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Microtubules are one of the major cytoskeletal components of neurons, essential for many fundamental
cellular and developmental processes, such as neuronal migration, polarity, and differentiation. Microtubules
have been regarded as critical structures for stable neuronal morphology because they serve as tracks for
long-distance transport, provide dynamic and mechanical functions, and control local signaling events.
Establishment and maintenance of the neuronal microtubule architecture requires tight control over different
dynamic parameters, such as microtubule number, length, distribution, orientations, and bundling. Recent
genetic studies have identified mutations in a wide variety of tubulin isotypes and microtubule-related pro-
teins in many of the major neurodevelopmental and neurodegenerative diseases. Here, we highlight the func-
tions of the neuronal microtubule cytoskeleton, its architecture, and the way its organization and dynamics

are shaped by microtubule-related proteins.

Introduction

The formation of complex nervous systems requires cytoskel-
eton-based processes that coordinate proliferation, migration,
and differentiation of neurons. Neuronal cells undergo major
developmental changes as they migrate, develop axons and
dendrites, and establish synaptic connections. The structural or-
ganization and dynamic remodeling of the neuronal cytoskeleton
contribute to all these morphological and functional changes in
neurons. Along with the actin cytoskeleton, the assembly, orga-
nization, and remodeling of the microtubule (MT) cytoskeleton
are essential to successfully complete all the different stages
of neuronal development (Figures 1A and 1B) (Barnes and Pol-
leux, 2009; Kuijpers and Hoogenraad, 2011; Marin et al., 2010).
MTs either provide tracks for intracellular transport (Hirokawa
et al.,, 2010; Maday et al., 2014), set up local cues to position
organelles (de Forges et al., 2012), act as signaling devices (Akh-
manova and Steinmetz, 2008), or generate cellular forces (Sub-
ramanian and Kapoor, 2012) (Figures 1C and 1D).

Reflecting the importance of the MT cytoskeleton in neuronal
development, MT defects cause a wide range of nervous system
abnormalities and several human neurodevelopmental disorders
have been linked to altered microtubule-mediated processes.
Mutations in microtubule-related genes encoding for microtu-
bule-associated proteins (MAPSs) (e.g., Tau), MT severing pro-
teins (e.g., spastin), microtubule-based motor proteins (e.g.,
dynein, kinesin), and motor associated regulators (e.g., dynactin,
doublecortin, and lis1) are associated with various neuro-
developmental problems (Lipka et al., 2013; Reiner and Sapir,
2013). In addition, impairment of axonal transport in mature neu-
rons is a common factor in many of the major neurodegenerative
diseases, including the motor neuron diseases amyotrophic
lateral sclerosis (ALS) and Alzheimer’s disease (Millecamps
and Julien, 2013) and neuroinflammatory diseases such as mul-
tiple sclerosis (Sorbara et al., 2014). More direct evidence sup-
porting the involvement of the MT cytoskeleton in neurodegener-
ative diseases comes from genetic studies identifying mutations
in various tubulin family members (Franker and Hoogenraad,
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2013; Tischfield et al., 2011). However, many of the molecular
mechanisms regarding the assembly of microtubule-based
structures remain largely unknown, and we still do not under-
stand how the complex MT arrays are built and maintained in
neurons.

Over the last decades, the neuronal MT architecture has been
studied in detail using electron microscopy and live cell imaging
(Baas and Lin, 2011; Conde and Céceres, 2009). Imaging dy-
namic MTs has greatly advanced our understanding of the
complex remodeling and reorganization of MT during neuronal
development and plasticity processes (Hoogenraad and Bradke,
2009). Recent advances in super resolution fluorescence micro-
scopy have revealed that the organization of the neuronal cyto-
skeleton is even more complex than previously thought (D’Este
et al., 2015; Xu et al., 2013; Yau et al.,, 2014; Zhong et al.,
2014) (Figure 1B). On the other hand, results from structural,
biochemical, and in vitro reconstitution approaches have in-
creased the mechanistic understanding of MT assembly and dy-
namics (Akhmanova and Steinmetz, 2008; Brouhard and Rice,
2014; Subramanian and Kapoor, 2012). Several other studies
have described signaling pathways and molecular mechanisms
that control the assembly, dynamics, and stabilization of MT ar-
rays during neurodevelopment (Arimura and Kaibuchi, 2007).
Here, we review the basic functions of the neuronal cytoskeleton
and its main architectural features, as well as the many molecular
processes that together control MT organization and dynamics
during the different stages of neuronal development.

Microtubule Basics

The MT core structure is built from heterodimers of «- and
B-tubulin, which bind in a head-to-tail fashion to form structurally
polarized linear protofilaments and associate laterally to form
a hollow tube with an outer diameter of ~25 nm (Akhmanova
and Steinmetz, 2008) (Figure 1D). De novo MT formation in cells
is typically nucleated by the y-tubulin ring complex (y-TuRC) that
templates the formation of MTs (Kollman et al., 2011). MTs
switch between phases of growth, and disassembly is a process
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named dynamic instability, which allows individual MTs to
explore cellular regions and retract in case they do not find the
proper environment (Howard and Hyman, 2009). MT dynamics
is regulated by the intrinsic properties of tubulin dimers within
the lattice. Free tubulin binds GTP, which (for B-tubulin) is hydro-
lyzed shortly after incorporation into the MT lattice. Because
GDP tubulin tends to destabilize the lattice, stable growth is
believed to depend on the presence of a cap of GTP-tubulin at
the MT plus end. In this GTP-cap model, loss of the cap will result
in rapid disassembly, called a catastrophe. While many ques-
tions remain about the stochastic switching between MT assem-
bly and disassembly, a structural model for how GTP hydrolysis
destabilizes the MT has recently been proposed (Alushin et al.,
2014).

Although both MT ends can grow and depolymerize, the dy-
namics of the two MT ends are very different (Akhmanova and
Hoogenraad, 2015). The plus end, terminated by B-tubulin,
grows faster, undergoes catastrophe more frequently and is a
crucial site for regulating MT dynamics (Akhmanova and Stein-
metz, 2008). MT dynamics is regulated by plus-end tracking pro-
teins (+TIPs), which accumulate at the ends of growing MTs and
control different aspects of neuronal development and function
(Hoogenraad and Bradke, 2009). End binding (EB) proteins are
among the core +TIP complex components as they can autono-
mously track growing MT plus ends and bind numerous other
+TIPs, such as MT motors, actin-associated proteins, and
signaling factors, through a conserved basic and serine-rich re-
gion containing a core SxIP motif (Honnappa et al., 2009; Jiang
et al.,, 2014). In addition, several other +TIPs target the plus-
end independent of EB proteins (Akhmanova and Steinmetz,
2008). Fluorescently tagged EB proteins are widely used to track
growing MTs and provide an efficient tool to probe the MT orga-
nization in neuronal cells in vitro and in vivo (Jaworski et al., 2009;
Kleele et al., 2014; Stone et al., 2008). However, the assembly
of microtubule-based structures not only depends on +TIPs
but also requires the coordinated actions of many additional reg-
ulatory factors such as neuron specific tubulin isotypes, post-
translational modifications (PTMs), motor proteins, and various
MAPs (Janke and Kneussel, 2010; Subramanian and Kapoor,
2012).

Largely on the basis of their mode of action, microtubule-
related proteins can be roughly divided into five groups
(Figure 1D). The first group comprises proteins that bind to MT
ends and regulate their dynamics, such as +TIPs and minus-
end targeting proteins (—TIPs) (Akhmanova and Hoogenraad,
2015; Akhmanova and Steinmetz, 2008). The second group con-
tains proteins that bind to the MT lattice and can stabilize or
crosslink MTs (Dehmelt and Halpain, 2005; Subramanian and Ka-
poor, 2012). The third group includes proteins that directly modu-
late MT numbers, such as regulators of nucleation (Kollman et al.,
2011) and enzymes that sever pre-existing MTs (Roll-Mecak and
McNally, 2010; Sharp and Ross, 2012). The fourth group com-
prises the kinesin and dynein family members that can generate
forces and induce directional movement along MTs (Hirokawa
et al., 2010). The fifth set comprises tubulin folding cofactors
and tubulin-modifying enzymes that through PTMs can generate
distinct MT subtypes (Hammond et al., 2008; Janke and Kneus-
sel, 2010; Szolajska and Chroboczek, 2011).

Functions of the Neuronal Microtubule Cytoskeleton
Neuronal MTs guide intracellular transport and induce mor-
phological changes during the various phases of neuronal devel-
opment and synapse formation. In this section, we will briefly
highlight the most important neuronal processes that depend
on the MT cytoskeleton.

Microtubules Guide Intracellular Transport

The extreme dimensions of neurons necessitate active transport
mechanisms to properly distribute many different cellular com-
ponents and to establish robust signaling pathways from the
synapse to the soma and vice versa (Hirokawa et al., 2010; Ma-
day et al., 2014). The development and maintenance of axonal
and dendritic processes and the formation and dynamics of
synaptic structures all depend on proper intracellular trans-
port. Microtubule-based motors of the kinesin and cytoplasmic
dynein families drive the transport of many types of neuronal
cargo, including organelles, synaptic vesicle precursors, neuro-
transmitter receptors, cell adhesion molecules, cell signaling
molecules, and mRNAs (Hirokawa et al., 2010; Kardon and
Vale, 2009). In addition, various mechanisms operate to ensure
the delivery of cargo to the correct location. Cargo-adaptor pro-
teins, regulatory molecules, and local signaling pathways play
important roles in proper cargo loading, anchoring, motility,
and delivery in neurons (Maday et al., 2014). The specific organi-
zation of the MT cytoskeleton also provides selective transport
routes for the sorting of cargo into either axons or dendrites
(Kapitein and Hoogenraad, 2011; Rolls, 2011). Recent studies
demonstrated that the selective presence of minus-end out-ori-
ented MTs in dendrites enables the minus-end directed motor
dynein to selectively transport cargoes into dendrites (Kapitein
et al., 2010). In addition, plus-end directed motor kinesin-1 has
been shown to selectively transport cargoes into the axon,
despite the presence of plus-end out-oriented MTs in dendrites
(Nakata and Hirokawa, 2003). Axon selectivity appears mediated
by specific properties of stabilized and/or modified axonal MTs,
as treatment with the MT stabilizing agent paclitaxel results in
non-polarized targeting to both axons and dendrites (Kapitein
et al., 2010). Nevertheless, the exact MT properties that guide
certain kinesins to axons have remained poorly understood
(Hammond et al., 2010; Huang and Banker, 2012; Konishi and
Setou, 2009; Nakata et al., 2011).

Microtubules Establish Morphological Transitions

MTs also play important roles during the morphological transi-
tions that occur during neuronal development, such as neurite
initiation, migration, polarization, and differentiation. MTs con-
tribute to these processes by facilitating transport to specific
sites, by providing mechanical forces, or by acting as local
signaling platform.

Neuronal Migration. Neuronal migration in the developing
brain involves a complex sequence of motile and morphoge-
netic events (Marin et al., 2010). Neurons extend a leading pro-
cess, translocate the nucleus into the leading process, and
eliminate its trailing process, which leads to the net movement
of the cell. All these steps are driven by both actin and MT
dependent forces (Cooper, 2013). Actin dynamics promotes
neuronal migration by protrusive polymerization of actin at the
leading process and/or propulsive contractions at the cell
rear. The MT cytoskeleton in migrating neurons is anchored
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Figure 1. Neuronal Microtubule, Their Functions, and Associated Proteins

(A) Cultured rat hippocampal neurons at day in vitro 6 (DIV6), stained for tubulin (green) and actin (red). Scale bars, 5 um.

(B) DIV5 neuron stained for tubulin and imaged using conventional widefield microscopy or single-molecule localization microscopy (SMLM). Data from Yau et al.
(2014).

(C) Cartoon illustrating the different functions of neuronal microtubules. Zooms show microtubule organization in dendritic spines (1), emerging neurites (2), and
growth cones (3) of cultured rat hippocampal neurons. (1) Zoom of dendritic spines of neurons at DIV56 expressing the actin marker Lifeact (red) and the
microtubule growth marker MT+TIP. For the MT+TIP, an overlay of 48 frames is shown to highlight the trajectories in the dendritic shaft, including spine entries. (2
and 3) Zooms of neurite formation (2) and a growth cone (3) from a cultured rat hippocampal neurons at DIV6, stained for tubulin (green) and actin (red). Arrows
indicate overlap between the actin and microtubule cytoskeleton. Scale bars, 5 um.

(D) Cartoon illustrating how different microtubule-related proteins interact with microtubules.

to the centrosome, extends into the leading process, and may then pull the centrosome into the proximal part of the lead-

forms a cage-like structure around the nucleus (Rivas and Hat-  ing process, thereby moving the nucleus in the direction of
ten, 1995). Cytoskeletal forces at the tip of the leading edge  migration.
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Figure 2. Changes in Microtubule Organization during Development

(A) After their final division, neurons transit through several developmental stages and the MT cytoskeleton has a pivotal role at all stages. During these stages, the
MT organization changes from a radially centrosome-based and largely plus-end outward-oriented network to an acentrosomal network with uniform orientations
in the axon and mixed orientation in dendrites.
(B and C) Three zooms of microtubule organization around the centrosome for three neurons at DIV1 (B) and DIV5 (C), obtained using SMLM. Bottom: overlay of
SMLM microtubule image with conventional widefield image of pericentrin. Scale bars, 2 pm.

(D) Occurrence of astral and non-astral microtubule organization for neurons at DIV1 (n = 50 neurons) or DIV5 (n = 43 neurons). Data are from Yau et al. (2014).

Neurite Initiation and Outgrowth. Neuronal polarization begins
with the breakage of the symmetric shape of a round, newborn
neuron by minor neurite formations (Caceres et al., 2012)
(Figure 2A). These extending neurites contain bundled MTs
and an actin-rich growth cone. Several studies have demon-
strated that both MTs and actin filaments mediate the pushing
and pulling forces that contribute to membrane protrusions
(Dent et al., 2011). A model has been proposed in which neurite
initiation and outgrowth depends on the local increase in actin
dynamics in combination with stabilization of MTs (Flynn et al.,
2012).

Axon Differentiation. MT stabilization plays a key role in the
initial specification of the axon during neuronal polarization (Hoo-
genraad and Bradke, 2009). Local stabilization of MTs using a
photoactivatable analog of the microtubule-stabilizing drug taxol
induces axon formation in unpolarized neurons (Witte et al.,
2008). Consistently, treatment of cultured neurons with low
doses of taxol restricts MT dynamics to process tips and leads
to the formation of multiple axons (Witte et al., 2008). Local MT
stabilization in morphologically unpolarized neurons may also
offer an explanation for the increased membrane traffic and se-
lective targeting of kinesin motors that precedes axon formation.
Kinesin-1 shows a higher affinity for stabilized and/or modified
MTs and could select axon-specific tracks required for polarized
trafficking (Kapitein et al., 2010; Nakata and Hirokawa, 2003; Na-

Dendrites

Synapse
formation

e

Hl Astral
1 I Non-astral
[ Undetermined

% Neurons

DIVA1

DIVS

kata et al., 2011). Therefore, increased MT stability in the future
axon may lead to kinesin-mediated polarized membrane flow
and contribute to determining the site of axon formation. The
endogenous mechanism responsible for local MT stabilization
remains largely unknown. Hypothetically, internal signals like
Golgi positioning, centrosome localization, or local self-promot-
ing cytoskeleton assembly could initiate a local imbalance inside
the MT network and stabilize MTs in only one of the neurites.
Axon Elongation and Regeneration. Imaging MT plus ends has
advanced our understanding of the complex remodeling and
reorganization of MTs in the growth cone during axon elongation
(Dentetal., 2011). The MT cytoskeleton participates in functional
interactions with adhesion complexes and actin, and numerous
+TIPs are required for modulating MT dynamics and stability to
influence growth-cone steering (Prokop, 2013). In addition, the
delivery of organelles and cytoskeletal elements to the tip of
the axon and MT assembly in the growth cone have been pro-
posed as mechanisms to drive growth cone advance and axonal
outgrowth. In addition to MT assembly, translocation of the
whole MT bundle in the axon may contribute to axon elongation
(Suter and Miller, 2011). Recent studies found that translocation
presumably occurs because MTs are sliding apart either through
pulling or pushing forces generated by molecular motors (Lu
et al., 2013; Roossien et al., 2014). In addition to normal elonga-
tion, axon regrowth after injury also critically depends on the MT
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cytoskeleton (Baas and Ahmad, 2013; Bradke et al., 2012; Chis-
holm, 2013; Hur et al., 2012). For example, drug-induced MT sta-
bilization after injury reduces scar formation and promotes axon
outgrowth (Hellal et al., 2011; Ruschel et al., 2015)

Dendritic Spine Morphodynamics and Synapse Functioning.
The MT cytoskeleton also contributes to synapse formation in
several systems. At the Drosophila neuromuscular junction
(NMJ), the conversion of a motile growth cone into a presynaptic
terminal is associated with the formation of MT loops in the
growth cone (Roos et al., 2000). In addition, dynamic MTs
contribute to the structural changes of dendritic spines, the post-
synaptic membrane protrusions that encompass most excit-
atory synapses in the mammalian brain (Hu et al., 2008; Jaworski
et al., 2009). MT entries into spines are regulated by both
neuronal activity and brain-derived neurotrophic factor (BDNF).
BDNF treatment of cultured hippocampal neurons prolongs
MT invasions into dendritic spines (Hu et al., 2011), whereas a
protocol for inducing NMDA-dependent long-term depression
(LTD) resulted in a rapid loss of MT dynamics in dendrites and
spines (Kapitein et al., 2011). Current evidence suggests that
MT entry is associated with transient changes in spine shape,
such as the formation of spine head protrusion and spine
enlargement (Hoogenraad and Bradke, 2009). Although not
demonstrated directly, it is likely that microtubule-dependent
motors use dynamic MT entries to drive postsynaptic cargos
into spines.

Architecture of the Neuronal Microtubule Cytoskeleton
Neurons have a very dense MT network (Figures 1A and 1B).
Axonal cross sections typically contain ~10-100 MTs, which
are often organized in bundles. However, the neuronal MT cyto-
skeleton is also very heterogeneous. MTs in different parts of
the cell may differ in orientations, stability, modifications, and
associated proteins. Remarkably, the precise organization of
the neuronal MT network has remained largely unresolved. The
detection of specific MT modifications and MAPs using electron
microscopy remains challenging, and also the complete three-
dimensional reconstruction of MT organization from thin sec-
tions is time-consuming and error prone. Conventional fluores-
cence microscopy has allowed the selective labeling of different
microtubule-related targets, but cannot resolve individual MTs
within the tightly bundled MT arrays found in neurons. Neverthe-
less, fluorescence microscopy techniques that offer resolutions
beyond the diffraction limit (Huang et al., 2009) are starting
to reveal novel insights (Figure 1B). In this section, we will sum-
marize our current knowledge on the main properties of the
neuronal MT network. In the following section, we will then re-
view the molecular mechanisms that establish this organization.
Centrosomal versus Non-centrosomal Organization

In many cell types, most MTs are nucleated at a microtubule-
organizing center (MTOC), such as the centrosome (Betten-
court-Dias and Glover, 2007). However, MTs can also be gener-
ated at other positions, such as the Golgi apparatus (Efimov
et al., 2007), or along existing MTs (Sanchez-Huertas and
Llders, 2015), giving rise to a MT network where not all minus
ends are associated with a central organization center. When
newly polarized neurons start to differentiate, the centrosome
first acts as an active MTOC, but over time this activity attenu-
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ates and the centrosome-dependent MT organization is almost
completely lost (Stiess et al., 2010) (Figures 2A and 2B). The cen-
trioles remain in the cell body and most likely serve as a basal
body for subsequent cilia formation (Berbari et al., 2007). Serial
section electron microscopy studies have previously shown
that MTs are not anchored to the centrosome and often free at
both ends in differentiated neurons (Yu and Baas, 1994). More
recent analysis of MT organization using super-resolution fluo-
rescence microscopy confirmed the loss of radial MT organiza-
tion around the centrosome during early neuronal development
and the presence of non-centrosomal MTs (Yau et al., 2014).
Microtubule Orientations in Axons and Dendrites
Because most MTs do not emerge from a central MTOC, their
relative orientations can vary. Early electron microscopy on
cross sections of cultured hippocampal neurons used the
hook-decoration technique to observe MT orientations and
found that MTs in axon and dendrites have different patterns of
MT orientations (Baas and Lin, 2011). Whereas uniformly plus-
end out-oriented MTs were observed in axons of various types
of cultured vertebrate neurons, proximal dendrites contained
non-uniformly oriented MTs that were found to be roughly half
plus end out and half minus end out (Baas et al., 1988; Burton,
1988). These different MT orientations in axons and dendrites
were confirmed using GFP-tagged EB3 in living hippocampal
and Purkinje cell cultures (Stepanova et al., 2003). In Drosophila
and C. elegans neurons, MTs in axons are also arranged with
their plus ends distal to the cell body. However, in dendrites
most MTs are arranged with their minus ends distal to the cell
body, although mixed orientation MTs have also been observed
(Maniar et al., 2012; Stone et al., 2008). It is thought that differ-
ences in the MT cytoskeleton contribute to polarized trafficking
to axons and dendrites, for example, by allowing dynein to act
as a anterograde motor in dendrites (Kapitein and Hoogenraad,
2011; Rolls, 2011). Although these results suggest that the pres-
ence of minus-end out-oriented MTs could be a fundamental
property of dendrites, the number of examined neuronal cell
types and model organisms is still too limited to warrant this
conclusion. Nevertheless, evidence for mixed MT arrays in the
living mouse brain have been presented both by second-har-
monic generation microscopy and by live-cell imaging of MT
growth (Kleele et al., 2014; Kwan et al., 2008).

Microtubule Stability and Length

Visualizing MT plus ends demonstrated that MTs remain dy-
namic (i.e., alternating between growing and shrinking states)
in both dendrites and axons even after the neurons become fully
mature (Kleele et al., 2014; Maniar et al., 2012; Stone et al.,
2008). However, neurons also have many stable MTs that are
resistant to depolymerizing drugs (Baas and Black, 1990).
Importantly, these categories are not completely mutually exclu-
sive, because stable MTs might still be able to grow and shrink at
their plus end, while the rest of lattice is protected against depo-
lymerization. Indeed, is has been shown that many axonal MTs
have stretches with more PTMs near their minus end (Baas
and Black, 1990), suggesting that these stretches are longer
lived than the remainder of the MT. Nevertheless, the number
of estimated MTs per neuron is typically many times higher
than the number of growing plus ends, suggesting that many
plus ends of stable MTs could be non-dynamic. This idea is
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consistent with the relatively slow MT turnover in both axons and
dendrites. Differences in MT stability will also result in differences
in MT length, but little is known about the precise distribution of
MT length in axons and dendrites. Early electron microscopy
work has reported an average length of 100 um in axons of sen-
sory neurons (Bray and Bunge, 1981), whereas later serial sec-
tion reconstructions reported an average length of about 4 um
in developing neurons (Yu and Baas, 1994).

Microtubule Diversity—Tubulin Isotypes

Despite the high level of structural conservation, several genetic,
biochemical, and biophysical properties can generate MT diver-
sity. In neuronal cells, MT diversity is generated by the ex-
pression of different o- and B-tubulin genes, referred to as tubulin
isotypes, the generation of PTMs, and the regulation of protofila-
ment number (Brouhard and Rice, 2014; Janke and Kneussel,
2010). Tubulin isotypes have subtle differences in their amino
acid sequences in the carboxy-terminal tails, which stick out
from the MT lattice. The combination of the different tubulin iso-
types provides a potential for encoding patterns on the MT sur-
face and generating functional MT heterogeneity. It has been
proposed that MTs with a specific isotype composition are pre-
sent in specialized cells and can carry out unique functions. For
instance, the B-tubulin isotype-lll (TUBB3) is exclusively ex-
pressed in the nervous system, but it has remained unclear
whether specific isotypes preferentially polymerize together. Ev-
idence from earlier experiments in non-neuronal cells suggests
this is not the case (Lopata and Cleveland, 1987). Recently
a large number of mutations in various o/B-tubulin isotypes
have been linked to a wide range of human neurodevelopmental
and neurodegenerative disorders (Tischfield et al., 2011). For
example, exome-wide rare variant analysis recently identified
a-tubulin isotype-IVA (TUBA4A) mutations associated with famil-
ial ALS (Smith et al., 2014). Mutations in several other tubulin
family members have been described to cause various neurolog-
ical diseases (Franker and Hoogenraad, 2013). These disease-
causing tubulin alterations disturb many different neuronal
MT functions, such as the stability of a/B-tubulin heterodimers,
their incorporation into MTs, and MT dynamics and function,
as well as their motor protein and/or MAP interactions (Ceder-
quist et al., 2012; Niwa et al., 2013). Moreover, mutations in
the gene encoding the tubulin-specific chaperone E (TBCE)
involved in formation of a/B-tubulin heterodimers cause a human
developmental disorder called hypoparathyroidism, mental re-
tardation, and facial dysmorphism syndrome (HRD). In mice, mu-
tations in TBCE lead to a reduced number of MTs in distal axons
and cause progressive motor neuronopathy (Franker and Hoo-
genraad, 2013). Future studies of specific tubulin-related muta-
tions may provide novel fundamental insights into how subtle
alterations of the MT cytoskeleton can lead to functional aberra-
tions in neurons.

Microtubule Diversity—Post-translational Modifications
The carboxy-terminal tails of tubulin acquire further variations by
undergoing PTMs after their incorporation into the MT polymer
(Hammond et al., 2008; Janke and Kneussel, 2010). Longer lived
MTs are expected to collect more modifications, and conversely,
such modifications might contribute to the stability of these MTs,
for example, by preventing the activity of MT depolymerases
or severing enzymes or by recruiting stabilizing proteins. Well-

known PTMs involve removal of the C-terminal tyrosine of
a-tubulin, further cleavage to A2-tubulin, acetylation, polygluta-
mylation, phosphorylation, and polyglycylation. Importantly,
several enzymes involved in removal or addition of specific
groups have recently been identified (Janke and Kneussel,
2010), although the mechanisms that control the heterogeneous
modification of subsets of MTs have largely remained elusive.
Interestingly, many modifications are enriched in specific parts
of the neurons (Hammond et al., 2010), although their exact func-
tions in these regions are still unclear. Certain modifications,
such as polyglutamylation, have been hypothesized to recruit
specific MAPs or selectively guide motor proteins, but most
studies have so far only reported relatively mild differences be-
tween the motile properties of kinesins on reconstituted MTs
with specific modification mimics (Sirajuddin et al., 2014). It is
also important to note that many PTM enzymes, such as polyglu-
tamylases, acetyltransferases, and deactylases, do not only act
on microtubules but have many different cellular substrates. For
instance, histone deacetylases (HDACs) have been shown to
control neurite outgrowth and axonal regeneration via transcrip-
tion-dependent activities (Cho and Cavalli, 2014).
Microtubule Diversity—Protofilament Number

Neuronal MTs appear structurally similar to those found in all
other cell types. MTs with 13 protofilaments are found most
frequently, but also different numbers of protofilaments have
been found in various neuronal cell types. Axonal MTs of crayfish
and lobster nerve cords have 12 protofilaments, whereas in
C. elegans most MTs have 11 protofilaments, with the notable
exception of the touch receptor neuron, where MTs have 15 pro-
tofilaments (Chalfie and Thomson, 1982). Interestingly, protofila-
ments are expected to exhibit a helical supertwist in MTs with
less or more than 13 protofilaments (Ray et al., 1993). Given
that kinesin-1 typically follows the protofilament axis, this could
result in spiraling motility over the microtubule surface (Ray et al.,
1993). The microtubule-nucleating gamma-tubulin ring complex
assembles into rings with 13-fold rotational symmetry to form a
template for MTs with 13 protofilaments (Kollman et al., 2011).
Recent studies found that MT PTMs are also involved in control-
ling protofilament numbers. In C. elegans a-tubulin acetyltrans-
ferase («-TAT) MEC-17 mutants, polymorphic MTs consisting
of 10-16 protofilaments are seen in touch receptor neurons
(Cueva et al., 2012; Topalidou et al., 2012). In addition, Double-
cortin, a MAP expressed during the early stages of neuron devel-
opment and mutated in cases of human cortical malformations,
is unique in its ability to recognize and stabilize 13-protofilament
MTs (Brouhard and Rice, 2014). These observations suggest
that both MT modifications and MAPs can determine protofila-
ment number. In contrast, the precise neuronal function of the
variation in protofilament numbers remains unclear, with models
ranging from MT stabilization and MT bundling to regulating
specific transport routes (Cueva et al., 2012; Liu et al., 2012;
Topalidou et al., 2012).

Microtubule Organization at the Axon Initial Segment
The AIS located at the proximal axon segment has been shown
to function as a diffusion barrier for both cytoplasmic and mem-
brane proteins and as a gate keeper for axon specific cargo
transport (Leterrier and Dargent, 2014; Rasband, 2010). The
MTs in the proximal axon are thought to play an important role
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in these processes and have several unique features. It has been
well-documented that the proximal axon contains fascicles of
MTs, which are groups of closely spaced MTs linked by thin
cross bridges. The MT fascicles are seen on transverse electron
microscopy sections and used as morphological marker to iden-
tify the AIS. The MT minus-end binding protein CAMSAP2, which
stabilizes non-centrosomal microtubules, is enriched in the very
first part of the axon, but absent from the AIS (Yau et al., 2014).
While EB proteins are usually associated with growing MT plus
ends, they have been found to bind all along the MT lattice in
the proximal axon and to interact with the main AIS scaffold pro-
tein ankyrinG (Leterrier et al., 2011; Nakata and Hirokawa, 2003).
In addition, accumulations of small stretches of non-hydrolyzed
GTP-tubulin have been described in the proximal axon (Nakata
et al., 2011), suggesting that these microtubule structures play
a role in the enrichment of EBs at the AIS. Although the precise
relationship between the AIS architecture and axonal MTs re-
mains unclear, the link might be important for filtering of intracel-
lular transport or controlling retrograde diffusion of Tau from the
axon to the soma (Li et al., 2011).

Mechanisms that Shape the Neuronal Microtubule
Cytoskeleton

As discussed above, distinct groups of microtubule-related pro-
teins work together to control MT organization and dynamics in
neurons. The combined actions of structural MAPs, +TIPs, kine-
sin and dynein motors, and various other factors provide the
mechanisms for the spatiotemporal control of the MT architec-
ture and remodeling. Here we will review the current knowledge
on the mechanisms that control formation of new MTs, the regu-
lation of MT stability, and the establishment of arrays of distinct
orientations.

Formation of New Microtubules

Centrosomal Nucleation. y-Tubulin assembles into multi-subunit
vTuRCs that provide a structural template to nucleate the poly-
merization of new MTs from o~ and B-tubulin subunits, but is
not itself incorporated into that polymer (Kollman et al., 2011).
Although y-tubulin is enriched at centrosomes, experiments in
non-neuronal cells have shown that y-tubulin-mediated nucle-
ation can occur both centrosomally and non-centrosomally (Bet-
tencourt-Dias and Glover, 2007). In contrast, it has long been
speculated that in neurons, non-centrosomal MTs are generated
by cutting them loose from the MTOC. Although some experi-
mental evidence is described, this process has never been
directly observed in neurons (Baas and Lin, 2011). Instead,
recent work has shown that the centrosome is not required for
MT organization and neuronal development. Functional studies
in Drosophila and mice have shown that neurons lacking an
active centrosome display a normal MT network and have proper
axon outgrowth and neuronal morphology (Basto et al., 2006;
Nguyen et al., 2011; Stiess et al., 2010). These studies suggest
that the centrosome is not required as a source for new MTs in
neurons.

Non-centrosomal Nucleation. Because the centrosome is
dismantled during neuronal differentiation, y-tubulin and other
centrosomal proteins may redistribute from the centrosome to
the cytoplasm where they form new sites of MT nucleation
(Kuijpers and Hoogenraad, 2011). In fact, y-tubulin and other
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pericentriolar material were found in both dendrites and axons
in Drosophila and rodent neurons and are important at the
different stages of neuronal differentiation (Nguyen et al., 2014;
Ori-McKenney et al., 2012; Yau et al., 2014). Further evidence
for non-centrosomal nucleation in neurons comes from live-cell
imaging of +TIPs, where multiple comets emanated from spe-
cific sites, indicating these MTs may be nucleated from a com-
mon structure located within axons and dendrites (Nguyen
et al., 2014; Ori-McKenney et al., 2012; Yau et al., 2014). A num-
ber of potential nucleation sites have been identified in non-
neuronal cell types, including the nuclear envelope of myotubes,
the plasma membrane of polarized epithelia, the Golgi appa-
ratus, and melanosomes in pigment cells (Kuijpers and Hoogen-
raad, 2011).

Golgi-derived MTs have been proposed to be functionally
distinct MTs that establish a polarized MT network and organize
directional trafficking toward the front of the motile cell.
Dispersed and fragmented Golgi membranes can still form
new MTs, indicating that individual Golgi stacks contain the
necessary machinery for MT nucleation (Efimov et al., 2007).
Since Golgi positioning and microtubule-mediated membrane
delivery are both important events during neuronal polarization
(Bradke and Dotti, 1997; Gartner et al., 2012), a similar Golgi-
dependent MT polarization mechanism may occur during the
early stages of axon formation. In young neurons, visualizing
Golgi-associated MT nucleation is a challenge because the Golgi
apparatus is located in the vicinity of the centrosome, and the MT
density in the cell body precludes identification of single MT
nucleation sites. One approach is to depolymerize MTs with no-
codazole and visualize the MT nucleation sites after washout of
the drug (Stiess et al., 2010). This procedure revealed non-cen-
trosomal nucleation in the soma of young neurons, but whether
all new MTs originated from the Golgi remains unclear.

In more differentiated neurons, the neuronal Golgi apparatus
is composed of Golgi stacks in the cell body and discrete Golgi
outposts in a subpopulation of dendrites (Horton et al., 2005;
Quassollo et al., 2015; Ye et al., 2007). Golgi outposts have
been reported to locally nucleate MTs and shape dendrite
morphology in Drosophila dendrites of Dopamine neurons (Ori-
McKenney et al., 2012). Similar to fibroblast cells (Rivero et al.,
2009), Golgi-dependent nucleation in these neurons requires
v-tubulin and the centrosomal protein AKAP450. Interestingly,
MT plus ends grew from the Golgi outposts in particular direc-
tions, suggesting a possible role for local nucleation in establish-
ing specific MT orientations. A more recent study confirms
the role for local MT nucleation in neurons, but does not support
the idea that non-centrosomal nucleation occurs at the Golgi
complex (Nguyen et al., 2014). When Golgi outposts were
dragged out of dendrites using an activated kinesin, y-tubulin
remained in dendrites and the MT organization was only
mildly affected. Although other organelles, such as recycling
endosomes and mitochondria did not correlate with MT nucle-
ation points (Ori-McKenney et al., 2012), it is possible that
v-tubulin in neurons is associated with the plasma membrane
or some other intracellular membrane such as the endoplasmic
reticulum.

Moreover, non-centrosomal MT nucleation does not need to
be membrane dependent. Analogous to F-actin cytoskeleton,
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new MTs can be generated at the lattice of existing MTs by
branch nucleation (Sanchez-Huertas and Luders, 2015). An
important factor in this process is the microtubule-associated
hetero-octameric protein complex named augmin or HAUS
(Lawo et al., 2009). Augmin binds to the MT lattice, recruits y-
tubulin, and thereby promotes the centrosome-independent
MT nucleation during cell division. This process is mostly studied
during cell division and an interphase role for this branching-type
nucleation has not yet been identified in animal cells.

Cutting Pre-existing Microtubules. Another mechanism to
create more MTs is by cutting of pre-existing MTs using severing
enzymes (Roll-Mecak and McNally, 2010; Sharp and Ross,
2012). Three classes of microtubule-severing enzymes have
been identified, named katanin, spastin, and fidgetin, which
are all part of the AAA large superfamily of P loop ATPases
involved in protein unfolding and disaggregating activities
(Frickey and Lupas, 2004). All severing enzymes are highly ex-
pressed in the nervous systems and particularly katanin and
spastin are described to have an impact on neuronal morphology
and axon regeneration. MT severing by katanin and spastin is
particularly important for the formation of axonal branches and
dendritic development (Yu et al., 2008). Several studies have
also uncovered an important role for MT severing in the
outgrowth of motor neurons, the formation of NMJs, and axon
regeneration (Mao et al., 2014; Stone et al., 2012). Consistent
with the axonal defects in various model systems, spastin muta-
tions have been directly linked to axonal pathologies in the hu-
man neurodegenerative disease called hereditary spastic para-
plegia (HSP) (Fink, 2013). Although most disease mutations in
spastin either inactivate or downregulate severing activity (Evans
et al., 2005), some recent studies report gain-of-function effects
on MT dynamics (Solowska et al., 2014). Because MT severing
by spastin could either reduce MT mass through destruction of
pre-existing MT or increase MT mass through creating of novel
seeds that can then elongate, a direct comparison between
spastin activity and the number of neuronal MTs is ambiguous.
For example, both spastin overexpression and loss-of-function
mutations in Drosophila motor both show fewer MT bundles
within the NMJ (Sherwood et al., 2004).

Katanin exists as a heterodimer of a catalytic subunit (p60) and
targeting/regulatory subunit (p80) and is widely distributed
throughout the neuron and severs MTs in both axons and den-
drites. Drosophila and mammalian neurons also contain an
additional katanin-p60-like protein (Kat-60L1) (Roll-Mecak and
McNally, 2010). Recent data showed that Drosophila Kat-60L1
promotes MT growth and dendritic stability during early neuronal
development, while at later stages it has an opposite function
and controls net MT disassembly during dendritic pruning (Lee
et al., 2009; Stewart et al., 2012). This suggests that MT suscep-
tibility may change the activity of katanin-mediated MT severing
at different developmental stages. There are several lines of ev-
idence that show how specific MAPs and PTMs can control MT
severing (Sharp and Ross, 2012). It is, for example, reported that
tau binding to MTs protects them against katanin-mediated
severing (Qiang et al., 2006). An interesting hypothesis is that
the MT defects observed in tauopathies, such as Alzheimer’s
disease, may result from elevated severing of axonal MTs as
they lose their tau binding (Sudo and Baas, 2011). Spastin activ-

ity is not strongly affected by tau, but is enhanced on polygluta-
mylated MTs (Lacroix et al., 2010). A more recent study expands
these finding and connects the pathological missorting of tau in
Alzheimer’s disease with spastin-mediated MT severing (Zempel
and Mandelkow, 2014). In this model, missorted tau promotes
the translocation of polyglutamylase TTLL6 into dendrites, where
it induces polyglutamylation of MTs and triggers the subsequent
recruitment of spastin and severing of MTs (Zempel et al., 2013).
Interesting in this respect is that kinesin motility is somewhat
sensitive for MT polyglutamylation and alterations in PTMs may
influence cargo transport in neurons (lkegami et al., 2007; Sira-
juddin et al., 2014). However, building a coherent model of
how MT severing and PTMs influence MT remodeling and intra-
cellular trafficking will require additional work.

Microtubule Stabilization

Minus-End Stabilization. MT severing will produce two new
MTs, which can both function as seeds for new outgrowth.
Nevertheless, newly created minus ends are typically unstable.
Recently, a new family of MT minus-end binding proteins, named
CAMSAP/Patronin/Nezha has been characterized and found to
specifically recognize MT minus ends and stabilize MTs against
depolymerization (Akhmanova and Hoogenraad, 2015) (Figures
1D and3A). In Drosophila, the CAMSAP family member, named
Patronin, associates with free MT minus ends and inhibits their
disassembly by the action of the kinesin-13 MT depolymerase
(Goodwin and Vale, 2010). In mammals, all three CAMSAP family
members recognize growing MT minus ends and CAMSAP2
and CAMSAPS form stretches that are stably deposited on the
MT lattice generated by minus-end polymerization (Hendershott
and Vale, 2014; Jiang et al., 2014). These stable CAMSAP
stretches may stabilize MTs to serve as seeds for MT re-growth
(Figure 3A). Indeed, repetitive MT plus-end growth and shrinkage
was also observed from CAMSAP2 stretches in neurons (Yau
et al., 2014). Consistent with the idea that stable non-cen-
trosomal MTs have a prominent role in neuronal development,
CAMSAP2 is required for neuronal polarity, axon specification,
and dendritic branch formation in vitro and in vivo (Yau et al.,
2014). In worms, loss of the CAMSAP homolog PTRN-1
caused defects in neurite morphology and synaptic vesicle local-
ization (Marcette et al., 2014; Richardson et al., 2014) and also
affected the axonal regeneration after injury (Chuang et al,,
2014). Interestingly, MT severing contributes to disassembly of
CAMSAP-decorated MT stretches and acts antagonistically to
CAMSAP-mediated MT stabilization (Jiang et al., 2014).

Lattice Stabilization. It is well known that neurons contain mul-
tiple MT subclasses that differ in stability. A class of short and
stable MTs might be constructed from specially modified forms
of tubulin (Janke and Kneussel, 2010) or by decoration with spe-
cific MT stabilizing proteins, such as microtubule-associated
protein 6 (MAPS6) or stable tubule only polypeptide (STOP) (Guil-
laud et al., 1998). Detyrosination and acetylation of a-tubulin
correlate with MT stability in many systems, but in vitro these
modifications do not confer a measurable change in MT stability.
Recently, a new post-translational modification of tubulin was
identified that directly confers stability to MTs (Song et al.,
2013). Biochemical characterization of stable MT fractions
demonstrated that polyamination of tubulin is a major modi-
fication directly involved in stabilization of neuronal MTs. The

Neuron 87, August 5, 2015 ©2015 Elsevier Inc. 499

CellPress




Neuron

CellPress

A Microtubule nucleation, B Cortical gliding c Cortical gliding
growth, (minus-end) stabilization Minus-end directed dynein Plus-end directed kinesin
and severing

+
OmmmCD 4 «

—@—4_ +
== & | T

D Symmetric relative sliding ‘ F Asymmetric relative sliding H Relative sliding
Anti-parallel microtubules Anti-parallel microtubules _ sorts microtubules

+—<-Tl— + %
- ., . -—_— ),
|

OrTuRC O +TIP O CAMSAP
\ Stabilization VSevering enzyme

K —
+
+ +
E  Symmetric relative sliding G Asymmetric relative sliding | Cortical gliding
Parallel microtubules Parallel microtubules sorts microtubules

T,
|
e

J Microtubule guidance by +TIP / motor interactions K Actin polymerization promotes
microtubule guidance

Actin y
- >——f "~ Y \g’?
. Spine |

Figure 3. Processes Involved in Microtubule Stabilization and Orientation

(A) Dynamics of microtubules (red line) after nucleation by y-TuRC: minus-end stabilization by CAMSAP, fast plus-end growth regulated by +TIPs, and slow lattice
stabilization by MAPs and PTMs. In addition, severing enzymes can cut microtubules, resulting in a dynamic plus end and a novel minus end that will also be
stabilized by CAMSAP.

(B and C) Expected microtubule movements driven by cortically attached minus- (B) or plus-end (C) directed motors.

(D and E) Expected microtubule movements for anti-parallel (D) and parallel (E) aligned microtubules when symmetrically crosslinked by motors with additional
microtubule binding domains.

(F and G) Expected microtubule movements when the motor domains of a sliding motor preferentially bind to a subset of microtubules decorated by specific
modifications or MAPs.

(H and I) Promoting a minus-end out microtubule organization by relative sliding (H) or cortical gliding (I) driven by a plus-end directed kinesin.

(J) Microtubule guidance by +TIP associated motor proteins at dendritic branch points.

(K) Microtubule guidance by a local actin network in dendritic spines.
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covalent attachment of polyamines, such as putrescine, spermi- commonly studied PTMs are either acidic (phosphorylation
dine, and spermine, to tubulin is catalyzed by transglutaminase  and glutamylation) or charge neutral (acetylation and detyrosina-
and adds an unusual positive charge to tubulin. The most tion) and do not directly confer stability to MTs but, rather,
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accumulate on long-lived MTs (Janke and Kneussel, 2010).
MTs containing polyaminated tubulins are resistant to depoly-
merization, and inhibiting polyamine synthesis or transglutami-
nase activity significantly decreases MT stability in neurons.
Polyamination may not only provide stability of short MT frag-
ments but also allow them to act as small “transportable” MT
organizing complexes in neurons. Nevertheless, the transport
of MT fragments and the relevance for neuronal functions has
been controversial for many years.

The CLASP family of MT plus-end binding protein has been
described to locally stabilize MTs at various subcellular loca-
tions. CLASPs are known to promote MT growth by binding
plus ends and promoting rescues (Akhmanova and Steinmetz,
2008). For instance, CLASPs are present at the Golgi apparatus
and found to be critical players in controlling local MT nucleation
(Efimov et al., 2007). It has been proposed that CLASPs at
the Golgi membranes are able to coat newly polymerized MT
regions, prevent their disassembly, and allow them to serve as
seeds for polymerization. Since +y-tubulin is required for de
novo MT nucleation, it is likely that CLASPs are not directly
involved in the formation of new MTs, but in stabilizing pre-exist-
ing MT seeds. Consistent with this model, attachment of CLASP
to mitochondrial membranes exhibited no potential for MT
nucleation (Efimov et al., 2007). CLASP2 is enriched in neuronal
tissues and found to be involved in axon outgrowth and neuronal
polarity by acting as local MT stabilizer (Beffert et al., 2012; Lee
et al., 2004).

Spatial Arrangement of Microtubules

Orienting Microtubules. How do neurons establish and maintain
the specific orientations of MTs in axons and dendrites? In the
case of parallel axonal arrays, their initial parallel orientations
might directly follow from the central centrosomal nucleation, re-
sulting in MTs growing into neurites with their plus end out
(Figure 2). When centrosomal activity decreases during later
stages of development, other mechanisms might be required.
The high levels of CAMSAP2 found at the base of the axon
may create a local pool of stabilized MT minus ends and promote
plus-end out-oriented MT growth in axons. Importantly, the
extent of de novo axonal MT nucleation, which would require
mechanisms to properly orient the newly formed MTs, is not
known. If instead most MTs would be formed by severing exist-
ing MTs, their orientations would be correct from the start. In
addition, shorter MTs, as well as newly nucleated MTs, could
be properly oriented by bundling them to existing MTs in a par-
allel orientation. Some tau isotypes could act as parallel bun-
dlers, and also the minus-end motor protein kinesin-14, which
has MT binding domains in addition to their motor domain, might
preferentially crosslink parallel MTs (Braun et al., 2009).

The selective removal of oppositely oriented MTs would also
contribute to parallel bundle formation. Dynein anchored to
either the cortex or to other MTs will induce sliding of MTs frag-
ments with their plus end leading (Figure 3B). Minus-end out-ori-
ented MTs will therefore be pushed back to the cell body and
removed from the axon. Indeed, knockdown of dynein in
Drosophila neurons increases the number of plus ends growing
toward the cell body (Zheng et al., 2008). Moreover, rapid motility
(1 um/s) of MTs has been directly observed after photobleaching
long axonal stretches in rat neurons expressing or injected with

fluorescent tubulin (Wang and Brown, 2002). However, in these
experiments the orientation of the moving fragments has never
been directly determined. In addition, if such MT movements
occur frequently, this should lead to rapid retrograde motility
of plus-end associated comets, but such events are rarely
observed, suggesting that only a specific subset of non-dynamic
MTs undergo rapid movements (Ma et al., 2004).

In dendrites, local nucleation could explain the existence of
minus-end out MTs (Nguyen et al., 2014; Ori-McKenney et al.,
2012). Alternatively, MTs nucleated elsewhere could be brought
in with their minus end pointing outward. This could be achieved
by sliding motors that induce movement between oppositely ori-
ented MT pairs and thereby can bring in minus-end out MTs over
the pre-existing plus-end out-oriented MTs (Figures 3C-3l).
Such sliding motors, such as Kinesin-5 and possibly Kinesin-6,
are known to operate in dividing cells to form the microtubule-
based mitotic spindle (kinesin-5) or anaphase midzone (kine-
sin-6), often in cooperation with passive non-motor bundlers
that promote antiparallel bundling, such as PRC1 (Subramanian
and Kapoor, 2012). Consistently, several papers have reported a
role for the Kinesin-6 MKLP1 in the formation of the anti-parallel
dendritic MT array (Lin et al., 2012). In principle, because force is
generated on both MTs, this mechanism could also lead to retro-
grade motility of plus-end out-oriented MTs and thereby deplete
them from the dendrites (Figures 3H and 3l). However, this would
only work if these MTs are not connected to other structures and
if the sliding speed is faster than the MT growth rate, which ap-
pears not to be the case for Kinesin-6 and Kinesin-5.

Recent work has shown that the nearly uniform dendritic MT
orientation of C. elegans DA9 and PHC neurons is almost
completely reversed upon knockdown of the Kinesin-1 homolog
unc-116 (Yan et al., 2013). A model was proposed in which the
additional MT binding site in the tail region of the Kinesin-1 facil-
itates the crosslinking and sliding of anti-parallel MTs (Figure 3D).
Alternatively, Kinesin-1 could be attached to the cortex or other
immobile structures to drive MT sliding with the minus end lead-
ing (Figures 3C and 3D). In both cases, the sliding speed will be
faster than the MT polymerization rate, and therefore these
mechanisms could really deplete the dendrite from plus-end out-
ward MTs, because their growth cannot catch up (Figures 3H
and 3l). Again, such retrograde transport of polymerizing MTs
should result in rapid retrograde motility of plus-end associated
comets, which has so far not been reported.

In dendrites with uniform minus-end out polarity, branch
points also pose a challenge, because MTs should grow exclu-
sively into the primary branch that leads to cell body. Work in
Drosophila proposed that growing MTs approaching a branch
are guided toward the plus ends of pre-existing MTs by a Kine-
sin-2 that interacts with the growing plus end through EB1 and
APC (Figure 3J) (Mattie et al., 2010). Subsequent in vitro recon-
stitution experiments have demonstrated that kinesins interact-
ing with dynamic plus ends through EB proteins can indeed
establish MT guidance (Chen et al., 2014; Doodhi et al., 2014).

Motor-based MT guidance and sliding, possibly combined
with passive bundling in preferred orientations, thus appear ver-
satile strategies to bias the overall polarity orientations of MT ar-
rays (Subramanian and Kapoor, 2012). Interestingly, Kinesin-1
based relative sliding of MTs has also been proposed to provide
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the driving force for initial neurite outgrowth in cultured neuron-
like cells from Drosophila (Lu et al., 2013). This model implicates
that the protrusive MTs are being pushed outward with their
minus end leading, unless the binding of the Kinesin-1 motor do-
mains is somehow biased toward the guidance MT (Figures 3D-
3G). Recent work reported that, in more mature neurons, such
rapid Kinesin-1 based MT sliding is reduced by the slow bipolar
sliding motor MKLP1 (Kinesin-6) (del Castillo et al., 2015).

Bundling, Spacing, and Spine Entries. Most neuronal MTs
appear to be heavily bundled. Tau and MAP2 are two abundant
neuronal MAPs that can induce MT bundling (Dehmelt and Hal-
pain, 2005). MAP2 is exclusively located to dendrites, where it
decorates stable MTs, whereas tau is present in both axons
and dendrites, but is enriched in the distal axon. The mecha-
nisms underlying these polarized distributions are largely un-
known. Interestingly, expressing tau and MAP2 in non-neuronal
cells induces the formation of MT bundles with a distinct spacing
between MTs of 20 nm and 65 nm, respectively (Chen et al.,
1992). This spacing nicely corresponds with the spacing found
between MTs in dendrites (65 nm) and small caliber axons
without neurofilaments (20 nm), suggesting that tau and MAP2
are involved in the proper spatial organization of the neuronal
MTs (Chen et al., 1992). Whether tau and MAP2 promote MT
bundling in parallel or anti-parallel orientations, respectively, is
currently unknown.

Despite the extensive MT bundling, growing MTs frequently
leave the dendritic shaft to penetrate into dendritic spines (Ja-
worski et al., 2009). Mechanically, MTs behave as relatively rigid
rods and therefore tend to grow in straight lines (Hawkins et al.,
2010), suggesting that specific mechanisms underlie spine en-
tries. Indeed, recent work reported that MT entries depend on
the actin cytoskeleton and the actin-binding protein Drebrin A,
which was suggested to link MT plus ends to actin (Merriam
et al., 2013) (Figure 3K). Local calcium transients were found to
promote spine entries by increasing actin polymerization, sug-
gesting that MT spine entries are regulated by synaptic activity.

Conclusions and Outlook

The formation of a complex nervous system requires microtu-
bule-mediated processes that coordinate proliferation, migra-
tion, and differentiation of neuronal cells. Therefore, it is not
surprising that many neurodevelopmental problems and neuro-
degenerative disorders are caused by deficiencies in microtu-
bule-related genes. Advances in discovery of microtubule-tar-
geting agents (MTAs) and synthesis of small molecules that
modulate microtubule-based processes might offer new thera-
peutic paradigms to treat neurological defects and intervene
in neurodegenerative processes. Probably the most striking
example to date is the positive effects of MTAs on axon regener-
ation (Baas and Ahmad, 2013; Bradke et al., 2012; Chisholm,
2013; Gornstein and Schwarz, 2014). For instance, treatment
with MT stabilizing drugs such as taxol and epothilone B has
recently been shown to decrease fibrotic scar formation and pro-
mote axon regeneration after spinal cord injury (Hellal et al.,
2011; Ruschel et al., 2015). Particularly, this dual effect of MT
stabilizing agents is important for treating axon regeneration.
In addition, MT stabilizing agents, such as epothilone D, were
found to reduce axonal dysfunctioning and Alzheimer-like pa-
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thology in aged tau transgenic mice (Zhang et al., 2012).
Although these MTAs are potentially useful for treating nerve
injury and neurodegenerative diseases, they are now primarily
used for anticancer therapies and have been shown to cause un-
wanted side effects in the rest of the body. Importantly, however,
MTAs were used 20-fold less concentrated in the axon regener-
ation experiments compared with cancer treatments. One crit-
ical challenge for nervous-system-directed therapies is finding
ways to specifically retain MTAs in the nervous system to allow
for prolonged drug activity where needed. On the other hand,
future therapeutic strategies may focus on interventions at the
level of MT associated proteins or related signaling pathways.
Further advances in understanding the function of microtubule-
related proteins and regulatory mechanism of MTs in both
scar-forming fibroblasts and axons may lead to improved target-
ing and development of therapeutic interventions for nerve injury
and neurodegenerative diseases.

During the past decade numerous advances have been made
in identifying microtubule-related processes and signaling path-
ways that control the neuronal cytoskeleton. We have, however,
just begun to understand the fundamental properties of the
neuronal MT network and basic molecular mechanisms that
establish this complex organization in various neuronal model
systems. A major challenge for the future is to determine the mul-
tiple conserved and variable molecular players that associate
with the MT cytoskeleton and directly control MT organization
and remodeling. For instance, it will be important to further deci-
pher how the axonal and dendritic MT arrays assemble and actu-
ally function and how microtubule-related proteins participate in
establishing neuronal polarity and control synaptic plasticity.
Moreover, the mechanisms that generate non-centrosomal
MTs in both axons and dendrites are largely unknown. In addi-
tion, it will be critical to determine which microtubule-based
cues drive axon-selective trafficking. Finally, it will be important
to study neuronal MT organization and remodeling under condi-
tions that more closely resemble the in vivo situation. Organo-
typic brain slice cultures allow live cell imaging in combination
with electrophysiological recordings, local drug applications,
and/or photostimulation. Recent developments in optogenetic
techniques allow light-activated control of protein-protein inter-
actions inside neurons (van Bergeijk et al., 2015) and are a useful
tool to explore local MT functions in different model systems.

ACKNOWLEDGMENTS

We would like to thank Dr. Anna Akhmanova, Dr. Martin Harterink, and Dr.
Anaél Chazeau for very helpful comments on the manuscript and Roderick
Tas and Dr. Philip Schatzle for providing images. This work was supported
by the Netherlands Organization for Scientific Research (NWO-VIDI to L.C.K.
and NWO-VICI to C.C.H.), the Netherlands Organization for Health Research
and Development (ZonMW-TOP to C.C.H.), and the European Research
Council (ERC Starting Grant to L.C.K. and ERC Consolidator Grant to C.C.H.).

REFERENCES

Akhmanova, A., and Steinmetz, M.O. (2008). Tracking the ends: a dynamic
protein network controls the fate of microtubule tips. Nat. Rev. Mol. Cell
Biol. 9, 309-322.

Akhmanova, A., and Hoogenraad, C.C. (2015). Microtubule minus-end-target-
ing proteins. Curr. Biol. 25, R162-R171.


http://refhub.elsevier.com/S0896-6273(15)00513-9/sref1
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref1
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref1
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref2
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref2

Neuron

Alushin, G.M., Lander, G.C., Kellogg, E.H., Zhang, R., Baker, D., and Nogales,
E. (2014). High-resolution microtubule structures reveal the structural transi-
tions in a.B-tubulin upon GTP hydrolysis. Cell 157, 1117-1129.

Arimura, N., and Kaibuchi, K. (2007). Neuronal polarity: from extracellular sig-
nals to intracellular mechanisms. Nat. Rev. Neurosci. 8, 194-205.

Baas, P.W., and Black, M.M. (1990). Individual microtubules in the axon
consist of domains that differ in both composition and stability. J. Cell Biol.
111, 495-509.

Baas, P.W., and Lin, S. (2011). Hooks and comets: The story of microtubule
polarity orientation in the neuron. Dev. Neurobiol. 77, 403-418.

Baas, P.W., and Ahmad, F.J. (2013). Beyond taxol: microtubule-based treat-
ment of disease and injury of the nervous system. Brain 736, 2937-2951.

Baas, P.W., Deitch, J.S., Black, M.M., and Banker, G.A. (1988). Polarity orien-
tation of microtubules in hippocampal neurons: uniformity in the axon and
nonuniformity in the dendrite. Proc. Natl. Acad. Sci. USA 85, 8335-8339.

Barnes, A.P., and Polleux, F. (2009). Establishment of axon-dendrite polarity in
developing neurons. Annu. Rev. Neurosci. 32, 347-381.

Basto, R., Lau, J., Vinogradova, T., Gardiol, A., Woods, C.G., Khodjakov, A.,
and Raff, J.W. (2006). Flies without centrioles. Cell 725, 1375-1386.

Beffert, U., Dillon, G.M., Sullivan, J.M., Stuart, C.E., Gilbert, J.P., Kambouris,
J.A., and Ho, A. (2012). Microtubule plus-end tracking protein CLASP2 regu-
lates neuronal polarity and synaptic function. J. Neurosci. 32, 13906-13916.

Berbari, N.F., Bishop, G.A., Askwith, C.C., Lewis, J.S., and Mykytyn, K. (2007).
Hippocampal neurons possess primary cilia in culture. J. Neurosci. Res. 85,
1095-1100.

Bettencourt-Dias, M., and Glover, D.M. (2007). Centrosome biogenesis and
function: centrosomics brings new understanding. Nat. Rev. Mol. Cell Biol.
8, 451-463.

Bradke, F., and Dotti, C.G. (1997). Neuronal polarity: vectorial cytoplasmic flow
precedes axon formation. Neuron 79, 1175-1186.

Bradke, F., Fawcett, J.W., and Spira, M.E. (2012). Assembly of a new growth
cone after axotomy: the precursor to axon regeneration. Nat. Rev. Neurosci.
13, 183-193.

Braun, M., Drummond, D.R., Cross, R.A., and McAinsh, A.D. (2009). The kine-
sin-14 Klp2 organizes microtubules into parallel bundles by an ATP-dependent
sorting mechanism. Nat. Cell Biol. 717, 724-730.

Bray, D., and Bunge, M.B. (1981). Serial analysis of microtubules in cultured rat
sensory axons. J. Neurocytol. 710, 589-605.

Brouhard, G.J., and Rice, L.M. (2014). The contribution of a.3-tubulin curvature
to microtubule dynamics. J. Cell Biol. 207, 323-334.

Burton, P.R. (1988). Dendrites of mitral cell neurons contain microtubules of
opposite polarity. Brain Res. 473, 107-115.

Caceres, A., Ye, B., and Dotti, C.G. (2012). Neuronal polarity: demarcation,
growth and commitment. Curr. Opin. Cell Biol. 24, 547-553.

Cederquist, G.Y., Luchniak, A., Tischfield, M.A., Peeva, M., Song, Y., Me-
nezes, M.P., Chan, W.M., Andrews, C., Chew, S., Jamieson, R.V., et al.
(2012). An inherited TUBB2B mutation alters a kinesin-binding site and causes
polymicrogyria, CFEOM and axon dysinnervation. Hum. Mol. Genet. 21, 5484—
5499.

Chalfie, M., and Thomson, J.N. (1982). Structural and functional diversity in the
neuronal microtubules of Caenorhabditis elegans. J. Cell Biol. 93, 15-23.

Chen, J., Kanai, Y., Cowan, N.J., and Hirokawa, N. (1992). Projection domains
of MAP2 and tau determine spacings between microtubules in dendrites and
axons. Nature 360, 674-677.

Chen, Y., Rolls, M.M., and Hancock, W.O. (2014). An EB1-kinesin complex is
sufficient to steer microtubule growth in vitro. Curr. Biol. 24, 316-321.

Chisholm, A.D. (2013). Cytoskeletal dynamics in Caenorhabditis elegans axon
regeneration. Annu. Rev. Cell Dev. Biol. 29, 271-297.

Cho, Y., and Cavalli, V. (2014). HDAC signaling in neuronal development and
axon regeneration. Curr. Opin. Neurobiol. 27, 118-126.

Chuang, M., Goncharov, A., Wang, S., Oegema, K., Jin, Y., and Chisholm, A.D.
(2014). The microtubule minus-end-binding protein patronin/PTRN-1 is
required for axon regeneration in C. elegans. Cell Rep. 9, 874-883.

Conde, C., and Céceres, A. (2009). Microtubule assembly, organization and
dynamics in axons and dendrites. Nat. Rev. Neurosci. 10, 319-332.

Cooper, J.A. (2013). Cell biology in neuroscience: mechanisms of cell migra-
tion in the nervous system. J. Cell Biol. 202, 725-734.

Cueva, J.G., Hsin, J., Huang, K.C., and Goodman, M.B. (2012). Posttransla-
tional acetylation of a-tubulin constrains protofilament number in native micro-
tubules. Curr. Biol. 22, 1066-1074.

D’Este, E., Kamin, D., Géttfert, F., El-Hady, A., and Hell, S.W. (2015). STED
nanoscopy reveals the ubiquity of subcortical cytoskeleton periodicity in living
neurons. Cell Rep. 70, 1246-1251.

de Forges, H., Bouissou, A., and Perez, F. (2012). Interplay between microtu-
bule dynamics and intracellular organization. Int. J. Biochem. Cell Biol. 44,
266-274.

Dehmelt, L., and Halpain, S. (2005). The MAP2/Tau family of microtubule-
associated proteins. Genome Biol. 6, 204.

del Castillo, U., Lu, W., Winding, M., Lakonishok, M., and Gelfand, V.I. (2015).
Pavarotti/MKLP1 regulates microtubule sliding and neurite outgrowth in
Drosophila neurons. Curr. Biol. 25, 200-205.

Dent, E.W., Gupton, S.L., and Gertler, F.B. (2011). The growth cone cytoskel-
eton in axon outgrowth and guidance. Cold Spring Harb. Perspect. Biol. 3,
a001800.

Doodhi, H., Katrukha, E.A., Kapitein, L.C., and Akhmanova, A. (2014). Mechan-
ical and geometrical constraints control kinesin-based microtubule guidance.
Curr. Biol. 24, 322-328.

Efimov, A., Kharitonov, A., Efimova, N., Loncarek, J., Miller, P.M., Andreyeva,
N., Gleeson, P., Galjart, N., Maia, A.R., McLeod, |.X., et al. (2007). Asymmetric
CLASP-dependent nucleation of noncentrosomal microtubules at the trans-
Golgi network. Dev. Cell 712, 917-930.

Evans, K.J., Gomes, E.R., Reisenweber, S.M., Gundersen, G.G., and Lauring,
B.P. (2005). Linking axonal degeneration to microtubule remodeling by Spas-
tin-mediated microtubule severing. J. Cell Biol. 168, 599-606.

Fink, J.K. (2013). Hereditary spastic paraplegia: clinico-pathologic features
and emerging molecular mechanisms. Acta Neuropathol. 726, 307-328.

Flynn, K.C., Hellal, F., Neukirchen, D., Jacob, S., Tahirovic, S., Dupraz, S.,
Stern, S., Garvalov, B.K., Gurniak, C., Shaw, A.E., et al. (2012). ADF/cofilin-
mediated actin retrograde flow directs neurite formation in the developing
brain. Neuron 76, 1091-1107.

Franker, M.A., and Hoogenraad, C.C. (2013). Microtubule-based transport—
basic mechanisms, traffic rules and role in neurological pathogenesis. J. Cell
Sci. 126, 2319-2329.

Frickey, T., and Lupas, A.N. (2004). Phylogenetic analysis of AAA proteins.
J. Struct. Biol. 7146, 2-10.

Gartner, A., Fornasiero, E.F., Munck, S., Vennekens, K., Seuntjens, E., Huttner,
W.B., Valtorta, F., and Dotti, C.G. (2012). N-cadherin specifies first asymmetry
in developing neurons. EMBO J. 317, 1893-1903.

Goodwin, S.S., and Vale, R.D. (2010). Patronin regulates the microtubule
network by protecting microtubule minus ends. Cell 143, 263-274.

Gornstein, E., and Schwarz, T.L. (2014). The paradox of paclitaxel neurotox-
icity: Mechanisms and unanswered questions. Neuropharmacology 76 Pt A,
175-183.

Guillaud, L., Bosc, C., Fourest-Lieuvin, A., Denarier, E., Pirollet, F., Lafane-
chere, L., and Job, D. (1998). STOP proteins are responsible for the high de-
gree of microtubule stabilization observed in neuronal cells. J. Cell Biol. 142,
167-179.

Hammond, J.W., Cai, D., and Verhey, K.J. (2008). Tubulin modifications and
their cellular functions. Curr. Opin. Cell Biol. 20, 71-76.

Neuron 87, August 5, 2015 ©2015 Elsevier Inc. 503


http://refhub.elsevier.com/S0896-6273(15)00513-9/sref3
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref3
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref3
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref4
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref4
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref5
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref5
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref5
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref6
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref6
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref7
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref7
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref8
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref8
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref8
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref9
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref9
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref10
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref10
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref11
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref11
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref11
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref12
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref12
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref12
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref13
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref13
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref13
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref14
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref14
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref15
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref15
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref15
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref16
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref16
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref16
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref17
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref17
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref18
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref18
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref19
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref19
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref20
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref20
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref21
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref21
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref21
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref21
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref21
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref22
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref22
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref23
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref23
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref23
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref24
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref24
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref25
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref25
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref26
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref26
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref27
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref27
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref27
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref28
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref28
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref29
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref29
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref30
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref30
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref30
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref31
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref31
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref31
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref32
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref32
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref32
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref33
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref33
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref34
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref34
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref34
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref35
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref35
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref35
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref36
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref36
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref36
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref37
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref37
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref37
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref37
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref38
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref38
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref38
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref39
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref39
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref40
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref40
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref40
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref40
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref41
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref41
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref41
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref42
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref42
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref43
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref43
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref43
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref44
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref44
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref45
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref45
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref45
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref46
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref46
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref46
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref46
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref47
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref47

Hammond, J.W., Huang, C.F., Kaech, S., Jacobson, C., Banker, G., and Ver-
hey, K.J. (2010). Posttranslational modifications of tubulin and the polarized
transport of kinesin-1 in neurons. Mol. Biol. Cell 27, 572-583.

Hawkins, T., Mirigian, M., Selcuk Yasar, M., and Ross, J.L. (2010). Mechanics
of microtubules. J. Biomech. 43, 23-30.

Hellal, F., Hurtado, A., Ruschel, J., Flynn, K.C., Laskowski, C.J., Umlauf, M.,
Kapitein, L.C., Strikis, D., Lemmon, V., Bixby, J., et al. (2011). Microtubule sta-
bilization reduces scarring and causes axon regeneration after spinal cord
injury. Science 3317, 928-931.

Hendershott, M.C., and Vale, R.D. (2014). Regulation of microtubule minus-
end dynamics by CAMSAPs and Patronin. Proc. Natl. Acad. Sci. USA 111,
5860-5865.

Hirokawa, N., Niwa, S., and Tanaka, Y. (2010). Molecular motors in neurons:
transport mechanisms and roles in brain function, development, and disease.
Neuron 68, 610-638.

Honnappa, S., Gouveia, S.M., Weisbrich, A., Damberger, F.F., Bhavesh, N.S.,
Jawhari, H., Grigoriev, |., van Rijssel, F.J., Buey, R.M., Lawera, A., et al. (2009).
An EB1-binding motif acts as a microtubule tip localization signal. Cell 738,
366-376.

Hoogenraad, C.C., and Bradke, F. (2009). Control of neuronal polarity and
plasticity —a renaissance for microtubules? Trends Cell Biol. 19, 669-676.

Horton, A.C., Racz, B., Monson, E.E., Lin, A.L., Weinberg, R.J., and Ehlers,
M.D. (2005). Polarized secretory trafficking directs cargo for asymmetric
dendrite growth and morphogenesis. Neuron 48, 757-771.

Howard, J., and Hyman, A.A. (2009). Growth, fluctuation and switching at
microtubule plus ends. Nat. Rev. Mol. Cell Biol. 70, 569-574.

Hu, X., Viesselmann, C., Nam, S., Merriam, E., and Dent, E.W. (2008). Activity-
dependent dynamic microtubule invasion of dendritic spines. J. Neurosci. 28,
13094-13105.

Hu, X., Ballo, L., Pietila, L., Viesselmann, C., Ballweg, J., Lumbard, D., Steven-
son, M., Merriam, E., and Dent, E.W. (2011). BDNF-induced increase of PSD-
95 in dendritic spines requires dynamic microtubule invasions. J. Neurosci. 37,
15597-15603.

Huang, C.F., and Banker, G. (2012). The translocation selectivity of the kine-
sins that mediate neuronal organelle transport. Traffic 13, 549-564.

Huang, B., Bates, M., and Zhuang, X. (2009). Super-resolution fluorescence
microscopy. Annu. Rev. Biochem. 78, 993-1016.

Hur, E.M., Saijilafu, and Zhou, F.Q. (2012). Growing the growth cone: remod-
eling the cytoskeleton to promote axon regeneration. Trends Neurosci. 35,
164-174.

lkegami, K., Heier, R.L., Taruishi, M., Takagi, H., Mukai, M., Shimma, S., Taira,
S., Hatanaka, K., Morone, N., Yao, |., et al. (2007). Loss of alpha-tubulin poly-
glutamylation in ROSA22 mice is associated with abnormal targeting of KIF1A
and modulated synaptic function. Proc. Natl. Acad. Sci. USA 104, 3213-3218.

Janke, C., and Kneussel, M. (2010). Tubulin post-translational modifications:
encoding functions on the neuronal microtubule cytoskeleton. Trends Neuro-
sci. 33, 362-372.

Jaworski, J., Kapitein, L.C., Gouveia, S.M., Dortland, B.R., Wulf, P.S., Grigor-
iev, I., Camera, P., Spangler, S.A., Di Stefano, P., Demmers, J., et al. (2009).
Dynamic microtubules regulate dendritic spine morphology and synaptic plas-
ticity. Neuron 67, 85-100.

Jiang, K., Hua, S., Mohan, R., Grigoriev, ., Yau, KW., Liu, Q., Katrukha, E.A.,
Altelaar, A.F., Heck, A.J., Hoogenraad, C.C., and Akhmanova, A. (2014).
Microtubule minus-end stabilization by polymerization-driven CAMSAP depo-
sition. Dev. Cell 28, 295-309.

Kapitein, L.C., and Hoogenraad, C.C. (2011). Which way to go? Cytoskeletal
organization and polarized transport in neurons. Mol. Cell. Neurosci. 46, 9-20.

Kapitein, L.C., Schlager, M.A., Kuijpers, M., Wulf, P.S., van Spronsen, M.,
MacKintosh, F.C., and Hoogenraad, C.C. (2010). Mixed microtubules steer
dynein-driven cargo transport into dendrites. Curr. Biol. 20, 290-299.

Kapitein, L.C., Yau, K.W., Gouveia, S.M., van der Zwan, W.A., Wulf, P.S.,
Keijzer, N., Demmers, J., Jaworski, J., Akhmanova, A., and Hoogenraad,

504 Neuron 87, August 5, 2015 ©2015 Elsevier Inc.

Neuron

C.C. (2011). NMDA receptor activation suppresses microtubule growth and
spine entry. J. Neurosci. 37, 8194-8209.

Kardon, J.R., and Vale, R.D. (2009). Regulators of the cytoplasmic dynein mo-
tor. Nat. Rev. Mol. Cell Biol. 70, 854-865.

Kleele, T., Marinkovi¢, P., Williams, P.R., Stern, S., Weigand, E.E., Engerer, P.,
Naumann, R., Hartmann, J., Karl, R.M., Bradke, F., et al. (2014). An assay to
image neuronal microtubule dynamics in mice. Nat. Commun. 5, 4827.

Kollman, J.M., Merdes, A., Mourey, L., and Agard, D.A. (2011). Microtubule
nucleation by y-tubulin complexes. Nat. Rev. Mol. Cell Biol. 12, 709-721.

Konishi, Y., and Setou, M. (2009). Tubulin tyrosination navigates the kinesin-1
motor domain to axons. Nat. Neurosci. 72, 559-567.

Kuijpers, M., and Hoogenraad, C.C. (2011). Centrosomes, microtubules and
neuronal development. Mol. Cell. Neurosci. 48, 349-358.

Kwan, A.C., Dombeck, D.A., and Webb, W.W. (2008). Polarized microtubule
arrays in apical dendrites and axons. Proc. Natl. Acad. Sci. USA 105,
11370-11375.

Lacroix, B., van Dijk, J., Gold, N.D., Guizetti, J., Aldrian-Herrada, G., Rogow-
ski, K., Gerlich, D.W., and Janke, C. (2010). Tubulin polyglutamylation stimu-
lates spastin-mediated microtubule severing. J. Cell Biol. 189, 945-954.

Lawo, S., Bashkurov, M., Mullin, M., Ferreria, M.G., Kittler, R., Habermann, B.,
Tagliaferro, A., Poser, |., Hutchins, J.R., Hegemann, B., et al. (2009). HAUS, the
8-subunit human Augmin complex, regulates centrosome and spindle integ-
rity. Curr. Biol. 19, 816-826.

Lee, H., Engel, U., Rusch, J., Scherrer, S., Sheard, K., and Van Vactor, D.
(2004). The microtubule plus end tracking protein Orbit/MAST/CLASP acts
downstream of the tyrosine kinase Abl in mediating axon guidance. Neuron
42, 913-926.

Lee, H.H., Jan, L.Y., and Jan, Y.N. (2009). Drosophila IKK-related kinase Ik2
and Katanin p60-like 1 regulate dendrite pruning of sensory neuron during
metamorphosis. Proc. Natl. Acad. Sci. USA 106, 6363-6368.

Leterrier, C., and Dargent, B. (2014). No Pasaran! Role of the axon initial
segment in the regulation of protein transport and the maintenance of axonal
identity. Semin. Cell Dev. Biol. 27, 44-51.

Leterrier, C., Vacher, H., Fache, M.P., d’Ortoli, S.A., Castets, F., Autillo-Touati,
A., and Dargent, B. (2011). End-binding proteins EB3 and EB1 link microtu-
bules to ankyrin G in the axon initial segment. Proc. Natl. Acad. Sci. USA
108, 8826-8831.

Li, X., Kumar, Y., Zempel, H., Mandelkow, E.M., Biernat, J., and Mandelkow, E.
(2011). Novel diffusion barrier for axonal retention of Tau in neurons and its fail-
ure in neurodegeneration. EMBO J. 30, 4825-4837.

Lin, S., Liu, M., Mozgova, O.l., Yu, W., and Baas, P.W. (2012). Mitotic motors
coregulate microtubule patterns in axons and dendrites. J. Neurosci. 32,
14033-14049.

Lipka, J., Kuijpers, M., Jaworski, J., and Hoogenraad, C.C. (2013). Mutations in
cytoplasmic dynein and its regulators cause malformations of cortical devel-
opment and neurodegenerative diseases. Biochem. Soc. Trans. 41, 1605-
1612.

Liu, J.S., Schubert, C.R., Fu, X., Fourniol, F.J., Jaiswal, J.K., Houdusse, A.,
Stultz, C.M., Moores, C.A., and Walsh, C.A. (2012). Molecular basis for specific
regulation of neuronal kinesin-3 motors by doublecortin family proteins. Mol.
Cell 47, 707-721.

Lopata, M.A., and Cleveland, D.W. (1987). In vivo microtubules are copolymers
of available beta-tubulin isotypes: localization of each of six vertebrate beta-
tubulin isotypes using polyclonal antibodies elicited by synthetic peptide anti-
gens. J. Cell Biol. 105, 1707-1720.

Lu, W., Fox, P., Lakonishok, M., Davidson, M.W., and Gelfand, V.I. (2013).
Initial neurite outgrowth in Drosophila neurons is driven by kinesin-powered
microtubule sliding. Curr. Biol. 23, 1018-1023.

Ma, Y., Shakiryanova, D., Vardya, |., and Popov, S.V. (2004). Quantitative anal-
ysis of microtubule transport in growing nerve processes. Curr. Biol. 14,
725-730.


http://refhub.elsevier.com/S0896-6273(15)00513-9/sref48
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref48
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref48
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref49
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref49
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref50
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref50
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref50
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref50
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref51
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref51
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref51
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref52
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref52
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref52
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref53
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref53
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref53
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref53
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref54
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref54
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref55
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref55
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref55
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref56
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref56
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref57
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref57
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref57
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref58
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref58
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref58
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref58
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref59
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref59
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref60
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref60
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref61
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref61
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref61
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref62
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref62
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref62
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref62
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref63
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref63
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref63
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref64
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref64
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref64
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref64
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref65
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref65
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref65
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref65
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref66
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref66
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref67
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref67
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref67
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref68
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref68
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref68
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref68
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref69
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref69
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref70
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref70
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref70
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref70
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref71
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref71
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref72
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref72
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref73
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref73
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref74
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref74
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref74
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref75
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref75
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref75
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref76
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref76
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref76
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref76
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref77
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref77
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref77
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref77
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref78
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref78
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref78
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref79
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref79
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref79
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref80
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref80
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref80
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref80
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref81
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref81
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref81
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref82
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref82
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref82
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref83
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref83
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref83
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref83
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref84
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref84
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref84
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref84
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref85
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref85
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref85
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref85
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref86
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref86
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref86
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref87
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref87
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref87

Neuron

Maday, S., Twelvetrees, A.E., Moughamian, A.J., and Holzbaur, E.L. (2014).
Axonal transport: cargo-specific mechanisms of motility and regulation.
Neuron 84, 292-309.

Maniar, T.A., Kaplan, M., Wang, G.J., Shen, K., Wei, L., Shaw, J.E., Koushika,
S.P., and Bargmann, C.I. (2012). UNC-33 (CRMP) and ankyrin organize micro-
tubules and localize kinesin to polarize axon-dendrite sorting. Nat. Neurosci.
15, 48-56.

Mao, C.X., Xiong, Y., Xiong, Z., Wang, Q., Zhang, Y.Q., and Jin, S. (2014).
Microtubule-severing protein Katanin regulates neuromuscular junction devel-
opment and dendritic elaboration in Drosophila. Development 141, 1064—
1074.

Marcette, J.D., Chen, J.J., and Nonet, M.L. (2014). The Caenorhabditis elegans
microtubule minus-end binding homolog PTRN-1 stabilizes synapses and
neurites. eLife 3, e01637.

Marin, O., Valiente, M., Ge, X., and Tsai, L.H. (2010). Guiding neuronal cell mi-
grations. Cold Spring Harb. Perspect. Biol. 2, a001834.

Mattie, F.J., Stackpole, M.M., Stone, M.C., Clippard, J.R., Rudnick, D.A., Qiu,
Y., Tao, J., Allender, D.L., Parmar, M., and Rolls, M.M. (2010). Directed micro-
tubule growth, +TIPs, and kinesin-2 are required for uniform microtubule polar-
ity in dendrites. Curr. Biol. 20, 2169-2177.

Merriam, E.B., Millette, M., Lumbard, D.C., Saengsawang, W., Fothergill, T.,
Hu, X., Ferhat, L., and Dent, E.W. (2013). Synaptic regulation of microtubule
dynamics in dendritic spines by calcium, F-actin, and drebrin. J. Neurosci.
33, 16471-16482.

Millecamps, S., and Julien, J.P. (2013). Axonal transport deficits and neurode-
generative diseases. Nat. Rev. Neurosci. 14, 161-176.

Nakata, T., and Hirokawa, N. (2003). Microtubules provide directional cues for
polarized axonal transport through interaction with kinesin motor head. J. Cell
Biol. 162, 1045-1055.

Nakata, T., Niwa, S., Okada, Y., Perez, F., and Hirokawa, N. (2011). Preferential
binding of a kinesin-1 motor to GTP-tubulin-rich microtubules underlies polar-
ized vesicle transport. J. Cell Biol. 194, 245-255.

Nguyen, M.M., Stone, M.C., and Rolls, M.M. (2011). Microtubules are orga-
nized independently of the centrosome in Drosophila neurons. Neural Dev.
6, 38.

Nguyen, M.M., McCracken, C.J., Milner, E.S., Goetschius, D.J., Weiner, A.T.,
Long, M.K., Michael, N.L., Munro, S., and Rolls, M.M. (2014). I"-tubulin con-
trols neuronal microtubule polarity independently of Golgi outposts. Mol.
Biol. Cell 25, 2039-2050.

Niwa, S., Takahashi, H., and Hirokawa, N. (2013). B-Tubulin mutations that
cause severe neuropathies disrupt axonal transport. EMBO J. 32, 1352-1364.

Ori-McKenney, K.M., Jan, L.Y., and Jan, Y.N. (2012). Golgi outposts shape
dendrite morphology by functioning as sites of acentrosomal microtubule
nucleation in neurons. Neuron 76, 921-930.

Prokop, A. (2013). The intricate relationship between microtubules and their
associated motor proteins during axon growth and maintenance. Neural
Dev. 8, 17.

Qiang, L., Yu, W., Andreadis, A., Luo, M., and Baas, P.W. (2006). Tau protects
microtubules in the axon from severing by katanin. J. Neurosci. 26, 3120-3129.

Quassollo, G., Wojnacki, J., Salas, D.A., Gastaldi, L., Marzolo, M.P., Conde,
C., Bisbal, M., Couve, A., and Céceres, A. (2015). A RhoA signaling pathway
regulates dendritic Golgi outpost formation. Curr. Biol. 25, 971-982.

Rasband, M.N. (2010). The axon initial segment and the maintenance of
neuronal polarity. Nat. Rev. Neurosci. 17, 552-562.

Ray, S., Meyhdfer, E., Milligan, R.A., and Howard, J. (1993). Kinesin follows the
microtubule’s protofilament axis. J. Cell Biol. 727, 1083-1093.

Reiner, O., and Sapir, T. (2013). LIS1 functions in normal development and dis-
ease. Curr. Opin. Neurobiol. 23, 951-956.

Richardson, C.E., Spilker, K.A., Cueva, J.G., Perrino, J., Goodman, M.B., and
Shen, K. (2014). PTRN-1, a microtubule minus end-binding CAMSAP homo-
log, promotes microtubule function in Caenorhabditis elegans neurons. eLife
3, e01498.

Rivas, R.J., and Hatten, M.E. (1995). Motility and cytoskeletal organization of
migrating cerebellar granule neurons. J. Neurosci. 75, 981-989.

Rivero, S., Cardenas, J., Bornens, M., and Rios, R.M. (2009). Microtubule
nucleation at the cis-side of the Golgi apparatus requires AKAP450 and
GM130. EMBO J. 28, 1016-1028.

Roll-Mecak, A., and McNally, F.J. (2010). Microtubule-severing enzymes. Curr.
Opin. Cell Biol. 22, 96-103.

Rolls, M.M. (2011). Neuronal polarity in Drosophila: sorting out axons and den-
drites. Dev. Neurobiol. 77, 419-429.

Roos, J., Hummel, T., Ng, N., Kldmbt, C., and Davis, G.W. (2000). Drosophila
Futsch regulates synaptic microtubule organization and is necessary for syn-
aptic growth. Neuron 26, 371-382.

Roossien, D.H., Lamoureux, P., and Miller, K.E. (2014). Cytoplasmic dynein
pushes the cytoskeletal meshwork forward during axonal elongation. J. Cell
Sci. 127, 3593-3602.

Ruschel, J., Hellal, F., Flynn, K.C., Dupraz, S., Elliott, D.A., Tedeschi, A., Bates,
M., Sliwinski, C., Brook, G., Dobrindt, K., et al. (2015). Axonal regeneration.
Systemic administration of epothilone B promotes axon regeneration after spi-
nal cord injury. Science 348, 347-352.

Sanchez-Huertas, C., and Llders, J. (2015). The augmin connection in the ge-
ometry of microtubule networks. Curr. Biol. 25, R294-R299.

Sharp, D.J., and Ross, J.L. (2012). Microtubule-severing enzymes at the cut-
ting edge. J. Cell Sci. 125, 2561-2569.

Sherwood, N.T., Sun, Q., Xue, M., Zhang, B., and Zinn, K. (2004). Drosophila
spastin regulates synaptic microtubule networks and is required for normal
motor function. PLoS Biol. 2, e429.

Sirajuddin, M., Rice, L.M., and Vale, R.D. (2014). Regulation of microtubule
motors by tubulin isotypes and post-translational modifications. Nat. Cell
Biol. 76, 335-344.

Smith, B.N., Ticozzi, N., Fallini, C., Gkazi, A.S., Topp, S., Kenna, K.P., Scotter,
E.L., Kost, J., Keagle, P., Miller, J.W., et al.; SLAGEN Consortium (2014).
Exome-wide rare variant analysis identifies TUBA4A mutations associated
with familial ALS. Neuron 84, 324-331.

Solowska, J.M., D’Rozario, M., Jean, D.C., Davidson, M.W., Marenda, D.R.,
and Baas, P.W. (2014). Pathogenic mutation of spastin has gain-of-function ef-
fects on microtubule dynamics. J. Neurosci. 34, 1856-1867.

Song, Y., Kirkpatrick, L.L., Schilling, A.B., Helseth, D.L., Chabot, N., Keillor,
J.W., Johnson, G.V., and Brady, S.T. (2013). Transglutaminase and polyamina-
tion of tubulin: posttranslational modification for stabilizing axonal microtu-
bules. Neuron 78, 109-123.

Sorbara, C.D., Wagner, N.E., Ladwig, A., Niki¢, I., Merkler, D., Kleele, T., Mar-
inkovi¢, P., Naumann, R., Godinho, L., Bareyre, F.M., et al. (2014). Pervasive
axonal transport deficits in multiple sclerosis models. Neuron 84, 1183-1190.

Stepanova, T., Slemmer, J., Hoogenraad, C.C., Lansbergen, G., Dortland, B.,
De Zeeuw, C.I., Grosveld, F., van Cappellen, G., Akhmanova, A., and Galjart,
N. (2008). Visualization of microtubule growth in cultured neurons via the use of
EB3-GFP (end-binding protein 3-green fluorescent protein). J. Neurosci. 23,
2655-2664.

Stewart, A., Tsubouchi, A., Rolls, M.M., Tracey, W.D., and Sherwood, N.T.
(2012). Katanin p60-like1 promotes microtubule growth and terminal dendrite
stability in the larval class IV sensory neurons of Drosophila. J. Neurosci. 32,
11631-11642.

Stiess, M., Maghelli, N., Kapitein, L.C., Gomis-Ruth, S., Wilsch-Brauninger, M.,
Hoogenraad, C.C., Toli¢-Nerrelykke, .M., and Bradke, F. (2010). Axon exten-
sion occurs independently of centrosomal microtubule nucleation. Science
327, 704-707.

Stone, M.C., Roegiers, F., and Rolls, M.M. (2008). Microtubules have opposite
orientation in axons and dendrites of Drosophila neurons. Mol. Biol. Cell 19,
4122-4129.

Stone, M.C., Rao, K., Gheres, KW., Kim, S., Tao, J., La Rochelle, C., Folker,

C.T., Sherwood, N.T., and Rolls, M.M. (2012). Normal spastin gene dosage
is specifically required for axon regeneration. Cell Rep. 2, 1340-1350.

Neuron 87, August 5, 2015 ©2015 Elsevier Inc. 505


http://refhub.elsevier.com/S0896-6273(15)00513-9/sref88
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref88
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref88
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref89
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref89
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref89
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref89
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref90
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref90
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref90
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref90
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref91
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref91
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref91
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref92
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref92
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref93
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref93
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref93
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref93
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref94
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref94
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref94
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref94
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref95
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref95
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref96
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref96
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref96
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref97
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref97
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref97
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref98
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref98
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref98
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref99
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref99
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref99
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref99
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref100
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref100
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref101
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref101
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref101
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref102
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref102
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref102
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref103
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref103
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref104
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref104
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref104
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref105
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref105
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref106
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref106
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref107
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref107
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref108
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref108
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref108
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref108
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref109
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref109
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref110
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref110
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref110
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref111
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref111
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref112
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref112
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref113
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref113
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref113
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref114
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref114
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref114
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref115
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref115
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref115
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref115
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref116
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref116
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref117
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref117
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref118
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref118
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref118
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref119
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref119
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref119
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref120
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref120
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref120
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref120
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref121
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref121
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref121
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref122
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref122
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref122
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref122
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref123
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref123
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref123
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref123
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref123
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref124
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref124
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref124
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref124
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref124
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref125
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref125
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref125
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref125
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref126
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref126
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref126
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref126
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref126
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref127
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref127
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref127
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref128
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref128
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref128

Subramanian, R., and Kapoor, T.M. (2012). Building complexity: insights into
self-organized assembly of microtubule-based architectures. Dev. Cell 23,
874-885.

Sudo, H., and Baas, P.W. (2011). Strategies for diminishing katanin-based loss
of microtubules in tauopathic neurodegenerative diseases. Hum. Mol. Genet.
20, 763-778.

Suter, D.M., and Miller, K.E. (2011). The emerging role of forces in axonal elon-
gation. Prog. Neurobiol. 94, 91-101.

Szolajska, E., and Chroboczek, J. (2011). Faithful chaperones. Cell. Mol. Life
Sci. 68, 3307-3322.

Tischfield, M.A., Cederquist, G.Y., Gupta, M.L., Jr., and Engle, E.C. (2011).
Phenotypic spectrum of the tubulin-related disorders and functional implica-
tions of disease-causing mutations. Curr. Opin. Genet. Dev. 27, 286-294.

Topalidou, I., Keller, C., Kalebic, N., Nguyen, K.C., Somhegyi, H., Politi, K.A.,
Heppenstall, P., Hall, D.H., and Chalfie, M. (2012). Genetically separable func-
tions of the MEC-17 tubulin acetyltransferase affect microtubule organization.
Curr. Biol. 22, 1057-1065.

van Bergeijk, P., Adrian, M., Hoogenraad, C.C., and Kapitein, L.C. (2015). Op-
togenetic control of organelle transport and positioning. Nature 578, 111-114.

Wang, L., and Brown, A. (2002). Rapid movement of microtubules in axons.
Curr. Biol. 12, 1496-1501.

Witte, H., Neukirchen, D., and Bradke, F. (2008). Microtubule stabilization
specifies initial neuronal polarization. J. Cell Biol. 780, 619-632.

Xu, K., Zhong, G., and Zhuang, X. (2013). Actin, spectrin, and associated pro-
teins form a periodic cytoskeletal structure in axons. Science 339, 452-456.

Yan, J., Chao, D.L., Toba, S., Koyasako, K., Yasunaga, T., Hirotsune, S., and

Shen, K. (2013). Kinesin-1 regulates dendrite microtubule polarity in Caeno-
rhabditis elegans. eLife 2, e00133.

506 Neuron 87, August 5, 2015 ©2015 Elsevier Inc.

Neuron

Yau, K.W., van Beuningen, S.F., Cunha-Ferreira, ., Cloin, B.M., van Battum,
E.Y., Will, L., Schatzle, P., Tas, R.P., van Krugten, J., Katrukha, E.A., et al.
(2014). Microtubule minus-end binding protein CAMSAP2 controls axon spec-
ification and dendrite development. Neuron 82, 1058-1073.

Ye, B., Zhang, Y., Song, W., Younger, S.H., Jan, L.Y., and Jan, Y.N. (2007).
Growing dendrites and axons differ in their reliance on the secretory pathway.
Cell 130, 717-729.

Yu, W., and Baas, P.W. (1994). Changes in microtubule number and length
during axon differentiation. J. Neurosci. 14, 2818-2829.

Yu, W., Qiang, L., Solowska, J.M., Karabay, A., Korulu, S., and Baas, P.W.
(2008). The microtubule-severing proteins spastin and katanin participate
differently in the formation of axonal branches. Mol. Biol. Cell 19, 1485-1498.

Zempel, H., and Mandelkow, E. (2014). Lost after translation: missorting of Tau
protein and consequences for Alzheimer disease. Trends Neurosci. 37,
721-732.

Zempel, H., Luedtke, J., Kumar, Y., Biernat, J., Dawson, H., Mandelkow, E.,
and Mandelkow, E.M. (2013). Amyloid-f oligomers induce synaptic damage
via Tau-dependent microtubule severing by TTLL6 and spastin. EMBO J. 32,
2920-2937.

Zhang, B., Carroll, J., Trojanowski, J.Q., Yao, Y., Iba, M., Potuzak, J.S., Hogan,
A.M., Xie, S.X., Ballatore, C., Smith, A.B., 3rd., et al. (2012). The microtubule-
stabilizing agent, epothilone D, reduces axonal dysfunction, neurotoxicity,
cognitive deficits, and Alzheimer-like pathology in an interventional study
with aged tau transgenic mice. J. Neurosci. 32, 3601-3611.

Zheng, Y., Wildonger, J., Ye, B., Zhang, Y., Kita, A., Younger, S.H., Zimmer-
man, S., Jan, L.Y., and Jan, Y.N. (2008). Dynein is required for polarized den-
dritic transport and uniform microtubule orientation in axons. Nat. Cell Biol. 70,
1172-1180.

Zhong, G., He, J., Zhou, R., Lorenzo, D., Babcock, H.P., Bennett, V., and
Zhuang, X. (2014). Developmental mechanism of the periodic membrane skel-
eton in axons. eLife 3, e04581.


http://refhub.elsevier.com/S0896-6273(15)00513-9/sref129
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref129
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref129
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref130
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref130
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref130
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref131
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref131
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref132
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref132
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref133
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref133
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref133
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref134
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref134
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref134
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref134
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref135
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref135
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref136
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref136
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref137
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref137
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref138
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref138
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref139
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref139
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref139
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref140
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref140
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref140
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref140
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref141
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref141
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref141
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref142
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref142
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref143
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref143
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref143
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref144
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref144
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref144
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref145
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref145
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref145
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref145
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref146
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref146
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref146
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref146
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref146
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref147
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref147
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref147
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref147
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref148
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref148
http://refhub.elsevier.com/S0896-6273(15)00513-9/sref148

	Building the Neuronal Microtubule Cytoskeleton
	Introduction
	Microtubule Basics
	Functions of the Neuronal Microtubule Cytoskeleton
	Microtubules Guide Intracellular Transport
	Microtubules Establish Morphological Transitions

	Architecture of the Neuronal Microtubule Cytoskeleton
	Centrosomal versus Non-centrosomal Organization
	Microtubule Orientations in Axons and Dendrites
	Microtubule Stability and Length
	Microtubule Diversity—Tubulin Isotypes
	Microtubule Diversity—Post-translational Modifications
	Microtubule Diversity—Protofilament Number
	Microtubule Organization at the Axon Initial Segment

	Mechanisms that Shape the Neuronal Microtubule Cytoskeleton
	Formation of New Microtubules
	Microtubule Stabilization
	Spatial Arrangement of Microtubules

	Conclusions and Outlook
	Acknowledgments
	References


