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Abstract

Neurons are exquisitely polarized cells whose structure and function relies on microtubules.
Microtubules in signal-receiving dendrites and signal-sending axons differ in their organization
and microtubule-associated proteins. These differences, coupled with microtubule post-
translational modifications, combine to locally regulate intracellular transport, morphology, and
function. Recent discoveries provide new insight into the regulation of non-centrosomal
microtubule arrays in neurons, the relationship between microtubule acetylation and
mechanosensation, and the spatial patterning of microtubules that regulates motor activity and
cargo delivery in axons and dendrites. Together, these new studies bring us closer to understanding
how microtubule function is locally tuned to match the specialized tasks associated with signal
reception and transmission.

Introduction

Cell shape and polarity are integral to cell function. Neurons display a variety of
morphologies to match the range of functions that they carry out. Simple or complex in
shape, all neurons are highly compartmentalized with distinct signal-receiving dendrites and
signal-sending axons. A neuron’s morphology and function depend on the underlying
microtubule cytoskeleton, which both sculpts neuronal structure and mediates the transport
of RNAs, proteins, vesicles, and organelles that sustain neuronal activity. Given the distinct
compartmentalization of neuronal activity, it is not surprising that microtubule organization
and function differ between axons and dendrites and also vary within these compartments. A
major challenge is to determine how microtubules are locally regulated to match specific
neuronal activities. Here we highlight recent studies on the patterning of microtubules that
diversify microtubule function regionally and regulate transport by molecular motors.
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Microtubule organization in neurons

The neuronal microtubule cytoskeleton shapes and supports the axonal and dendritic
projections that carry out the distinct functions of signal reception and transmission.
Microtubules in axons and dendrites are distinguished by their polarity, organization, post-
translational modifications, and microtubule-binding proteins (Figure 1). Microtubules have
an intrinsic polarity due to the head-to-tail assembly of a.- and B-tubulin dimers (the p- and
a-tubulin ends are referred to as the plus- and minus-ends, respectively). Molecular motors
and other proteins read-out this polarity, which is thought to be a central underpinning of
neuronal polarity. In axons, microtubules are uniformly arrayed with their plus-end
positioned distal towards the axon terminal, whereas in dendrites, microtubule polarity is
mixed to varying degrees depending on position within the dendritic arbor, neuronal type,
and organism (Figure 1A). Microtubule orientation is regulated in part by the molecular
motors dynein and Kinesin, which play key roles in constructing the tracks that they use for
transport [1-5]. Several additional proteins also regulate microtubule orientation, including
the mammalian tripartite motif-containing (TRIM) protein TRIM46, whose exact molecular
activity remains mysterious [6]. Loss of TRIM46 disrupts the uniform orientation of axonal
microtubules. However, the localization of dendritic cargos, such as AMPA receptors, are
unaffected. This suggests that disrupting microtubule polarity alone may not be sufficient to
alter the functional polarity of neurons. Given the additional ways in which microtubules are
patterned and microtubule-based transport is regulated, microtubule polarity may be just one
part of creating distinct axonal and dendritic compartments.

Microtubules in neurons, unlike in other cell types, are not typically anchored at a defined
microtubule organizing center (MTOC). In some organisms, such as fruit flies, neurons lack
a centrosome entirely, whereas in mammals, the post-mitotic neuronal centrosome mainly
supports ciliary function [7-9]. In the absence of a central MTOC, microtubule nucleation,
growth, and organization are locally regulated. Recent work has shed light on the regulation
of gamma-tubulin-mediated nucleation by the augmin complex, the CAMSAP microtubule
minus-end-binding proteins, and the microtubule-binding proteins TPX2 and SSNA1 [9-19].
Augmin, which recruits gamma-tubulin to microtubules to amplify existing arrays, increases
microtubule density to enable efficient transport in both axons and dendrites [9,10]. In
mammals, loss of augmin function perturbs axonal microtubule polarity, possibly by de-
coupling gamma-tubulin from existing microtubules, which then allows for the formation of
misoriented microtubules. In dendrites,however,loss of augmin alone does not affect
microtubule polarity, and studies in flies suggest that augmin activity is restricted by
centrosomin/CDK5RAP2 [10,11]. Centrosomin/CDK5RAP2, along with GM130 and
AKAP450, are proposed to couple gammatubulin-mediated microtubule nucleation to
dendritic Golgi outposts, which serve as local MTOCs in developing neurons [11,20,21]. In
addition to shaping microtubule networks through microtubule nucleation, a recent study in
worms has shown that the growth of existing microtubules in dendrites is locally controlled
by dynein, which tethers microtubule plus-ends to restrain their growth [22]. Thus, neurons
use a combination of mechanisms to spatially and temporally tune the microtubule
cytoskeleton. Such local regulation of nucleation, growth, and organization gives
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microtubules the flexibility to mediate distinct activities and to respond dynamically to
changes in neuronal function.

Diversifying microtubule function through post-translational modifications:
focus on acetylation

Microtubules are patterned by a variety of post-translational modifications (PTMs), such as
acetylation, polyglutamylation, phosphorylation, and detyrosination. An appealing model is
that microtubule function, and thus its role in neuronal activity, is locally controlled by
different PTM patterns that could affect microtubule stability and growth as well as
microtubule-associated proteins (MAPS), including molecular motors. One of the best-
studied microtubule modifications is the acetylation of a-tubulin lysine 40 (K40), a residue
in the microtubule lumen. This modification has intrigued researchers since its discovery
over 30 years ago in large part because it is highly conserved and correlates with stable long-
lived microtubules in virtually all cells, including neurons [23,24]. Acetylation itself,
however, does not confer stability to microtubules; rather, recent work suggests that
acetylation protects microtubules against mechanical stresses by strengthening lateral
interactions between protofilaments [25]. By making microtubules resilient to mechanical
stress, acetylation of a-tubulin K40 may enable microtubules to persist in cells and/or may
reinforce the stability of long-lived microtubules [26]. Neurons, which survive throughout an
organism’s lifetime, may be particularly reliant on a-tubulin K40 acetylation to preserve
stable connections. Indeed, loss of a-tubulin K40 acetylation has been associated with
neuronal degeneration [27].

Microtubules in mechanosensory neurons, which experience repeated mechanical stresses,
are typically highly acetylated [24]. Eliminating microtubule acetylation by either mutating
a-tubulin K40 or deleting the modifying enzyme a-tubulin acetyltransferase 1 (a TAT1)
does not cause lethality but does impair touch sensitivity [24]. Two recent studies point to
the mechanistic roles that acetylated microtubules may play in mechanosensation (Figure
1B). Touch and other mechanical stimuli trigger ion channel opening when force is exerted
on a neuronal membrane. Some mechanosensory ion channels, including the TRP channel
NOMP, directly contact microtubules [28]. New data from mice suggest that acetylated
microtubules beneath the cell membrane increase cell stiffness to a range that allows for
optimal gating of mechanosensory ion channels [29]. Work from flies has revealed that
acetylation preserves the microtubule scaffold that NOMPC relies on for its activity [30].
Thus, acetylated microtubules likely serve a dual function in mechanosensation by tuning
cell stiffness and serving as a stable scaffold for mechanosensory ion channels such as
NOMPC.

In addition to their role in mechanosensation, acetylated microtubules and a TAT1 can shape
neuronal morphology. In developing neurons, acetylated microtubules and a TAT1 generally,
though not always, act to restrict neurite growth. For example, mutating a-tubulin K40 in
flies disrupts the refinement of sensory dendrites leading to excess branching [31].
Conversely, mimicking the acetylation of a-tubulin K40 suppresses axon terminal
overgrowth induced by over —expressed mutant human Tau [32]. The loss of a TAT1 in mice
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similarly results in increased axon growth and branching in the developing brain [33]. It is
somewhat unclear how microtubule acetylation and/or a TAT1 would regulate neurite
growth. Although acetylation does not affect the growth of stabilized microtubules in vitro,
loss of aTATL1 in vivo correlates with an increase in microtubule growth frequency in
neurons [27,30,33]. Notably, a TAT1 increases microtubule growth frequency in NIH 3T3
cells by destabilizing dynamic microtubules [34], which may hint at how a TAT1 restrains
microtubule growth and neurite growth in developing neurons. While the effects of PTMs,
such as acetylation, on microtubules in vitro and in cell lines have been characterized, there
is still much to learn about the roles that these modifications play in regulating microtubules
in neurons in vivo.

Microtubules regulate cargo trafficking

Microtubules serve a fundamental role as the “roads” that molecular motors traverse to
deliver cargo. The unique morphological and functional polarity of neurons pose particular
challenges to the accurate and precise delivery of cargos. In addition, axons and dendrites
often extend over large territories, requiring molecular motors to sustain transport over
significant distances. In humans this is perhaps best highlighted in motor neurons, where
cargos originating in the cell body are reliably delivered to specific destinations up to a
meter away. Meeting these transport challenges are multiple kinesin family members and
dynein, which mediate transport to the plus-and minus-ends of microtubules, respectively.
Given the uniform plus-end-distal orientation of axonal microtubules, it follows that kinesins
move cargo to axon terminals. In contrast, dendritic cargos are typically moved out of the
cell body by dynein and, in mammalian neurons, a subset of kinesins. However, kinesins and
dynein are active within both compartments, so tight regulation of microtubule-based
transport must exist to ensure the proper delivery of cargo to its subcellular destination.
MAPs, microtubule PTMs, as well as other motor-binding proteins play important roles in
selectively regulating the association of motors with microtubules [23,35-37]. Exciting new
progress has been made in delineating the relationships between MAPSs that have opposing
effects on different motors (e.g. kinesin-1 versus kinesin-3), providing insight into the MAP-
based regulation of motor activity [38]. In addition, recent work has highlighted the role of
kinesin autoinhibition in proper axon outgrowth,the localization of cargo to dendrites, and in
the regulation of synapse formation, including synapse size and density [39-41]. It will be of
great interest to determine how the patterning of the microtubule cytoskeleton intersects with
the regulation of motor activity to direct the selective transport of the many different axonal
and dendritic cargos that are needed for proper neuronal activity.

Microtubule-based transport in dendrites

In addition to compartment-specific differences in microtubule polarity, the PTMs that
decorate microtubules can also vary between and within axons as well as dendrites. This
patterning of microtubules by different combinations of PTMs as well as tubulin isotypes is
referred to as the “tubulin code” [23,42]. Recent work has revealed a striking correlation
between microtubule polarity and the tubulin code in the dendrites of cultured hippocampal
neurons [43] (Figure 1). “Motor-paint,” super-resolution microscopy coupled with motor
particle tracking, showed that dendritic microtubules of the same polarity are bundled
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together, marked with distinctive PTMs, and are preferred tracks for different motor
families. Microtubules oriented with their plus-ends towards the cell body are acetylated and
preferentially traversed by kinesin-1 whereas plus-end-distal microtubules are heavily
tyrosinated and bound by kinesin-3. Consistent with these findings, acetylated microtubules
in cultured cells are also preferentially bundled together to promote kinesin-1 motility [44].
Kinesin- 1 and kinesin-3 were previously reported to differentially prefer either acetylated or
tyrosinated microtubules, respectively [45-48]. Notably, kinesin-3 is recruited to tyrosinated
microtubules in hippocampal dendrites by the MAP doublecortin-like kinase 1 (DCLK1),
suggesting a potential coordination between microtubule polarity, the tubulin code, and
MAPs [47]. Like kinesin-3, the microtubule minus-end-directed motor dynein carries cargo
into dendrites and preferentially binds tyrosinated microtubules in vitro and in mammalian
axons [49,50]. However, the findings of Tas et al. would suggest that dynein travels on
acetylated microtubule tracks into dendrites [43]. Thus, it is likely that these microtubule
PTMs may bias, but do not absolutely determine, the tracks that motors traverse.

In addition to DCLKZ1, kinesin-mediated transport into the dendrites of mammalian neurons
is regulated by a microtubule-associated septin, Septin 9 [51]. Septins are GTP-binding
proteins that can self-assemble into a variety of structures, including filaments [52]. Septin 9
localizes to microtubules in proximal dendrites and selectively allows kinesin-3, but not
kinesin-1, to directly enter dendrites [51]. Septin 9 also regulates transport to hippocampal
dendrites by directly binding to the kinesin-2 motor KIF17 [53]. Unlike its effects on
kinesin-1 and kinesin-3, Septin 9 modulates the interaction of KIF17 with its cargo but does
not disrupt KIF17 motility. Thus, Septin 9 has the ability to regulate transport through
distinct mechanisms. It is unclear whether or how Septin 9 function intersects with other
MAPs or microtubule PTMs, although another septin, Septin 7, has been implicated in
regulating microtubule acetylation by recruiting HDAC6 to microtubules in mammalian
neurons [54]. While knocking-down Septin 9 does not perturb microtubule organization or
neuronal architecture, its effects on cargo transport indicate that Septin 9 plays an integral
role in the functional polarity of neurons.

How is microtubule trafficking locally regulated to mediate dendritic function? In
hippocampal neurons, growing microtubules have been caught transiently entering dendritic
spines, the actin-enriched protrusions that contain excitatory synapses [55-57] (Figure 1D).
These polymerizing microtubules are used by kinesin-3 to carry synaptotagmin 1V, which
regulates exocytosis, into spines via a so-called “direct deposit” mechanism [58]. The entry
of microtubules into spines and delivery of synaptotagmin IV is enhanced by BDNF-
mediated stimulation. BDNF stimulation also regulates the kinesin-4 family member
KIF21B, which both transports cargo and regulates microtubule plus-end dynamics [59-61].
Evidence suggests that the motor shifts to a predominant cargo transport mode upon BDNF
stimulation [60]. This interplay between motors, cytoskeletal dynamics, and neuronal
activity is integral to learning and memory.

Microtubule-based transport in axons

Axons are comprised of different domains: the proximal axon controls cargo entry and the
axon shaft is a highway for the delivery of cargo to synapses at the axon terminal.
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Specialized microtubule and actin cytoskeletons in the proximal axon regulate cargo
trafficking by affecting motor behavior to permit the selective entry of axonal, not dendritic,
cargos [62]. In hippocampal axons, the proximal axon is divided into two zones, a pre-
axonal exclusion zone and axon initial segment (AlS), both of which regulate cargo entry. To
exclude dendritic cargo, the dynein cofactor Ndell1, which is enriched at the AIS, “catches”
dendritic cargo and transfers the cargo to dynein for transport to dendrites [63] (Figure 1E).
The fly ortholog of Ndell, NudE, likely carries out a similar role in restricting the entry of
Golgi into axons [64]. Ndell activity at the AIS is regulated by CDKS5 phosphorylation, and
enrichment of the CDKS5 activator p35 at the AIS provides spatial control over Ndel1 and
dynein function in axons [2]. Kinesin activity is also both positively and negatively regulated
in the proximal axon. When bound to dendritic cargo, the kinesin-2 motor KIF17 initially
targets the AIS, where it remains bound to microtubules until dynein is recruited to shuttle
the cargo and KIF17 to dendrites [65]. Thus, proper targeting of a cargo depends on the
coordination of motor activity, in particular the coordination of motors that pull cargos
towards opposite ends of a microtubule. In the proximal axon of mammalian sensory
neurons, MAP2 inhibits kinesin-1 but not kinesin-3, hence restricting the entry of dense core
vesicles (DCVs) that are not bound by both motors [66] (Figure 1D). Once DCVs have made
it past the proximal axon, the motors coordinate their activity for efficient transport to the
axon terminal [66,67].

Beyond the proximal axon, the main axonal microtubule cytoskeleton is composed of
overlapping microtubule polymers. Pioneering work in worm neurons revealed that
microtubule length and density set the upper rate limit of efficient transport [68]. Using a
combination of light and electron microscopy, the authors correlated axonal microtubule
organization and cargo trafficking. This correlative analysis also enabled the development of
a powerful fluorescence-based approach to quantify microtubule length and organization
along the axon in neurons in vivo and in different genetic mutants. At the axon terminal,
microtubule stability and dynamics shape terminal morphology as well as the formation and
remodeling of synapses. In a class of worm neurons, an increase in microtubule dynamics
drives synapse remodeling by affecting kinesin-mediated transport and does so
independently of changes in morphology [69].

Concluding Remarks

Neurons are incredibly complex cells that rely on a highly differentiated microtubule
cytoskeleton to carry out the specialized tasks of signal reception and transmission. Yet we
still know little of the mechanisms that diversify microtubule function and regulate the
dynamic remodeling of microtubule networks that underlie neuronal shape and create
distinct functional domains. Understanding the intricacies of microtubule organization and
dynamics and their interplay with cargo transport is difficult. However, new technologies are
making it easier to visualize and probe microtubules, motors, and MAPs in neurons. One
central challenge is to translate what is known about the activity of purified microtubules,
MAPs, and motors in vitro into understanding their function and regulation in neurons in
vivo. This can be done, in part, by leveraging genome engineering techniques to introduce
function-probing mutations in native tubulin proteins, MAPs, and molecular motors.
Genome engineering has made it easier to mutate and tag endogenous RNAs and proteins,
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thus eliminating potential over-expression artifacts, and has facilitated the simultaneous
manipulation of multiple genes. Moreover, the development of new optogenetic approaches
will assist in probing microtubule function with spatial and temporal precision. In addition
to these functional approaches, advances in cryo-electron microscopy hold the exciting
promise of gaining high-resolution images of microtubules and their associated proteins in
neurons [70]. These new tools will aid in achieving a molecules-to-cells understanding of
how microtubules and transport are locally regulated to mediate signal reception and
transmission.

Acknowledgements

We thank Erik Dent (University of Wisconsin-Madison), Dena Johnson-Schlitz, Josephine Werner, and other
members of the Wildonger lab for helpful feedback and discussions. This work was supported by the National
Institutes of Health [RO1 NS102385].

References

1.

Rao AN, Patil A, Black MM, Craig EM, Myers KA, Yeung HT, Baas PW: Cytoplasmic Dynein
Transports Axonal Microtubules in a Polarity-Sorting Manner. Cell Rep 2017, 19:2210-2219.
[PubMed: 28614709]

. Klinman E, Tokito M, Holzbaur ELF: CDK5-dependent activation of dynein in the axon initial

segment regulates polarized cargo transport in neurons. Traffic 2017, 18:808-824. [PubMed:
28941293]

. Zheng Y, Wildonger J, Ye B, Zhang Y, Kita A, Younger SH, Zimmerman S, Jan LY, Jan YN: Dynein

is required for polarized dendritic transport and uniform microtubule orientation in axons. Nat ell
Biol 2008, 10:1172-1180.

. del Castillo U, Winding M, Lu W, Gelfand VI: Interplay between kinesin-1 and cortical dynein

during axonal outgrowth and microtubule organization in Drosophila neurons. Elife 2015, 4:¢10140.
[PubMed: 26615019]

. 'Yan J, Chao DL, Toba S, Koyasako K, Yasunaga T, Hirotsune S, Shen K: Kinesin-1 regulates

dendrite microtubule polarity in Caenorhabditis elegans. Elife 2013, 2:e00133. [PubMed:
23482306]

. van Beuningen SFB, Will L, Harterink M, Chazeau A, van Battum EY, Frias CP, Franker MAM,

Katrukha EA, Stucchi R, Vocking K, et al.: TRIM46 Controls Neuronal Polarity and Axon
Specification by Driving the Formation of Parallel Microtubule Arrays. Neuron 2015, 88:1208—
1226. [PubMed: 26671463]

. Stiess M, Maghelli N, Kapitein LC, Gomis-Ruth S, Wilsch-Brauninger M, Hoogenraad CC, Tolic-

Norrelykke IM, Bradke F: Axon extension occurs independently of centrosomal microtubule
nucleation. Science 2010, 327:704-707. [PubMed: 20056854]

. Nguyen MM, Stone MC, Rolls MM: Microtubules are organized independently of the centrosome in

Drosophila neurons. Neural Dev 2011, 6:38. [PubMed: 22145670]

. Sanchez-Huertas C, Freixo F, Viais R, Lacasa C, Soriano E, Luders J: Non-centrosomal nucleation

mediated by augmin organizes microtubules in post-mitotic neurons and controls axonal
microtubule polarity. Nat Commun 2016, 7:12187. [PubMed: 27405868] **This nicely done
analysis of microtubule nucleation factors provides evidence that the augmin complex couples
gamma-tubulin to pre-existing microtubules so that new microtubules grow in parallel to pre-
existing microtubules, thus amplifying microtubules of a particular orientation.

10. Cunha-Ferreira I, Chazeau A, Buijs RR, Stucchi R, Will L, Pan X, Adolfs Y, van der Meer C,

Wolthuis JC, Kahn Ol, et al.: The HAUS Complex Is a Key Regulator of Non-centrosomal
Microtubule Organization during Neuronal Development. Cell Rep 2018, 24:791-800. [PubMed:
30044976]

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelliher et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Page 8

Yalgin C, Ebrahimi S, Delandre C, Yoong LF, Akimoto S, Tran H, Amikura R, Spokony R,
Torben-Nielsen B, White KP, et al.: Centrosomin represses dendrite branching by orienting
microtubule nucleation. Nat Neurosci 2015, 18:1437-1445. [PubMed: 26322925]

Kahn Ol, Ha N, Baird MA, Davidson MW, Baas PW: TPX2 regulates neuronal morphology
through kinesin-5 interaction. Cytoskeleton (Hoboken) 2015, 72:340-348. [PubMed: 26257190]

Yau KW, van Beuningen SF, Cunha-Ferreira I, Cloin BM, van Battum EY, Will L, Schatzle P, Tas
RP, van Krugten J, Katrukha EA, et al.: Microtubule minus-end binding protein CAMSAP2
controls axon specification and dendrite development. Neuron 2014, 82:1058-1073. [PubMed:
24908486]

Chen WS, Chen YJ, Huang YA, Hsieh BY, Chiu HC, Kao PY, Chao CY, Hwang E: Ran-dependent
TPX2 activation promotes acentrosomal microtubule nucleation in neurons. Sci Rep 2017,
7:42297. [PubMed: 28205572]

Mori D, Yamada M, Mimori-Kiyosue Y, Shirai Y, Suzuki A, Ohno S, Saya H, Wynshaw-Boris A,
Hirotsune S: An essential role of the aPKC-Aurora A-NDEL1 pathway in neurite elongation by
modulation of microtubule dynamics. Nat Cell Biol 2009, 11:1057-1068. [PubMed: 19668197]
Pongrakhananon V, Saito H, Hiver S, Abe T, Shioi G, Meng W, Takeichi M: CAMSAP3 maintains
neuronal polarity through regulation of microtubule stability. Proc Natl Acad Sci U S A 2018,
115:9750-9755. [PubMed: 30190432]

Richardson CE, Spilker KA, Cueva JG, Perrino J, Goodman MB, Shen K: PTRN-1, a microtubule
minus end-binding CAMSAP homolog, promotes microtubule function in Caenorhabditis elegans
neurons. Elife 2014, 3:e01498. [PubMed: 24569477]

Marcette JD, Chen JJ, Nonet ML: The Caenorhabditis elegans microtubule minus-end binding
homolog PTRN-1 stabilizes synapses and neurites. Elife 2014, 3:e01637. [PubMed: 24569480]
Basnet N, Nedozralova H, Crevenna AH, Bodakuntla S, Schlichthaerle T, Taschner M, Cardone G,
Janke C, Jungmann R, Magiera MM, et al.: Direct induction of microtubule branching by
microtubule nucleation factor SSNA1. Nat Cell Biol 2018, 20:1172-1180. [PubMed: 30250060]
Ori-McKenney KM, Jan LY, Jan YN: Golgi outposts shape dendrite morphology by functioning as
sites of acentrosomal microtubule nucleation in neurons. Neuron 2012, 76:921-930. [PubMed:
23217741]

Zhou W, Chang J, Wang X, Savelieff MG, Zhao Y, Ke S, Ye B: GM130 is required for
compartmental organization of dendritic golgi outposts. Curr Biol 2014, 24:1227-1233. [PubMed:
24835455]

Yogev S, Maeder Cl, Cooper R, Horowitz M, Hendricks AG, Shen K: Local inhibition of
microtubule dynamics by dynein is required for neuronal cargo distribution. Nat Commun 2017,
8:15063. [PubMed: 28406181]

Park JH, Roll-Mecak A: The tubulin code in neuronal polarity. Curr Opin Neurobiol 2018, 51:95-
102. [PubMed: 29554585]

Janke C, Montagnac G: Causes and Consequences of Microtubule Acetylation. Curr Biol 2017,
27:R1287-R1292. [PubMed: 29207274]

Portran D, Schaedel L, Xu Z, Thery M, Nachury MV: Tubulin acetylation protects long-lived
microtubules against mechanical ageing. Nat Cell Biol 2017, 19:391-398. [PubMed: 28250419]
Xu Z, Schaedel L, Portran D, Aguilar A, Gaillard J, Marinkovich MP, Thery M, Nachury MV:
Microtubules acquire resistance from mechanical breakage through intralumenal acetylation.
Science 2017, 356:328-332. [PubMed: 28428427]

Neumann B, Hilliard MA: Loss of MEC-17 leads to microtubule instability and axonal
degeneration. Cell Rep 2014, 6:93-103. [PubMed: 24373971]

Zhang W, Cheng LE, Kittelmann M, Li J, Petkovic M, Cheng T, Jin P, Guo Z, Gopfert MC, Jan LY,
et al.: Ankyrin Repeats Convey Force to Gate the NOMPC Mechanotransduction Channel. Cell
2015, 162:1391-1403. [PubMed: 26359990]

Morley SJ, Qi Y, lovino L, Andolfi L, Guo D, Kalebic N, Castaldi L, Tischer C, Portulano C,
Bolasco G, et al.: Acetylated tubulin is essential for touch sensation in mice. Elife 2016, 5.*Using
an aTAT1 knock-out mouse, this study implicates acetylated microtubules in regulating the
membrane stiffness of sensory neurons to allow for the optimal detection of mechanical touch and
pain.

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelliher et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45,

46.

Page 9

Yan C, Wang F, Peng Y, Williams CR, Jenkins B, Wildonger J, Kim HJ, Perr JB, Vaughan JC, Kern
ME, et al.: Microtubule Acetylation Is Required for Mechanosensation in Drosophila. Cell Rep
2018, 25:1051-1065 e1056. [PubMed: 30355484] *This study identifies the Drosophila aTAT1
and reveals that microtubule acetylation is required for NOMPC-mediated mechanosensation.

Jenkins BV, Saunders HAJ, Record HL, Johnson-Schlitz DM, Wildonger J: Effects of mutating
alpha-tubulin lysine 40 on sensory dendrite development. J Cell Sci 2017, 130:4120-4131.
[PubMed: 29122984]

Mao CX, Wen X, Jin S, Zhang YQ: Increased acetylation of microtubules rescues human tau-
induced microtubule defects and neuromuscular junction abnormalities in Drosophila. Dis Model
Mech 2017, 10:1245-1252. [PubMed: 28819043]

Dan W, Gao N, Li L, Zhu JX, Diao L, Huang J, Han QJ, Wang S, Xue H, Wang Q, et al.: alpha-
Tubulin Acetylation Restricts Axon Overbranching by Dampening Microtubule Plus-End
Dynamics in Neurons. Cereb Cortex 2018, 28:3332-3346. [PubMed: 28968698]

Kalebic N, Martinez C, Perlas E, Hublitz P, Bilbao-Cortes D, Fiedorczuk K, Andolfo A,
Heppenstall PA: Tubulin acetyltransferase alphaTAT1 destabilizes microtubules independently of
its acetylation activity. Mol Cell Biol 2013, 33:1114-1123. [PubMed: 23275437]

Ramkumar A, Jong BY, Ori-McKenney KM: ReMAPping the microtubule landscape: How
phosphorylation dictates the activities of microtubule-associated proteins. Dev Dyn 2018,
247:138-155. [PubMed: 28980356]

Atherton J, Houdusse A, Moores C: MAPping out distribution routes for kinesin couriers. Biol Cell
2013, 105:465-487. [PubMed: 23796124]

Kevenaar JT, Bianchi S, van Spronsen M, Olieric N, Lipka J, Frias CP, Mikhaylova M, Harterink
M, Keijzer N, Wulf PS, et al.: Kinesin-Binding Protein Controls Microtubule Dynamics and Cargo
Trafficking by Regulating Kinesin Motor ctivity. Curr Biol 2016, 26:849-861. [PubMed:
26948876]

Monroy BY, Sawyer DL, Ackermann BE, Borden MM, Tan TC, Ori-McKenney KM: Competition
between microtubule-associated proteins directs motor transport. Nat Commun 2018, 9:1487.
[PubMed: 29662074]

Niwa S, Lipton DM, Morikawa M, Zhao C, Hirokawa N, Lu H, Shen K: Autoinhibition of a
Neuronal Kinesin UNC-104/KIF1A Regulates the Size and Density of Synapses. Cell Rep 2016,
16:2129-2141. [PubMed: 27524618]

Kelliher MT, Yue Y, Ng A, Kamiyama D, Huang B, Verhey KJ, Wildonger J: Autoinhibition of
kinesin-1 is essential to the dendrite-specific localization of Golgi outposts. J Cell Biol 2018,
217:2531-2547. [PubMed: 29728423]

Cheng L, Desai J, Miranda CJ, Duncan JS, Qiu W, Nugent AA, Kolpak AL, Wu CC, Drokhlyansky
E, Delisle MM, et al.: Human CFEOM1 mutations attenuate KIF21A autoinhibition and cause
oculomotor axon stalling. Neuron 2014, 82:334-349. [PubMed: 24656932]

Verhey KJ, Gaertig J: The tubulin code. Cell Cycle 2007, 6:2152-2160. [PubMed: 17786050]

Tas RP, Chazeau A, Cloin BMC, Lambers MLA, Hoogenraad CC, Kapitein LC: Differentiation
between Oppositely Oriented Microtubules Controls Polarized Neuronal Transport. Neuron 2017,
96:1264-1271 e1265. [PubMed: 29198755] *Using super-resolution imaging and motor particle
tracking, this study reveals that dendritic microtubules of the same orientation are bundled together
and marked by distinct PTMs. Kinesin-3, which carries cargo into dendrites, prefers tyrosinated
microtubules whereas kinesin-1 runs along acetylated microtubules to move back to the cell body.
Balabanian L, Berger CL, Hendricks AG: Acetylated Microtubules Are Preferentially Bundled
Leading to Enhanced Kinesin-1 Motility. Biophys J 2017, 113:1551-1560. [PubMed: 28978447]
Cai D, McEwen DP, Martens JR, Meyhofer E, Verhey KJ: Single molecule imaging reveals
differences in microtubule track selection between Kinesin motors. PLoS Biol 2009, 7:¢1000216.
[PubMed: 19823565]

Guardia CM, Farias GG, Jia R, Pu J, Bonifacino JS: BORC Functions Upstream of Kinesins 1 and
3 to Coordinate Regional Movement of Lysosomes along Different Microtubule Tracks. Cell Rep
2016, 17:1950-1961. [PubMed: 27851960]

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelliher et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 10

Lipka J, Kapitein LC, Jaworski J, Hoogenraad CC: Microtubule-binding protein doublecortin-like
kinase 1 (DCLK1) guides kinesin-3-mediated cargo transport to dendrites. EMBO J 2016, 35:302—
318. [PubMed: 26758546]

Hammond JW, Huang CF, Kaech S, Jacobson C, Banker G, Verhey KJ: Posttranslational
modifications of tubulin and the polarized transport of kinesin-1 in neurons. Mol Biol Cell 2010,
21:572-583. [PubMed: 20032309]

McKenney RJ, Huynh W, Vale RD, Sirajuddin M: Tyrosination of alpha-tubulin controls the
initiation of processive dynein-dynactin motility. EMBO J 2016, 35:1175-1185. [PubMed:
26968983]

Nirschl JJ, Magiera MM, Lazarus JE, Janke C, Holzbaur EL: alpha-Tubulin Tyrosination and
CLIP-170 Phosphorylation Regulate the Initiation of Dynein-Driven Transport in Neurons. Cell
Rep 2016, 14:2637-2652. [PubMed: 26972003]

Karasmanis EP, Phan CT, Angelis D, Kesisova IA, Hoogenraad CC, McKenney RJ, Spiliotis ET:
Polarity of Neuronal Membrane Traffic Requires Sorting of Kinesin Motor Cargo during Entry
into Dendrites by a Microtubule-Associated Septin. Dev Cell 2018, 46:204-218 e207. [PubMed:
30016622] **This study combines live-imaging of cargo transport with in vitro single-molecule
analysis of motors to show that Septin 9 inhibits kinesin-1-mediated transport while actively
enhancing kinesin-3 motility. This landmark paper reveals that Septin 9 has an essential role in
controlling the entry of motors into dendrites.

Spiliotis ET: Spatial effects - site-specific regulation of actin and microtubule organization by
septin GTPases. J Cell Sci 2018, 131.

Bai X, Karasmanis EP, Spiliotis ET: Septin 9 interacts with kinesin KIF17 and interferes with the
mechanism of NMDA receptor cargo binding and transport. Mol Biol Cell 2016, 27:897-906.
[PubMed: 26823018]

Ageta-Ishihara N, Miyata T, Ohshima C, Watanabe M, Sato Y, Hamamura Y, Higashiyama T,
Mazitschek R, Bito H, Kinoshita M: Septins promote dendrite and axon development by
negatively regulating microtubule stability via HDAC6-mediated deacetylation. Nat Commun
2013, 4:2532. [PubMed: 24113571]

Hu X, Viesselmann C, Nam S, Merriam E, Dent EW: Activity-dependent dynamic microtubule
invasion of dendritic spines. J Neurosci 2008, 28:13094-13105. [PubMed: 19052200]

Jaworski J, Kapitein LC, Gouveia SM, Dortland BR, Wulf PS, Grigoriev I, Camera P, Spangler SA,
Di Stefano P, Demmers J, et al.: Dynamic microtubules regulate dendritic spine morphology and
synaptic plasticity. Neuron 2009, 61:85-100. [PubMed: 19146815]

Gu J, Firestein BL, Zheng JQ: Microtubules in dendritic spine development. J Neurosci 2008,
28:12120-12124. [PubMed: 19005076]

McVicker DP, Awe AM, Richters KE, Wilson RL, Cowdrey DA, Hu X, Chapman ER, Dent EW:
Transport of a kinesin-cargo pair along microtubules into dendritic spines undergoing synaptic
plasticity. Nat Commun 2016, 7:12741. [PubMed: 27658622]

Muhia M, Thies E, Labonte D, Ghiretti AE, Gromova KV, Xompero F, Lappe-Siefke C, Hermans-
Borgmeyer I, Kuhl D, Schweizer M, et al.: The Kinesin KIF21B Regulates Microtubule Dynamics
and Is Essential for Neuronal Morphology, Synapse Function, and Learning and Memory. Cell Rep
2016, 15:968-977. [PubMed: 27117409]

Ghiretti AE, Thies E, Tokito MK, Lin T, Ostap EM, Kneussel M, Holzbaur ELF: Activity-
Dependent Regulation of Distinct Transport and Cytoskeletal Remodeling Functions of the
Dendritic Kinesin KIF21B. Neuron 2016, 92:857-872. [PubMed: 27817978]

van Riel WE, Rai A, Bianchi S, Katrukha EA, Liu Q, Heck AJ, Hoogenraad CC, Steinmetz MO,
Kapitein LC, Akhmanova A: Kinesin-4 KIF21B is a potent microtubule pausing factor. Elife 2017,
6.

Leterrier C: The Axon Initial Segment: An Updated Viewpoint. J Neurosci 2018, 38:2135-2145.
[PubMed: 29378864]

Kuijpers M, van de Willige D, Freal A, Chazeau A, Franker MA, Hofenk J, Rodrigues RJ, Kapitein
LC, Akhmanova A, Jaarsma D, et al.: Dynein Regulator NDEL1 Controls Polarized Cargo
Transport at the Axon Initial Segment. Neuron 2016, 89:461-471. [PubMed: 26844830]

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 August 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelliher et al.

64.

65.

66.

67.

68.

69.

70.

Page 11

Arthur AL, Yang SZ, Abellaneda AM, Wildonger J: Dendrite arborization requires the dynein
cofactor NudE. J Cell Sci 2015, 128:2191-2201. [PubMed: 25908857]

Franker MA, Esteves da Silva M, Tas RP, Tortosa E, Cao Y, Frias CP, Janssen AFJ, Wulf PS,
Kapitein LC, Hoogenraad CC: Three-Step Model for Polarized Sorting of KIF17 into Dendrites.
Curr Biol 2016, 26:1705-1712. [PubMed: 27265394]

Gumy LF, Katrukha EA, Grigoriev I, Jaarsma D, Kapitein LC, Akhmanova A, Hoogenraad CC:
MAP?2 Defines a Pre-axonal Filtering Zone to Regulate KIF1- versus KIF5-Dependent Cargo
Transport in Sensory Neurons. Neuron 2017, 94:347-362 e347. [PubMed: 28426968]

Lim A, Rechtsteiner A, Saxton WM: Two kinesins drive anterograde neuropeptide transport. Mol
Biol Cell 2017, 28:3542-3553. [PubMed: 28904207]

Yogev S, Cooper R, Fetter R, Horowitz M, Shen K: Microtubule Organization Determines Axonal
Transport Dynamics. Neuron 2016, 92:449-460. [PubMed: 27764672] **This study develops a
light microscopy- based approach to quantify microtubule length, organization, and density in
worm neurons. This enables microtubule track information to be directly correlated with live-
imaging in vivo, a powerful approach for probing the relationship between microtubules, transport,
and neuronal function.

Kurup N, Yan D, Goncharov A, Jin Y: Dynamic microtubules drive circuit rewiring in the absence
of neurite remodeling. Curr Biol 2015, 25:1594-1605. [PubMed: 26051896]

Atherton J, Stouffer M, Francis F, Moores CA: Microtubule architecture in vitro and in cells
revealed by cryo-electron tomography. Acta Crystallogr D Struct Biol 2018, 74:572-584.
[PubMed: 29872007]

Curr Opin Neurobiol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kelliher et al.

Page 12

Highlights
. Regulation of non-centrosomal microtubule organization in neurons
. Role of resilient acetylated microtubules in mechanosensation
. Patterning microtubule tracks to deliver cargo to the right place at the right

time
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Figure 1. Microtubules carry out diverse roles within neurons.
Microtubules within axons and dendrites are distinctly organized. Axonal microtubules are

uniformly oriented with their plus-ends positioned distal, or away from the cell body.
Microtubules in the dendrites of invertebrate neurons are largely oriented with their plus-
ends toward the cell body whereas microtubules in vertebrate dendrites typically have a
mixed polarity. (B) a TAT1 acetylates a-tubulin at lysine 40, which is located within the
microtubule lumen. Acetylated microtubules regulate mechanotransduction mediated by
transmembrane channels, such as NOMPC, by tuning cell membrane stiffness and
stabilizing microtubules. (C) Microtubules serve as the roads for plus-end-directed kinesin
family members (top) and the minus-end-directed dynein motor complex (bottom).
Transport into dendrites is controlled by microtubule organization, PTMs, and MAPS. In
hippocampal neurons, microtubules of the same polarity are bundled together and marked by
distinct post-translational modifications (tyrosination, acetylation). DCLK1 promotes the
motility of kinesin-3 motors into dendrites along bundles of tyrosinated microtubules. Septin
9 selectively enhances kinesin-3 motility while preventing kinesin-1 from walking into
dendrites. Instead, dendrite-localized kinesin-1 returns to the cell body along distinct tracks
of acetylated microtubules. (D) BDNF stimulates microtubules to transiently grow into
dendritic spines where they provide the tracks for the delivery of SytlV vesicles by kinesin-3
motors. BDNF likewise triggers the transport of TrkB vesicles by kinesin-4, a motor that
also regulates microtubule plus-end dynamics. (E) MAP2 in the proximal axon blocks
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kinesin-1-mediated transport of DCVs and thus selects for DCVs carried by both kinesin-1
and kinesin-3, which coordinately transport DCVs to the axon terminal. The dynein cofactor
Ndell is anchored in the proximal axon where it “‘catches’ dendritic cargoes, such as the
transferrin receptor (TfR), and primes their transport by dynein into dendrites.
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