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Introduction

Cellular morphogenesis—the ability for cells to change their 
shape—is a universal and essential phenomenon in biology. The 
importance of cell morphogenesis is especially evident during 
development. Whether it is coordinated movement of a multi-
tude of cells participating in convergent extension or the migra-
tion of a single neural crest cell, cells must be able to change 
their shape to achieve specific phases of embryogenesis. In all 
eukaryotic organisms, the cellular cytoskeleton is largely respon-
sible for these types of morphological changes. The cytoskeleton 
can be partitioned into three major classes: microtubules, micro-
filaments, (i.e., actin), and intermediate filaments. Together, 
these filamentous protein assemblages impart the cell with 
shape and structure by interacting with each other, a multitude 
of other proteins, and with cellular membranes. The cytoskel-
etal polymers are also dynamic, changing their composition and 
assembly kinetics in response to various cues in order to change 
cellular shape. The regulation of the cytoskeleton is thus crucial 
for all cellular migration and morphogenesis that occurs during 
development.

Arguably, neurons are the cells with the most complicated 
morphogenesis in the developing organism. Arising from termi-
nal mitotic cell divisions in disperse regions of the nervous sys-
tem, neurons begin their life like many other cells, with a simple 
spheroid shape. From these morphologically humble beginnings, 
most neurons undertake a developmental voyage that will com-
pletely transform their shape and, in most cases, reposition their 
cell bodies to become integrated into the functional circuitry of 
the brain. This is a profound undertaking; multiple intracellu-
lar processes must run simultaneously to coordinate biosynthe-
sis, intracellular transport, membrane dynamics, and motility to 
achieve specific phases of neuronal development. For example, 
certain actin regulators appear to match up with distinct com-
ponents of the exocytotic machinery in order to induce neurites 
under different conditions.1 Thus, even at the earliest phases of 
neuronal development, these intracellular processes need to be 
running in harmony to achieve the initial formation of a neurite.

Neurite initiation (or neuritogenesis) is the foremost event of 
neuronal morphogenesis. Filopodial and lamellipodial structures 
form nascent growth cones that protrude away from the cell body 
and extend the neurite in their wake. These neurites later become 
the axons and dendrites of mature neurons, forming the intricate 
circuitry of the entire nervous system. In recent years, significant 
progress has been made understanding the specific cytoarchi-
tectural mechanisms and molecules required to extend neurites. 
This body of work, however, has built upon earlier seminal 
research that simply showed how to induce non-neuronal cells 
to extend neurite-like processes.2 This study nicely demonstrated 
that there are two basic requirements for neurite formation: (1) a 
malleable or dynamic peripheral actin network and (2) bundling 
of microtubule arrays. Although these concepts are simple, there 
are a plethora of molecular players orchestrating the cytoskeleton 
to achieve efficient neurite formation and growth. There are hun-
dreds of signaling molecules, actin binding proteins (ABPs), and 
microtubule binding proteins (MBPs) that are expressed in young 
neurons that can influence neuritogenesis, complicating the mat-
ter considerably.3 In the following, I will begin with an overview 
of neuronal development, describe the building blocks of the 
cytoskeleton and how they are regulated, and then illustrate the 
mechanisms of neurite formation by focusing on the actin- and 
microtubule- based mechanisms of assembling a growth cone 
and a neurite. I will focus on key cytoskeletal players shown to 
be crucial for neurite formation. In order to fill in the gaps, I 
will also extrapolate on the role of a few actin and microtubule 
regulators from studies in more mature neurons (i.e., after they 
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Neurons begin their life as simple spheres, but can ulti-
mately assume an elaborate morphology with numerous, 
highly arborized dendrites, and long axons. This is achieved 
via an astounding developmental progression which is depen-
dent upon regulated assembly and dynamics of the cellular 
cytoskeleton. As neurites emerge out of the soma, neurons 
break their spherical symmetry and begin to acquire the mor-
phological features that define their structure and function. 
Neurons regulate their cytoskeleton to achieve changes in cell 
shape, velocity, and direction as they migrate, extend neu-
rites, and polarize. Of particular importance, the organization 
and dynamics of actin and microtubules directs the migration 
and morphogenesis of neurons. This review focuses on the 
regulation of intrinsic properties of the actin and microtubule 
cytoskeletons and how specific cytoskeletal structures and 
dynamics are associated with the earliest phase of neuronal 
morphogenesis—neuritogenesis.
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have neurites), non-neuronal systems and 
fundamental players in in vitro assays. In 
closing, I will offer perspectives for future 
work on the cytoarchitectural changes that 
occur during neuritogenesis.

Overview of Neuronal 
Morphogenesis

Seminal studies on neuronal morpho-
genesis extensively characterized mam-
malian pyramidal neurons in cell culture, 
which gained popularity in the ensuring 
years to become one of the most com-
monly used model systems for neuronal 
cell biology. Pyramidal neurons undergo 
a stereotypical development divided into 
five different consecutive stages4,5 (Fig. 1). 
These studies utilized dissociated neurons 
from the hippocampus, but the same stage 
classification holds true for other pyrami-
dal neurons isolated from the mammalian 
and avian forebrain.6 Cerebellar granule 
neurons are another model system which 
follow a pattern of development similar to 
pyramidal neurons, but show some dispari-
ties such as the more prominent formation 
of unipolar and bipolar morphologies dur-
ing the early stages of growth.7 Although 
most of the information discussed below 
is from studies of pyramidal neurons, the 
basic mechanisms and molecules are likely 
applicable to other neuronal subtypes. 
However, caution must be observed when 
extrapolating data from one neuronal sys-
tem to another.

Pyramidal neurons follow a develop-
mental program that is reproducible under 
equivalent cell culture conditions. After 
initial attachment, neurons are in stage 0 
with a spherical shape and typically begin 
extending lamellipodia and filopodia pro-
trusions within minutes and lasting for a 
few hours (stage 1). During the stage 1–2 
transition, neurites first emerge from the 
cell body and begin extending away from the cell body (Fig. 1). 
As discussed below, neuritogenesis may occur in multiple ways. 
Neurons that are in stage 2 display proper neurites (normally 
regarded as protrusions equal to or greater than the diameter of 
the cell body). These neurites are essentially indistinguishable, 
as any of them has the potential to become the axon.8 During 
the stage 2–3 transition one of these neurites begins elongat-
ing at a faster rate developing into the axon and the neuron 
becomes polarized (stage 3). The remaining neurites later grow 
and arborize into morphologically distinct dendrites (stage 4). 
Continued development can proceed up to and exceeding a 

month in culture, whereby neurons form dendritic spines and 
functional synaptic connections (stage 5). Each of these stages 
requires specific changes in the dynamics and cytoarchitechture 
of the cytoskeleton. Recent reviews have outlined some of the 
cytoskeletal changes associated with axon specification,9 dendrite 
arborization,10 and dendritic spine formation.11 Historically, the 
focus of research has been aimed at understanding the breaking 
of symmetry initiated by axon formation. However, this is not 
the first symmetry breaking event in neuronal morphogenesis. 
The breaking of spherical symmetry of newborn neurons occurs 
with the initiation of neurite protrusions (i.e., neuritogenesis) and 

Figure  1. Neuronal development and neurite initiation. (A) Neuronal morphogenesis can be 
divided into a series of stages which were initially characterized in culture (Dotti et al., 1988), but 
also seem to occur in vivo. The times provided here are broad generalizations and specific culture 
conditions determine the exact timing of the developmental milestones. Shortly after their birth 
(or after plating in culture), initially spherical neurons begin extending circumferential lamelli-
podia and filopodia (Stage 1, 0–6 h). During the Stage 1–2 transition, the lamellipodia protrude 
forward and stable filopodia become engorged forming into neurites (neurite initiation or neuri-
togenesis). A Stage 2 (6–24hrs) neuron typically exhibits multiple minor neurites, all of which have 
the potential to become an axon. In the absence of graded external signals a stochastic process 
occurs by which one neurite with a large and dynamic growth cone begins elongating at a rapid 
rate and becomes the axon (Stage 3, 24–72 h). In vivo, this typically occurs in a directed manner, 
as the presence of extrinsic cues guide axonal development. The axon continues to grow and dif-
ferentiate while remaining processes then grow and arborize acquiring dendritic identities (Stage 
4, 3–7 d). Neurons then begin to make synapses, develop dendritic spines, and form neuronal 
circuits (Stage 5, 7–28 d). (B) Neurite initiation or neuritogenesis occurs during the stage 1–2 transi-
tion and can be subdivided into 3 phases. F-actin assembly drives membrane protrusion as either 
broad lamellipodia or finger-like filopodia. Then microtubules and other components move out 
into the lamellipodia and filopodia during the engorgement phase. Finally neurite formation at 
the base of the growth cone is consolidated as the membrane and underlying cytoskeleton reor-
ganizes to form the cylindrical shaft of the neurite.
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this is the first morphogenetic event upon which all other devel-
opment builds.

Recent advances in tissue culture and imaging techniques 
have shown that some of the basic features of neuronal develop-
ment that were described in culture are analogous in vivo and 
ex vivo.12-14 However, a truly definitive in vivo description of 
neuritogenesis has not been published. The vast majority of the 
molecular mechanisms described below have been elucidated in 
cell culture. Many of these mechanisms are likely the same in 
vivo, however, diligence should always be employed when extrap-
olating events observed in cell culture to the in vivo situation. 
Retinal ganglion neurons, for example, undergo a multi-polar 
stage in culture but only exhibit bipolar and unipolar neurite 
growth in vivo.15 There are in fact a few notable differences in 
cortical neurons as well. For example, as neurons begin extend-
ing neurites (stage 1–2), their cell bodies are not fixed in space, 
as normally occurs in culture. Rather, neurite extension occurs 
coincidentally with neuronal migration.14 In the cortex, neurons 
are derived from asymmetric cell divisions from radial glia at the 
ventricular zone (VZ) and symmetric cell divisions in the sub-
ventricular zone (SVZ).12 Regardless of the origin, most neurons 
undergo a multipolar stage with 3–5 processes, similar to neu-
ritogenesis in culture.16 There is some controversy if the initial 
processes are bona fide neurites or some sort of migratory exten-
sions with different properties than neurites.12,17 More recently it 
was observed that neurite formation and axon growth can occur 
before the formation of migratory processes.18 Interestingly, there 
are numerous examples of molecule disruption (dominant nega-
tive, genetic ablation or siRNA) in which neurons display per-
turbed migration and neurite growth.19 But in all of these cases 
the signaling molecules that were disrupted are part of central 
cell motility pathways which would unhinge any motility-depen-
dent process. Whether neurite initiation and migration in vivo 
are inextricably linked or autonomous processes thus remains 
unclear. Interestingly, neurons can migrate without axon exten-
sion,17,20 indicating that at least polarization and migration can be 
independently regulated. If care is taken to not over interpret the 
findings, it should be useful to apply the basic principles learned 
from neuronal culture studies to the in vivo setting.

Neuritogenesis: The Synopsis

The morphological events of the stage 1–2 transition can be 
sub-divided in an analogous manner as described for axon exten-
sion in classical studies by Goldberg and Burmeister,21 but with 
some nuances. Neuritogenesis occurs in three stages: protrusion, 
engorgement, and consolidation (Fig. 1B). Protrusion occurs as 
F-actin-based rearrangements and polymerization “pushes” the 
leading edge of membrane forward. There are at least two mecha-
nisms that give rise to the neurite. In many stage 1 cells, there 
is a circumferential lamellipodium which collapses in discrete 
regions while extending in others, thereby establishing nascent 
growth cones of what will become newly formed neurites.22,23 
Microtubules (and neurofilaments) then follow the lead of the 
advancing leading edge with the transport of vesicles and organ-
elles into the periphery during the engorgement phase. Finally, the 

contiguous, proximal regions of membrane and underlying corti-
cal cytoskeleton collapse and undergo a consolidation to form 
the cylindrical neurite. During consolidation, the microtubules 
become progressively more bundled and construct the core of the 
nascent neurite cylinder. Concomitantly, in bordering regions of 
the soma, lamellipodial, and filopodial protrusions largely regress 
and transform into more stable cortical structures. In a second 
mechanism, a single filopodium can give rise to a neurite in the 
absence of discernable lamellipodia protrusions23-25. These neu-
ritogenic filopodia first protrude, become stable, then engorge 
with cytoplasm and microtubules, and later develop growth 
cones. A similar process has been observed to enhance branching 
of neurites when growth-cone like waves cause engorgement of 
neurite filopodia.26 Other groups have described a “bud” directly 
emerging from the spherical cell body, which with phase con-
trast imaging may be the distension of a stable filopodium and/
or represent the accumulation of microtubules into the forming 
neurite.4,27

Although analogous, the mechanisms of neuritogenesis and 
axon growth are not completely transposable. Neuritogenesis and 
axonogenesis use the same basic machinery, but in a number of 
distinct ways. For example, low levels of the microtubule stabi-
lizing drug taxol induces axon differentiation and growth28 but 
does not enhance neuritogenesis in primary neurons.23 Moreover, 
inhibition of signaling pathways crucial for axon specification 
has no impact on neuritogenesis.1 Thus, casually assuming that 
any factor that plays a certain role in during axon specification 
is doing the same during neuritogenesis (or axon growth for that 
matter) is an over-simplification of neuronal morphogenesis. That 
being said, one must borrow from studies in axon specification, 
neurite growth, and even other motile cells out of necessity, since 
direct studies of neuritogenesis are few compared with the multi-
tude of data available regarding neuronal polarization and axon 
growth. Some useful information regarding the essential players 
regulating the dynamics actin and microtubules in growth cones 
and motile cells can shed light on how neurites protrude, engorge 
and consolidate from out of the cell soma.

The Building Blocks of Neuronal Structure

Actin filaments, microtubules, and intermediate filaments 
compose the cytoskeletal framework of the neuron. These fibrous 
polymers impart different biophysical character to the neuron; 
microtubules resist compressive loads while F-actin and inter-
mediate filaments bear tensile forces.29 This is crucial for neu-
ritogenesis, as the external application of tension induces neurite 
formation,30,31 suggesting that tensile forces generated at inter-
face of the cortical cytoskeleton and substrate are necessary for 
neuritogenesis. Although neurofilaments, a class of intermediate 
filaments of the neuron, are involved in enlarging and maintain-
ing axon caliber, regulating axonal conduction velocity of electric 
transmission and facilitating axon growth,32 the evidence thus far 
suggests they are not essential for neurite initiation or growth. 
Therefore, neurofilaments will not be discussed further in this 
review, which will focus on the roles of actin and microtubules, 
both of which are indispensible for neuritogenesis. The basic 
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principles of actin and microtubule assembly and dynamics as 
they pertain to neuritogenesis will be discussed below.

Building a Growth Cone—Actin

Actin dynamics—its assembly from monomers into filaments, 
motor driven movements, interactions with adhesions, fragmen-
tation, and reorganization of fragments, and disassembly back 
into monomers—provides a major force for the cell movement. It 
is clear that actin polymerization at the submembranous oriented 
barbed ends of actin filaments drives the protrusion of lamel-
lipodia and filopodia at the leading edge of migrating cells and 
in the growth cones of extending neurites.33 In concert, F-actin 
disassembly occurs at the proximally oriented pointed ends of 
actin filaments, balancing the actin assembly at the leading edge 
in a process termed actin treadmilling.34 This treadmilling is an 
essential component of the actin retrograde flow “engine” upon 
which neurite outgrowth depends. Seminal studies in cell-free 
paradigms highlighted how relatively simple collections of pro-
teins recapitulate actin-based motility.35,36 These proteins are cer-
tainly major players in neuronal development. In motile cells and 
growing neurons, however, the situation is much more complex, 
with the actin motor, myosin, and other actin binding proteins 
modulating actin filament dynamics, and actin organization 
into higher-order superstructures.37 Actin isoforms, treadmill-
ing kinetics, and important modulators of actin organization 
and dynamics that influence neuritogenesis and the formation of 
growth cones will be reviewed in this section.

In mammals, there are six actin isoforms including three α 
(α) isoforms, a β (β), and two gamma (γ) isoforms which, in 
spite of showing overall similar biochemical properties, have 
distinct expression patterns and functions. α-Actin isoforms are 
notable for their muscle-specific expression and constituting the 
thin filaments of the sarcomere, the functional unit of muscle 
cells. The cytoplasmic β- and γ- actin are highly expressed in 
brain at roughly equal levels38-40and therefore of more interest 
for neuritogenesis. Although over 98% homologous and having 
nearly similar biochemical activities, β-, and γ- actin show dis-
tinct mRNA and protein localizations and have distinct tran-
scriptional and post-translational modifications that may be of 
importance to actin dynamics in the neuron.41,42 In neurons, 
there is a higher distribution of γ- actin in the cell body and lower 
levels in the growth cone while β-actin is most highly localized 
to the growth cones.43 In spite of partial distribution differences, 
there is definite overlap of protein localization in dynamic actin 
of the growth cone40and γ-, and β-actin can co-polymerize in 
the same actin filaments44 suggesting possible redundancy. 
Indeed, recent genetic knockout models show that actin isoforms 
can compensate for each other during neuronal development. 
Complete genetic ablation of γ-actin in mouse does not cause 
any phenotype, including in the nervous system.45 Similarly, 
the brain-specific ablation of β-actin did not result in any gross 
changes in neuronal development, including neuritogenesis.46 In 
both knockout models, the upregulation of other actin isoforms 
likely minimizes phenotypic manifestations. Intriguingly, in the 
β-actin knockout mice, while only a modest 20% upregulation 

in γ-actin is observed, a massive 35 fold upregulation of smooth 
muscle α-actin occurs in brain tissue. This is the first report of 
α-actin expression in brain. It will be interesting to see if the 
upregulated smooth muscle α-actin is sufficient for neuronal 
development in the absence of β-actin and γ-actin since vari-
ous actin binding proteins important for cell motility have been 
shown to bind with higher affinity to β-actin-rich compared 
with α-actin-rich preparations.47,48

The tips of developing neurites are characterized by a dynamic, 
fan-like structure, coined “growth cone” by Ramon y Cajal.49 
Growth cones are classically sub-divided into 3 regions based pri-
marily on their underlying cytoskeletal organization and organ-
elle composition. The peripheral (P) domain is defined by an 
extensive actin filament network and is devoid of organelles. The 
central (C) domain contains organelles (i.e., mitochondria) and 
a core of microtubules that splay out as they penetrate from the 
neurite shaft. The interface between the P and C domains is the 
transitional zone (T) where contractile actin networks are com-
pressed and deconstructed while impeding the growth of micro-
tubules farther into the periphery. Actin filaments are assembled 
into different higher-order networks or superstructures in devel-
oping growth cones.37 Of these superstructures, filopodia, lamel-
lipodia, and arcs have been the most widely studied in growing 
neurons. These require different ensembles of the actin binding 
proteins, which collectively affect actin assembly/disassembly 
kinetics, retrograde flow, and remodeling. Even before neurites 
are fully formed in young neurons, these actin superstructures 
are discernable (Fig. 2). Other higher order structures such as 
stable cortical actin lattices and dynamic comet-like intrapodia 
are also present in neurons but have received less attention and 
will not be discussed at length in this review.50 Although heter-
ogenous, all growth cones have some combination of these actin 
superstructures.

Filopodia consist of long unipolar, bundled actin filaments 
that extend from the peripheral domain into the transitional 
domain of the growth cone. The peripheral domain also exhib-
its lamellipodia, which are made up of short branched actin 
filaments that compose a mesh-like gel. Whether filopodia or 
lamellipodia are initialized at certain locales within the periph-
eral domain depends on the repertoire of actin binding proteins 
engaged at those sites. It begins at the membrane, where actin 
nucleators are locally activated (or dis-inhibited). Certain actin 
nucleators, such as formins initiate bundled F-actin in filopo-
dia,51 while others such as Arp2/3 complex extend branched 
F-actin arrays in lamellipodia. In the competing tip nucleation 
model, filopodia and lamellipodia are considered separate com-
partments and specific ensembles of ABPs protein accumulate at 
distinct locales at the membrane and compete for actin nucle-
ation thereby driving filopodia or lamellipodia formation.52 Some 
proteins in these ensembles are overlapping, such as Ena/Vasp 
and IRSp53, but the main distinction is the type of actin nuclea-
tor in these ensembles; formins drive filopodia formation and 
Arp2/3 initiates lamellipodia.Thus, according to this model,, 
the identities of actin filament superstructures are determined 
at their birth53 and other ABPs assist with maintaining, disas-
sembling or interconverting these actin superstructures. Other 
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observations support the convergent elongation model, whereby 
filopodia formation occurs out of the dendritic network in lamel-
lipodia by the convergence of barbed ends of growing filaments 
which gradually coalesce, accumulate Ena/Vasp which out-com-
petes capping protein and subsequently recruits fascin to gener-
ate nacent filopodia.54 In vitro, the interconversion does not need 
to be so complex;decreasing the concentration of fascin in favor 
of filamin is enough to remodel actin filaments from bundled 
arrays to a branched filament network.55 It is unclear which of 
these mechanisms are at play in neurons; however, overexpres-
sion of fascin alone increases filopodia numbers in hippocampal 
neurons, apparently at the expense of lamellipodia23 (Flynn et al., 
unpublished observations). These models will hopefully be tested 
as data from complete genetic knockout of the important actin 
nucleators becomes available.

Actin acrs are transversely oriented actin bundles located 
behind the lamellipodia and filopodia of the leading edge in 
the transition zone of growth cones. In non-neuronal systems, 
actin arcs have been shown to form from the shedding of actin 
filaments from the lamellipodia and actin microspikes (filopo-
dia).56,57 Since the actin in arcs is derived from shedding in both 
directions, the resulting actin filaments have mixed polarity. 
Observations in keratocytes showed that myosin II formed clus-
ters in the proximal lamellipodia and coincided with the change 
of orientation of actin filaments from diagonal to perpendicular.58 
Moreover, ultrastructural analysis clearly showed these actin fila-
ments had mixed polarity in contrast to the leading edge which 
is composed almost exclusively of actin bundles with barbed ends 
oriented toward the membrane. Live cell imaging studies have 
also demonstrated that as lamellipodial actin flows away from 
the cell edge, α actinin-decorated filaments seed the formation of 
actin arcs in a process dependent on Arp2/3 complex.59 Although 
some of the details are lacking, these studies have largely been 
comfirmed in the large growth cone Aplysia bag cells, where 
actin arcs are formed in the transition zone from peripheral actin 
structures as the result of compressive forces of peripheral retro-
grade F-actin flow and myosin II activity.60,61

The shape and motile properties of growth cones are gov-
erned primarily by the dynamic rearrangements of these actin 
superstructures. Actin exists in a balance of unassembled, glob-
ular actin (G-actin) and filamentous actin (F-actin), which 
is composed of actin monomers assembled in a helical head to 
tail (polar) fashion (Fig. 3). Actin filaments can be extremely 
dynamic in growth cones, both in terms of their assembly/disas-
sembly kinetics and in how they move relative to one another. As 
in other motile cells, the vector of actin filament subunit flow 
always occurs from the leading edge membrane inward toward 
the central domain of the growth cone. The important conse-
quence of this is a dynamic organizational plane in which actin 
subunit addition and filament elongation occurs at the mem-
brane while disassembly occurs proximally within the growth 
cone. This process is essential to neuritogenesis.

Actin filaments are “born” at or near the cell membrane by 
one of three different classes of actin nucleation factors including 
the Arp2/3 complex, formins, and tandem-monomer-binding 
nucleators.62 It is still controversial whether cofilin represents a 

fourth class of actin nucleator in vivo37,63, but cofilin may provide 
the pieces of F-actin that serve as mother filaments necessary for 
Arp2/3 complex binding and nucleation of branched filaments.64 
All of these types of actin nucleators have been found in brain.65,66 
Spontaneous nucleation of actin is unfavorable due to the insta-
bility of the actin dimer nucleus.67 Only after a stable oligomer 
of three or four subunits is formed can more rapid elongation of 
actin filaments occur (Fig. 3). Actin nucleators circumvent this 
problem via different mechanisms. The Arp2/3 complex requires 
the binding to the sides of an existing mother actin filament, pref-
erentially to ADP-Pi-actin and nucleation promoting factors such 
as WASP and WAVE which funnel actin monomers to Arp2/3 
complex, which mimics a lateral actin dimer. Filaments generated 
by Arp2/3 complex occur at 70° angles to the mother filament 
resulting in an overall branched filament network. Formins func-
tion as hinged dimers binding 2 actin monomers to promote the 
formation of linearly aligned actin filaments.68 Formins not only 
nucleate new actin filaments, but also promote the continued 
polymerization of actin filaments due to their proccessivity (i.e., 
their ability to stay associated with growing barbed ends) and 
their ability to work cooperatively with profilin-actin complexes 
to accelerate monomer addition (Fig. 3). The tandem-monomer 
binding nucleator, Spire has been proposed to collect four actin 
monomers into long-pitch helix nuclei with Wasp Homology 2 
(WH2) domains which can initiate further polymerization.69 
Another tandem-monomer nucleator, cordon bleu (Cobl), uses 
two WH domains to first form a linear dimer and then a third 
WH2 domain to complete an actin trimer nucleus.70

Figure 2. Actin organization in Stage 1 and Stage 2 neurons. A compari-
son of Stage 1 and Stage 2 neurons illustrates similarities in the general 
architecture of actin filaments in the circumferential membrane exten-
sions and growth cones, respectively. Filamentous-actin (Red, stained 
with phalloidin) and microtubules (Green, stained with β-tubulin) are 
depicted in upper panels. The lower panels show a magnified view of 
F-actin staining of regions indicated by arrows in upper panels. Note that 
in Stage 1 neurons and Stage 2 growth cones, different F-actin super-
structures are discernible including F-actin bundles in filopodia (open 
arrowheads), F-actin network in lamellipodia (white arrowheads) and 
F-actin arcs (yellow arrowheads).
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Other factors can increase actin turnover by accelerating the 
on-rate of actin assembly in existing filaments. In addition to the 
formin, mDia, the multifunctional proteins of the Ena/Mena/
Vasp family (hereafter called Ena/Vasp proteins) are potent actin 
polymerizing agents found in neurons.71,72 Ena/Vasp proteins 
promote actin polymerization by binding the barbed ends of 
filaments, interacting with profilin-G-actin complexes, and pro-
moting the transfer of the G-actin subunit from profilin to the 

barbed end. Moreover, Ena/Vasp proteins exhibit “anti-capping” 
activity, by which they protect actin filaments from capping 
protein, which inhibits actin polymerization.73 Other Ena/Vasp 
activities such as anti-branching and filament bundling also con-
tribute to organizing actin filaments in linear bundles as observed 
in filopodia.3,51

At the other end of the filament, the off-rate of actin sub-
units from the pointed end can be enhanced by increased 

Figure 3. Actin subunits (Globular or G-actin) can spontaneously assemble into elongated, polar, bi-helical filamentous polymers (F-actin) in vitro217. 
Actin filaments are often called microfilaments because they are the slimmest cytoskeletal polymer with an average thickness of 6–9 nm. The polarity 
of actin filaments is determined by the orientation of the monomers in the filament and by the non-covalent attachment of adenine nucleotides. This 
polarity is essential for the intrinsic dynamics of actin filaments – treadmilling. Simply stated, actin treadmilling is the process by which actin subunits 
are added preferentially to one end of an actin filament (A.K.A. plus or barbed end) while disassembly occurs at the other end of the filament (A.K.A. 
minus or pointed end). Treadmilling occurs because of the two ends of an actin filament maintain different “critical concentrations” of G-actin needed 
for assembly. When the concentration of G-actin lies between these two critical concentrations, net actin assembly occurs at the barbed end and disas-
sembly at the pointed end. An intrinsic ATPase activity of actin underlies treadmilling, and this is critical for actin-based motility217. ATP bound actin 
monomers dominate the unassembled pool of G-actin and are preferentially added to the barbed end of actin filaments. The ATP is rapidly hydrolyzed 
into ADP-Pi, with the subsequent release of the phosphate taking 300–600X longer, resulting in ADP-actin subunits. The resultant ADP-actin thus domi-
nates the older portion of the filament and is released at the pointed end of the filament. Barbed end growth and treadmilling speed is determined by 
the availability of ATP-actin monomers and increased depolymerization at the pointed end. An important consequence of the actin ATPase cycle and 
treadmilling is that actin monomers age as they progress from their incorporation at the barbed end through their removal at the pointed end. This 
results in a molecular stratification in which the barbed end consists of a small number of freshly added ATP-actin monomers, followed by a “middle-
aged” portion consisting of ADP-Pi-actin with ADP-actin making up the old segment toward the pointed end. Since many actin binding proteins show 
preferential binding based on the status of the bound nucleotide, this stratification is essential to actin organization and turnover in cells. For example 
the preferentially binding to ADP-actin sorts ADF/cofilin to the older, cytoplasmic, portions of actin filaments37. The fact that actin treadmilling is 100 
times faster in cells than in isolated preparations indicated the modification of actin dynamics by additional mechanisms218. There are multiple factors 
influencing actin turnover in cells including the catalysis of F-actin assembly by actin nucleators and polymerization enhancing proteins, the increase in 
pointed end subunit dissociation by actin severing and depolymerizing factors, and the regulation of the pool of unassembled, G-actin. Out of hundreds 
of ABPs expressed in cells, only an actin nucleator, such as formin or Arp2/3 complex, capping protein, and ADF/cofilin proteins are required in cell-free 
systems to emulate actin turnover rates observed in cells 35, 36. No other motor proteins or actin crosslinking proteins are needed. However, other actin 
binding proteins can modulate the turnover of actin in vitro and may be important modulators of actin in neuronal cells (e.g., Ena/Vasp enhances actin 
polymerization in vitro). The left panel here shows how nucleation and treadmilling is enhanced by ABPs. In cells nucleation mediated by formins occurs 
at the plasma membrane. Formins remain associated with the barbed ends of actin filaments and aid in the polymerization of F-actin. Profilin can aid 
actin polymerization by enhancing the exchange of ATP for ADP on G-actin and funneling actin to the barbed ends by interacting with formins and 
Ena/Vasp. ADF/cofilin bind to the ADP-actin portion of the actin filament, enhance the ATPase activity of actin, and increase severing which increases 
the number of ends from which disassembly occurs. This increases the overall disassembly of actin filaments and recycles actin monomers for further 
actin polymerization.
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depolymerization and severing. There are multiple actin bind-
ing proteins that can enhance F-actin severing and actin subunit 
disassociation at the minus end including ADF/Cofilin, gelsolin, 
and mical proteins.74,75 The motor protein, myosin II has also 
been proposed to directly deconstruct actin filaments.76 The 
widely studied ADF/Cofilin proteins (AC) bind cooperatively 
to ADP-bound portion of the actin filament and binding to or 
induce a more twisted form of the F-actin helix.77 This is thought 
to introduce mechanical discontinuities and destabilized inter-
faces between actin subunits in the filament to induce severing at 
the boundary between the AC bound portion of F-actin and the 
unbound portion.78 AC proteins also increase the ATPase activity 
of actin, the rate of phosphate release, and promote the accelera-
tion of monomer loss from the pointed ends of actin filaments.79 
The overall effects of AC protein activity, thus is to increase the 
overall rate of actin treadmilling by enhancing the ATPase cycle 
in actin filaments, accelerating the disassembly of F-actin and, 
thereby, increasing the pool of actin monomers able to re-associ-
ate with the barbed ends (Fig. 3). Gelsolin is one member of the 
gelsolin/villin superfamily of ABPs that typically bind the barbed 
ends of actin filaments.80 After binding along actin filaments, 
gelsolin mediates calcium (Ca2+)-dependent actin severing activ-
ity and remains attached to newly formed barbed ends. Other 
work contends that the principal activity of gelsolin is, in fact, 
as a capping protein and that observed F-actin depolymerization 
proceeds due to diminished actin polymerization.81 Recent stud-
ies have also suggested that under certain conditions, gelsolin 
cooperates with ADF/Cofilin to enhance actin depolymeriza-
tion.82 Mical proteins use redox enzymatic activity and the coen-
zyme NADPH to decrease actin polymerization, increase actin 
depolymerization and lead to a disassembly of actin bundles.75 As 
discussed below, actin turnover driven by ADF/Cofilin F-actin 
severing is crucial for neurite initiation.

A final mechanism to accelerate actin turnover is having a sur-
plus of free monomeric actin that is available for F-actin polym-
erization on demand. In developing neurons, this is no problem 
with up to 80% of total actin in the unassembled form,23 where 
it is specifically enriched at the leading edge.83 This suggests that 
the monomeric actin is available in ample supply and at the right 
location to support rapid F-actin growth. Cells regulate the pro-
duction and availability of the monomer pool in different ways. 
At the transcriptional level, cells use a complex of myocardin 
related transcription factors (MRTFs) such as megakaryocytic 
acute leukemia (MAL) with Serum Response Factor (SRF) which 
act as a G-actin sensor to regulate increased actin transcription.84 
Rho activation can shift F:G actin ratios to increasing F-actin 
levels at the expense of G-actin, leading to a release of MRTF 
from G-actin, which forms a complex with SRF to increase the 
synthesis of actin (both β- and γ- actin).84,85 Knockout of SRF or 
its coactivator MAL severely inhibits neurite outgrowth in hippo-
campal neurons.86 Although SRF-MAL can control the expres-
sion of many other genes, overexpression of active SRF, which 
increases actin synthesis, reverses neurite growth defects induced 
by an actin mutant that impedes actin turnover, suggesting that 
SRF-mediated actin synthesis contributes to the G-actin pool 
thereby moderating neurite growth

G-actin concentration in cells greatly exceeds the critical con-
centration for actin assembly. However, cells resist the spontane-
ous nucleation of assembly with G-actin binding proteins such 
as β-thymosin (Tβ) or profilin that sequester G-actin thereby 
regulating the controlled polymerization of actin.80,83 The bind-
ing of profilin and β-thymosin to G-actin are mutually exclu-
sive and generally have opposing effects on actin polymerization; 
activated profilin promotes while β-thymosin attenuates actin 
polymerization.72 Profilin increases actin polymerization by 
facilitating the exchange of ADP for ATP on G-actin and inter-
acting either directly with or via intermediaries to actin nuclea-
tors which directs ATP-actin to the barbed end.87 β-thymosin is 
highly expressed in neurons suggesting that the Tβ-actin pool is 
a major source of actin monomer in neurite growth. RNA knock-
down of Tβ in Lymnaea snail neurons increased outgrowth rates 
suggesting that local translation of thymosin and sequestering of 
G-actin may slow outgrowth rates and growth cone motility,88 
perhaps allowing more time to process guidance cue signaling 
for pathfinding.

Profilin has been shown to directly regulate neuritogenesis 
and control F-actin levels in developing neurons.89 The down-
regulation of profilin II either with antisense RNA or via genetic 
ablation leads to an increase in neuritogenesis, with increased 
neurite numbers and branching while the overexpression of pro-
filin II has the opposite effect. Interestingly, in neurons with 
decreased profilin II expression, there was a decrease in F- and 
increase in G-actin (overexpression of profilin II had the oppo-
site effect) suggesting that increasing profilin II activity alone 
increases F-actin assembly. In other studies, knockdown of pro-
filin I decreased G-actin levels, protrusion velocity, distance, and 
persistence in neuroblastoma cells, suggesting that profilin-medi-
ated actin assembly helps mediate the protrusions of neurites.83 
The discrepancies between these studies may be due to inherent 
differences in the cell type examined whereby G- and F-actin 
levels can lead to differential effects of the same ABP family40 or 
by differences in the activities of profilin I and II. Nevertheless, 
taken together these results suggest that during neuritogenesis, 
too much actin assembly is refractory to neuritogenesis, while too 
little leads to excessive neurite formation. The key for normal 
neuritogenesis thus seems to be a balance of actin assembly and 
disassembly.

Monomer binding to the barbed ends of filaments is also regu-
lated by barbed end capping proteins (e.g., Capping protein (CP) 
and EPS8) which block further polymerization. In this regard, 
capping protein can lead to the reduction of actin filament length 
in vitro.90 However, in cells, capping protein cooperation with 
actin nucleators and antagonism with F-actin polymerization 
factors may lead to enhanced filament elongation by funneling 
actin monomers to uncapped filaments91 or by increasing actin 
nucleation rates.92 It remains unknown if barbed end capping 
proteins regulate neuritogenesis, but given their importance in 
generating actin motility in vitro, it is likely an important player 
in neuronal morphogenesis.

The first phase of forming a growth cone from the uniform 
lamellipodium of a stage 1 neuron is the protrusion of the leading 
edge membrane. Thus, understanding the actin superstructures 
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that compose the most peripheral region of emerging neurites is 
essential to understand neuritogenesis. Indeed, evidence suggests 
that actin-based processes initiate neurites, while other cytoskele-
tal components (i.e., microtubules) follow the lead of the advanc-
ing actin superstructures23,25. The unipolar, linearly-arranged 
F-actin bundles underlying filopodia have been suggested to 
play a particularly important role during neuritogenesis. Careful 
time-lapse microscopy of sympathetic neurons plated on laminin 
showed that the first dynamic morphological change of round 
neurons is the formation of long, dynamic filopodia.24 Some of 
these filopodia become engorged with microtubules, and then 
develop more defined growth cones and become elongating neu-
rites. More recently, Gertler and colleagues elegantly showed 
that filopodia facilitate neurite formation in cortical neurons.25 
Treatments that blocked filopodia formation inhibited neurito-
genesis. For example, neurons from mouse mutants lacking all 
three isoforms of the Ena family of ABPs (Ena, Mena, Vasp) fail 
to form neurites in culture in a substratum-dependent manner. 
While the ablation of Ena/Mena/Vasp is essential for neurite 
formation on polylysine, neurites grow when these neurons are 
plated on laminin. The key difference is that the neurons were 
able to form filopodia on the laminin. In fact, essentially any 
treatment that induced filopodia formation rescued neuritogen-
esis, suggesting that filopodia are essential for neurite formation.

The ablation of Ena/Vasp activity revealed two “modes” of 
neuritogenesis: one dependent on the elongation of actin bundles 
mediated by Ena/Vasp and one dependent on the growth of actin 
filaments mediated by Arp2/3 complex for neurons cultured 
on laminin.1 The authors took advantage of the fact that lam-
inin rescues neurite formation to “impel” neurons to assemble 
neurites using the second mode of neurite formation. Blocking 
Arp2/3 complex activity with the CA domain of the Arp2/3 
complex activator N-Wasp abolished the ability for laminin to 
rescue neurites in Ena/Vasp inhibited neurons. These data sug-
gest that Arp2/3 complex can mediate neurite formation only 
when integrin signaling engages other factors to coordinate with 
Arp2/3 complex to form actin structures that facilitate neurite 
formation. Blocking Arp2/3 complex in neurons cultured on 
polylysine has no effect on neuritogenesis, suggesting that other 
actin nucleators coordinate with Ena/Vasp to facilitate to actin 
bundle formation and neuritogenesis. These data argues for dif-
ferent sets of ABPs at work during neuritogenesis; sets of ABPs 
for connecting certain extracellular cues to actin rearrangements 
(filopodia) and other sets for the intrinsic triggering mechanism 
of these actin rearrangements.

At the plasma membrane, the BAR (Bin, Amphiphysin, RVS) 
superfamily of proteins can regulate neuronal morphogenesis by 
forming banana shaped dimers that can bind underneath phos-
phatdylinositol-rich membranes and promoting positive or nega-
tive membrane curvature.93 In addition, BAR proteins can recruit 
actin and actin regulators like WASP/WAVE to the membrane 
which facilitates the protrusion of the membrane. I-Bar (inverted 
BAR) domain bearing proteins such as Irs-58 were proposed to 
regulate neurite formation and growth by inducing negative cur-
vature and filopodia.94 Another BAR protein of the F-Bar variety 
(Fer/CIP4 homology [FCH] domain and BAR), srGAP2 acts 

like I-Bar proteins to induce filopodia and neurite growth, seem-
ingly at the expense of bipolar neuronal migration.95 Conversely, 
the F-Bar domain containing protein, Cdc42-interacting protein 
4 (CIP4), has recently been shown to define sites of neurite initia-
tion by limiting filopodial protrusions in favor of lamellipodia96.. 
In neurons, the downregulation of CIP4 coincides with neurite 
formation and its upregulation promotes broad lamellipodial 
protrusions and inhibits neuritogenesis.96 Thus, BAR domain 
proteins can coordinate membrane remodeling and F-actin 
dynamics to regulate neurite protrusions. In the case of srGAP2, 
enhanced filopodia formation promotes neuritogenesis whereas 
CIP4 activity favors lamellipodia formation at the expense of 
filopodia thereby inhibiting neurite formation, supporting the 
notion that filopodia are crucial for neuritogenesis.

It is possible that formins and/or tandem actin nucleators such 
as cordon blue can also coordinate with Ena/Vasp to mediate 
filopodia formation and neuritogenesis. A recent study, however, 
suggested that formins are not necessary for neuritogenesis as the 
ablation of the mDia1 and mDia3 did not affect the development 
of pyramidal neurons although tangential migration of interneu-
rons was perturbed.97 It is possible that mDia2, additional pro-
teins with formin homology domains, or other actin nucleators, 
such as Arp2/3 complex and Spire, which shows similar expres-
sion patterns as formins, can compensate for the loss of mDia1 
and mDia3 to mediate neurite extension. In addition to Arp2/3 
complex and Spire, the expression of the neuron-enriched tan-
dem actin nucleator, cordon bleu, drives the formation of filopo-
dia-like protrusions and supernumerary neurites.70 Since all these 
actin nucleators are potentially targeted to the leading edge mem-
brane and can generate actin filaments at an angle perpendicular 
or orthogonal to the membrane,37 the actin organization initiated 
by any actin nucleator may be sufficient to facilitate neurite ini-
tiation as long as the actin dynamics and organization are main-
tained after nucleation.

A malleable peripheral actin network—one that is dynamic 
and rapidly turning over—is essential for neuritogenesis. This 
assertion is supported by experiments that use toxins affect-
ing the assembly and disassembly of F-actin and microtubules. 
Treatment of stage 1 neurons with the actin stabilizing drug, 
jasplakinolide freezes actin turnover leading to an inhibition of 
neurite initiation.23 Conversely, increasing actin destabilization 
with the actin monomer sequestering drug latrunculin B accel-
erates neurite formation. These experiments suggest that main-
taining or increasing actin malleability and dynamic turnover 
is essential to driving neurite formation. In addition, evidence 
suggests that the peripheral actin network keeps uncontrolled 
microtubule growth at bay37,98. Indeed, treating AC KO neurons 
with latrunculin B slowly destabilizes the rigid actin network as 
microtubule bundles concomitantly grow out of the soma and 
form neurite protrusions.23 However, it is not enough to simply 
have dynamic actin in the periphery of the neuronal soma to 
initiate neuritogenesis. The organization of the actin superstruc-
tures is also important, as the absence of radially oriented actin 
filaments also inhibits neurite growth even if filaments are still 
dynamic.25 However, radial oriented F-actin bundles like those 
in filopodia are not sufficient to induce neurites in the absence 
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of actin turnover and retrograde flow.23 Thus two key proper-
ties of the actin network are essential for neuritogenesis: 1. The 
organization of radial actin filament arrays and bundles and 2. 
Maintaining or increasing actin turnover dynamics—assembly, 
retrograde flow and depolymerization.

In growth cones, it is widely accepted that actin retrograde 
flow is driven by the combined effects of the contractility 
of myosin II on the actin network and the pushing force that 
actin exerts on the leading edge membrane as it is polymeriz-
ing60,61,63.99 The Brownian ratchet model describes how polymer-
izing actin filaments undergo thermal motions, flexing, bending 
and straightening. As they are bent away from the membrane, 
actin monomers squeeze in and the filaments elongate. When 
the filaments straighten again, the rectifying force can push the 
leading edge forward.100 In order to push the leading edge for-
ward, the balance of actin polymerization and retrograde flow 
needs to be biased toward increased polymerization. Conversely, 
when retrograde flow exceeds actin polymerization at the mem-
brane, then retraction occurs.3 One way to shift the balance to 
actin polymerization-driven protrusion is to decrease retrograde 
flow by increasing the coupling of the actin network to substra-
tum via transmembrane adhesions.101 Alternatively, increasing 
actin assembly and retrograde flow can also lead to increased 
protrusion in the absence of adhesion, at least in non-neuronal 
cells.102 One aspect of retrograde flow that is often overlooked is 
the contribution of actin depolymerization and turnover at the 
pointed end of the filaments, since without it actin filaments 
would continue elongating and moving inward until the actin 
monomer pool was depleted. As discussed below, ADF/cofilin 
proteins are essential to actin retrograde flow and overall actin 
turnover dynamics in neurons. Thus, whether it is modyifying 
actin assembly/disassembly kinetics or coupling actin network 
to adhesions, retrograde flow is like an idle engine upon which 
ABPs engage to drive neurite growth.3

While profilin and Ena/Vasp are aiding in the assembly of 
actin at the barbed end, ADF/cofilin are disassembling filaments 
through severing the ADP-actin regions near the minus end. A 
combination of overexpression studies, RNA interference, and 
genetic knockout and rescue experiments indicate that ADF/
cofilin is essential for actin retrograde flow and neuritogenesis 
in forebrain neurons.23 The effects of ADF/cofilin ablation are 
devastating to actin architecture and dynamics, with an increase 
in abnormal F-actin aggregates and transversely oriented fila-
ments, a loss of radial actin bundles and filopodia, and nearly 
a complete immobilization of actin retrograde flow. As a result, 
neurons largely remain stuck in stage 0/1 with an inability to 
form neurites. Expression of a cofilin mutant that can only sever 
actin filaments and treatment with actin destabilizing drugs res-
cue neurite formation, indicating that actin turnover is essential 
to neurite formation.23 From this work, it appears other actin sev-
ering proteins cannot compensate for the loss of ADF/cofilin. 
Furthermore, the ability for myosin II to drive actin retrograde 
flow seems to be dependent on an F-actin network modified by 
ADF/cofilin. ADF/cofilin directly competes with myosin II for 
binding to F-actin103 and this competition may play a role in 
myosin II release and recycling. Future work will be required to 

determine how the interplay of ADF/Cofilin, myosin II and sub-
strate coupling regulate retrograde flow and neurite formation.

In motile cells and growth cones, actin dynamics is also 
greatly affected by the myosin motors. There are 17 classes of the 
myosin superfamily of motor proteins which use ATP for energy 
to produce force and move along actin filaments. In addition to 
walking along F-actin to transport cargo, myosins can cross-link 
actin filaments, propel the sliding of filaments along each other, 
produce tension and regulate the assembly and function of cell 
adhesions. Recently, it has become clear that non-muscle myosin 
II (NM II) is particularly important in regulating actin during 
cell motility.104 In motile non-neuronal cells, myosin II plays a 
role in the retrograde movement of actin filaments in the lamella, 
which is a spatially distinct actin network posterior to the lamel-
lipodia.105,106 In neurons this distinction is less clear (as is the 
presence of lamella) and although myosin II accumulates a few 
micrometers behind the leading edge and is especially enriched 
at actin arcs, it seems to help drive the retrograde movement of 
actin filaments throughout the growth cone.61 However, in other 
systems increased myosin II activity may act to slow actin ret-
rograde flow.107,108 Regardless of these discrepancies, it is gener-
ally accepted that myosin II activity drives the formation and 
compression of actin arcs which can impede microtubule advance 
into the periphery of the growth cone and along filopodia.61,109

During the early phases of neuritogenesis increasing myosin 
II activity by overexpressing an active version of the myosin II 
regulatory light chain kinase significantly decreases neurite out-
growth.110 On the other hand, inhibiting myosin II with bleb-
bistatin accelerates neuritogenesis, increasing the percentage of 
neurons extending neurites by over 10-fold at early time-points in 
culture. Since microtubule engorgement of filopodia is a potent 
mechanism to induce neurite formation, myosin II activity may 
impede the stage1–2 transition by increasing actin arc formation 
and compression in the transitional zone which obstructs micro-
tubule advance into filopodia. The action of myosin II on retro-
grade flow is also important for the engagement of focal contact 
(neuronal focal adhesion) based tethering to the actin cytoskel-
eton, which can accelerate cell protrusion and overall motility by 
generating traction force against the substrate and allowing actin 
polymerization to overcome membrane tension (clutch hypoth-
esis104). If myosin II inactivation decreases retrograde flow and 
increases coupling to focal contacts in this system, then actin 
polymerization could result in increased membrane protrusion 
and neuritogenesis.

To date, the role of the molecular clutch during neuritogen-
esis remains unclear. However, there are a few lines of evidence 
that suggest the engagement of transmembrane actin-substrate 
interactions may be important for neurite formation. As previ-
ously discussed, laminin can rescue neuritogenesis in Ena/Vasp 
KO neurons and this requires functional integrin receptors1,25. 
Although Arp2/3 complex is required for neuritogenesis on 
laminin, it is unclear if the integrin-mediated neuritogenesis 
(or that of other adhesion molecules) is due to simply to bio-
chemical signaling pathways or if the actin-substratum coupling 
alters the balance of actin polymerization and retrograde flow. 
In addition, in the engagement of N-cadherin based adhesions 
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increases actin-based traction forces and growth cone advance in 
more mature neurons.111 The neuronal cell adhesion molecule, 
L1CAM, has recently been shown to mediate the linkage of 
F-actin retrograde flow to the substrate to accelerate growth cone 
advance.112 This study showed that phosphorylation of shootin1 
enhanced clutch engagement of the actin retrograde flow with 
LCAM adhesions, thereby slowing retrograde flow, increas-
ing traction force, and promoting growth cone protrusions. It 
remains unknown what role cadherin or L1CAM based adhe-
sions play during neuritogenesis.

An important aspect of actin dynamics and organization 
is this cooperation and competition among various ABPs.53 A 
notable player in modulating ABP interactions pertinent for 
neuronal actin is the tropomyosin (Tm) family of proteins.113 
Tropomyosins form rod-like dimers that bind along the long axis 
of F-actin, generally stabilizing actin filaments and regulating 
the access of ABPs to the filament. The latter activity is robust 
and, as a result, Tm’s have been called “gatekeepers” or “bounc-
ers” since they allow or restrict access of other ABPs to actin fila-
ments. For example, certain tropomyosins encourage the binding 
and activity of myosin motors.114,115 In other cases tropomyosins 
compete with ABPs, as observed with the Tm5NM1 isoform and 
ADF/Cofilin115,116. However, not all Tms compete with ADF/
Cofilin, as shown for TmBr3 which recruits ADF/cofilin to 
actin filaments.114 Given that there are over 40 isoforms of Tms 
in mammals from alternative splicing of four genes, the marked 
diversity of Tms and their individual and cumulative effects on 
actin and ABPs is remarkably complex. Although a few isoforms 
have been shown to be important for the regulation of neuronal 
morphogenesis,117 the temporal and spatial expression patterns 
and function of Tms in neurons remains a future challenge for 
neuronal cell biology.

One class of ABPs modulated by tropomyosins important 
for neurite outgrowth are tropomodulins (Tmods). Tmods bind 
cooperatively to tropomyosin-decorated actin filaments and cap 
the minus end of actin filaments thereby inhibiting their disas-
sembly. It is likely because of this attenuation of pointed end 
dynamics and/or due to their actin monomer binding activity, 
that tropomodulins exhibit negative effects on cell motility.118 
Of the four members of this protein family expressed in verte-
brates, three members (Tmod1–3) are expressed in neurons.119 
A direct role for tropomodulins as negative regulators of neurite 
formation was illustrated with knockodown studies in N2A cells 
whereby neurite formation and length was increased following 
knockdown of Tmod1 and 2, respectively.119 Overexpression of 
Tmod mutants in PC12 cells showed that alteration of Tmod1 
interactions with tropomyosin isoforms is critical for neurite out-
growth.120 These data indicate that tropomodulin regulates the 
early phases of neurite outgrowth by modulating the stability of 
actin pointed ends.

In addition to proteins that directly regulate the kinetics of 
actin turnover, other ABPs influence actin architecture, dynam-
ics and viscoelasticity by cross-linking actin filaments. These 
“organizational” ABPs help determine the arrangement of 
actin filaments into higher order networks or superstructures. 
Generally speaking, there is a correlative effect on molecular 

mass and the type of actin network generated by ABPs such that 
smaller cross-linkers organize F-actin into parallel bundle while 
larger ABPs tend to promote branched filament networks.121 For 
example smaller molecules such as fascin, fimbrin and epsin cross 
link actin filaments into tight bundles such as those found in 
filopodia whereas larger proteins such as filamin and α-actinin 
support gel-like (i.e., meshwork) filament networks. Depending 
on concentration and the presence of other ABPs, cross linkers 
can also modify actin turnover dynamics. For example, fascin 
acts synergistically with cofilin to promote actin filament sever-
ing in filopodia.122

In summary, specific repertoires of actin regulating proteins 
are engaged in a spatio-temporal manner to form and regulate 
the distinct actin structures that drive the protrusion of the lead-
ing edge membrane and the formation of nascent growth cones. 
This involves the active assembly of actin filaments at the mem-
brane, retrograde flow and disassembly of these actin structures. 
Since actin nucleation is initiated at the membrane and the initial 
vector of actin growth is perpendicular to the leading edge of 
the cell, any actin nucleator should be sufficient to generate neu-
rites, as long as other ABPs are present to generate or maintain 
the radial organization and retrograde flow. If this supposition 
is true, then the fact that the ablation of mDia1 and mDia3 has 
no effect on neuritogenesis in the cortex is not surprising,97 as 
the Arp2/3 complex, other formin domain containing proteins 
and tandem actin nucleators are also present. Regulators of actin 
polymerization, such as Ena/Vasp proteins, and disassembly, 
such as ADF/cofilin proteins, are crucial for the organization and 
dynamics of these radially oriented actin filaments. Tethering 
these actin bundles to the substratum may be a mechanism to 
drive the protrusion of neurites, but this remains to be demon-
strated conclusively. Importantly, at the leading edge membrane 
deformations mediated by BAR proteins also help define where 
the actin can push the membrane forward. From the data thus 
far, the most accurate conclusion is that neurons can use different 
means to achieve dynamic radially-oriented actin filament bun-
dles such as those in filopodia. It is still questionable if filopodia 
themselves, as thin protrusions extending beyond the bundles of 
actin protruding from the leading edge are essential or if having 
underlying radially-oriented actin filament bundles is sufficient 
to facilitate leading edge protrusion. The formation and initial 
protrusion of the growth cone is just the first step in neurite for-
mation. The extension and consolidation of the neurite requires 
microtubules.

Building a Neurite—Microtubules

The core of a cylindrical neurite is defined by its microtu-
bules. In addition to their roles as the superhighways of intracel-
lular trafficking, distinct patterns of microtubule organization 
and dynamics are essential to nearly all aspects of morphogenesis 
including neurite initiation.123 In the first phases of neuritogen-
esis, microtubules become reconfigured from disordered radial 
orientations, with microtubules emanating out of the centro-
some, into parallel bundles which protrude out of the neuro-
nal sphere.22 Without a core of bundled microtubules, there is 
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simply no neurite. But how is the extended microtubule lattice 
constructed out of the spherical cell body to build up the neurite 
shaft? Why are neurons special in their ability to extend neurites? 
The answer to these questions lies in the repertoire of microtu-
bule binding proteins expressed in neurons and how they modify 
microtubule organization and dynamics. Microtubule isoform 
expression patterns, regulation of microtubule dynamics, and 
several important microtubule binding proteins (MBPs) that 
influence neuronal morphogenesis are discussed below.

Microtubules are cylindrical polymers constructed of 13 
protofilaments with a diameter of 25 nm, each composed of 

α- and β- (α β) tubulin heterodimers (Fig. 4). A third isoform, 
γ-tubulin, is associated with microtubule organizing centers 
(MTOCs), such as the centrosome, and forms the γ-tubulin ring 
complex (γTuRC), which serves as a template for the nucleation 
of microtubules constructed from α,β tubulin dimers.124 There 
are multiple α- (six) and β-tubulin (seven) isotypes expressed in 
mammals, with notable sequence differences in the C-terminal 
15 amino acids. These differences are conserved across species, 
suggesting functional significance. Indeed, tubulin isoforms 
exhibit differences in vitro and in post-translational modifica-
tions, which mostly occur within these C-terminal residues.125 In 

Figure 4. (Continued from page 11) Microtubules are inherently polarized polymers with a “plus” end a “minus” end. In vitro, isolated microtubules are 
surprisingly similar to actin filaments, with the minus ends exhibiting overall tubulin dimer loss or depolymerization and the plus ends showing net 
dimer addition and growth. Since the majority of minus ends are “capped” in vivo, thedynamics at the plus end are illustrated here . It is important to 
note that in contrast to other somatic cells, that neurons contain many microtubules that are not anchored to the centrosome, but are “free” throughout 
the cytoplasm which are funneled into microtubule bundles in the neurite processes 219. However, in the context of neuritogenesis, the majority of 
microtubule nucleation occurs at the centrosome, as observed with microtubule repolymerization assays following a washout with the microtubule 
depolymerizing drug nocodazole220. After the rate-limiting nucleation phase, which is supported by MTOCs in vivo, and rapid polymerization of micro-
tubules, there is a steady-state phase of microtubule dynamics marked by the dynamic properties important for neurite extension124. At steady-state, 
the plus ends of microtubules undergo phases of growth and rapid depolymerization known as dynamic instability132. Similar to actin, the dynamic 
behavior of microtubules is dependent of status of the nucleotide bound to the tubulin dimer (β-tubulin subunit), but in this case the nucleotide is 
guanosine. When local concentrations are high, guanosine triphosphate (GTP) bound β-tubulin is added to the growing plus ends of microtubules. 
Immediately following polymerization, the GTP is hydrolyzed to GDP. This results in a plus end GTP-tubulin cap on microtubule otherwise consisting 
of GDP-tubulin dimers. The GTP tubulin provides stability to the plus end, allowing the microtubules to grow. When the supply of GTP-tubulin dimers 
is limited and polymerization is slower than GTP hydrolysis, the GTP cap is lost and microtubule plus ends become highly unstable and depolymerize 
rapidly in a process coined a catastrophe. Catastrophes can be “rescued” as GTP-tubulin heterodimers become available and microtubule growth reiniti-
ated. Thus, microtubules are typically in a dynamic state of growth or shrinkage. In cells, microtubules also exhibit pausing behavior, which can be due to 
stabilization from structural MAPs221 or result from plus end “capture” at the cortex of the cell 222 or peripheral actin structures and filopodia223. The 
capture of microtubules at the cell cortex or in spatially defined regions of the growth cone is also associated with stimulating cell polarity and growth 
cone turning, respectively222, 224. The conversion of polymerization, pausing, and catastrophe phases of microtubule instability occur constantly in 
neurons. Since many microtubule binding proteins and other biochemical and biophysical cues impact these dynamics, a complex picture arises from 
the potential regulation of microtubules during neuronal morphogenesis. This is certainly true at the early stages of neurite initiation during which the 
regulation of microtubule dynamics and organization is essential for building the core of the neurite.
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mammals, tubulin expression patterns are complex; for example, 
in the brain, various α- and β- isoforms are expressed at different 
levels and at different times but with significant overlap.126 Thus 
any single microtubule may contain heterodimers consisting of 
α- and β-I, β-II, β-III or β-IV. Only one isoform, β-III tubulin, 
shows almost exclusive neuronal expression which is high dur-
ing development but decreases in adulthood. The heterodimer 
composition may also be important for microtubule dynamics, 
as microtubules composed of different heterodimers display dif-
ferent dynamics in vitro.127 For example, microtubules enriched 
with β-III tubulin are more stable than those of other β-tubulin 
isotypes, suggesting functional importance in neuronal develop-
ment.128 Moreover, the expression of β-III tubulin is one of the 
earliest markers for post-mitotic neurons and coincides with neu-
ritogenesis.126 Recent studies suggest that mutations in different 
tubulin isoforms can cause similar neurodevelopmental disor-
ders in humans including microcephaly and lissencephaly.129,130 
However, function altering mutations in β-III tubulin, which 
are distinct from other tubulin mutations described thus far, are 
more specific for axon guidance-related diseases such as congeni-
tal fibrosis of the extraocular muscles type 3.131 Nevertheless, it 
is still unclear if β-III tubulin, or any of the other isoforms serve 
specific functions in neuritogenesis.

Microtubules share with actin filaments the property of 
being a polarized polymer with a “plus” end and a “minus” end 
(Fig. 4). Since the minus ends of microtubules are typically 
capped in cells, either by the γTuRC at the centrosome or by 
hitherto unknown minus end capping proteins, most of the inter-
esting dynamics relevant for neurite growth occurs at the plus 
ends, which undergo phases of growth, rapid disassembly, and 
pausing. These phases of growth and rapid depolymerization 
are known as dynamic instability132 and have important conse-
quences for neuronal morphogenesis. It allows microtubules to 
rapidly reorganize when presented with biochemical or physi-
cal cues, generate pushing forces during polymerization phases 
or render microtubules unable to resist compressive actin-based 
forces during depolymerization phases which can lead to neurite 
retraction28,124,133,134. The dynamic behavior of microtubules is 
dependent on the status of the guanosine nucleotide bound to the 
β-tubulin subunit of the tubulin dimer. Guanosine triphosphate 
(GTP) bound β-tubulin subunits are added to the growing plus 
ends of microtubules. Immediately following polymerization, the 
GTP is hydrolyzed to GDP which is non-exchangeable on the 
microtubule resulting in a GTP-tubulin cap on the plus end of 
growing microtubules. The GTP tubulin provides stability to the 
plus end, allowing the microtubules to grow. When the GTP cap 
is lost, microtubule plus ends become highly unstable and depo-
lymerize rapidly in a process coined a catastrophe132 (Fig. 4). The 
state of the bound guanosine nucleotide on the tubulin dimer is 
also important for the binding of MBPs. For example, the plus-
end tracking proteins protein, EB1 binds preferentially to GTP-
tubulin, thus explaining its ability to track plus ends.135

As neurites emerge from the cell body, microtubules need 
to assume different characteristics in different regions of the 
neuron. In the soma, microtubules splay out from the centro-
some in all directions and are relatively stable to accommodate 

the growing need for microtubule based transport from ER and 
golgi. In the developing neurites, microtubules coalesce together 
to form bundles which make up the neurite shaft (Fig. 2). 
Neurite microtubules are also more stable, with stability increas-
ing as neurons grow and become polarized.28 Studies focused on 
axonogenesis suggested that microtubules exert a “pushing” force 
that facilitates the rapid growth of the axon.28 Microtubules can 
theoretically produce force by concerted polymerization and/or 
by microtubule motors such as kinesin or dynein. In neuroblas-
toma cells and stage 1 neurons, actin depolymerization induces 
accelerated neurite formation and the protrusion of growing 
microtubules out of the neuronal sphere22,23, suggesting some 
force exerted by the microtubules is sufficient to induce neurite 
initiation. Low levels of the microtubule stabilizing drug, taxol 
redistributes polymerizing microtubules to the tips of growing 
neurites, and this is correlated with increased axon extension.28 
However, at least in primary pyramidal neurons, these doses of 
taxol do not augment neurite formation.23 Reducing microtu-
bule polymerization with low doses of nocodazole does inhibit 
neuritogenesis23,25, which together with the taxol data suggests 
that microtubule polymerization is necessary for generating neu-
rites, but the force generated by polymerization alone is not suf-
ficient to initiate neurite formation. The microtubule minus end 
motor, dynein, may induce neurites by directly applying force 
on microtubules to push against the cell cortex.136 In this study, 
microtubule repolymerization assays were used to observe that 
newly formed microtubule bundles were transported uni-direc-
tionally from the center of soma radially to the cell periphery 
and this delivery correlated with neurite initiation in neuroblas-
toma cells. Inhibition of dynein with function blocking anti-
bodies impeded this transport and RNAi-mediated knockdown 
of dynein inhibited the formation of new neurites, suggesting 
that a dynein mediated force may “push” microtubule bundles 
against the cell cortex and/or counteract actin retrograde flow 
to help induce neuritogenesis136,137 Although the authors suggest 
that dynein propels microtubule bundles to the periphery via a 
“cortical microtubule” gliding mechanism, other work offers an 
alternative explanation, whereby dynein may directly tether and 
stabilize microtubule to the cell cortex at orthogonal angles and 
generate an anaphase-like force.138,139

Another interesting observation from the study by Dehmelt 
and colleagues136 was the formation of short polymerized micro-
tubules that were transported radially in the soma. During neu-
ronal morphogenesis, the microtubule severing protein, katanin, 
has been postulated to sever centrosome nucleated microtubules, 
which are then transported into growing neurites124,140. This 
katanin-based mechanism may aid in delivering microtubules to 
sites of newly forming neurites. Expression of a dominant-nega-
tive katanin reduces axon growth,141 while moderately increasing 
katanin activity increases neurite number.140 It is likely that the 
level of microtubule severing needs to be tightly regulated during 
neurite growth since excessive increases of katanin activity is also 
deleterious to neurite growth.141

The dynamic properties of the microtubules can be modu-
lated by posttranslational modifications to the tubulin heterodi-
mers and by various microtubule binding proteins that affect 
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dynamics at the plus end of the microtubule or affect stability 
along the microtubule lattice.125 Microtubules can be modi-
fied by an ever expanding list that includes detyrosination, glu-
tamylation, glycylation, phosphorylation and acetylation. These 
modifications can affect microtubule stability, the binding of 
structural MBPs, which influences microtubule bundling, the 
binding of +TIPs, and the recruitment of microtubule motors. 
For example, α-tubulin is synthesized with a tyrosine at the 
C-terminus and the presence of the tyrosine promotes the bind-
ing of certain members of the plus-end tracking proteins (+TIPs), 
such as Clip 170/115 and p150 Glued.142 This, in turn, can affect 
microtubule plus end dynamics and interactions with the actin 
cytoskeleton (see below). The α-tubulin C-terminal tyrosine is 
removed in intact microtubules by a carboxypeptidase activity 
such that long lived microtubules have the penultimate residue 
(glutamate) exposed. Microtubule acetylation is another promi-
nent modification that occurs on stable microtubules in neurons 
and may influence the binding of microtubule motors.143

Microtubule modifications may be important during neuri-
togenesis. Immunostaining experiments have indicated that the 
induction of neurite formation is correlated with microtubule de-
tyrosination.25 In support of this, neuronal development occurs 
more rapidly in neurons lacking tyrosine tubulin ligase (TTL), 
the enzyme that catalyzes tyrosine addition to the C-terminus of 
α-tubulin in the tubulin dimer, liberated after microtubule depo-
lymerization.144 In the brains of TTL KO mice, there are also 
complications with axon guidance, as the corpus callosum and 
commissures are malformed. Thus, the ability to re-tyrosinate 
the depolymerized tubulin subunits seem to aid in exploratory 
behavior of microtubules necessary for axon guidance, but is not 
essential to neurite initiation. Other work suggests that the con-
trol of microtubule acetylation may also regulate neuritogenesis 
as the expression of the microtubule binding protein DDA3 pre-
vents acetylation and inhibits neurite initiation.145

An ensemble of microtubule-binding proteins influences 
microtubule organization and dynamics in neurons3,124. These 
can be subdivided into five broad classes: (1) microtubule sta-
bilizing proteins, including the classical structural microtubule 
binding proteins which were originally coined microtubule asso-
ciated proteins (MAPs), (2) plus-end tracking proteins (+TIPs), 
(3) tubulin dimer binding proteins, (4) microtubule motor pro-
teins, and (5) microtubule severing proteins. Only a few major 
microtubule binding proteins that are particularly relevant for 
neuronal morphogenesis will be discussed below.

In vitro microtubule isolation by assembly/disassembly 
cycling led to the identification of “classical” MAPs that co-
assembled with the microtubules. These MAPs consist of the 
distinct and unrelated Map1A/Map1B (type I) and Map2/Tau 
(type II) families of proteins which are both highly expressed in 
neurons.146-148 Although structurally distinct, members of both 
families stabilize microtubule structure, facilitate cross-linking of 
microtubule bundles, influence the binding of other proteins to 
microtubules and act as molecular scaffolds for multiple proteins. 
These activities are principally important for neuronal mor-
phogenesis, as neurons highly express a few specific MAPs that 
endow neurons with the ability to form tightly bundled, linear 

microtubule arrays. Indeed, some of the earliest markers for post-
mitotic neurons are MAP isoforms,149 suggesting a fundamental 
requirement for MAPs to begin neuronal morphogenesis. There 
are three main neuronal MAPs, Map1B, Map2 and Tau, which 
in spite of exhibiting some functional overlap, also have distinct 
localizations and slight differences in how they bind and bundle 
microtubules.150 Although these proteins are highly expressed in 
neurons, they are nearly absent in other tissues.148,150 It is likely 
for good reason, as their main activity is to form microtubule 
bundles, which provide the core of the neurite. Other somatic 
cells have no need for long arrays of bundled microtubules. The 
Map2/Tau family MAPs have repeating domains which allow 
them to bind to more than one tubulin dimer along the sides of 
microtubules, which likely facilitates their influence on microtu-
bule stability. The expression of both type I and type II MAPs 
induce the formation of microtubule bundles in cells.2,148 In vivo, 
Map1B, Map2 and Tau all regulate the spacing between micro-
tubule bundles,151,152 which may determine the size of the cargo 
that can be transported. In spite of these results, there is no direct 
evidence that type I and type II MAPs can bundle microtubules 
alone147,148 suggesting that ancillary proteins may be needed to 
mediate microtubule cross-linking. Although MAPs bind along 
the sides of the microtubule lattice, they can also affect micro-
tubule assembly and disassembly kinetics at the plus ends. For 
example, the binding of Map2 and Tau can prevent catastroph-
ies150 and Map1B can directly bind the +Tips EB1/3 and modu-
late their access to microtubule plus ends where they regulate 
microtubule growth.153

Map2 is particularly important for the earliest phases of neu-
rite formation as suppressing its expression blocks the extension of 
neurites in cerebellar neurons, which remain in stage 1, whereas 
suppressing Tau expression only blocks axon extension.154,155 
Although another study alluded to the specific importance of the 
Map 2c isoform in neuritogenesis,156 work from the Halpain lab 
confirmed the importance of Map 2c in mediating neurite for-
mation by facilitating the extension of bundled microtubules out 
of the neuronal sphere, along F-actin bundles.22 Genetic knock-
out studies have shown that the type I Map, Map1B can com-
pensate for the loss of Map2152 and Tau,157 suggesting functional 
redundancy of Maps that promote microtubule bundling during 
neurite growth.

Other work contends, however, that the canonical type I and 
type II Maps may not be necessary for neuritogenesis themselves, 
but any factor that promotes microtubule bundling may facilitate 
neuritogenesis. A study of Cath.a-differentiated (CAD) cells, a 
mouse brain derived neuronal cell line, showed that neurite for-
mation and outgrowth occurs as rapidly as in primary neurons.158 
Interestingly, these CAD cells do not express Maps normally 
associated with microtubule bundling in neurons such as Map1B, 
Map2, Tau, or doublecortin. The expression of LIS1 was the only 
Map capable of bundling microtubules expressed in CAD cells. 
The presence of other Maps capable of bundling microtubules 
such as Map1A and PRC1 were not examined. Furthermore, not 
all microtubule bundling proteins are necessarily beneficial for 
neurite formation. The overexpression of DDA3, which strongly 
bundles microtubules and interacts with EB3 and APC, causes 
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a marked reduction in neurite initiation and growth whereas 
its depletion causes the opposite in N2A cells and hippocampal 
neurons.145 It is unclear, however, if the neuritogenesis-inhibiting 
effect of DDA3 is via its effect on microtubule bundling or on the 
posttranslational modifications of tubulin as DDA3 expression 
blocks detyrosination and acetylation.

Seminal drug studies have indicated that modulation of 
microtubule plus end assembly and disassembly kinetics is crucial 
for neurite extension159,160 particularly at the distal tips of growing 
neurites.161 Low concentration of the microtubule destabilizing 
drug, nocodazole, which disrupts microtubule polymerization 
but does not induce depolymerization28,160, inhibits neurite for-
mation indicating that plus-end microtubule growth is necessary 
for neuritogenesis23,25. Neuronal microtubule plus end assembly 
and disassembly can be regulated in multiple ways including the 
activity of microtubule plus end binding proteins that aid polym-
erization or facilitate catastrophies, and proteins that sequester 
free tubulin (destabilizing proteins) or help deliver it to plus ends.

Binding at the plus ends of microtubules, a large number 
of disparate plus end binding proteins (+ Tips) modify micro-
tubule assembly and disassembly. These include the end bind-
ing proteins, EB1–3, cytoplasmic linker proteins, Clip170 and 
Clip115, dynactin large subunit p150glued, adenomatous polyposis 
coli (APC), and CLIP-associating proteins (Clasps).162 In addi-
tion to their effects on microtubule plus end dynamics, these 
proteins can impact microtubule stability, organization into 
bundles, and interactions with the peripheral actin cytoskeleton. 
The end binding proteins (EB1/3) are essential core element of 
the plus-end binding complex, as the binding of the other plus 
end tracking proteins seem to depend on a functional EB pro-
tein.162 Interestingly, although EB proteins themselves promote 
microtubule nucleation and protofilament sheet closure, they 
also increase all aspects of dynamic instability including catas-
tophies (depolymerization) and rescues (reestablishment of the 
GTP-tubulin cap and polymerization).163 The overall effects 
of EB proteins in promoting microtubule polymerization may 
require a particular ensemble of proteins recruited to the plus 
ends.164,165 These interactions are likely important during neurite 
growth.166 EB-1 is highly expressed in early stages of neuronal 
development and its depletion reduces microtubule growth rate 
and persistence correlating with decreases in neurite outgrowth 
in neuronal cell lines.166 EB-3 also may be important during 
neuritogenesis by regulating interactions between microtubules 
and actin (see below). Other +Tips may play modulator roles in 
microtubule growth during neuritogenesis, but their presence 
may not be absolutely necessary. For example, in TTL knock-
out mice, members of the cytoplasmic linker protein family, Clip 
170/115, do not associate with microtubules, yet neurite growth 
occurs at even faster rates than in wild type mice.144 Clips, adeno-
matous polyposis coli (APC) and Clasps have all been linked to 
the regulation of later stages of neuronal morphogenesis, includ-
ing polarization and axonal branching but not to neuritogenesis 
per se.167-169

Other MBPs that localize to microtubule plus ends include 
Lis1 and DCX, two proteins linked with human neuronal migra-
tion disorders. Lissenencephaly is a human disease characterized 

by a severe disruption of cortical lamination.170 Mutations in Lis 
1 gene can lead to this developmental disorder. Lis1 is a MAP and 
a centrosome-associated protein influencing nucleokinesis and 
neurite growth, presumably via its interactions with dynein.137 
Deficiency of Lis1 in mice results in severely reduced neuronal 
migration and decreased neurite outgrowth and branching.171 
Lis1 may affect microtubule organization and dynamics during 
neuritogenesis via direct effects on microtubules or via interac-
tions with other MBPs such as Clip170, Map1B, or DCX.170 
Another gene discovered to be mutated in X-linked forms of lis-
sencephaly is doublecortin (DCX), a MBP with implications in 
neurite growth.170 DCX localizes throughout the microtubule 
lattice but with particular enrichment near the plus ends. It is a 
multifunctional MBP promoting the nucleation, assembly, and 
stabilization of microtubules. During neuritogenesis it may be 
linked with the consolidation of the neurite shaft by facilitating 
the bundling of microtubules172 (see below).

Microtubule dimer binding proteins include destabilizing 
proteins such as stathmin and polymerization promoting pro-
teins such as CRMP2. The microtubule destabilizing factors, 
stathmin, superior cervical ganglia neural-specific 10 (SCG10), 
and SCG10-like protein (SCLIP) are highly expressed in nascent 
neurons, and represent a target of cellular signaling pathways 
to modulate microtubule dynamics in neurons.173-176 Stathmin/
SCG10 family of proteins can destabilize microtubules and 
increase catastrophes by sequestering free tubulin and preventing 
its association with microtubule plus ends or by associating with 
tubulin on microtubule plus ends.177,178 It appears an intricate bal-
ance of stathmin/SCG10 expression/activity is necessary for opti-
mal neurite growth since neurons depleted of SCG10 or highly 
overexpressing it show reduced neurite growth.174,175 These results 
suggest that the cycle of dynamic instability is important to neu-
rite formation and some level of microtubule catastrophe benefits 
the spatial and temporal dynamics of microtubules required for 
neurite growth. Regulation of catastrophe frequency and rescue 
also may be crucial to allow microtubules to reorient toward a 
more appropriate site for microtubule growth and neurite ini-
tiation. In support of this, when SCG10 function is impaired, 
there is a reduction of neurite extension and increased looping 
microtubules,174 which may signify inappropriate microtubule 
growth patterns. Although generally termed “destabilizing fac-
tors”, SCG10, stathmin and SCLIP may have different effects 
on microtubule growth and neuronal morphogenenesis.179,180 
For example, in contrast to stathmin, under certain conditions 
SCG10 may actually promote microtubule stability and tubulin 
polymerization to regulate neuronal development.181

Other free heterotubulin dimer binding proteins act to 
enhance microtubule assembly. Collapsin-response mediator 
protein-2 (CRMP-2) was shown to increase microtubule assem-
bly by binding free tubulin dimers and “delivering” them to the 
plus ends of microtubules.182 CRMP-2 was first identified for 
mediating semaphorin-mediated growth cone collapse183 and 
later shown to promote axonogenesis.184 During development, 
CRMP-2 is highly expressed in the brain and localizes mainly 
to growth cones. It is inhibited by GSK 3β-mediated phosphory-
lation, which prevents its binding to tubulin dimers.185 Indeed, 
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the expression of a phosphorylation resistant CRMP-2 mutant 
has even more robust effects on neurite growth than wild-type 
CRMP-2. Thus, the regulation of CRMP-2 activity likely pro-
motes neurite extension by promoting microtubule assembly at 
their plus ends in developing growth cones.

In addition to their roles as long-range transporters, micro-
tubule motors also serve other important functions such as the 
positioning and organization of microtubules themselves, micro-
tubule stability, and the interaction of microtubules with the 
cell cortex. All of these activities could impinge upon neuronal 
development. The traditional “transport” motors include the plus 
end-directed kinesins (e.g., Kinesin 1 and 2) as well as the minus 
end-directed dynein motor which forms a complex with dynac-
tin.186 Microtubule-based transport of organelles and other cargo 
is not an issue during the early phases of neuritogenesis, and 
most transport is simply diffusion based or utilizes actin-based 
mechanisms1 (Flynn et al., in press) although movements of short 
microtubules by dynein may be utilized.136 There are over 45 
kinesins, some of which are involved in generating forces between 
microtubules (i.e., mitotic kinesins) and others that can actively 
depolymerize microtubules (i.e., KIF2A) and thus potentially 
generating changes in cell shape and motility.187 KIF2A abla-
tion in neurons results in excessive collateral branch growth and 
decreased microtubule depolymerization.188 KIF2A is thought 
to use ATP hydrolysis for energy to depolymerize microtubules 
from their plus ends in growth cones.124 Furthermore, certain 
kinesins and dynein-dynactin can link microtubules with actin, 
providing another mechanism to influence cell morphology.189,190

A final class of microtubule regulating proteins that can influ-
ence neuronal morphology is the microtubule severing MSP1/
katanin/spastin subgroup of AAA family of proteins.140,191 
Although their exact mechanism of action is unknown, katanin 
is postulated to bind to the sides of microtubules and uses ATP 
hydrolysis to cause structural bending of the microtubule lattice 
and remove microtubule dimers eventually leading to severing.192 
Microtubule severing by spastin and katanin generate short 
microtubules, which can be reconfigured and transported more 
easily to respond to environmental signals and alter microtubule 
organization. It is also important to note that the presence of 
microtubule binding proteins such as Tau or specific posttrans-
lational modifications such as acetylation and polyglutamylation 
can inhibit or facilitate microtubule severing by spastin and 
katanin, respectively.192

Overall, the data suggest that a balance of microtubule bun-
dling, dynamics and stability is required for neuritogenesis. The 
neuron-specific expression of various microtubule bundling pro-
teins, such as canonical type I (Map1B) and type II (Map2, Tau) 
Maps as well as DCX and LIS1, are indicative of a necessity to 
regulate the organization of microtubule bundles during neu-
ronal morphogenesis. The seminal studies overexpressing Maps 
in non-neuronal cells showed that microtubule bundling factors 
(along with dynamic actin) were sufficient to induce neurito-
genesis.2,156 However, too much microtubule bundling and sta-
bilization also seem refractory to neurite growth. As with many 
biological processes, balance is the key. This balance is achieved 
with an arsenal of microtubule binding proteins whereby the 

regulation of microtubule organization and dynamics during 
neurite initiation and growth becomes complex. Compensatory 
mechanisms and functional redundancy ensure that neurites can 
grow under a variety of situations. For example, in the absence 
of Map1B, Map2 and Tau, LIS1 and/or other MBPs may be suf-
ficient for the microtubule organization in neurite-like processes 
of CAD cells.158 The regulation of plus end dynamics by +Tips 
and microtubule dimer binding proteins also appear to be impor-
tant for directing neurite formation. Dynamic instability, both 
catastrophies and rescue events, are important for microtubules 
to explore potential sites of neurite formation. This exploratory 
behavior may facilitate the proper targeting of growing microtu-
bules to the actin at the cell cortex by +Tips (and other proteins) 
to designate and reaffirm sites for neurite initiation. This will 
be discussed in more detail below, with an emphasis on how the 
linkages between microtubules and actin serve to guide microtu-
bule growth to sites of neurite formation.

Putting the Neurite Together: Actin 
and Microtubule Interactions

The coordination of the growth of microtubule bundles and 
an advancing actin-driven leading edge is essential for neurite 
initiation. This coordination is regulated on multiple levels. 
First, cell signaling pathways, such as those mediated by the Rho 
GTPases, diverge and impinge upon both ABPs and MBPs.193 For 
example, the Rac1 can mediate divergent signals to coordinate 
increased actin dynamics via Wave complex and facilitate micro-
tubule polymerization by inhibiting stathmin. Second, micro-
tubules and actin can physically interact via protein complexes 
that tether these cytoskeletal elements together.194 In neurons, 
this was shown with elegant imaging experiments while treating 
with cytoskeleton-disrupting drugs. When the F-actin in growth 
cones was depolymerized, microtubules, which are normally 
confined to the central domain, extend out into the peripheral 
domain in an uncontrolled fashion all the way up to the leading 
edge.195 These observations lead to the idea that actin filaments 
constrain the growth of microtubules, confining them to the 
central domain of growth cones. Later work extended these find-
ings showing that microtubules penetrating into the peripheral 
domain of growth cones can bend, buckle and even depolymer-
ize when caught in actin retrograde flow.196 The coupling of the 
actin retrograde flow to the substratum can also induce changes 
in microtubule organization. When the coupling is strong and 
retrograde flow is attenuated, corridors of actin free zones facil-
itate the growth of microtubules further into the periphery of 
growth cones.101 These types of interactions have been proposed 
to be important for axon growth and guidance and even during 
the early stages of neurite formation.3,25,123

Live cell imaging of neuroblastoma cells clearly shows that 
microtubules grow out along F-actin bundles at sites of neurite 
formation,22 a finding confirmed in primary hippocampal and 
cortical neurons23,25 (Fig. 5). There are essentially two modes 
of neurite formation involving the coordination of actin and 
microtubules: 1. Neurites form as a broad F-actin based lamel-
lipodia increases its dynamics and advances away from the cell 
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body while polymerizing microtubules follow and bundle to sta-
bilize the neurite shaft, and 2. Stable filopodia become engorged 
with microtubules, distending the filopodial structure which 
then develops a growth cone and becomes a neurite.23 Dent et 
al., showed that Ena/Mena/Vasp ablation caused a loss of filopo-
dia and radial actin bundles in stage 1 neurons and this in turn 
caused abnormal curving trajectories of microtubules.25 In ADF/
cofilin knockout neurons the abnormal composition, aggrega-
tion and inertia of actin filaments not only caused abnormal 
looping microtubule trajectories, but also decreased microtubule 
plus end velocity in the periphery of the neurons.23 Since actin 
destabilization with latrunculin reverses this effect and increases 
microtubule plus end velocity, the abnormal actin network likely 
caused the perturbation in microtubule growth patterns. From 
these studies, it is clear that microtubule-actin interactions are 
regulated early in neuronal development and this interaction is 
important to neurite initiation.

What proteins/protein complexes mediate these interactions 
during neuritogenesis? Thus far, a few potential ones have been 
identified. The microtubule +Tip protein EB3 forms a com-
plex with the actin binding protein drebrin during neuritogen-
esis.197 EB3-drebrin complex promoted microtubule penetration 
into filopodia and the suppression of EB3 and drebrin reduced 
growth cone formation and neurite outgrowth. The structural 
MAPs, Map1B and Map2, can also potentially mediate direct 
actin-microtubule linkages since these proteins have microtubule 
and F-actin binding domains, can bind F-actin in vitro while in 
some cases induce F-actin bundling, and localize to microtubules 
and actin in non-neuronal cells.123 Map2c expression induces 

growth of microtubules along F-actin bundles thereby promoting 
neurite formation.22 Members of the Plakin family, especially the 
spektraplakin subgroup, represent a novel class of adaptor pro-
teins that can bind many proteins including actin, microtubules, 
and components of focal adhesions.198 Spektraplakins have been 
proposed to influence neurite growth by acting both as structural 
MAPs and as +Tips, helping stabilize microtubules and guide 
their growth along F-actin, respectively.199 The +Tip, Clip170 
can interact with the IQ-motif containing GTPase activating 
protein (IQGAP) to transiently capture microtubule plus ends at 
the actin cortex and induce polarization in non-neuronal cells.200 
In neurons, it was recently shown that mTOR mediates the inter-
action of Clip170 with IQGAP to promote dendritic growth 
and complexity and this effect is mediated via actin dynam-
ics.201 Another potential mediator of microtubule-actin linkages 
is a complex formed by Lis1, dynein and dynactin. In growth 
cones, interfering with this complex attenuates axon growth 
and microtubule advance into the periphery of the growth cone. 
Furthermore, microtubules are less able to resist actin retrograde 
flow, suggesting an alteration of actin-microtubule linkages.137 
This could be due to direct interactions of Lis1-dynein-dynactin 
with actin filaments138,202or an alteration of dynein-mediated 
force production counteracting actin retrograde flow. The force 
elicited by dynein may also be necessary to counteract the ten-
dency for myosin II contractility in the growth cone to induce 
neurite retraction; the balance of these forces may be crucial to 
appropriately guide neurite outgrowth.133,136 It remains unknown 
if Clip170-IQGAP or Lis1-dynein interactions are important for 
neurite initiation.

As the growth cone advances away from the soma, the con-
tiguous membrane must contract and consolidate the neurite 
shaft. This involves both the contraction of the cell cortex and 
the tethering of splayed microtubules together into bundles. The 
control of the consolidation of a protruding lamellopodium into 
a neurite shaft involves both the action of myosin II on the actin 
network and the phophorylation-dependent interaction of dou-
blecortin (DCX) with microtubules at the “neck” of the neurite. 
Microtubules are closely aligned with myosin II-decorated actin 
filaments at the growth cone neck. Contractile forces generated 
by myosin II compress laterally oriented actin arcs toward the 
center of the neurite shaft and this corrals microtubules together 
promoting the formation of bundles at the neck of the growth 
cone.203 Inhibition of myosin II with blebbistatin blocks this 
bundling, and microtubules become more splayed at the growth 
cone neck. At the same time, a sphinophilin-protein phosphatase 
1 complex mediates the dephosphorylation of DCX at the growth 
cone neck, thereby increasing its interaction with microtubules 
enhancing the stability, the bundling of microtubules and, per-
haps linking to actin via dynein or other adaptors.172 Although 
these studies were performed in neurons that already had neu-
rites, it is likely that these same mechanisms are employed during 
neurite consolidation. In filopodia-mediated neurite formation, 
there is no consolidation phase required to form the initial shaft 
since this is present as the filopodium into which microtubules 
have penetrated, but consolidation occurs at the base of the 
growth cone as it extends away from the soma.

Figure  5. Actin and microtubule organization during neuritogenesis 
as observed with live-cell imaging. Single frames from a live-cell imag-
ing series are shown of a neuron expressing Lifeact (labels F-actin) and 
EB3 (labels growing microtubule plus ends). Time is indicated above 
the images in hours:minutes. The lower two rows of panels are mag-
nified views of the indicated regions from the top row. The first frame 
shows a neuron in stage 1 with broad, circumferential lamellipodia and 
filopodia. As neuritogenesis commences, a stable filopodium extends, 
becomes engorged with microtubules, develops a growth cone and 
begins to transform into a neurite (middle panels, white arrowheads). 
Concomitantly, broad lamellipodia segment and begin extending away 
from the cell body to form nascent neurites. Initially discrete microtu-
bules follow the advancing actin and begin to compact into bundles 
(lower panels; white arrowheads).
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After a neurite forms, the cortical actin may act to support 
microtubule bundles. A recent study using high resolution 
microscopy showed that actin organizes into periodic actin-
spectrin ring structures encircling the axon shaft at regular (180–
190nm) intervals along its length.204 In minor neurites there is 

also cortical actin structure, but with less elegant organization. 
In cultured Cos7 cells and cardiac myocytes, the lateral inter-
action of microtubules with the actin network reinforces indi-
vidual microtubules allowing them to bear higher compressive 
loads.205 In neurites, it is probable that cortical actin-microtubule 

Figure 6. For figure legend see page 103.
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interactions may also be essential for reinforcing microtubule 
bundles and maintaining the neurite’s cylindrical structure.

Concluding Remarks and Perspectives 
for Neuritogenesis

Although our understanding of neuritogenesis is still incom-
plete, we can summarize some of the steps that transform a 
spherical cell into a neuron (Fig. 6). Dynamic, radially oriented 
F-actin superstructures reorganize the periphery and push the 
membrane forward powered by actin polymerization facilitated 
by Ena/Vasp proteins and the actin retrograde flow “engine” 
powered by the action of ADF/cofilin proteins and myosin II. 
Membrane deformations and actin linkages regulated by F-Bar 
proteins influence sites of neurite initiation. As the actin retro-
grade flow is coupled to the substrate at focal contacts, mem-
brane protrusion occurs more efficiently (although this remains 
to be definitively shown during neuritogenesis). Concomitantly, 
dynamic microtubules grow along F-actin tracks in a radial 
fashion and follow the “lead” of the advancing actin network 
which begins forming the nascent growth cone. The neurite is 
consolidated as the contiguous membrane contracts with myosin 
II activity compressing actin arcs and corralling the advancing 
microtubules closer together. As the microtubules become more 
tightly packed, microtubule binding proteins such as Lis-1, DCX, 
and Map2c help bundle the microtubules. Stable filopodia also 
can give rise to a neurite when it becomes progressively engorged 
with bundled microtubules and then develops a growth cone. As 
neurites extend, microtubules continue to bundle and grow in a 
coordinated manner. Although neurite extension can occur sim-
ply through a microtubule elongation process206 such elongating 

neurites fail to follow pathfinding cues either in vitro207 or in 
vivo.208 Thus, the coordinated dynamics of actin and microtu-
bules is required for physiological neuritogenesis and guidance.

Although the basic cytoskeletal reorganization events for neu-
ritogenesis have been thoroughly characterized in culture, their 
physiological relevance to neuritogenesis in vivo largely remains 
to be determined. This review extrapolated liberally from the cell 
biology literature to postulate the possible roles of many different 
proteins in neurite formation. These need to be verified in vivo, as 
does the exact progression of steps for the morphological changes 
leading to neurite initiation. In recent years, many proteins 
anticipated to play fundamental roles in actin organization and 
dynamics have turned out to seemingly play little if any role in 
neuronal morphogenesis. For example, mice with genetic knock-
outs of the cross-linkers fascin and filamin show no perturba-
tions in neurite formation.209,210 The ablation of the major formin 
isoforms expressed in the brain likewise only affects interneuron 
migration, while other neurons develop completely normally.97 
Most likely, these results do not indicate that the protein in ques-
tion plays no role but rather that the role it plays is so funda-
mental in development that functional redundancy of ABPs can 
compensate for the loss of any single one of the proteins. Thus, 
the roles of different ABPs during neurite formation need to be 
carefully explored in vivo, probably using a conditional multiple 
knock out strategy such as has been used for ADF/cofilin.23

It is clear from a few recent studies that when actin and 
microtubule dynamics become uncoupled neuritogenesis is 
attenuated23,25. However, it is unknown what proteins/protein 
complexes are key to guiding the advancing microtubules to the 
actin bundles in developing neurites. As alluded to throughout 
this review, the interactions between actin binding proteins are 

Figure 6 (See previous page). The cytoskeletal mechanisms of neuritogenesis. (A) An overview of neuritogenesis is shown depicting the major mor-
phological changes that occur as neurites extend out of the cell body. A broad membrane with lamellipodia and filopodia can extend away from the 
cell body as contiguous regions collapse and become inactive. As the lamellipodia protrudes forward, individual microtubules grow radially into the 
periphery along F-actin bundles. The neurite is formed as the microtubules become progressively bundled and the peripheral actin superstructures 
continues advancing and becomes a growth cone. Filopodia can also become stable, engorge with microtubules, develop a growth cone and transform 
into a neurite. (B-D) The highlighted areas in (A) are magnified to point to regions, in which changes in F-actin (red tones) and microtubules (green) occur 
during neuritogenesis. Some of the major actin binding proteins (ABPs) and microtubule binding proteins (MBPs) regulating these structural changes 
are also depicted. (B) Filopodia consist of radial actin bundles oriented with their barbed ends (growing) toward the membrane. Actin regulators such 
as formins and Cordon blue may help regulate the formation of F-actin in the filopodia. Ena/Vasp proteins also regulate the polymerization of actin in 
filopodia while ADF/cofilin disassembles the actin by severing ADP-actin near the pointed ends of the filaments. The polymerization of actin against the 
membrane and disassembly of actin further away from the membrane help drive retrograde flow, which can couple to the substratum to allow more 
protrusion. Actin monomers are also required for further polymerization and profilin can interact with actin monomers to enhance polymerization. 
Crosslinking proteins such as fascin may help stabilize filopodia. Microtubules can grow along these F-actin bundles and invade the filopodia. Protein 
complexes such as EB3-drebrin, Lis1-dynein, or Map2c may aid in this process. +Tip proteins, SCG10, and CRMP2 may all aid in regulating microtubule 
growth while Maps such as Map2c or Map1B bundle microtubules together. As the neurite forms more microtubules populate the filopodia and actin 
becomes dynamic building a growth cone at the tip. (C) The broad advance of a growth cone marks the second means to generate a neurite. This 
advancing structure contains both lamellipodia and filopodial actin. Therefore, actin nucleators like Arp2/3 complex, formins, and cordon blue are likely 
involved in actin filament growth. As in filopodia, membrane advance is driven by actin polymerization at the leading edge, but with the coordinated 
assembly of a multitude of actin filaments. ABPs such as Ena/Vasp and profilin help polymerize actin while ADF/cofilin still drives disassembly toward 
the minus ends. Myosin II also contributes to retrograde flow and drives the compression of actin into arcs proximally, which can provide obstacles 
for microtubule growth. Splayed microtubules occasionally grow into the peripheral zone, often along actin filaments. Protein complexes such as 
Lis1/dynein/dynactin may help these microtubules resist retrograde flow and maintain their presence in the periphery. +Tips (EB1), SCG10 and CRMP2 
regulate the plus end dynamics of the growing microtubules. As neurite formation occurs, microtubules become progressively more bundled and the 
coordination of multiple MBPs helps in this. MBPs such as DCX, Map1B, and Map2c all likely participate in bundling microtubules as the neurite forms. 
Myosin II also aids in the compression of adjoining actin to consolidate the formation of the neurite. (D) As the neurites form at distinct locales, the other 
regions around the soma develop different cytoskeleton structures and become quiescent. The actin becomes less dynamic with a collapse of filopodia 
and lamellipodia forming into stable cortical actin while microtubule advance is restrained, only occurring in a looping pattern within the soma.
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essential to determining the overall effect on actin dynamics and 
organization. This can entail collaboration or competition. The 
levels and activities of a milieu of ABPs orchestrate the formation 
and turnover of different actin superstructures53,211. Recent work 
has begun to examine the interactions of different ABPs in vitro 
and in cells, but little is known how different ABPs collaborate 
and compete to drive specific changes in actin organization dur-
ing neuritogenesis. For example, in the absence of ADF/cofilin, 
radially oriented actin bundles and filopodia formation are atten-
uated, dense networks of circumferential actin are increased, and 
neurite formation is largely inhibited.23 Since ADF/cofilin can 
compete with tropomyosins,212 myosin II,103 and Arp2/3 com-
plex,213 the question remains if some of the perturbations in neu-
ronal morphogenesis are due to altered activities of other actin 
binding proteins.

Beyond the cytoskeleton, it is unclear if specialized membrane 
domains specify sites of neurite initiation in the spherical cell 
body of a new born neuron. F-Bar recruitment to the membrane 
may be one mechanism to segregate sites for neurite initiation (or 
inhibition), but how are F-Bar proteins and other actin regulators 
recruited to the membrane? Phosphoinosides, such as phosphoti-
dylinositol bis- and tri- phosphates, can directly recruit various 
actin regulating proteins, modulate their activity, and trigger sig-
naling cascades,214 locally affecting membrane deformation and 
leading edge protrusion which could play a directive role dur-
ing neuritogenesis. Lipid rafts coalescence leads to amplification 
of signal transduction during cell polarization in Leukocytes215 
and CAM mediated neurite growth.216 Lipid raft domain clus-
tering and/or phosphoinositide enrichment may not only locally 

amplify extracellular signaling but also capture cytoskeletal 
machinery and thereby help direct neurite initiation at discrete 
regions of the neuron. Specifically, it will be interesting if and 
how membrane domains localize actin nucleators or aid in the 
capture of microtubules to determine sites of the future neurites.

Some of these questions are basic biological questions. Others 
are specific to neurons and neurite initiation.217-224 But the answers 
will provide new insights about what distinguishes neurons from 
other cells in the brain (i.e., neurogenesis and neuronal identity), 
how aberrant neurite growth contributes to developmental dis-
eases and even offer clues how to rebuild brain and spinal cord 
circuitry following disease or injury.
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