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Abstract

In neurons, control of microtubule dynamics is required for
multiple homeostatic and regulated activities. Over the past
few decades, a great deal has been learned about the role of
the microtubule cytoskeleton in axonal and dendritic transport,
with a broad impact on neuronal health and disease. However,
significantly less attention has been paid to the importance of
microtubule dynamics in directly regulating synaptic function.
Here, we review emerging literature demonstrating that mi-
crotubules enter synapses and control central aspects of
synaptic activity, including neurotransmitter release and syn-
aptic plasticity. The pleiotropic effects caused by a dysfunc-
tional synaptic microtubule cytoskeleton may thus represent a
key point of vulnerability for neurons and a primary driver of
neurological disease.
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Introduction
Synaptic transmission and plasticity play crucial roles
during development and neuronal circuit remodeling, as
well as in many neurodegenerative diseases. Although it
is widely accepted that the neuronal cytoskeleton un-
derlies the maintenance and plasticity of synaptic con-
nections, most work has focused on the function and
regulation of actin in dendritic spines. Remarkably, the
localization of microtubules at synapses has only

recently become widely accepted after decades of
www.sciencedirect.com
controversy, and the functional roles of synaptic micro-
tubules have just begun to emerge.

Neurons uniquely possess acentrosomal microtubules
composed of the polarized head-to-tail addition of a-
and b-tubulin heterodimers, arranged laterally to form a
hollow tube (Figure 1a). The polarity of the a/b tubulin
heterodimer gives the microtubule an intrinsic polarity
with a plus (b tubulin) and a minus (a tubulin) end.
However, while microtubule plus ends are uniformly
oriented toward the distal tip of axons, microtubules are
arranged with mixed polarity in dendrites [1,2]. Dy-

namic microtubules differ from stable microtubules in
their ability to undergo stochastic transitions from
depolymerization to polymerization and vice versa, a
process termed dynamic instability [3,4]. While a cap of
more stable GTP-tubulin at plus ends maintains the
microtubule in a growth state, loss of the cap exposes
the less stable GDP-tubulin core, resulting in polymer
disassembly. In cells, microtubule dynamic properties
can be further modulated by tubulin isoform diversity,
microtubule-dependent motors of the dynein and
kinesin families, microtubule-associated proteins

(MAPs), and tubulin post-translational modifications
(PTMs). Tubulin PTMs preferentially accumulate on
stable microtubules and except for a-tubulin acetyla-
tion, which takes place in the luminal side of microtu-
bules [5], all other modifications occur on the exposed
carboxyl-terminal tails of a- or b-tubulin subunits
(Figure 1b). The combinatorial nature of these covalent
modifications gives rise to a ‘tubulin code’ that regulates
a variety of neuronal functions [6e10]. Both dynamic
microtubule end binding proteins and tubulin PTMs on
stable microtubules control the binding of microtubules

to motors, microtubule severing enzymes, and MAPs
[6,10e18], and these events regulate vesicle, organelle,
RNA, and multiprotein complex flux into and out of
synapses [19].

Despite compelling recent evidence for microtubule
regulation of synaptic function, it is still unknown
whether and how alterations in microtubule dynamics
and/or tubulin PTMs at synapses precipitate the in-
duction of neurological disease. In this review, we will
summarize the evidence supporting key roles for syn-

aptic microtubules in regulating neurotransmitter
release and synaptic plasticity at glutamatergic synap-
ses, and briefly discuss a few examples of how a
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Figure 1

Microtubules are dynamic polymers that can be modified post-translationally. (a) Neurons contain acentrosomal microtubules composed of the
regulated addition of a- and b-tubulin heterodimers arranged in a head-to-tail fashion, giving rise to a polarized polymer with a plus (b-tubulin) and a minus
end (a-tubulin). Microtubule plus ends are uniformly oriented toward the distal end of axons, while microtubules are arranged with mixed polarity in
dendrites. Microtubules undergo dynamic instability, the property of switching between growing (polymerizing) and shrinking (depolymerizing) states.
Dynamic instability is defined by the combination of four parameters: the rates of growth and shrinkage and the frequency of the transitions between these
two states, known as catastrophe (polymerization to depolymerization) and rescue (depolymerization to polymerization). (b) When stabilized, dynamic
microtubules are substrates of numerous post-translational modifications to their a- and b-tubulin subunits, preferentially on C-terminal residues exposed
to the surface of the microtubule lattice. The combinatorial nature of these modifications gives rise to a ‘tubulin code,’ an incompletely understood
collection of molecular rules regulating the affinity of microtubule-binding proteins and microtubule turn-over. The location and variety of tubulin post-
translational modifications (de-tyrosination, D2/D3, acetylation, polyamination, phosphorylation, polyglutamylation, polyglycylation) on a- and b-tubulin are
shown.
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dysfunctional synaptic microtubule cytoskeleton may
drive neurological disease.
Neurotransmitter release
The role of microtubules in mammalian presynaptic
terminals has remained unexplored until very recently
(Figure 2). F.O. Schmitt in 1968 [20] was the first to
suggest that synaptic vesicles (SVs) are translocated to
sites of release by microtubules, and D.S. Smith later
showed that clusters of SVs are closely associated with
microtubules near presynaptic terminals in cyclostome
larvae [21,22]. In agreement with these findings,
tubulin was observed in subcellular fractions from nerve

endings and in association with the presynaptic mem-
brane [23e25]. It was not until the advancement of
various electron microscopy (EM) fixation techniques,
however, that E.G. Gray reported the existence of
different subsets of microtubules at presynaptic boutons
in rat cortex and cerebellum. By pretreating with albu-
min before fixation, Gray serendipitously preserved
Figure 2

Microtubule functions in neurotransmitter release. (a) In terminals from hi
retinal bipolar neurons, presynaptic microtubules are rate limiting for high-frequ
synaptic vesicles from the reserve pool. Presynaptic microtubules also facilita
stable peripheral bundles or maintaining mitochondrion-associated adherens c
contains bundled loops of microtubules held in proximity of the AZ by MAP fu
crotubules regulated by formin activity. These microtubules may provide the t
recycling of clathrin-coated endosomes (CCE) into and out of the synaptic term
tubulin- and augmin-dependent de novo nucleation of dynamic microtubules,
augmin coordinates the uniform, plus-end directed growth toward the distal a
neuronal activity and regulates neurotransmission by providing the tracks for

www.sciencedirect.com
labile microtubule structures and was able to detect a
system of SV-associated microtubules attached to the
active zone (AZ) of the presynaptic membrane [26e33].
These early observations indicated that microtubules
participated in the translocation of SVs and the forma-
tion and maintenance of the AZ [34]. EM analysis of
synaptosome fractions from adult rat cerebral and
cerebellar cortex revealed another subset of coiled mi-

crotubules that were not in close association with SVs or
the AZ [32], suggesting a different function. Indeed,
microtubules had been observed to surround mito-
chondria in synaptosomes and intact terminals isolated
from the cortex [35], and findings in goldfish retinal
bipolar neurons and giant calyceal terminals of Held
confirmed a function for these presynaptic microtubules
in mitochondrial anchoring. While in retinal bipolar
neurons a band of stable and post-translationally modi-
fied microtubules plays a role in mitochondrial organi-
zation [36], in the Calyx of Held presynaptic

microtubules facilitate the anchoring of mitochondria to
ghly active and graded synapses such as those at the Calyx of Held and
ency neurotransmission, serving to replenish the readily releasable pool of
te mitochondria organization and anchoring to the membrane by forming
omplex (MAC) superstructures. (b) The Drosophila neuromuscular junction
tsch/MAP1B, as well as pioneer microtubules, a subset of dynamic mi-
racks for kinesin-mediated delivery of SVs and dynein/BicD-mediated
inal. (c) Mammalian glutamatergic en passant boutons are hotspots for g-
labeled by the +TIP EB3. Here, g-tubulin regulates nucleation density and
xon. The nucleation of dynamic microtubules at boutons is stimulated by
interbouton delivery of rate-limiting synaptic vesicles to sites of release.
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the plasma membrane via the mitochondrion-associated
adherens complex superstructure [37]. Both retinal bi-
polar neurons and calyceal terminals are specialized
glutamatergic synapses that must communicate sus-
tained and graded signals, suggesting that in these
highly active synapses, microtubules perform an essen-
tial role in maintaining the synaptic energy supply by
ensuring close proximity between the source of ATP and

the SV cycling machinery.

After Grey’s pioneering EM studies, the characteriza-
tion of microtubules at mammalian presynaptic boutons
stalled for decades, likely limited by the visualization of
small mammalian cortical and hippocampal boutons
using conventional light microscopy. Until recently, the
glutamatergic Drosophila larval neuromuscular junction
(NMJ) [38] was the model of choice, offering large
presynaptic terminals that could be easily observed in an
organism amenable to genetic manipulation. Early

studies reported that a small proportion of these NMJ
terminals contained bundled loops of microtubules
identified by the MAP1B-like protein Futsch, and these
microtubule bundles marked future sites of bouton
bifurcation and synaptic growth [38e40]. Futsch
appeared to link presynaptic microtubules and the AZ,
and post-PTMs of Futsch regulated microtubule dy-
namics at these boutons [40e42]. In addition to this
subset of stable microtubules, a population of dynamic
microtubules was also observed. Defects in the ability of
this dynamic population to invade presynaptic boutons

affected synaptic growth in fly mutants of Diaphanous, a
member of the formin family [43]. Although the role of
these presynaptic microtubules remains unclear, they
may provide the tracks for kinesin and dynein/BicD-
mediated SV recycling [44]. Interestingly, the protein
encoded by Diaphanous also nucleates unbranched actin
filaments, and its functional mammalian homolog mDia
regulates both actin and microtubule dynamics in non-
neuronal and neuronal cells [45,46]. Furthermore,
growing evidence supports the notion that formin-
dependent actin polymerization modulates SV endocy-
tosis, synaptic recycling, and presynaptic remodeling in

mammalian and Drosophila synapses [47e51], suggest-
ing that formin-mediated coordination of presynaptic
microtubule and actin dynamics represents a conserved
function.

Recent studies on giant calyceal terminals and en passant
boutons in mammalian neurons have begun to shed light
on the function of microtubules in SV cycling. Live
imaging analysis of large calyceal boutons revealed that
microtubules are inserted into presynaptic terminals
and regulate the transport of SVs between terminal

swellings [52]. Furthermore, while disturbances in F-
actin polymerization affected the fast-recycling of SVs,
microtubule depolymerization mostly disrupted SV
slow-recycling. These data suggest that at these large
synapses, presynaptic microtubules are rate limiting for
Current Opinion in Neurobiology 2021, 69:113–123
high-frequency neurotransmission by replenishing the
readily releasable pool of SVs from the reserve pool [53].
In agreement with these findings, Guedes-Dias et al.
recently reported that in cultured hippocampal neurons,
dynamic microtubules are enriched at en passant boutons
and allow for the targeted delivery and unloading of SV
precursors by the kinesin-3 motor KIF1A [54]. These
observations were confirmed and extended by a parallel

study demonstrating that excitatory en passant boutons
are hotspots for g-tubulin- and augmin-dependent de
novo microtubule nucleation, with g-tubulin regulating
the nucleation density, and augmin directing the uni-
form, plus-end directed growth toward the distal end of
the axon [55]. Notably, de novo nucleation of dynamic
microtubules at boutons was conserved in an intact
circuit, stimulated by neuronal activity, and regulatory
for neurotransmission by providing the tracks for targe-
ted bidirectional interbouton delivery of a rate-limiting
supply of SVs to sites of stimulated release.

In addition to their postulated function in mitochondria
anchoring at active sites of release, evidence suggests
that dynamic microtubules may be directly regulating
Ca2þ handling at terminals through the interaction of
EB1/3 to the endoplasmic reticulum (ER)-Ca2þ sensor,
stromal interacting molecule 1 and 2 (STIM1/2) [56e
58]. Store-operated Ca2þ entry (SOCE) is a ubiqui-
tous mechanism that allows ER/Ca2þ store refill from
the extracellular space and is mediated by the ER Ca2þ
sensors STIM1/2 and the plasma membrane (PM) Ca2þ
channel Orai1 [59]. EB1 binding to STIM1 is regulated
during ER Ca2þ store depletion and inhibits STIM1
translocation to ERePM junctions and Orai1 recruit-
ment [60,61], revealing an unexpected role of dynamic
microtubules in preventing Ca2þ overload. Indeed,
in vivo microtubule stabilization in motor neurons
inhibited SOCE and reduced ER Ca2þ content [62] and
STIM1 association with EB1/3 was critical for ER
remodeling and spatial localization of Ca2þ signals in
growth cones [63]. Interestingly, STIM1 has also been
implicated in the regulation of voltage-gated Ca2þ
channels [64e66] and activation of STIM1 at presyn-

aptic terminals by ER Ca2þ store depletion inhibited
presynaptic Ca2þ influx and SVexocytosis [67]. The role
of dynamic microtubules in the modulation of this pro-
cess through STIM1 binding is unknown.
Plasticity
As the major sites of excitatory synaptic input, dendritic
spines have a critical role in signal reception and
processing. Their ability to undergo rapid structural and
functional changes in response to different patterns of
input also makes them the primary encoders of synaptic
plasticity. Similar to the situation in presynaptic
boutons, our understanding of the role of microtubules
in dendritic spines has evolved with the tools for
microtubule visualization. Early EM studies observed
www.sciencedirect.com
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microtubules most prominently in spine stalks [68,69],
but occasionally also associated with the postsynaptic
density in spine heads [70,71]. Biochemical purification
studies correspondingly indicated that tubulin was a
component of postsynaptic junctions [72e76] and re-
ported interactions between microtubules and the PSD
scaffold proteins PSD-93 and PSD-95 [77e79]. These
studies indicated that microtubules were static ele-

ments of spines required for maintaining their structural
integrity. In contrast, similar imaging analyses indicated
that actin, the other major cytoskeletal component of
spines, was essential for their morphological plasticity
[80e83]. This view only changed with the use of
microtubule plus-end binding proteins such as EB3 to
visualize growing microtubules in neurons [84]
(Figure 3). By capturing microtubule polymerization,
EB3 imaging revealed that dendritic microtubules were
in fact highly dynamic, occasionally invading spines and
altering their morphology [85e87]. Microtubule inva-

sion of spines depended on F-actin and actin-binding
proteins such as drebrin, cortactin, and the nucleator
ARP2/3 complex [87e89], suggesting a role for F-actin
in capturing growing microtubule plus-end binding
proteins (þTIPs), such as EB3, at recently activated
spines. Indeed, spine targeting by dynamic microtu-
bules was promoted by NMDA receptor activation and
Ca2þ influx, with chemical or tetanus-induced long-
term potentiation (LTP) significantly increasing spine
invasion [88,90,91]. Not only were microtubule dy-
namics essential for BDNF- and activity-induced spine

and PSD enlargement [85,86,90,92], but inhibition of
microtubule polymerization with nocodazole further
impaired hippocampal LTP [87,93], demonstrating a
Figure 3

Microtubule functions in synaptic plasticity. Dynamic dendritic micro-
tubules can invade dendritic spines, a process promoted by NMDAR
activation, Ca2+ influx, and actin polymerization, and mediated by the
neuron-specific F-actin binding proteins drebrin and cortactin. Invasion of
dynamic microtubules into spines regulates spine structural plasticity, by
mediating delivery of cargoes such as synaptotagmin-4 and AMPARs, as
well as the synaptic localization and delivery of the Ca2+ sensor and ER-
resident protein STIM2.

www.sciencedirect.com
critical role for dynamic microtubules in synaptic plas-
ticity and the accompanying transitions in spine
morphology.

Changes in the stability of the microtubule network at
synapses have been linked to hippocampal learning and
memory in a study showing that synaptic microtubules
are not modified and presumably highly dynamic in the

early phase (15e60 min) after contextual fear condi-
tioning of mice (a paradigm that requires hippocampal
learning), but exhibit increased tubulin detyrosination
and presumably are more stable in the late phase (after
8 h) [94,95]. Importantly, pharmacological suppression of
either of these two microtubule transitions completely
inhibited memory formation. These biphasic shifts
required the microtubule destabilizing phosphoprotein
stathmin, whose binding to microtubules increases in the
early phase of learning and decreases in the late phase,
leading to microtubule hyperstability [94,95]. Although it

is unclear whether these stathmin-induced changes
impact microtubule dynamics within spines, the study
suggests an important role for microtubule dynamic
instability in synaptic plasticity underlying learning and
memory. Accordingly, defects in memory and learning
were associated with inhibited microtubule dynamics in
KIF21B KO mice [96]. However, the mechanisms by
which dynamic microtubules facilitate plasticity remain
poorly understood.

A series of recent studies indicate important functions

for dynamic microtubules in cargo and organelle de-
livery into spines, facilitating protein turnover as well
as changes in spine size, stability, and plasticity. For
instance, endosomes containing AMPA-type glutamate
receptors (AMPARs), instrumental for excitatory syn-
aptic transmission and plasticity, required dynamic
microtubules for their transport along dendritic shafts
and into spines [97]. Indeed, the entry of AMPARs into
spines was observed to coincide with microtubule in-
vasion [97], indicating that microtubule polymeriza-
tion may propel AMPARs into spine heads.
Syntaptotagmin-4 (syt-4)-containing vesicles are also

transported by polymerizing microtubules into spine
heads, where they subsequently undergo exocytosis
[98]. Interestingly, syt-4 trafficking was dependent on
synaptic activity and the kinesin KIF1A, whose
knockdown promoted dysregulated exocytosis of syt-4
vesicles along dendritic spines and shafts [98]. These
findings indicate that kinesins such as KIF1A can
restrict vesicle fusion to specific sites like spine heads,
by sequestering their cargo along spine-invading mi-
crotubules. In hippocampal neurons, syt-4 localized to
dense core vesicles [99] and negatively regulated

BDNF release and LTP [100], indicating its important
role in synaptic plasticity. Intriguingly, a recent study
reports that local synaptic activity caused c-Jun
N-terminal kinaseemediated phosphorylation of syt-4,
disrupting its interaction with KIF1A and
Current Opinion in Neurobiology 2021, 69:113–123
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microtubules, and thereby promoting dense core
vesicle capture at active synapses [99]. This pathway
may serve as a mechanism to prevent excessive BDNF
release and synaptic strengthening. It is likely that
dynamic microtubule-mediated transport of other
synaptotagmins, many of which mediate Ca2þ-trig-
gered vesicle exocytosis [101], as well as glutamate
receptors (e.g. NMDARs and mGluRs) also contribute

to the maintenance and plasticity of excitatory
synapses.

In addition to AMPARs and syt-4, other transmembrane
cargoes of dynamic microtubules include STIM family
of ER Ca2þ sensors [56e58] and this interaction was
shown to regulate ER tubule elongation and spine
morphology and stability in hippocampal neurons [102].
Given STIM2’s role as a regulator of store-operated
Ca2þ entry [103] and its links to synaptic plasticity
[104] and spine loss in neurodegenerative disease

[105e107], STIM2 transport into spines by dynamic
microtubules appears to be critical for maintaining
neuronal communication and health. Dynamic micro-
tubules may also mediate the selective delivery of spine
targeting MAPs and organelles into active spines [108e
110]. For instance, as with syt-4 vesicles, lysosome entry
is regulated by microtubule polymerization and local
synaptic activity [110]. Moreover, lysosomes were found
to colocalize with internalized AMPARs in a subset of
spines [110], suggesting that they are precisely posi-
tioned to mediate the degradation of AMPARs and other

recently internalized membrane proteins. This activity-
dependent coupling of lysosome entry into spines with
AMPAR internalization may facilitate long-term
depression, implicating spine-invading dynamic micro-
tubules in mechanisms for decreasing as well as
increasing synaptic strength.
Neurological disease
Given the critical roles of microtubules in synaptic
transmission and plasticity, it is not surprising that al-
terations in microtubule dynamics are associated with
neurodevelopmental and neurodegenerative diseases
characterized by synaptic dysfunction. For instance,
increased microtubule stability is observed in a mouse
model of fragile X syndrome, a genetic disorder and form
of intellectual disability caused by silencing of the
FMR1 gene encoding the RNA-binding protein FMRP

(fragile X mental retardation protein) [111]. Microtu-
bule hyperstability in Fmr1 knockout animals is linked
to de-repression of the microtubule-stabilizing protein
MAP1B, one of the many neuronal and synaptic proteins
whose translation is regulated by FMRP [112e114].
Pathogenic mutations in another protein important for
dynamic microtubule dis/assembly, tubulin-specific
chaperone D (TBCD), are associated with autism, epi-
lepsy, and early-onset encephalopathy [115]. Although it
is not known whether synaptic microtubules are
Current Opinion in Neurobiology 2021, 69:113–123
affected by TBCD mutations, these genetic findings
directly link loss of microtubule dynamics both to syn-
aptic dysfunction and neurodevelopmental disease. Al-
terations in microtubule stability and spine loss are also
notoriously associated with Alzheimer’s disease (AD). A
key pathogenic event in AD is hyperphosphorylation of
the MAP Tau, leading to its dissociation from microtu-
bules. Loss of Tau binding reduces the labile domain of

microtubules [116], likely affecting plasticity by
reducing the number of dynamic microtubules available
to invade synapses. Exposure of hippocampal neurons to
oligomeric Ab, mimicking conditions in the AD brain,
also promotes microtubule stabilization upstream of Ab-
and Tau-dependent spine and synapse loss [46]. Given
the many synaptic roles of dynamic microtubules, these
findings suggest that hyperstabilization of dynamic mi-
crotubules engaged in synaptic functions may be a key
precipitating factor at the earliest stages of AD
pathology.
Concluding remarks
Within the last 10 years, great strides have been made in
revealing multiple functions of microtubules in both the
pre- and postsynaptic compartments, yet a slew of
questions remain. For instance, it is not known whether
microtubule nucleation can occur on demand within
spines, as has been shown within presynaptic terminals
[55]. How presynaptic microtubule nucleation is regu-
lated by synaptic activity and why specific boutons
activate microtubule nucleation on neuronal firing re-

mains to be established. Also unknown is whether pre-
synaptic microtubule nucleation is conserved at other
synapse types, an issue that may be of relevance for
dopaminergic and cholinergic synapses that exhibit
‘volume neurotransmission’ through the extrasynaptic
space that reaches multiple targets. Whether dynamic
microtubules control the activity-dependent recruit-
ment of other organelles, MAPs, RNA granules, and ri-
bosomes to synapses also remains to be determined.
Finally, how microtubule and actin dynamics are coor-
dinated at synaptic contacts to regulate neurotrans-

mitter release and plasticity is still poorly understood.
Spatiotemporally restrictedmanipulation ofmicrotubule
dynamics using caged microtubule drugs [117], photo-
switchable compounds [118,119], or chromophore-
assisted laser inactivation will be required for func-
tional studies aimed at dissecting the primary from sec-
ondary consequences of microtubule perturbation at
synapses.

Microtubule dynamics, stability, and tubulin PTMs have
been implicated in many neurodegenerative diseases,

and synapse loss is often the best correlate of their
clinical severity. Untangling the mechanisms of synap-
totoxicity at a prodromal stage of disease is a critical
challenge for developing effective therapeutics
and preventive measures. Whether perturbation of
www.sciencedirect.com
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microtubule dynamics at synapses directly triggers their
dysfunction and/or loss remains an open question and an
exciting new area of investigation.
Author contributions
All authors have contributed to the design, literature
research, writing, and editing of the review article. We
apologize to all the contributors whose work has not
been cited in this review because of space limitations.
Conflict of interest statement
Nothing declared.

Acknowledgements
This work was supported by N.I.H. grants RO1AG050658 (NIH/NIA) and
R21NS120076 (NIH/NINDS) to FB and RF1AG069941 (NIH/NIA) and
R01NS080967 (NIH/NINDS) to CW.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. Kapitein LC, Hoogenraad CC: Building the neuronal microtu-
bule cytoskeleton. Neuron 2015, 87:492–506.

2. Rao AN, Baas PW: Polarity sorting of microtubules in the
axon. Trends Neurosci 2018, 41:77–88.

3. Mitchison T, Kirschner M: Dynamic instability of microtubule
growth. Nature 1984, 312:237–242.

4. Kirschner MW, Mitchison T: Microtubule dynamics. Nature
1986, 324:621.

5. Janke C, Montagnac G: Causes and consequences of micro-
tubule acetylation. Curr Biol 2017, 27:R1287–R1292.

6. Janke C, Kneussel M: Tubulin post-translational modifica-
tions: encoding functions on the neuronal microtubule
cytoskeleton. Trends Neurosci 2010, 33:362–372.

7. Magiera MM, Singh P, Gadadhar S, Janke C: Tubulin post-
translational modifications and emerging links to human
disease. Cell 2018, 173:1323–1327.

8. Roll-Mecak A: The tubulin code in microtubule dynamics and
information encoding. Dev Cell 2020, 54:7–20.

9. Bodakuntla S, Magiera MM, Janke C: Measuring the impact of
tubulin posttranslational modifications on axonal transport.
Methods Mol Biol 2020, 2101:353–370.

10. Janke C, Magiera MM: The tubulin code and its role in con-
trolling microtubule properties and functions. Nat Rev Mol
Cell Biol 2020, 21:307–326.

11. Janke C, Bulinski JC: Post-translational regulation of the
microtubule cytoskeleton: mechanisms and functions. Nat
Rev Mol Cell Biol 2011, 12:773–786.

12. Lacroix B, van Dijk J, Gold ND, Guizetti J, Aldrian-Herrada G,
Rogowski K, Gerlich DW, Janke C: Tubulin polyglutamylation
stimulates spastin-mediated microtubule severing. J Cell Biol
2010, 189:945–954.

13. Valenstein ML, Roll-Mecak A: Graded control of microtubule
severing by tubulin glutamylation. Cell 2016, 164:911–921.

14
*
. Peris L, Thery M, Faure J, Saoudi Y, Lafanechere L, Chilton JK,

Gordon-Weeks P, Galjart N, Bornens M, Wordeman L, et al.:
Tubulin tyrosination is a major factor affecting the recruit-
ment of CAP-Gly proteins at microtubule plus ends. J Cell Biol
2006, 174:839–849.
www.sciencedirect.com
This study finds that tubulin tyrosination is important for proper locali-
zation of +TIPs such as CLIP-170, CLIP-115, or p150 Glued, which
comprise at least one cytoskeleton-associated protein glycine-rich
(CAP-Gly) microtubule binding motif.

15
*
. Sirajuddin M, Rice LM, Vale RD: Regulation of microtubule

motors by tubulin isotypes and post-translational modifica-
tions. Nat Cell Biol 2014, 16:335–344.

In this study, they show that carboxyl terminal tails (CCT) of a and b
tubulin can regulate motor proteins in distinct ways. For example,
kinesin-1 and dynein motility are regulated primarily by the b–CTT,
while kinesin-2 and kinesin-13 show more complex regulation involving
both the CTTs.

16
*
. 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.

In this study the authors reveal a strong effect of the C-terminal a-
tubulin tyrosine on dynein–dynactin motility and suggest that the
tubulin tyrosination cycle could modulate the initiation of dynein-driven
motility in cells.

17
*
. 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.

This report shows that CLIP-170 phosphorylation regulates transport
initiation in vitro and in neurons and that a-Tubulin tyrosination en-
hances the efficiency of cargo binding to microtubules. Dynactin on
neuronal vesicles mediates binding to CLIP-170 and tyrosinated a-
tubulin. These data are compatible with a model by which transport
initiation in neurons fits a regulated diffusive search-and-capture
model.

18. Balabanian L, Berger CL, Hendricks AG: Acetylated microtu-
bules are preferentially bundled leading to enhanced kinesin-
1 motility. Biophys J 2017, 113:1551–1560.

19. Guedes-Dias P, Holzbaur ELF: Axonal transport: driving syn-
aptic function. Science 2019:366.

20. Schmitt FO: Fibrous proteins–neuronal organelles. Proc Natl
Acad Sci U S A 1968, 60:1092–1101.

21. Smith DS, Jarlfors U, Beranek R: The organization of synaptic
axcplasm in the lamprey (petromyzon marinus) central ner-
vous system. J Cell Biol 1970, 46:199–219.

22. Smith DS: On the significance of cross-bridges between mi-
crotubules and synaptic vesicles. Philos Trans R Soc Lond B
Biol Sci 1971, 261:395–405.

23. Feit H, Barondes SH: Colchicine-binding activity in particulate
fractions of mouse brain. J Neurochem 1970, 17:1355–1364.

24. Feit H, Dutton GR, Barondes SH, Shelanski ML: Microtubule
protein. Identification in and transport to nerve endings.
J Cell Biol 1971, 51:138–147.

25. Lagnado JR, Lyons C, Wickremasinghe G: The subcellular
distribution of colchicine-binding protein (‘microtubule pro-
tein’) in rat brain. FEBS Lett 1971, 15:254–258.

26. Gray EG: Axo-somatic and axo-dendritic synapses of the
cerebral cortex: an electron microscope study. J Anat 1959,
93:420–433.

27
*
. Gray EG: Presynaptic microtubules and their association

with synaptic vesicles. Proc R Soc Lond B Biol Sci 1975, 190:
367–372.

Similar to the findings of Smith (1970 and 1971), in this paper EG Gray
shows that thanks to a pretreatment with albumin, synaptic vesicles
can be observed by EM in association with microtubules approaching
the presynaptic membrane that borders the synaptic cleft in presy-
napses from rat cerebral and cerebellar cortices and frog forebrain.

28. Gray EG: Problems of understanding the substructure of
synapses. Prog Brain Res 1976, 45:207–234.

29. Gray EG: Synaptic vesicles and microtubules in frog motor
endplates. Proc R Soc Lond B Biol Sci 1978, 203:219–227.

30. Gray EG, Westrum LE: Marginal bundles of axoplasmic mi-
crotubules at nodes of ranvier within muscle. Cell Tissue Res
1979, 199:281–288.
Current Opinion in Neurobiology 2021, 69:113–123

http://refhub.elsevier.com/S0959-4388(21)00023-4/sref1
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref1
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref2
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref2
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref3
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref3
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref4
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref4
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref5
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref5
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref6
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref6
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref6
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref7
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref7
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref7
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref8
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref8
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref9
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref9
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref9
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref10
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref10
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref10
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref11
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref11
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref11
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref12
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref12
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref12
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref12
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref13
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref13
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref14
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref14
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref14
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref14
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref14
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref15
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref15
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref15
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref16
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref16
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref16
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref17
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref17
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref17
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref17
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref18
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref18
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref18
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref19
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref19
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref20
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref20
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref21
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref21
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref21
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref22
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref22
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref22
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref23
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref23
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref24
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref24
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref24
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref25
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref25
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref25
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref26
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref26
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref26
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref27
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref27
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref27
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref28
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref28
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref29
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref29
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref30
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref30
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref30
www.sciencedirect.com/science/journal/09594388


120 Molecular Neuroscience
31. Westrum LE, Gray EG: Microtubules and membrane speciali-
zations. Brain Res 1976, 105:547–550.

32. Gray EG, Burgoyne RD, Westrum LE, Cumming R, Barron J: The
enigma of microtubule coils in brain synaptosomes. Proc R
Soc Lond B Biol Sci 1982, 216:385–396.

33. Gray EG, Westrum LE, Burgoyne RD, Barron J: Synaptic
organisation and neuron microtubule distribution. Cell Tissue
Res 1982, 226:579–588.

34. Westrum LE, Gray EG, Burgoyne RD, Barron J: Synaptic
development and microtubule organization. Cell Tissue Res
1983, 231:93–102.

35
*
. Chan KY, Bunt AH: An association between mitochondria and

microtubules in synaptosomes and axon terminals of cere-
bral cortex. J Neurocytol 1978, 7:137–143.

36
*
. Graffe M, Zenisek D, Taraska JW: A marginal band of micro-

tubules transports and organizes mitochondria in retinal bi-
polar synaptic terminals. J Gen Physiol 2015, 146:109–117.

This study reports the discovery of a thick band of microtubules that
emerged from the axon to loop around the terminal periphery
throughout the presynaptic space in the giant synaptic terminals of a
set of bipolar cells in the retina of goldfish. This microtubule structure
associates with a population of mitochondria and drugs that inhibit
microtubule-based kinesin motors lead to accumulation of mitochon-
dria in the axon.

37. Perkins GA, Tjong J, Brown JM, Poquiz PH, Scott RT, Kolson DR,
Ellisman MH, Spirou GA: The micro-architecture of mito-
chondria at active zones: electron tomography reveals novel
anchoring scaffolds and cristae structured for high-rate
metabolism. J Neurosci 2010, 30:1015–1026.

38. Ruiz-Canada C, Budnik V: Synaptic cytoskeleton at
the neuromuscular junction. Int Rev Neurobiol 2006, 75:
217–236.

39
*
. Roos J, Hummel T, Ng N, Klambt C, Davis GW: Drosophila

Futsch regulates synaptic microtubule organization and is
necessary for synaptic growth. Neuron 2000, 26:371–382.

This study shows that Futsch, a protein with MAP1B homology, con-
trols synaptic growth at the Drosophila NMJ through direct association
with microtubule loops of synaptic boutons. Genetic analysis indicates
that Futsch is necessary for presynaptic microtubule loop architecture
and deficits due to mutated Fustch can be partially rescued by
neuronal overexpression of a futsch MAP1B homology domain.

40
*
. Ruiz-Canada C, Ashley J, Moeckel-Cole S, Drier E, Yin J,

Budnik V: New synaptic bouton formation is disrupted by
misregulation of microtubule stability in aPKC mutants.
Neuron 2004, 42:567–580.

41. Franco B, Bogdanik L, Bobinnec Y, Debec A, Bockaert J,
Parmentier ML, Grau Y: Shaggy, the homolog of glycogen
synthase kinase 3, controls neuromuscular junction growth
in Drosophila. J Neurosci 2004, 24:6573–6577.

42. Lepicard S, Franco B, de Bock F, Parmentier ML: A presynaptic
role of microtubule-associated protein 1/Futsch in
Drosophila: regulation of active zone number and neuro-
transmitter release. J Neurosci 2014, 34:6759–6771.

43
*
. Pawson C, Eaton BA, Davis GW: Formin-dependent synaptic

growth: evidence that Dlar signals via diaphanous to modu-
late synaptic actin and dynamic pioneer microtubules.
J Neurosci 2008, 28:11111–11123.

This study demonstrates that Diaphanous mutations perturb synaptic
growth at the NMJ by keeping a normal presynaptic cytoskelton. It also
reveals a population of dynamic pioneer microtubules within the NMJ
that are distinct from the bundled core of microtubules identified by the
MAP1B-like protein Futsch. Defects in both synaptic actin and dynamic
pioneer microtubules are correlated with impaired synaptic growth in
dia mutants.

44. Li X, Kuromi H, Briggs L, Green DB, Rocha JJ, Sweeney ST,
Bullock SL: Bicaudal-D binds clathrin heavy chain to promote
its transport and augments synaptic vesicle recycling. EMBO
J 2010, 29:992–1006.

45. Bartolini F, Moseley JB, Schmoranzer J, Cassimeris L, Goode BL,
Gundersen GG: The formin mDia2 stabilizes microtubules
independently of its actin nucleation activity. J Cell Biol 2008,
181:523–536.
Current Opinion in Neurobiology 2021, 69:113–123
46. Qu X, Yuan FN, Corona C, Pasini S, Pero ME, Gundersen GG,
Shelanski ML, Bartolini F: Stabilization of dynamic microtu-
bules by mDia1 drives Tau-dependent Abeta1-42 synapto-
toxicity. J Cell Biol 2017, 216:3161–3178.

47. Ganguly A, Tang Y, Wang L, Ladt K, Loi J, Dargent B, Leterrier C,
Roy S: A dynamic formin-dependent deep F-actin network in
axons. J Cell Biol 2015, 210:401–417.

48. Wagh D, Terry-Lorenzo R, Waites CL, Leal-Ortiz SA, Maas C,
Reimer RJ, Garner CC: Piccolo directs activity dependent F-
actin assembly from presynaptic active zones via Daam1.
PLoS One 2015:10. e0120093.

49. Deguchi Y, Harada M, Shinohara R, Lazarus M, Cherasse Y,
Urade Y, Yamada D, Sekiguchi M, Watanabe D, Furuyashiki T,
et al.: mDia and ROCK mediate actin-dependent presynaptic
remodeling regulating synaptic efficacy and anxiety. Cell Rep
2016, 17:2405–2417.

50. Soykan T, Kaempf N, Sakaba T, Vollweiter D, Goerdeler F,
Puchkov D, Kononenko NL, Haucke V: Synaptic vesicle endo-
cytosis occurs on multiple timescales and is mediated by
formin-dependent actin assembly. Neuron 2017, 93:854–866.
e854.

51
*
. Migh E, Gotz T, Foldi I, Szikora S, Gombos R, Darula Z,

Medzihradszky KF, Maleth J, Hegyi P, Sigrist S, et al.: Microtu-
bule organization in presynaptic boutons relies on the formin
DAAM. Development 2018:145.

Here, they show that DAAM, a member of the formin family, is a pre-
synaptic regulator of neuromuscular junction in Drosophila. They also
demonstrate that the actin filament assembly activity of DAAM plays a
negligible role in terminal formation and that instead DAAM is neces-
sary for synaptic microtubule organization. Genetic interaction studies
link DAAM with the Wg/Ank2/Futsch module of microtubule regulation
and both imaging and electrophyiological recordings show that DAAM
is tightly associated with the synaptic active zone and modeulates
synaptic vesicle release.

52
* *
. Guillaud L, Dimitrov D, Takahashi T: Presynaptic morphology

and vesicular composition determine vesicle dynamics in
mouse central synapses. Elife 2017:6.

This study shows that in large calyceal terminals synaptic vesicles
movements are highly heterogenous and can be influenced by
morphological characteristics of presynaptic terminals and by molec-
ular signatures of vesicles. They identify a large population of vesicles,
the ‘super pool,’ moving between presynaptic swellings at high speeds
and with long, directional trajectories and demonstrate that microtu-
bules significantly contibute to their transport.

53
* *
. Piriya Ananda Babu L, Wang HY, Eguchi K, Guillaud L,

Takahashi T: Microtubule and actin differentially regulate
synaptic vesicle cycling to maintain high-frequency neuro-
transmission. J Neurosci 2020, 40:131–142.

In this study the authors demonstrate that microtubules localize near
synaptic vesicles in calyceal presynaptic terminals and that microtu-
bule depolymerization specifically prolongs the slow-recovery compo-
nent of EPSCs from short-term depression while, in contrast, F-actin
depolymerization specifically prolongs the fast-recovery component.
Depolymerization of either microtubules or F-actin does not appear to
affect synaptic vesicle recycling or basal transmission, but significantly
affects high-frequency transmission, suggesting that the presynaptic
cytoskeleton plays essential roles in synaptic vesicle replenishment.

54
* *
. Guedes-Dias P, Nirschl JJ, Abreu N, Tokito MK, Janke C,

Magiera MM, Holzbaur ELF: Kinesin-3 responds to local
microtubule dynamics to target synaptic cargo delivery to
the presynapse. Curr Biol 2019, 29:268–282. e268.

The authors show that delivery of synaptic vesicle precursors occurs
with precision and that presynaptic sites are hotspots of dynamic GTP-
rich microtubule plus ends. The motor KIF1A binds more weakly to the
GTP lattice and by rapidly detaching from plus ends allows for
unloading the cargo at presynaptic sites of release. This model was
reinforced by the finding that a human KIF1A mutation perturbs lattice
sensing and reduces synaptic strength.

55
* *
. Qu X, Kumar A, Blockus H, Waites C, Bartolini F: Activity

dependent nucleation of dynamic microtubules at presyn-
aptic boutons controls neurotransmission. J Cell Biol 2019
Dec 16, 29 :4231–4240, https://doi.org/10.1016/
j.cub.2019.10.049. e5. Epub 2019 Dec 5.

This study shows that excitatory boutons are hotspots for activity-
induced microtubule nucleation and that presynaptic de novo micro-
tubule nucleation depends on g-tubulin for nucleation and the augmin
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(21)00023-4/sref31
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref31
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref32
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref32
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref32
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref33
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref33
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref33
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref34
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref34
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref34
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref35
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref35
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref35
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref36
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref36
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref36
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref37
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref37
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref37
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref37
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref37
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref38
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref38
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref38
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref39
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref39
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref39
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref40
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref40
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref40
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref40
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref41
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref41
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref41
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref41
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref42
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref42
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref42
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref42
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref43
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref43
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref43
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref43
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref44
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref44
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref44
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref44
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref45
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref45
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref45
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref45
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref46
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref46
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref46
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref46
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref47
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref47
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref47
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref48
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref48
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref48
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref48
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref49
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref49
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref49
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref49
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref49
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref50
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref50
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref50
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref50
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref50
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref51
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref51
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref51
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref51
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref52
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref52
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref52
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref53
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref53
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref53
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref53
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref54
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref54
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref54
http://refhub.elsevier.com/S0959-4388(21)00023-4/sref54
https://doi.org/10.1016/j.cub.2019.10.049
https://doi.org/10.1016/j.cub.2019.10.049
www.sciencedirect.com/science/journal/09594388


Synaptic life of microtubules Waites et al. 121
complex for correct polarity. Presynaptic microtubule nucleation pro-
motes interbouton synaptic vesicle motility and is rate limiting for syn-
aptic vesicle exocytosis at sites of release.
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