (Iwasawa et al., 2012).
Afadin overexpression increases axon branch density, whereas reduction of afadin
expression using ShRNA reduces axon branching. Afadin is an effector of the small GTPase
Rapl (Xie et al., 2005). Activated Rap1 recruits afadin to dendritic spine heads in cortical
neurons and this modulates spine morphogenesis. Afadin overexpression increased the spine
neck length and area. Deletion of afadin (mllt1) in postmitotic hippocampal neurons reduced
adhesion density, spine density, and excitatory synaptic transmission (Beaudoin et al.,
2012). This family of actin-binding proteins impart structural integrity to the extending axon
and dendritic spine.

2.2 MT-Binding Proteins

MTs are polar, hollow tubes composed of 13 protofilaments of obligate a/B-tubulin
heterodimers polymerized in a head-to-tail fashion. In nonneuronal cells, the plus ends of
MTs are arranged distally to the nucleus and undergo frequent switches between states of
polymerization and depolymerization, an inherent behavior known as “dynamic instability”
(Mitchison and Kirschner, 1984). The minus ends of MTs are typically anchored near the
nucleus in the centrosomes in most cell types, however in neurons most MTs are
noncentrosomal (Akhmanova and Hoogenraad, 2015). In axons MTs are oriented with plus-
ends oriented outward, whereas in dendrites MTs are oriented with either plus-end or minus-
ends outward (Baas et al., 1988). At the distal dip of the axon near the growth cone, there is
an abrupt switch from MTs composed of stable MTs in which a-tubulin has been
posttranslationally detyrosinated and/or acetylated (glu), to dynamic MTs rich in tyrosinated
a-tubulin (tyr) (Tarrade et al., 2006). Since MTs comprise the structural components of both
axonal and dendritic processes, they are required for neuronal morphology acquisition.
Neuritogenesis is inhibited by treatment with nocodazole, which depolymerizes MTs, or by
taxol treatment, which stabilizes MTs (Dent et al., 2007). MTs act as tracks for motor
proteins to move cargo in and out of neurites, important in specifying and maintaining
axonal and dendritic identity and function. Mutations in the neuronalspecific fl11-tubulin
gene (TUBB3) in humans result in a variety of TUBB3 syndromes, which entail ocular
motility disorders, intellectual and behavioral impairments, facial paralysis, and axonal
sensorimotor polyneuropathy (Tischfield et al., 2010). These mutations disrupt MT
dynamics and the ability of kinesin motors to bind MTs, and result in severe axon-guidance
defects. Pioneering studies in Xenopus growth cones from the Kirschner lab noted that MTs
orient toward the direction of axon outgrowth (Sabry et al., 1991; Tanaka and Kirschner,
1991), suggesting they directed axonal navigation. This hypothesis was supported by
experiments in which local uncaging of drugs that alter MT polymerization and
depolymerization was sufficient to induce growth-cone turning (Buck and Zheng, 2002).
Thus control of MT organization, dynamics, and transport are integral in every stage of

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2017 January 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menon and Gupton

Page 17

neuronal morphological development. In the following sections, we will review the myriad
of MT-associated proteins (MAPs) that alter MT dynamics, organization, and MT-based
transport (Fig. 4). There are numerous types of MAPs including MT motors, MT plus-end
binding proteins, structural and enzymatically active MAPSs, and centrosome-associated
proteins.

2.2.1 MT-Stabilizing Proteins

2.2.1.1 MAPs: The “classical” and most abundant MAPs were discovered in the brain and
bind along the MT lattice where they stabilize MTs. These include MAP2/ Tau and
MAP1A/1B family members. These MAPs are highly expressed in the brain and have
distinct localization and expression patterns. For example, MAP2 is restricted to dendrites,
whereas Tau localizes specifically to the axon (Caceres et al., 1984; Kosik and Finch, 1987).
MAP1B is expressed at higher-levels developmentally, and MAPL1A expression rises in the
mature nervous system (Schoenfeld et al., 1989).

2.2.1.2 MAP2: MAP2 increases the rigidity of MTs and induces MT bundling. In addition,
MAP2c interacts with F-actin (Roger et al., 2004), and thus may crosslink MTs and F-actin
during neuronal development. MAP2 has alternatively spliced isoforms with distinct
expression patterns. MAP2c is expressed early and downregulated after development, at
which time MAP2a expression increases. MAP2b is expressed both developmentally and in
the adult (Dehmelt and Halpain, 2005). Expression of a dominant negative MAP2¢c mutant,
which impairs the ability of MAP2c to bind and stabilize MTs, reduced neurite number in
hippocampal neurons (Dehmelt et al., 2003), suggesting MAP2c-mediated MT stability
promotes neuritogenesis. This corroborates prior studies that utilized antisense nucleotides
against MAP2, which blocked neurite initiation in cerebellar macroneurons (Caceres et al.,
1992). Furthermore, an interaction between MAP2c and L1-CAM may be important for
neurite outgrowth on L1-CAM (Poplawski et al., 2012). c-Jun N-terminal kinase 1 (JNK1)
mediated phosphorylation of MAP2 promotes DA (Bjorkblom et al., 2005).

2.2.1.3Tau: Like MAP2, Tau binds to the MT lattice and alters MT rigidity and
organization. Additionally, Tau may protect MTs from katanin-mediated severing (Qiang et
al., 2006). Tau specifically accumulates in the axon upon specification, suggesting Tau plays
a functional role in differentiating the axon from dendrites. In cerebellar macroneurons
plated on poly-D-lysine, suppression of Tau expression using antisense oligonucleotides
inhibited axon/neurite elongation but not initiation (Caceres et al., 1992; DiTella et al.,
1996); however, when cultured on laminin the longest neurite, presumably the axon,
continues to elongate at a similar rate (Caceres et al., 1992; DiTella et al., 1996) This may
have been due to the compensatory function of MAP1B, which increased in expression on
laminin. Several groups have generated Tau-deficient mice, which surprisingly are viable
and lack any overt phenotypes until aged (Dawson et al., 2001; Harada et al., 1994; Ke et al.,
2012). Cultured hippocampal neurons from one of theTau-deficient lines exhibit growth
cones characterized by reduced MT numbers but normal morphological progression (Harada
et al., 1994). In this line, deletion of MAP1B, however, did retard neuronal development in
vitro and caused more striking phenotypes in vivo (Takei et al., 2000), further suggesting
redundant or compensatory functions of these two MAPSs. In contrast in anotherTau-
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deficient line, cultured hippocampal neurons exhibited a delay in morphological progression
without additional deletion of MAP1B (Dawson et al., 2001). The difference between these
results may be due to different culture conditions or differential MAP expression in distinct
genetic backgrounds. The difference between genetic deletion of Tau and acute suppression
of Tau expression also suggests that compensation by another MAP can reduce the severity
of the phenotype associated with Tau deletion. In several of the Tau-deficient lines, MAP1A
expression was upregulated (Dawson et al., 2001; Harada et al., 1994).

2.2.1.4 MAP1B: MAP1B is highly expressed during neural development in actively
extending axons (Fischer and Romano-Clarke, 1991; Gordon-Weeks and Fischer, 2000),
suggestive of a role in axon extension. Antisense oligonucleotides expressed in cerebellar
macroneurons specifically inhibit axon elongation promoted by laminin (DiTella et al.,
1996), suggesting that in some contexts MAP1B function is required for axon elongation.
Phosphorylated MAP1B is highly concentrated in the distal axon and growth cone of chick
RGCs. When growing along the border of nonpermissive substrate, phosphoMAP1B is
restricted to stable regions of the growth cone (Mack et al., 2000), suggesting it may play a
role in growth-cone directionality. Microscale chromophore-assisted laser inactivation
(CALI) of phosphorylated MAP1B in one half of the growth-cone induced turning and
altered motility (Mack et al., 2000). Supporting a role for MAP1B during netrin-dependent
axonal guidance, hippocampal and dorsal spinal cord explants from MAP1B null mice lack
chemoattractive guidance toward netrin-1 (Del Rio et al., 2004). Furthermore, RNAI of
MAP1B in cultured rat embryonic cortical neurons suggests that MAP1B also modulates
axon growth and inhibits axonal branching. These neurons exhibit highly branched axons
and slower axonal growth (Edelmann et al., 1996; Tymanskyj et al., 2011). This is attributed
to a reduction in the speed of MT growth at the proximal and distal ends of axons but not in
growth-cone filopodia. Similar results corroborate the role of MAP1B in axonal
regeneration in dorsal root ganglia neurons (Bouquet et al., 2004). MAP1B expression drops
in the CNS following neuronal maturation, but persists in peripheral neurons such as DRGs.
In regenerating DRG neurons isolated from MAP1B ™/~ mice, growth-cone directionality
was impaired and there was elevated terminal branching (Bouquet et al., 2007). In addition
to a developmental role, these results suggest that MAP1B is required for the regenerative
capacity of adult DRGs.

Like Tau knockout mice, several lines of MAP1B mutant mice have been generated, which
exhibit phenotypes of varying severity (Edelmann et al., 1996; Meixner et al., 2000; Takei et
al., 1997). In contrast to the Tau knockout mice, MAP1B-deficient mice exhibited more
striking defects. In some lines, overall brain size was reduced, mice lacked a corpus
callosum, neuronal morphology was affected, and development was delayed (Edelmann et
al., 1996). That the corpus callosum and the hippocampal commissures are disrupted is
reminiscent of NTN1 (the gene-encoding netrin-1) and DCC knockouts (Fazeli et al., 1997;
Serafini et al., 1996), further supporting a role for MAP1B in netrin-mediated axon
guidance.

2.2.1.5 MAP1A: Unlike MAP1B, MAP1A is expressed and localized within the dendrites
of matureand cultured neurons (Halpain and Dehmelt, 2006; Szebenyi et al., 2005). In
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cultured hippocampal neurons, MAP1A protein expression increased at 4 days in vitro,
when maximum dendritic growth and branching occurs. MAP1A expression is restricted to
dendrites by 2—-3 weeks in vitro, when dendritic spines are forming (Szebenyi et al., 2005).
MAP1A-specific sSiRNA decreased activity-dependent increases in dendrite length and
branching (Szebenyi et al., 2005), indicating a role for MAP1A-mediated modulation of MT
dynamics in the final stages of neuronal maturation.

2.2.1.6 Doublecortin: Doublecortin (DCX) and doublecortin-like (DCL) are nonclassical
MAPs lacking sequence homology to the classical Map2/Tau family members. In vitro DCX
nucleates MTs, promotes polymerization by cooperatively binding to the lattice of MTs,
crosslinking protofilaments, preventing outward splaying of protofilaments, and thus
catastrophe (Bechstedt and Brouhard, 2012; Gleeson et al., 1999). DCX is highly expressed
during corticogenesis and adult neurogenesis (Brown et al., 2003; Francis et al., 1999),
where it localizes both to the soma and leads to the process of newly born neurons, and
eventually to the nascent axon. Mutations in X-linked DCX in humans causes lissencephaly
in hemizygous males, whereas heterozygous females exhibit a heterotopic band of neurons
beneath the cortex, referred to as double cortex syndrome (Gleeson et al., 1998; Portes et al.,
1998). Hemizygous male mice carrying a mutated DCX exhibit normal cortical lamination,
but disrupted hippocampal lamination (Corbo et al., 2002). DCX RNA. results in disrupted
radial migration of cortical neurons, however, deletion of DCX induced a milder phenotype
with aberrant tangential migration of interneurons and exuberant unstable branching of
leading processes (Bai et al., 2003; Kappeler et al., 2006). The difference in phenotypes
from acute knockdown versus genetic deletion suggests compensation occurs in the
knockout. DCL is also expressed in the developing cortex. Deletion of DCL caused no
observable phenotype in mice, but DCL and DCX double-knockout mice exhibit abnormal
brain architecture, including impaired cortical lamination that was suggestive of aberrant
cortical neuron migration and defective axon-projection patterns (Deuel et al., 2006). RNA.
knockdown of DCX in DCL™~ neurons resulted in shorter axons and dendrites in cultured
hippocampal neurons, indicating overlapping function in neurite outgrowth (Deuel et al.,
2006).

2.2.1.7 Collapsin Response Mediator Proteins: The collapsin response mediator protein
(CRMP) family of cytosolic phosphoproteins was originally identified as Sema3A signaling
mediators. In vitro, CRMP proteins bind tubulin heterodimers as well as MTs and promote
MT polymerization (Fukata et al., 2002b; Lin et al., 2011). The family comprises five
known vertebrate isoforms, CRMP1-5, that are expressed in the developing and adult
nervous system, CRMP2 being best understood. CRMP2 localizes preferentially to growing
axons; overexpression of CRMP2 in hippocampal neurons induces supernumarary axon
formation, whereas expression of truncated CRMP2 blocks axon formation (Inagaki et al.,
2001). While this likely involves CRMP-mediated MT regulation, work from the Kaibuchi
lab suggests CRMP-mediated axon formation depends on WAVE-mediated actin regulation
as well, and that CRMP?2 interacts with a kinesin motor to transport the WAVE complex
into the extending axon (Kawano et al., 2005). A role for polarized sorting of cargo between
axon and dendrites was similarly observed for the single CRMP ortholog in C.elegans,
unc-33 (Maniar et al., 2011), which is required for axon elongation and guidance (Li et al.,
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1992). Thus CRMP-mediated modulation of MT dynamics and/or transport during axon
elongation is evolutionarily conserved. Expression of the CRMP2B isoform in chick RGCs
promotes axon branching at the expense of axon length, and this activity is blocked by
coexpression of CRMP2A isoform (Yuasa-Kawada et al., 2003). These authors showed that
CRMP2 isoforms differentially regulate MTorientation.

Differential effects are also observed for alternate isoforms of the CRMP4/TUC4 family
(Quinn et al., 2003). Whereas Tuc4a is expressed constitutively, Tuc4b is expressed only in
developing neurons and localizes to vesicles, suggesting Tuc4b may regulate vesicular
transport (Quinn et al., 2003). In this case overexpression of Tuc4b but not Tuc4a induces
axon branching and extension. Although little is known about CRMP1 and CRMP3, genetic
deletion of either gene specifically inhibits hippocampal form and function in vivo, and has
phenotypes that are suggestive of a role in dendritic morphology (Quach et al., 2007; Su et
al., 2007). CRMP1~/~ hippocampal neurons exhibited altered MAP2 organization and
disrupted dendrites (Su et al., 2007). Deletion of CRMP3 caused wavy and abnormally thick
dendrites in the CAL region of the hippocampus (Quach et al., 2007). Due to the high
similarity of CRMP genes, there are likely to be redundant functions that will complicate
analysis of single mutants.

2.2.2 Plus-End Tracking Proteins—The frequent occurrence of plus-end catastrophes
and rescues that define MT dynamic instability are hypothesized to allow MTs to more
rapidly explore and sample the cellular environment (Mimori-Kiyosue and Tsukita, 2003).
The plus-end tracking proteins (+TIPs) are a family of MAPs that specifically associate with
polymerizing plus ends of MTs, and thus this family of proteins is thought to probe the
cytoplasmic environment (van Haren et al., 2009) and alter MT dynamics during neuronal
development. Use of fluorescently tagged +TIPs indicates that MT polymerization is slower
in neurons than in other cell types, and confirms the distinct orientation of MTs in axons and
dendrites (Stepanova et al., 2003).

2.2.2.1 End-Binding Proteins, EB1 and EB3: The end-binding (EB) family, contains EB1,
EB2, and EB3, with EB1 ubiquitously expressed and EB3 enriched in neurons (Nakagawa et
al., 2000). EB1 and EB3 track the growing end of MTs autonomously, promoting persistent
MT polymerization by suppressing catastrophe occurrence (Komarova et al., 2009). In
contrast EB2 is lattice associated, unless EB1 levels are decreased, suggesting these proteins
compete for the plus end. The N-terminal domain of EB1 and EB3 associate with the
growing plus ends of MTs; the C-terminal domain interacts with other +TIPs, recruiting
them to polymerizing plus ends. Mechanistic studies indicate that EB1 proteins
preferentially bind to the hydrolyzable GTP cap at MT plus ends and promote incorporation
of lateral subunits. EB1 and EB3 suppress catastrophe and promote stable MT growth. Both
accumulate at the plus ends of growing MTs throughout the neuron and promote neurite
growth (Geraldo et al., 2008; Stepanova et al., 2003, 2010). Furthermore, overexpression of
EB1 in maplb null mouse hippocampal neurons rescues defects in axonogenesis (Jiménez-
Mateos et al., 2005), suggesting EB1 has a role complementary to MAP1B, likely in
promoting MT stability (Tortosa et al., 2013).
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In addition to promoting MT growth in neurons, EB3 interacts with drebrin, an actin-binding
protein. Presumably this interaction occurs when MT tips enter filopodia (Geraldo et al.,
2008), and promote neurite outgrowth and axonal growth-cone formation. Perturbation of
the interaction between drebrin and endogenous EB3 by expression of an EB3 mutant that
binds drebrin but not MT plus ends, disrupts neuritogenesis in cortical neurons (Geraldo et
al., 2008). Later in neuronal development, reduction of EB3 expression by shRNA resulted
in a loss of mushroom-shaped spines and increased the number of long, thin filopodia-like
spines (Jaworski et al., 2009). This EB3 function also appears to modulate actin dynamics
through p140Cap, a regulator of Src kinase that modulates cortactin-dependent actin
dynamics. By disrupting the interaction between EB3 and p140Cap using dominant negative
mutants of both EB3 and p140Cap they show that EB3—p140Cap interaction is necessary for
the formation of mushroom-headed spines. Thereby this highly regulated actin and MT
dynamics result in proper spine morphogenesis and plasticity.

2.2.2.2 Cytoplasmic Linker Proteins CLIP-170 and CL IP-115: Cytoplasmic linker
protein-170 (CLIP-170) was the first +TIP identified (Perez et al., 1999). CLIP-170 and
CLIP-115 localize to the MT plus end through an interaction with EB1. CLIP-170 also
mediates crosslinking between MTs and F-actin by interacting with IQGAP1, an actin-
binding protein (Fukata et al., 2002a). The role of this interaction is described in the
crosslinking section later in the chapter. sShRNA-mediated depletion of CLIP-170 in
hippocampal cultures reduces the number of dendritic tips and total dendritic length (Swiech
etal., 2011). Using a mutant of CLIP-170 that does not bind MTs also alters DA. CLIP-115
is a paralog of CLIP-170 specifically expressed in the nervous system and enriched in
dendrites, where it associates with the dendritic lamellar body, a membranous organelle
located at dendrodendritic gap junctions (De Zeeuw et al., 1995, 1997). Compared to
CLIP-170, CLIP-115 has a divergent carboxy terminus and differentially affects MT
organization when expressed at high levels (Hoogenraad et al., 2000). The human CLIP-115
gene, (CYLNZ2) lies within the chromosomal region deleted in the neurodevelopmental
disorder Williams syndrome. Targeted deletion of CYLN2 in mice recapitulates some of the
symptoms of Williams syndrome, including brain abnormalities and hippocampal
dysfunction (Hoogenraad et al., 2002). Interestingly although deletion of CYLN2 did cause
brain anatomy anomalies and disrupted hippocampal-associated behavior, there was also
increased CLIP-170 localization to MT plus ends in CYLN2~/~ fibroblasts, suggesting these
proteins likely have redundant functions (Hoogenraad et al., 2002). However, more studies
are warranted to determine how acute reduction of CLIP-115 and/or CLIP-170 or genetic
deletion of both genes affects neuronal development. Although double-knockout mice have
been reported, there has been no description of any phenotypes associated with loss of this
family of proteins in neurons (Akhmanova et al., 2001; Dragestein et al., 2008).

2.2.2.3 Cytoplasmic Linker Associated Protein: CLIP-associated protein (CLASP)1 and
CLASP2 are +TIPs that interact with CLIP-170, CLIP-115, EB1, and the cell cortex
(Akhmanova et al., 2001; Beffert et al., 2012; Lansbergen et al., 2006; Mimori-Kiyosue et
al., 2005). They localize to various intracellular structures including kinetochores, the
mitotic spindle midzone, the cell cortex, and the Golgi and function during cell motility and
mitosis. CLASPs are recruited to MT plus ends via an interaction with EB1, and in
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mammalian cells they additionally bind directly to the lattice of MTs in a spatially restricted
fashion via two TOG domains in their N-terminal and C-terminal domains (Al-Bassam et
al., 2010; Wittmann and Waterman-Storer, 2005). The TOG domains of yeast ortholog
Cls1p also bind tubulin heterodimers, thus it is thought that CLASPs promote MT rescue
and suppress catastrophe by delivering tubulin heterodimers to the plus end (Al-Bassam et
al., 2010). CLASP1 is ubiquitously expressed, whereas CLASP?2 is enriched in the nervous
system (Akhmanova et al., 2001). CLASP2 expression increases throughout neuronal
development and CLASP2 protein localizes to growth cones (Beffert et al., 2012). As in
nonneuronal cells, CLASPs exhibit two distinct MT-binding patterns in neurons: plus-end
binding and distal lattice-binding (Hur et al., 2011). In embryonic cortical neurons,
expression of ShRNA targeting CLASP2 but not CLASP1 promoted axonal growth (Hur et
al., 2011), suggesting that CLASP2 plays a negative role in axon growth. In contrast to its
role in axons, CLASP2 depletion impaired dendritic growth. In contrast another study
suggested that inhibition of CLASP2 expression in dissociated hippocampal cultures by
shRNA reduced both axonal and dendritic length (Beffert et al., 2012). Alternately upon
overexpression of CLASP2 dendritic branching increased and supernumarary axons formed
(Beffert et al., 2012). The disparity between these two studies based on CLASP2 depletion
may be due to differences in the functions and relative levels of the two distinctly localized
CLASP populations. For example, mutants of CLASP2 only able to display MT-lattice
binding prevent MT extension into the growth cone and were associated with reduced axon
growth, whereas expression of CLASP mutants only capable of tip-tracking promoted axon
elongation, presumably by stabilizing pioneering MTs (Hur et al., 2011).

A screen for axon formation and axon-guidance defects identified Orbit/ MAST (the
drosophila ortholog of CLASP) loss-of-function mutants (Lee et al., 2004). Whereas
typically the repulsive cue Slit blocks aberrant midline crossing, Orbit/MAST mutants were
characterized by ectopic midline crossing associated with both a fasciculation defect and a
defect in axonal growth-cone orientation. This study went on to demonstrate that Xenopus
CLASP (Xorbit) specifically binds to a subset of MTs that interact with the F-actin rich
axonal growth-cone periphery, suggesting CLASP spatially modulates MT dynamics during
growth-cone guidance. Interestingly CLASP2 gene deletion in mice have been reported
(Pereira et al., 2006), but whether they exhibit a neuronal phenotype has not. CLASP2
overexpression in mouse hippocampal neurons increases the number and size of synapses
and altered excitatory but not inhibitory event frequencies (Beffert et al., 2012), suggesting
CLASP2 involvement in later stages of neuronal morphogenesis as well.

2.2.2.4 Adenomatous Polyposis Cali: The +TIP adenomatous polyposis coli (APC) binds
MTs directly as well as indirectly via EB1 and kinesin-2. In vitro binding of APC to MTs
promotes MT assembly, bundling, and stabilization (Munemitsu et al., 1994; Zumbrunn et
al., 2001). In stage 2 neurons, APC localizes to the tips of multiple neurites, however prior
to axon elongation, APC localizes to the future axon (Votin et al., 2005), suggesting that
APC may play a role in axon specification. Furthermore, APC associates with Par3/Par6/
aPKC polarity complex in the axon, and dominant-negative APC expressed in cultured
hippocampal neurons results in an impairment of polarized localization of the polarity
complex and a failure in axonal specification (Shi et al., 2004; Chen et al., 2011), suggesting
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that APC is critical in establishing neuronal polarity. However, deletion of all APC genes in
drosophila failed to induce defect in axon specification, outgrowth, or guidance (Rusan et
al., 2008), calling into question the interpretation of dominant negative expression results.
However, conditional deletion of APC in mice leads to defective axonal guidance in the
cerebral cortex (Yokota et al., 2009). In this study, APC-deficient neurons fail to produce
axonal outgrowths at embryonic stage E14 and by E16 these mice show defects in the
organization of the major fiber tracts in the cortex in vivo. In vitro dissociated cortical
neurons isolated from APC-deficient mice exhibit excessive axonal branching and the tips of
the axons curl aberrantly. Consistent with a role in MT stabilization, the authors found a
reduction in acetylated tubulin, a marker of stable MTs, in cortices from APC-deficient mice
(Yokota et al., 2009). However, neuronal polarization and axon specification occur in the
absence of APC. Exuberant axon branching of cortical neurons was associated with
disorganized and misoriented MTs in the axon and increase in the growth-cone size and
splitting (Chen et al., 2011). Expression of the N-terminal of APC, which contains both the
oligomerization motif and the armadillo repeats that bind several cytoskeletal regulatory
proteins including ASEF, IQGAP, and the KAP3 subunit of kinesin-2, was sufficient to
rescue both branching and MT-debundling defect. However the C-terminus, which directly
binds MTs and EBL, only partially rescues the aberrant axon branching and MT phenotypes.
These results suggest that dimerization of the armadillo repeats promotes APC interaction
with actin and MT-regulatory proteins, thereby functioning as a scaffolding protein (Chen et
al., 2011). Inactivation of the N-terminal oligomerization domain of APC in one-half of the
growth cone of chick RGCs causes the inactivated region to collapse and the rest of the
growth cone to turn away from the laser-treated region. In contrast, inactivating the 20-mer
region that disrupts APC-MT interaction expands the growth-cone region and induces
turning toward the laser treated area (Koester et al., 2007). This study suggests that APC
regulates growth-cone dynamics by crosslinking the MT cytoskeleton via its dimerization.

2.2.2.5 Transforming Acidic Coiled-Coil Domain Family: A recent study in
Xenopuslaevis growth cones showed that the MT growth-promoting protein TACC3 acts as
a novel +TIP protein, which localizes at the very plus-end tip, distal of EB1 (Nwagbara et
al., 2014). Knockdown of TACC3 slows MT polymerization in these growth cones, whereas
overexpression increases MT polymerization rates, as assayed by EB1 comet velocities
(Nwagbara et al., 2014). Future studies will be required to determine the functional role of
TACC3 in neuronal morphogenesis.

2.2.3 MT-Severing Protein

2.2.3.1 Katanin: Katanin hydrolyses ATP in order to sever MTs, which produces multiple
MTs with new ends available for polymerization (McNally and Vale, 1993). As small,
dynamic MTs, which are observed at sites of outgrowth, are more readily transported
throughout the neuron and growth cone (Dent et al., 1999), katanin is well poised to
modulate neurite outgrowth. Indeed neurons express higher levels of katanin than other cell
types, particularly during phases of rapid neurite outgrowth (Karabay et al., 2004). Katanin
comprises two subunits, a p60 subunit that has enzymatic activity and often localizes at
neurite tips, and a p80 subunit that localizes to the centrosome and regulates p60 (Yu et al.,
2005). MT-severing releases MTs from the centrosomes to be transported throughout the
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cell. However, katanin localizes throughout the neuron, suggesting it may sever
noncentrosomal MTs also. Inactivation of katanin in rat superior cervical ganglion neurons
(SGC) using antibody microinjection results in an accumulation of MTs attached to the
centrosome observed by EM (Ahmad et al., 1999). Additionally, katanin inhibition reduces
axonal length (Ahmad et al., 1999), suggesting that MT severing is required for prompt
delivery of small MT filaments to the growing neurites. This is corroborated by expression
of dominant negative p60 reducing axonal outgrowth (Karabay et al., 2004). However,
overexpression of p60 in SCGs or hippocampal neurons results in excess MT severing that
impedes axon outgrowth as well (Karabay et al., 2004; Yu et al., 2005), suggesting that
precise calibration of katanin expression and activity is required for optimal axon outgrowth.
Interestingly MTs in axons are more resistant to increased katanin overexpression (Yu et al.,
2005), likely due to the ability of Tau to protect these MTs from severing (Qiang, 2006).
Accordingly p60 overexpression only induces axon branching in rat hippocampal neurons
when Tau expression is simultaneously reduced by RNAI (Yu et al., 2008). Work in
Drosophila indicates loss-of-function mutants of katanin p60-likel reduces dendrite
arborization and dendrite pruning in class IV DA neurons (Lee et al., 2009; Stewart et al.,
2012). Katanin, however, stops axonal growth when the growing axon is presented with the
target it was supposed to reach and innervate (Karabay et al., 2004).

2.2.3.2 Spastin: Like Katanin, spastin is an ATPase capable of severing and disassembling
MTs in vitro and in cells (Roll-Mecak and Vale, 2005, 2008). Spastin is commonly mutated
in the neurodegenerative disorder hereditary spastic paraplegia (Hazan et al., 1999). During
hereditary spastic paraplegia, there is progressive retrograde degeneration of corticospinal
axons, which are the longest axons in the human body. This suggests that spastin maintains
axonal processes through regulation of MT dynamics or transport along MTs. Deletion of
the spastin gene in mice (Sp) is associated with progressive CNS axonal degeneration, with
axonal swelling containing accumulated organelles and cytoskeletal proteins indicative of a
trafficking defect (Tarrade et al., 2006). Cortical neurons from these mice exhibit swellings
along neurites near the growth cone when cultured, at regions where MTs switch from glu-
tubulin to tyr-tubulin (Tarrade et al., 2006). Interestingly these swellings occur where
posttranslational modification of tubulin changes from a mixture of glu and tyr MTs to only
tyr MTs and is associated with an impairment of MT dynamics (Fassier et al., 2013; Tarrade
et al., 2006). Morpholinos directed toward spastin block motor axon outgrowth in zebrafish
(Wood, 2006). Similarly depletion of spastin from mouse hippocampal neurons reduced
axonal length (Riano et al., 2009). Spastin localizes to sites of axon-branch formation (Yu et
al., 2008). Spastin overexpression increases the formation of axon branches in rat
hippocampal neurons (Yu et al., 2008). In contrast loss of spastin in class 1V dendritic arbor
neurons in drosophila caused a reduction in DA, although this was not associated with a
change in MT polymerization as with katinin (Stewart et al., 2012).

2.2.4 MT-Destabilizing Proteins—Stathmin family proteins include stathmin, SCG-10,
SCLIP, and RB3, with stathmin ubiquitously expressed, and the remainder expressed
exclusively in the nervous system at different times and locations. Each contain a domain
with homology to stathmin, and neuronal proteins also contain N-terminal domains that
affect their localization. All family members sequester two tubulin heterodimers, although
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their affinity and kinetics of binding are distinct (Charbaut et al., 2001). In cells these
proteins destabilize MTs by both binding tubulin dimers as well as directly binding MTs and
promoting depolymerization. Drosophila has a single stathmin-like gene, which is required
to maintain axonal MTs (Duncan et al., 2013). The phenotypes of stathmin mutant flies
suggest that stathmin-mediated maintenance of axonal MTs is necessary for long-distance
axonal transport.

2.2.4.1 Stathmin: Loss of the stathmin gene in mice does not induce obvious developmental
phenotypes, however, these mice suffer axonopathy of myelinated axons in motor tracts in
the CNS and PNS (Liedtke et al., 2002). Interestingly, SCG-10 expression increased in these
mice, suggesting compensation may occur. In the cerebellum stathmin may play a negative
role in DA. Stathmin expression decreases during cerebellar development and
overexpression of stathmin dramatically reduces dendritc growth of cultured Purkinje cells
(Ohkawa et al., 2007).

2.2.4.2 SCG-10: Superior cervical ganglia neural-specific 10 protein (SCG-10) is a
membrane-associated stathmin family member that is highly expressed in the developing
nervous system and predominantly localizes to the growth cone (Grenningloh et al., 2003;
Mori and Morii, 2002). Like stathmin, in vitro SCG-10 potently inhibits MT polymerization
and promotes MT depolymerization (Riederer et al., 1997). SCG-10 destabilizes MTs at the
minus end by binding along the length of MTs and increasing catastrophe frequency and
shortening rate. However, in contrast to stathmin, SCG-10 also binds the plus end and
promotes MT stability by increasing the rate and extent of polymerization (Manna et al.,
2007). siRNA-mediated depletion of SCG-10 reduces neurite outgrowth in rat hippocampal
cultures, suggesting that SCG-10 positively regulates neurite outgrowth (Morii et al., 2006).
This was confirmed by increased outgrowth following SCG-10 overexpression. This study
also suggests that optimal levels of SCG-10 are required for growth-cone motility: decreased
SCG-10 increased growth-cone stability, whereas SCG-10 overexpression increased growth-
cone dynamics. In dissociated RGCs cultured in the presence of both laminin and L1-CAM,
exposure to the axon-guidance cue EphB induces a pause in growth-cone motility, a
reorganization of growth-cone MTs, and a reduction in SGC-10 protein. The splayed MT
phenotype and growth-cone pausing were phenocopied by injection of a SGC-10 function-
blocking antibody (Suh et al., 2004), suggesting that SCG-10 may play a role in axon
navigation. Like stathmin, overexpression of SCG-10 in cultured Purkinje cells reduced DA
(Ohkawa et al., 2007).

2.2.4.3 SCG-10-Like Protein: SCG-10-like protein, SCLIP, is a neuronal member of the
stathmin family of MT-destabilizing proteins that closely resemble SCG-10 and has similar
tubulin-binding properties (Charbaut et al., 2001). Like SCG-10, SCLIP is expressed in
early stages of hippocampal neuron development in culture, where it localizes to vesicular
structures along MTs, particularly in the growth cone (Poulain and Sobel, 2007). In contrast
to SCG-10, when SCLIP expression is inhibited by siRNA in hippocampal neurons, axonal
branching increases significantly, indicating that SCLIP negatively regulates axon
branching. Although all members of the stathmin family destabilize MTs, based on the
differences in SCLIP and SCG-10 knockdown, they perform distinct functions during
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neuronal development. This is supported by their overlapping but distinct expression
profiles in different neuronal types (Nakazawa et al., 2000).

2.2.4.4 Capzb2: Capzb?2 is the brain-specific isoform of the § subunit of the heterodimeric
F-actin capping protein (CP). In addition to capping F-actin and blocking actin
polymerization, Capzb2 has been reported to bind Bl11-tubulin and slow MT polymerization
in vitro (Davis et al., 2009). shRNA-mediated depletion of Capzb2 in hippocampal neurons
resulted in short neurites and improperly formed growth cones with increased MT invasion.
Whereas expression of full-length Capzb2 could rescue these phenotypes, expression of a
mutant that maintained actin-capping function, but not MT-binding function could not
(Davis et al., 2009). This indicates that MT binding is necessary, but whether it is sufficient,
or if F-actin:MT crosslinking is required has not been addressed.

2.2.5 MT-Motor Proteins—The unique elongated size of neurons creates special
requirements on the transport of materials throughout neurites. In addition, to maintain the
functional differences and thus identity of axons and dendrites, cargos must be differentially
directed to these compartments. MTs serve as tracks for kinesin and dynein motors to
generate force and transport cargo throughout the neuron (Goldstein and Yang, 2000; Maday
etal., 2014), and indeed the first MT motor protein identified was isolated from the
axoplasm of the squid giant axon (Vale et al., 1985). A number of degenerative diseases
result from mutations in motor proteins that result in problems in cargo transport along MTs,
and subsequently axonal integrity (Roy et al., 2005).

2.2.5.1 Kinesins: The vast majority of members of the kinesin family of molecular motors
move toward the MT plus end, although there are some minus-end directed and honmotile
kinesins. Therefore kinesins comprise the major motors for anterograde fast axonal transport
(Brady et al., 1990; Gindhart, 1998; Martin et al., 1999). The motile kinesins function
through intracellular transport of specific cargos and/or by altering MT dynamics. Kinesins
alter MT dynamics by changing the conformation of tubulin heterodimers or by transporting
proteins that influence MT dynamics along the lattice to the tips of the MTs (Drummond,
2011). The nonmotile kinesin family member, kinesin-13 functions as MT depolymerase.
Plus-end directed motors are typically localized at neurite tips (Jacobson et al., 2006).
Various members of the kinesin superfamily have been implicated in different aspects of
neuronal development. Interestingly in cultured drosophila neurons, pharmacologically
blocking F-actin polymerization or MT polymerization did not block axon outgrowth (Lu et
al., 2013). However, reduction of kinesin-1 levels in cultured neurons from hypomorophic
lines revealed an associated loss of MT sliding and reduced neurite outgrowth (Lu et al.,
2013). Since kinesin-1 is highly conserved across species it is highly likely that MT sliding
is a feasible mechanism for initiating neurite outgrowth. In contrast, reduction of kine-sin-5
(Kif11) levels by RNAI in rat SCG neurons dramatically increases axon length, axon
branching, and growth-cone size (Myers and Baas, 2007). This increased axonal growth is
associated with a decrease in axon retraction and increased transport of short MTs (Myers
and Baas, 2007). Similar increases in axon growth and MT invasion of filopodia occurs
following reduction of kinesin-12 (Kif15) in rat cortical neurons, although this is not
associated with increased axon branching and growth-cone size (Liu et al., 2010). Whereas
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SGC neurons typically prefer a laminin substrate and avoid PDL, following Kif15
knockdown, PDL avoidance is disrupted (Liu et al., 2010), indicating Kif15 may also
regulate axon guidance. Prior to axon outgrowth the kinesin-1 family member Kif5C
localizes equally to all neurites (Jacobson et al., 2006). Stable accumulation of Kif5C at a
neurite tip correlates with axon specification, whereas this is not the case with the kinesin-3
family member Kif1A. This suggests that Kif5C may be involved in axon specification, via
selective transport of axon-specific cargos. The M-kinesin family including Kif2A
depolymerize MTs at their plus tips in vitro and in growth cones (Desai et al., 1999; Homma
et al., 2003). Deletion of Kif2A in mice induces gross neuroanatomical defects and perinatal
lethality (Homma et al., 2003). Genetic loss of Kif2A in hippocampal neurons results in
increased length of axon collateral branches without an increase in branch number,
suggesting Kif2a suppresses collateral branches during axon extension.

2.2.5.2 Dynein and Dynein-Associated Proteins. Compared to kinesin motors, dynein is a
considerably larger complex of proteins containing two heavy-chain subunits, intermediate
chains, light-intermediate chains, and light chains. Additionally, dynein activity is regulated
by accessory proteins including lissencephaly 1 (LIS1), nuclear distribution E (NudE), and
the dynactin complex (Levy et al., 2006). The MT minus-end directed motor dynein and its
regulatory factor Lis1 play an important role in axonogenesis by modulating MT transport
and penetration into the peripheral zone during axon specification and elongation (Grabham
et al., 2007; Roossien et al., 2014). Lis1 is enriched in neurons compared to other cell types
(Smith et al., 2000). Mutations in human LIS1 cause lissencephaly, a disease characterized
by an almost complete lack of gyri, enlarged ventricles, and thickened cortex. Dynein,
dynactin, and Lis1 accumulate in the growth cones of actively extending axons (Grabham et
al., 2007). Genetic deletion of LIS1 in mice reduces neuronal migration and neurite length in
vivo (Youn et al., 2009). Antibody-based inhibition of dynein or LIS1 in chick DRGs blocks
growth-cone dynamics and MT reorganization. This is not due to defective MT
polymerization, but rather an inability of MTs to resist F-actin retrograde flow. LIS1 RNAI
also blocked axon elongation (Grabham et al., 2007). Similarly, CALI of the growth-cone
pool of dynamitin, a component of the dynactin complex, decreases growth-cone motility
(Abe et al., 2008). Further suggesting dynein helps MTresist F-actin retrograde flow, grow
into the peripheral zone, and modulate growth-cone direction, the knockdown of dynein
heavy chain in rat SGC causes MTSs to remain within the central domain of the growth cone
and axons to retract further and fail to efficiently turn in response to substrate borders
(Myers et al., 2006). Suppression of the dynein light chain Tctex-1 by RNA. in cultured
hippocampal neurons delays neuritogenesis, whereas Tctex-1 overexpression induces
supernumarary axons, indicative of roles in neurite outgrowth and axon specification
(Chuang et al., 2005), however, these phenotypes are not phenocopied by suppression of
dynein heavy-chain expression, suggesting they may not be dynein related. In DA neurons
in Drosophila, dynein controls the orientation of axonal MTs and transport of Golgi outposts
into dendrites (Zheng et al., 2008). The axons in dynein mutant neurons contain both MTs
with minus-ends and plus-ends distal, and aberrantly contain Golgi outposts, which are
normally restricted to dendrites. Additionally neurons with mutated dynein have shorter, less
arborized dendrites (Satoh et al., 2008; Zheng et al., 2008). Loss of Lis1 in Drosophila also
blocks dendritic growth, branching, and maturation (Luo et al., 2000). Additionally,
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Kapitein et al. identified that dynein helps to sort cargo between the axons and the dendrites
to maintain a polarized morphology. These studies were performed in rat hippocampal
neurons by examining the trajectories of peroxisomes and their delivery to the dendrites
(Kapitein et al., 2010).

2.3 Actin/MT-Linking Actin-Binding Proteins

2.3.1 Drebrin—Drebrin (developmentally regulated brain protein) is a side-binding F-
actin-binding protein that also directly interacts with the MT + Tip EB3 (Geraldo et al.,
2008). Drebrin binding to F-actin prevents binding of tropomyosin and alpha-actinin,
resulting in thick, curved F-actin bundles (Hayashi, 1999; Ishikawa and Kohama, 2007).
Drebrin localizes within the transition zone of growth cones at the base of filopodia,
between the F-actin rich periphery and MT-rich central domain (Geraldo et al., 2008; Mizui
et al., 2009). Similarly drebrin localizes within dendritic spines, another site of MT and F-
actin interactions (Hayashi et al., 1996; Merriam et al., 2013). This localization allows
drebrin to interact with EB3 and promote MT extension along F-actin bundles. Expression
of a mutant of EB3 that maintains interactions with drebrin but not MTs results in a loss of
neurite extension and failure to form growth cones. Similarly, sSiRNA-mediated knockdown
of drebrin also impedes neurite extension and growth-cone formation (Geraldo et al., 2008).
In line with this, overexpression of drebrin promotes axon outgrowth in cultured
hippocampal neurons (Mizui et al., 2009). shRNA-mediated knockdown and overexpression
studies in chick oculomotor neurons demonstrate that drebrin is required for appropriate
axonal morphology, but not growth-cone guidance (Dun et al., 2012). Drebrin A is a major
drebrin isoform expressed in the adult brain that localizes to dendritic spines (Hayashi and
Shirao, 1999). Overexpression of drebrin A in DIV7-9 immature hippocampal neurons
enlarges filopodial protrusions that are rich in F-actin and PSD95 but negative for MAP2,
but does not promote early spine maturation (Mizui et al., 2005). Another study shows that
overexpressed drebrin A localizes to spines in cultured cortical neurons, which were
dependent on its ability to bind F-actin. Cortical-neuron spine length also increases upon
drebrin A overexpression (Hayashi and Shirao, 1999). Drebrin knockown by siRNA inhibits
MTentry into spines, whereas increased drebrin expression promotes MTentry (Merriam et
al., 2013), suggesting that similar actin-MT crosslinking occurs in spines as in the extending
axonal growth cone. Therefore during dendritic spine formation drebrin A plays an
important role by controlling the size of filopodia spines and enhancing F-actin/MT
interactions in the spines.

2.3.2 TcTex-1—TcTex-1 is a light-chain subunit of the cytoplasmic dynein motor complex
that is expressed in postmitotic hippocampal neurons and accumulates in growing axons
(Chuang et al., 2005). Biochemical and microscopy-based evidence suggests that Tctex-1
can function separately from the dynein complex and closely controls both F-actin and MT
dynamics. Hippocampal neurons depleted of TcTex-1 by siRNA or antisense RNA develop
segmented lamellipodia but fail to develop neurites (Chuang et al., 2005). Conversely,
neurons overexpressing Tctex-1 form multiple axons, an increased number of MAP2
positive dendrites, and elevated dendrite branching. The authors of this study suggested that
TcTex-1 regulates neuronal morphogenesis independent of its motor protein activity, as
expression of the dynactin subunit p50 dynamitin, which interferes with dynein activity, or
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downregulation of dynein heavy chain, did not phenocopy Tctex-1 depletion. Furthermore
expression of a phosphomimetic version of Tctex-1 that does not incorporate with the
dynein complex mimicked overexpression axonal and dendritic phenotypes, whereas an
unphosphorylatable mutant could not (Chuang et al., 2005). The dynein-independent
function of Tctex-1 is proposed to be through modulation of activity of Rho GTPases and
thus the actin cytoskeleton (Chuang et al., 2005; Conde et al., 2010; Rothenberg et al.,
2003). Loss-of-function studies indicate it is essential during multiple stages of neuronal
morphogenesis.

2.3.3 Pod1—Pod1 (polarity osmotic defective-1) is an F-actin-binding protein with
homology to the mammalian Type 111 Coronin, Coro7 (Chan et al., 2011). In both
nonneuronal cells and neurons, Drosophila Pod-1 (Dpod1) localizes to lamellar sites of F-
actin polymerization as well as with a subset of MTs polymerizing into this region,
including at the tips of growing axons (Rothenberg et al., 2003). In vitro, Dpod1 crosslinks
F-actin and MTs. Whereas RNAi-mediated knockdown of Dpod1 in nonneuronal S2 cells
failed to disrupt F-actin and MT organization, overexpression of Dpod1 induced dramatic
dose-dependent changes in cell shape, producing neurite-like projections (Rothenberg et al.,
2003). The phenotypes of dpod1 null flies suggest that Dpod1-mediated crosslinking
between actin and MTs is not required for neurite outgrowth but instead regulates growth-
cone guidance in the ventral nerve cord. These flies exhibit multiple axonal defects
including midline crossing defects, thinning of longitudinals, wandering trajectories, axon
breaks, thinning of the commissures, and axon tangles in the ventral nerve cord (Rothenberg
et al., 2003). Interestingly, loss of Dpod1 disrupts guidance downstream of filopodia
formation; the number of filopodia at these growth cones was unchanged. Further indication
that precise levels of Dpod1 are required for appropriate crosslinking of the actin and MT
cytoskeletons, overexpression of Dpod1 using the UAS-Gal4 driver system induces defects
similar to those observed upon loss of Dpodl. Whether the mammalian Coro7, which is
highly expressed in the cortex, is involved in neuronal morphogenesis has yet to be
established. Since Coro7 localizes to the Golgi apparatus as opposed to F-actin based
structures in mammalian cells and lacks a MT-binding domain (Rybakin et al., 2004), if it
does affect neuronal morphogenesis, it will likely be through a distinct mechanism. Of the
other mammalian coronins, coronin 1b and coronin 3 are expressed in the brain but their role
in vivo has not been established. However, acute knockdown of coronin 1b or
overexpression of truncated coronin 3 in PC-12 cells decreases neurite number (Di
Giovanni, 2004; Hasse et al., 2005). These results therefore suggest a possible divergence in
coronin protein function with evolution or divergent functions within the coronin family.

2.3.4 IQGAP1—IQGAP1 (1Q domain-containing GTPase-activating protein 1) is a 190-
kDa phosphoprotein involved in cell-matrix interactions and F-actin dynamics at the leading
edge of nonneuronal cells. In vitro purified IQGAP1 directly binds F-actin and promotes F-
actin crosslinking (Bashour et al., 1997). IQGAP1 mediates crosslinking between MTs and
F-actin via an interaction with the MT +Tip CLIP-170. Phosphorylation of IQGAP1 at Ser
residues 1441 and 143 promote neurite outgrowth in the neuroblastoma cell line N1E-115 as
seen by overexpression studies using either the wild-type or a phosphomimetic mutant, but
not nonphorphorylatable mutants (Li et al., 2005b). Several lines of evidence implicate
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IQGAPL in the formation of dendritic spines: IQGAP1 depletion by ShRNA and IQGAP1
overexpression decreases and increases dendritic complexity and dendritic spines in cultured
hippocampal neurons, respectively (Jausoro et al., 2013; Swiech et al., 2011). Deletion of
IQGAP1 also decreases hippocampal spine numbers in vivo and was associated with
specific cognitive deficits (Gao et al., 2011). These functions appear to rely on the function
of IQGAP to interact with a number of cytoskeletal proteins. To demonstrate interplay
between IQGAP1 and CLIP-170 maintains dendritic arbor morphology, Sweich et al.
performed reciprocal rescue experiments; ShRNA-mediated knockdown of one protein could
be rescued by overexpressing a GFP-tagged construct of the other protein in hippocampal
neurons (Swiech et al., 2011). Similarly, Jausoro et al. show that the N-terminal of IQGAP1
mediates spine head formation possibly by modulating the N-WASP/Arp2/3 complex
function, whereas the region-binding Cdc42 and Rac is required for stalk-neck formation in
spines by overexpressing either wild-type or domain deletion constructs of IQGAP-1 in
dissociated hippocampal cultures (Jausoro et al., 2013). Lack of the N-WASP binding
domain of IQGAP-1 results in filopodia-like spines without a distinct head region whereas
inability to bind Cdc42 and Rac resulted in short stubby spines.

2.4 Molecular Switches: Rho GTPases and Their Downstream Effectors

Rho GTPases are master regulators of both the F-actin and MT cytoskeletons. Their
functions in neuronal development have recently been reviewed (Hall and Lalli, 2010;
Spillane and Gallo, 2014).

3. CONCLUDING REMARKS

The cytoskeleton of the neuron continues to be an area of intense research. The last few
decades have identified many of the important players of the actin and MT cytoskeleton that
are sufficient or sometimes essential in establishing neuronal polarity, establishing and
maintaining neuronal morphology, steering axons to their correct target locations, and lastly
forming synaptic connections that are required for proper functioning of the brain. In
contrast, the field of neurofilaments is relatively far behind, and has room for more
advances. From the numerous studies presented in this chapter, an overarching theme is the
redundancy in protein function, either from the same protein family or from compensatory
signaling pathways and cytoskeletal regulatory proteins. Another recurring concept
throughout the review is the evolutionary divergence of brain-specific isoforms of a number
of actin and MT-regulatory proteins. But critical to defining the function of these players is a
more thorough understanding of how acute versus stable loss or gain of function can alter
phenotypes both in vivo and in vitro. Additionally, another contributing factor modulating
the phenotypes observed experimentally is the extracellular matrix on which neurons are
grown. As evident from the studies summarized here, the extracellular matrix protein or
peptides or axon-guidance cues used for experimental interrogations can lead to significantly
divergent results. What is not discussed here but is another area of neuronal research is the
influence of substrate compliance and dimensionality when performing in vitro experiments
(Koch et al., 2012; Moore et al., 2009). Neurons in the brain are in a more compliant 3D
substrate as compared to when neurons are cultured in vitro on glass or plastic 2D surfaces.
Therefore the choice of extracellular ligand, the type of substrate neurons are cultured on

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2017 January 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menon and Gupton

Page 31

and genetic manipulation methodologies can lead to distinct results and observable
phenotypes. In conclusion, we mention that this chapter provides an insight into the
multitude of actin and MT-binding/ regulatory proteins, but the field is still in its infancy
and requires more research into dissecting redundant pathways, and alternate strategies to
culture and manipulate neurons.
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Figure 1.

Developmental stages of a neuron. (A) Representation of a neuron as it progresses through
developmental stages: neuritogenesis, neurite outgrowth, axon specification, axon guidance
in response to guidance cues, axon branching and dendrite formation, spine formation
followed by synaptogenesis. (B) List of actin and MT-regulatory proteins involved during
the different stages of development.
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\/
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Figure2.
Axonal growth cone. (A) A typical mouse cortical neuron growth cone with F-actin labeled

with fluorescent phalloidin and MTs labeled with an antibody against neuron specific pllI-
tubulin. (B) Representation of a growth cone with numerous filopodia protruding from the
lamellipodial veil. Marked in dark gray are MTSs that extend through the axon shaft and into
the central domain. A few pioneering MTs extend into the peripheral domain of the growth
cone. A meshwork of F-actin (thin dashed lines) is seen in the peripheral domain, which is
studded with numerous filopodia that have bundled F-actin in them.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2017 January 06.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Menon and Gupton Page 50

(A) Filopodium (B) Lamellipodium

Al

i

Actin monomer

U Barbed end
Pointed end
. Actin-nucleating proteins F-actin severing proteins
Arp2/3 and nucleation promoting factors ADF/Cofilin
Cordon-bleu
Formins . e "
: i Membrane-actin linker proteins

Diaphanous formins Spect_rin
Barbed-end binding proteins érl‘?kl\\;lrgroteins
Ena/VASP Protein family Shootin1
Lamellipodin Af-6/Afadin

am> Actin-bundling proteins F-actin motor proteins
Fascin Myosin Il
CRP1
Palladin Actin-capping protein

Capzb2

. Actin-monomer binding proteins
Profilin

Figure 3.
F-actin and actin-binding proteins. (A) Shows a filopodium with bundled F-actin with the

barbed-end pointing outward and the pointed-end toward the inside. Actin monomers, with
the aid of actin monomer-binding proteins, are added to the barbed end of F-actin, which is
protected by barbed-end binding proteins. Bundling proteins hold the F-actin filaments as
bundles. Motor proteins transport cargo along F-actin bundles. Severing proteins
disassemble F-actin at the pointed end. (B) Shows a lamellipodial veil decorated with a
meshwork of F-actin. Actin-nucleator proteins and capping proteins help form the dendritic
actin network.
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MT and MT-binding proteins. a- and B-Tubulin polymer with the plus end serving as a site
for addition of more monomers and also for depolymerization. Plus-end binding proteins

bind to MTs and along with other stabilizing proteins help stabilize the polymer.
Destabilizing proteins aid in depolymerization. Motor proteins transport cargo along the

polymer.
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