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Neurons are equipped with microtubules of different stability
with stable and dynamic domains often coexisting on the same
microtubule. While dynamic microtubules undergo random
transitions between disassembly and assembly, stable ones
persist long enough to serve as platforms for tubulin-modifying
enzymes (known as writers) that attach molecular components
to the a- or b-tubulin subunits. The combination of these
posttranslational modifications (PTMs) results in a “tubulin
code,” dictating the behavior of selected proteins (known as
readers), some of which were shown to be crucial for neuronal
function. Recent research has further highlighted that distur-
bances in tubulin PTMs can lead to neurodegeneration,
sparking an emerging field of investigation with numerous
questions such as whether and how tubulin PTMs can affect
neurotransmission and synaptic plasticity and whether
restoring balanced tubulin PTM levels could effectively prevent
or mitigate neurodegenerative disease.
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Introduction
Microtubules (MTs) are abundant cytoskeletal struc-
tures serving critical roles in neuronal function,
including axon pathfinding and regeneration, structural
support for the formation of neuronal compartments,
organelle positioning and long-distance transport, and
synaptic plasticity [1e5]. While the basic building
www.sciencedirect.com
blocks of MTs are the a/b tubulin heterodimers,
consisting of the combination of 9 a- and 9 b-tubulin
isotypes in mammals, their functional versatility and
diversity owes to an intricate array of posttranslational
modifications (PTMs) that decorate either the a or b
tubulin subunits residing preferentially on long-lived or
highly stable MTs (Figure 1a). The combinatorial nature
of these PTMs, most notably detyrosination, acetyla-

tion, and polyglutamylation (Figure 1b), generate a
“tubulin code”, with demonstrated modulatory roles on
a few critical neuronal regulators, including MT-
associated proteins (MAPs), MT-dependent motors,
and MT-severing enzymes [6,7]. Therefore, the grand
orchestration of relative levels of dynamic (unmodified)
and stable (modified) MTs requires tight regulation by a
complex tubulin-modifying machinery, consisting of
enzymes responsible for the addition (writers) or
removal (erasers) of tubulin PTMs when needed. Un-
derstanding the enzymatic landscape governing abun-

dance and localization of tubulin PTMs is crucial for
unraveling the intricacies of MT-mediated cellular pro-
cesses and holds significant implications for various
physiological and pathological conditions. For instance,
several independent research groups have now
confirmed the role of unmodified dynamic MTs in syn-
aptic maintenance and their regulation by neuronal ac-
tivity [4,5,8e13]. However, while the influence of
tubulin PTMs associated with more stable MTs has
been partially investigated in neuronal development and
integrity of sensory neurons [14], whether and how

tubulin PTMs might be regulated by neuronal activity
or establish a code for orchestrating complex functions
at synapses remains largely unexplored.

MTs are implicated in both neurodevelopment and
neurodegenerative disease. In this minireview, we
discuss emerging roles of selected tubulin PTMs on
both postsynaptic and presynaptic functions within the
adult central nervous system (CNS) and in neurode-
generative disease contexts, adding to our understand-
ing of the pleiotropic potential of tubulin damage in

neurological disease.

The tubulin deTyr/Tyr cycle
Among all tubulin PTMs, the tubulin detyrosination and
re-tyrosination (deTyr/Tyr) cycle is perhaps the best
understood, being primarily regulated by multiple
tubulin carboxypeptidases (VASH1/SVBP and
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Figure 1

(a) MTs are built from a/b tubulin heterodimers, combining 9 a-tubulin and 9 b-tubulin isotypes in mammals, each with distinctive C-terminal tails. (b)
Tubulin heterodimer composed of a and b tubulins. The combinatorial nature of posttranslational modifications of tubulin such as detyrosination, acet-
ylation, polyglutamylation, polyglycylation and phosphorylation create a "tubulin code" that regulates several MT-dependent neuronal functions.

Figure 2

(a) The deTyr/Tyr cycle is controlled by VASH1/SVBP or TMCP1/2, which
detyrosinate a-tubulin on MTs by removing the terminal tyrosine (Y), and
TTL, which re-tyrosinates a-tubulin from the soluble pool. Enzymes of the
family of tubulin carboxypeptidases (CCPs) can further remove the last
residue of glutamate leading to D2 tubulin formation. Because this reac-
tion is not reversible, D2 permanently removes tubulin from the cycle. (b)
Reduced TTL expression leads to a decrease in dendritic spine number
and axonal branching in vitro and in vivo. Conversely, TTL overexpression
protects dendritic spines from loss induced by oligomeric amyloid-b
peptide on cultured hippocampal neurons.
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MATCAP) [15,16] that catalyze the reversible cleavage
of the last residue of tyrosine on the a-tubulin subunit
leading to detyrosinated MTs (Figure 2a). More
recently, Nicot et al. discovered a MATCAP homolog
Current Opinion in Neurobiology 2025, 90:102971
that acts on the bI-tubulin C-terminus to produce bID3
mostly on centrioles and in cilia [17]. Due to their
tubulin metallocarboxypeptidase activity, both enzymes

are now grouped as one protein family and renamed
TMCP1 (MATCAP) and TMCP2.

Notably, the deTyr/Tyr cycle is reversible: detyrosi-
nated tubulin can be rapidly re-tyrosinated by the
tubulin tyrosine ligase (TTL) thus rejuvenating the
tubulin pool available for polymerization. Adding to
the complexity, the cycle is regulated by intracellular
calcium levels [18] and longer-lived detyrosinated
MTs can be further cleaved by a family of carboxy-
peptidases (CCP1, 4 and 6), leading to the formation

of D2 and D3 tubulins, which can no longer be re-
tyrosinated [19]. It follows that while detyrosinated
and D2 tubulins accumulate on hyperstable MTs,
tyrosinated a-tubulins are abundant on highly dynamic
MTs. Detyrosination of tubulin may itself promote
MT stability by protecting MTs from the depolyme-
rizing activity of kinesin-13 motors [21]. In neurons,
detyrosinated MTs regulate the bidirectional traf-
ficking of cargos, axon outgrowth, branching [22e27],
and synaptic activity [28,29]. Detyrosinated MTs
preferentially bind kinesin-1 and kinesin-2 [30,31]

and other MAPs, allowing tyrosination-dependent
loading of selected cargoes and MT modulators
[32,33]. Moreover, detyrosinated MTs may serve as
positive regulators of MT-severing enzymes [34]. It is
then not surprising that complete disruption of the
deTyr/Tyr tubulin cycle leads to severe neuro-
developmental phenotypes in the CNS of mice at
birth [15,23,24,35].
www.sciencedirect.com
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Beyond their role in axon outgrowth and branching [36],
detyrosinated MTs also govern the trafficking of cargos
to and from synapses. Indeed, kinesin-1 participates in
mitochondrial trafficking [37], in the targeting of a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors to dendrites [38], and in AMPA
receptor-mediated synaptic transmission [39]. KIF5/
kinesin-1 may additionally modulate inhibitory trans-

mission by facilitating the transport of gamma-amino-
butyric acid (GABA) receptors via huntingtin-associated
protein 1 [40,41]. Furthermore, efficient kinesin-2
motility requires detyrosination [26], and homodi-
meric KIF17/kinesin-2 has been implicated in the
transport of GluN2B, whereas disruption of KIF17/
kinesin-2 impairs long-term potentiation (LTP), long-
term depression, and cAMP response element-binding
protein responses in mice [42]. Thus, it is not surpris-
ing that fluctuations of detyrosinated tubulin in synap-
tosomal fractions from the hippocampus and

corresponding MT instability/stability phases are
related to associative learning and memory consolidation
[43]. Aged mice fail to regulate learning-dependent MT
instability/stability phases and pharmacological disrup-
tion of either of the two phases leads to deficits in
memory formation [43]. These data clearly indicate that
failure in regulating the deTyr/Tyr cycle occurs with
aging and may play a role in loss of synaptic plasticity in
neurodegenerative disease by affecting synaptic
MT dynamics.

Interestingly, soluble oligomeric Ab, the peptide that
accumulates in the brain in Alzheimer’s disease (AD),
generates subsets of detyrosinated MTs, and this accu-
mulation of detyrosinated MTs alone is sufficient to
hyperphosphorylate tau and induce tau-dependent
synaptotoxicity in cultured hippocampal neurons
[44,45]. These observations paved the way for the
analysis of tubulin PTMs in synaptic damage and for the
identification of tau-specific kinases and/or phospha-
tases that are modulated by tubulin PTMs. They also
suggested that unbuffered fluctuations in detyrosinated
tubulin might interfere with learning and memory for-

mation and may be targeted for therapeutic interven-
tion. Further supporting this model, we recently
reported that loss of tubulin re-tyrosination catalyzed by
the TTL, the tubulin “rejuvenating” enzyme
(Figure 2a), causes synaptic plasticity and memory
deficits in TTL hemizygous mice and is a feature of
familial and sporadic AD [29]. These results demon-
strated that tubulin re-tyrosination regulates synaptic
plasticity in vivo, is protective against dendritic spine
loss (Figure 2b), and is perturbed in AD, providing
strong support for a pathogenic role of defective tubulin

modification in neurodegenerative disease. The contri-
bution of D2 accumulation to these phenotypes remains
unclear, although evidence from a toxic form of pe-
ripheral neuropathy suggests a pathogenic role for
excessive D2 in promoting axon degeneration [20].
www.sciencedirect.com
Likewise, Hosseini et al. reported that the conditional
removal of TTL in hippocampal CA1 excitatory neurons
decreased the response to theta-burst stimulation-
induced LTP and the postsynaptic spine density on
dendrites [28]. Notably, this alteration did not impact
basal synaptic transmission, underscoring a role for this
tubulin PTM for activity-dependent plasticity in
excitatory synapses. In addition, the deletion of TTL in

the forebrain, encompassing the neocortex and hippo-
campus, halts axon growth, affecting structures like the
corpus callosum and anterior commissures [28].
Together, these discoveries provide valuable insights
into molecular mechanisms involved in memory forma-
tion and maintenance, while emphasizing compromised
synaptic plasticity and reduced density of postsynaptic
terminal spines in association with disruptions in the
deTyr/Tyr cycle.

Excessive tubulin detyrosination was reported to pro-

mote tau hyperphosphorylation in murine hippocampal
neurons [45]. Conversely, disrupting polyglutamylation
was shown to prevent the accumulation of hyper-
phosphorylated tau in mice [46]. Interestingly, a recent
in vitro study by Ebberink et al. has demonstrated that
an extended polyglutamate chain on semi-synthetic
MTs enhances detyrosination activity of SVBP,
suggesting that tubulin polyglutamylation may
contribute to tau hyperphosphorylation through its
effect on tubulin detyrosination [47]. Notably, old mice
accumulate more tubulin polyglutamylation in the hip-

pocampus than their younger counterparts [48]. It is
tempting to speculate that in addition to TTL loss,
disruption of the deTyr/Tyr cycle in AD may also be
influenced by extended tubulin polyglutamate chains
and potential impairment of glutamate homeostasis.
Future research is needed to deepen our understanding
of this crosstalk and determine whether these poten-
tially synergistic effects can be leveraged for the
development of alternative therapeutic interventions.
Tubulin acetylation
In mammals, tubulin can be acetylated at several resi-
dues. Tubulin acetylation and deacetylation can occur
on lysine 40 of a-tubulin and is facilitated predomi-
nantly by two soluble enzymes: the a-tubulin N-
acetyltransferase 1 (aTAT1 or ATAT1) and the histone
deacetylase 6 (HDAC6) [49]. The acetyltransferase
ATAT1 adds acetyl groups on a-tubulin subunits

residing on long-lived MTs, while HDAC6 removes
them. What sets this modification apart from the others
is its occurrence on the luminal surface of MTs,
contributing to the formation of sturdy, enduring MT
structures that decrease MT turnover and increase
resistance to depolymerization [50,51]. Hence,
although tubulin acetylation takes place on pre-existing
stabilized MTs as a luminal modification, it itself can
enhance the stability of the MT lattice by providing
Current Opinion in Neurobiology 2025, 90:102971
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Figure 3

(a) Acetylation and deacetylation of K40 on a-tubulin are regulated by
ATAT1 and HDAC6 respectively. (b) In neurons, ATAT1 associates with
axonal vesicles and mitochondria to facilitate entry into the MT lumen at
lattice cracks or MT ends. MT hypoacetylation decreases MT stability,
while hyperacetylation is predicted to enhance it. These modifications
may influence organelle transport, autophagic flux, activity-evoked SV
interbouton transport, and organelle-mediated local calcium buffering or
ATP synthesis.
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resistance to mechanical breakage [51]. These charac-
teristics likely contribute to the accumulation of acet-
ylated MTs within stable MT networks in neuronal
processes, resulting in heightened stability. Resistance
to mechanical breakage might also provide an explana-
tion as to why an intraluminal tubulin modification may
impact on microtubule-dependent organelle transport.
In cells, acetylated MTs were shown to serve as the

favored tracks for kinesin-1 [52,53], the primary motor
protein involved in plus-end oriented transport, and are
utilized as tracks for kinesin-1-mediated transport of
mitochondria, thereby facilitating contacts with the
endoplasmic reticulum, as well as mitochondrial fusion
and fission events [54e56].

Alterations in K40 acetylation on a-tubulin have been
documented in conditions such as oxidative stress,
neuropathic disorders, and neurodegenerative diseases,
including Alzheimer’s disease (AD) and Parkinson’s

disease (PD). This is not unexpected, given that
approximately 30 % of brain tubulin is acetylated [50],
and quantitative super-resolution imaging has revealed
that in dendrites, nearly 80 % of all neuronal MTs
exhibit varying degrees of acetylation [57]. Despite this
compelling evidence, the physiological role of tubulin
acetylation in neurons remains largely undefined, except
in sensory neurons, where it appears to play a critical role
in the mechanosensory machinery by regulating cellular
stiffness [58,59].

An increase in a-tubulin acetylation has been shown to
help maintain the structure and function of dendritic
spines following ischemic stroke [60], suggesting that
the impact of MT acetylation on synapses may be pri-
marily related to structural maintenance. Nevertheless,
the role of tubulin acetylation in synaptic function is far
from understood. The role of acetylated tubulin in
neuronal morphogenesis is linked to molecular effectors
like CAMSAP3 (calmodulin-regulated spectrin-
associated protein 3), which specifically interacts with
non-acetylated MTs to regulate MT minus-end dy-
namics [61], as well as to the MT-severing by katanin,

which tends to occur at acetylated MTsites in dendrites
[62]. It remains to be determined whether these prop-
erties impact on tubulin acetylation-dependent modu-
lation of synapses.

MT acetylation occurs within the structural lumen of
MTs, and accessing this lumen is a rate-limiting step for
the enzymes involved, such as HDAC6 and ATAT1
(Figure 3a). Interestingly, in non-neuronal cells,
HDAC6 can enter the MT lumen through kinesin-1-
induced damage sites, resulting in an acetylation

gradient that is higher near the nucleus than at the cell
periphery [63]. Although this analysis has not been
conducted in neurons, a tubulin tyrosination gradient
has been reported in long axonal processes, suggesting
coexistence of an opposing acetylation gradient
Current Opinion in Neurobiology 2025, 90:102971
associated with more stable MTs [64,65]. It is tempting
to speculate that a tubulin acetylation gradient could be
relevant to the differences in synaptic function between

proximal and distal processes [66], especially when the
synapses are located far from the nucleus. For instance,
this gradient could influence the efficiency of synaptic
cargo targeting and activity, making distal synapses
weaker than proximal ones.

In neurons, ATAT1 has been observed on the cytosolic
side of vesicles that move along axons, suggesting that
axonal membrane cargos may have on-board enzymatic
machinery that acts locally to modulate their long-
distance transport by increasing the flexibility and

resistance of their own MT tracks through tubulin
acetylation [67]. By analogy with axonal vesicles, mito-
chondria can also promote a-tubulin acetylation by
recruiting ATAT1 to their MT contact sites and loss of
this activity may underlie predominantly axonal form of
CharcoteMarieeTooth disease, which is characterized
by axon degeneration [68]. It remains to be determined
whether this activity is preserved also in CNS neurons.
Additionally, while MT hypoacetylation is predicted to
affect axonal integrity and synaptic function indirectly
by reducing MT resistance to mechanical compression

and axonal transport [50,51,68], the consequences of
MT hyperacetylation on axonal integrity and presynap-
tic release have not been investigated (Figure 3b). This
www.sciencedirect.com
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is a significant question for several reasons. First, tubulin
hyperacetylation might lead to premature tubulin
longevity and accumulation of tubulin PTMs, which
would disrupt the balance between kinesin (anterograde
transport) and dynein (retrograde transport) binding to
MTs, with negative consequences for organelle traf-
ficking, contacts, and turnover. Second, tubulin hyper-
acetylation in the axon may directly inhibit the

dynamicity of MTs at presynaptic terminals required for
activity-evoked interbouton synaptic vesicle (SV)
transport and disrupts a tubulin acetylation gradient
leading to impaired neurotransmitter release and syn-
aptic strength [69]. Third, mitochondrial and presyn-
aptic activities have a strong functional relationship and
altered mitochondrial dynamics caused by tubulin
hyperacetylation that could indirectly affect SV cycling
and presynaptic release. Indeed, the number of docked
vesicles positively correlates with presynaptic mito-
chondria [70e72] and mitochondrially derived ATP is

required to sustain neurotransmission during elevated
levels of stimulation [73,74]. In addition, mitochondria
regulate presynaptic release by sequestering cytosolic
Ca2þ or altering ATP concentrations [75e78]. Addi-
tional effort is required to explore these possibilities.

Regulation of tubulin acetylation in AD and PD remains
highly controversial. In AD, examining tubulin acetyla-
tion levels in post-mortem human brain samples have
produced mixed results. Some research indicates a
decrease in acetylated tubulin in AD, which correlates

with higher levels of HDAC6 [79e81]. Conversely,
other studies suggest that while the overall MT mass
decreases in AD, the proportion of acetylated tubulin
actually increases [82,83]. Interestingly, HDAC6 con-
tributes to AD-related features, potentially through its
interaction with tau [83e85]. However, oligomeric Ab
(oAb) inhibits HDAC6 [86], while causing accumula-
tion of acetylated tubulin in hippocampal neurons [45].
We recently reported that tubulin acetylation accumu-
lates in post-mortem brain tissues from AD patients and
in human neurons carrying the Alzheimer’s familial APP-
V717I mutation [87]. Moreover, we provided evidence

that tubulin re-tyrosination, which is impaired in AD,
can regulate acetylated tubulin in primary neurons
independently of the levels of the enzymes involved in
tubulin acetylation. This suggests that the reduced MT
dynamics associated with defective tubulin re-
tyrosination may alone contribute to the observed
accumulation of tubulin acetylation in Alzheimer’s dis-
ease. Whether this crosstalk may play a pathophysio-
logical role in AD remains to be validated.

In PD, the PD inducing neurotoxin 1-methyl-4-phenyl-

pyridinium (MPPþ), a metabolite of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), causes
tubulin hyperacetylation, and MT dysfunction always
precedes defects in mitochondrial dynamics promoted
www.sciencedirect.com
by this drug [88]. An increase in tubulin acetylation is
also observed in dopaminergic terminals of the corpus
striatum and in the cell bodies of dopamine neurons
located in the substantia nigra pars compacta (SNc DA
neurons) of mice injected with MPTP [89]. Strikingly,
strong accumulation of acetylated tubulin has been
recently reported in neuronal cell bodies in the
subcortical areas affected by immature Lewy body (LB)

pathology, suggesting that a-tubulin hyperacetylation
may occur in an early temporal window and contribute to
the final aggregated form of a-synuclein and LB
biogenesis [90]. Finally, tubulin hyperacetylation was
also shown in the context of familial PD-associated
proteins, including LRRK2 (PARK8) and parkin
(PARK2) [91,92]. LRRK2 directly interacts with b-
tubulin at a site close to the acetylated K40 residue on
a-tubulin, suggesting that LRRK2 can regulate acety-
lated tubulin levels [93]. However, while overexpression
of mutated forms of LRRK2 reduces acetylated tubulin

and axonal transport [94], both embryonic fibroblasts
derived from LRRK2 knock out (KO) mice and skin
fibroblasts isolated from PD patients with LRRK2 mu-
tations display tubulin hyperacetylation [93,95]. This
suggests that tubulin hyperacetylation resulting from
loss of LRRK2 function, rather than tubulin hypo-
acetylation caused by LRRK2 overexpression, may drive
the disease phenotype. Mutations in DJ-1 (PARK7) in
PD remain poorly characterized, although a role for DJ-1
deficiency in mitochondrial dysfunction and in MT dy-
namics inhibition has been shown [96,97]. Despite this

compelling evidence; however, it remains unclear which
mechanisms lead to MT changes in PD and whether
alterations in MT dynamics and tubulin PTMs are pri-
mary or secondary events in the induction of neuro-
degeneration of SNc DA neurons.
Tubulin polyglutamylation
Tubulin glutamylation, both monoglutamylation and
polyglutamylation, represents another reversible PTM
that is notably abundant in adult neurons. This modi-
fication generates chains of glutamate of varying lengths
through the action of several tubulin tyrosine ligase-like
(TTLL) glutamylases and polyglutamylases (TTLL1,
4, 5, 6, 7, 9, 11, and 13) acting on glutamic acid residues
located on the C-terminal tails of either a- or b-
tubulin [98e100].

The CCP family of cytosolic carboxypeptidases (CCP1,

2, 3, 4, and 6) is responsible for removing the added
glutamate residues, maintaining homeostatic poly-
glutamylated tubulin levels [101,102]. The in vivo
impact of tubulin hyperglutamylation was initially
highlighted by the discovery that the Purkinje cell
degeneration (pcd) mouse model [103] exhibits a
spontaneous mutation in the Nna1 encoding gene
(renamed later Ccp1 or AGTPBP1) [104], resulting in
Current Opinion in Neurobiology 2025, 90:102971
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Figure 4

TTLL1/7 KO reduces MT polyglutamylation and increases extracellular
glutamate levels, suggesting that TTLL1/7 KO neurons may experience
increased calcium influx. Elevated extracellular glutamate may influence
astrocytes, which play a critical role in maintaining glutamate homeostasis
by absorbing excess glutamate and converting it to glutamine for recy-
cling. In contrast, CCP1/6 KO neurons, which have increased MT poly-
glutamylation, are expected to have reduced calcium influx.
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various neuronal abnormalities and severe cerebellar
ataxia characterized by rapid degeneration of Purkinje
cells. This degeneration is attributed to a significant
accumulation of polyglutamylated tubulin in the cere-
bellum as shown in the mouse [48,101], and a similar
pathology was found in humans with a rare form of Ccp1
inactivation [105]. At the cellular level, although mul-
tiple microtubule-dependent mechanisms are predicted

to contribute to this phenotype, disrupted organelle
trafficking and impaired mitochondrial dynamics
emerge as common abnormalities caused by tubulin
hyperglutamylation and are likely key drivers of neuro-
degeneration [48,98,99,106].

A role for synaptic function in regulating a tubulin PTM
was initially reported in the case of tubulin poly-
glutamylation. In this study, the pharmacological activa-
tion of AMPARs or the inhibition of glycine receptors
(GlyR)-mediated inhibitory neuronal activity enhanced

tubulin polyglutamylation, leading to increased interac-
tion betweenMAP2 andMTs, as well as reducedmobility
of motor protein-mediated cargo delivery into dendrites
[107]. Interestingly, the neuron-specific b-tubulin Tubb3
is also sensitive to changes in neuronal activity. In addi-
tion, Tubb3 expression appears to regulate tubulin poly-
glutamylation levels [108,109], suggesting the existence
of signaling pathways that connect neuronal activity with
tubulin isotype expression and the enzymes of the
glutamylation/deglutamylation cycle.

Transitioning to presynaptic sites, we predict that the
deTyr/Tyr tubulin cycle works in both excitatory and
inhibitory presynapses, given that the axonal trafficking
of N-methyl-D-aspartate (NMDA) and GABAA re-
ceptors depend on kinesin-1 and kinesin-2 [30,31].
CCP1 is responsible to generate D2-tubulin when TTL
re-tyrosination level is low [20]. On the other hand,
CCP1 also increases polyglutamylation levels, poten-
tially leading to changes in presynaptic functionality by
impairing axonal organelle trafficking in neurons [98].
Knocking out TTLL1, a polyglutamylase specific to a-
tubulin, reduces the level of polyglutamylation in Ccp1
KOmice, potentially restoring normal MT dynamics and
protecting cerebellar Purkinje cells from degeneration
[99]. Notably, TTLL1 KO alone does not increase D2-
tubulin [99], suggesting that CCP1’s ability to
generate D2-tubulin is TTL-dependent. Moreover,
tubulin polyglutamylation leads to disruption in kinesin-
1 transport and a decrease in the number of presynaptic
sites in motor neurons [110]. Despite the implication of
tubulin hyperglutamylation in impaired axonal trans-
port, neurodegenerative disease, and circuitry integrity
[110e112], it remains to be established whether

tubulin polyglutamylation directly affects synap-
tic function.

One speculative model posits that tubulin poly-
glutamylation may function as a reservoir for glutamate,
Current Opinion in Neurobiology 2025, 90:102971
the primary excitatory neurotransmitter in the brain.
Within neurons, glutamate is generated through path-
ways such as the glutamineeglutamate cycle and the
GABA shunt pathway involving astrocytes, as well as
neuronal endogenous transamination processes,
including mitochondrial reactions and glucose meta-
bolism via the tricarboxylic acid (TCA) or Krebs cycles
[113]. Once synthesized, glutamate is actively trans-

ported into vesicles within presynaptic terminals by
vesicular glutamate transporters (VGLUTs). Upon
neuronal activation, it is released into the synaptic cleft,
binding to postsynaptic receptors, such as NMDA re-
ceptors, to initiate excitatory signaling and synaptic
transmission. While synaptic vesicles provide temporary
storage, glutamate can also be synthesized on-demand
from precursor molecules including glutamine, a-keto-
glutarate, GABA, and aspartate, with its availability at
synapses closely linked to local mitochondria energy
metabolism [113]. Recent evidence from Ping et al.

suggests that tubulin C-terminal polyglutamate chains
may contribute to a reservoir for glutamate. Using
TTLL1 and TTLL7 knockout mice, which exhibit
reduced polyglutamylation of a- and b-tubulins,
respectively, along with matrix-assisted laser desorption/
ionization imaging mass spectrometry to visualize
glutamate distribution in the brain, they found that the
loss of TTLL1 and TTLL7 increased glutamate con-
centration (Figure 4), particularly in the cortex region
where polyglutamylated tubulin levels were decreased
[114]. These findings suggest that tubulin poly-

glutamylated chains may serve as buffering reservoirs,
with their breakdown leading to extracellular glutamate
www.sciencedirect.com
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overflow. This raises questions about whether the loss of
MT polyglutamylation affects mitochondrial energy
metabolism at the presynapse and influences neuro-
transmitter availability at the presynapse and post-
synapses, indicating a potential MT role beyond
structural maintenance and cargo transport.
Tubulin phosphorylation and poly-
glycylation
Tubulin phosphorylation is another crucial regulator of
MT dynamics and phosphorylation of b-tubulin at serine
172 (S172) by the cyclin-dependent kinase Cdk1 is the
best-characterized example. Moreover, a recent study in

human Induced pluripotent stem cells (IPSC)-derived
astrocytes further links b-tubulin phosphorylation to
impaired vesicle trafficking and mitochondria cargo de-
livery in a PANK2-associated neurodegeneration disease
model [115]. This study also observed a two-fold in-
crease in S172-phosphorylated b-tubulin together with a
2-to-4-fold reduction in K40-acetylated a-tubulin,
raising the interesting possibility of reciprocal regula-
tion. Since S172-phosphorylated b-tubulins are unable
to incorporate into MTs [116], and given that ATAT1,
preferentially acetylates polymerized MTs [117], an

increase in S172-phosphorylated b-tubulin may limit
the available substrate for ATAT1, leading to decreased
K40 acetylation. Further supporting this, Lu et al.
demonstrated that S172 phosphorylation significantly
affects MT stability and neurite development in
C. elegans neurons [118]. Specifically, the phospho-
mimicking S172E mutation inhibits neurite growth by
blocking MT stabilization while increasing MT dy-
namics and disrupting MT polarity. In contrast, the non-
phosphorylatable S172A mutation enhances MT stabil-
ity and reduces MT dynamics, resulting in excessive
neurite outgrowth without affecting MT polarity. The

underlying consequences of this tubulin modification
are yet to be fully elucidated although a role for S172
phosphorylation has been proposed in the regulation of
mitochondria and SV transport [118].

Another notable phosphorylation event in tubulin occurs
on b3-tubulin, a neuronal specific isotype in mammals,
by casein kinase II (CK2a), citron kinase (Cit-K), and
G-protein-coupled receptor kinase 2 [119e121]. The
phosphorylation at S444 has been shown to inhibit
MAP2-mediated MT assembly in vitro [122] and is

functionally required for the cytokinesis of neuronal
progenitor cells [120]. However, its specific role in
mature neurons and whether additional tubulin phos-
phorylation sites might add to the complexity remains
largely unexplored.

Tubulin glycylation (mono- or poly-glycylation) occurs
when glycine chains of varying lengths are attached as
side chains to the g-carboxyl of a glutamate residue at
the C-terminus of an a or b-tubulin, thus competing
www.sciencedirect.com
with glutamylation for the same glutamate sites on
tubulin. Whether this is simply a curious conver-
gence, a case of mutual regulation, or has functional
significance in neurons remains to be determined.
Furthermore, compared with the relatively under-
studied phosphorylation, tubulin glycylation remains
an even more unexplored territory. Firstly, while the
enzymes responsible for adding glycine to the chain

have been identified (TTLL3, TTLL8, and
TTLL10) [123], the enzymes responsible for
removing glycine remain completely unknown. Sec-
ondly, poly-glycylation is uniquely observed on stable
MTs within primary cilia and little is known about
the presence and function of tubulin glycylation on
noncentrosomal MT arrays in neurons. It is important
to note that various types of brain cells, including
hippocampal dentate gyrus granule neurons, astroglial
cells, and neuronal progenitor cells [124,125], also
possess primary cilia, which suggests that this tubulin

PTM may play an important role in the differentia-
tion of both neurons and glia. Furthermore, the
recent discovery of a serotonergic axo-ciliary synapse
[126] might highlight the significance of exploring
the roles for tubulin glycylation in
neuronal communication.
Concluding remarks
Emerging evidence suggests that in addition to organ-
elle transport, MAP binding, and severing enzyme ac-
tivity, tubulin PTMs may regulate multiple synaptic
functions, including dendritic spine dynamics and
neurotransmitter release. Nevertheless, our under-
standing of their pleiotropic potential is still in its in-
fancy, leaving many questions yet to be answered. It is
also becoming evident that disruption of homeostatic
tubulin PTM levels drives neurodegeneration. Inter-

estingly, proper regulation of relative tubulin PTM
levels decrease with aging [43,48]. It is tempting to
speculate that in postmitotic neurons with limited
cellular renewal capacity, tubulin PTMs may function
as a molecular clock, thereby influencing cognitive
processes and the susceptibility to age-related diseases.
Therefore, targeting the tubulin “writers” or “erasers”
may be beneficial for restoring circuit integrity in age-
related neurodegenerative conditions. The molecular
factors underlying these regulatory pathways remain to
be fully identified. For instance, future studies could be

designed to provide mechanistic evidence for how in-
hibition of tubulin re-tyrosination affects synaptic
function and whether it might impact tau phosphory-
lation in health and disease. In addition, while deple-
tion of tubulin re-tyrosination has been linked to
synaptic dendritic spine pruning in vitro and in vivo
[29], its in vivo impact on presynaptic function, axonal
reinnervation, and branching remains elusive. Explora-
tion of this aspect could shed light on the factors
influencing the retention of learning and memory in
Current Opinion in Neurobiology 2025, 90:102971
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some older individuals while others experience decline
and provide promising avenues for therapeu-
tic intervention.
Funding
F.B. received funding from an RF1AG050658-01 (NIH/
NIA) and a TIGER grant from the TAUB Institute for
Research on Alzheimer’s Disease and the Aging Brain.
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in
this paper.

Acknowledgements
We thank David Sulzer for suggestions and proofreading.
Data availability
No data was used for the research described in
the article.

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

* of special interest
* * of outstanding interest

1. Atkins M, Nicol X, Fassier C: Microtubule remodelling as a
driving force of axon guidance and pruning. Semin Cell Dev
Biol 2023, 140:35–53, https://doi.org/10.1016/
j.semcdb.2022.05.030.

2. Bradke F: Mechanisms of axon growth and regeneration:
moving between development and disease. J Neurosci 2022,
42:8393–8405, https://doi.org/10.1523/JNEUROSCI.1131-
22.2022.

3. Koppers M, Farias GG: Organelle distribution in neurons: lo-
gistics behind polarized transport. Curr Opin Cell Biol 2021,
71:46–54, https://doi.org/10.1016/j.ceb.2021.02.004.

4. Parato J, Bartolini F: The microtubule cytoskeleton at the
synapse. Neurosci Lett 2021, 753, 135850, https://doi.org/
10.1016/j.neulet.2021.135850.

5. Waites C, Qu X, Bartolini F: The synaptic life of microtubules.
Curr Opin Neurobiol 2021, 69:113–123, https://doi.org/10.1016/
j.conb.2021.03.004.

6
* *
. 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, https://doi.org/10.1038/s41580-020-
0214-3.

The authors comprehensively describes how diverse tubulin isotypes
and post-translational modifications, collectively form a “tubulin code”
that intricately regulates microtubule functions and its interaction with
MT associated proteins at molecular, cellular and organismal levels.

7. McKenna ED, Sarbanes SL, Cummings SW, Roll-Mecak A: The
tubulin code, from molecules to health and disease. Annu
Rev Cell Dev Biol 2023, 39:331–361, https://doi.org/10.1146/
annurev-cellbio-030123-032748.

8. David S, et al.: Kif1a and intact microtubules maintain
synaptic-vesicle populations at ribbon synapses in zebrafish
hair cells. J Physiol 2024, https://doi.org/10.1113/JP286263.

9. Holland ED, et al.: A methodology for specific disruption of
microtubule polymerization into dendritic spines. Mol Biol
Cell 2024, 35:mr3, https://doi.org/10.1091/mbc.E24-02-0093.
Current Opinion in Neurobiology 2025, 90:102971
10. Ichinose S, et al.: Interaction between Teneurin-2 and micro-
tubules via EB proteins provides a platform for GABAA re-
ceptor exocytosis. Elife 2023:12, https://doi.org/10.7554/
eLife.83276.

11. Lombino FL, et al.: Functional inhibition of katanin affects
synaptic plasticity. J Neurosci 2024 Mar 27, 44, e0374232023,
https://doi.org/10.1523/JNEUROSCI.0374-23.2023. PMID:
38050126.

12. Miryala CSJ, et al.: Contributions of microtubule dynamics
and transport to presynaptic and postsynaptic functions. Mol
Cell Neurosci 2022 Dec, 123:103787, https://doi.org/10.1016/
j.mcn.2022.103787. PMID: 36252720.

13. Velasco CD, et al.: Microtubule depolymerization contrib-
utes to spontaneous neurotransmitter release in vitro.
Commun Biol 2023, 6:488, https://doi.org/10.1038/s42003-023-
04779-1.

14. Pero ME, Chowdhury F, Bartolini F: Role of tubulin post-
translational modifications in peripheral neuropathy. Exp
Neurol 2023, 360, 114274, https://doi.org/10.1016/
j.expneurol.2022.114274.

15. Landskron L, et al.: Posttranslational modification of micro-
tubules by the MATCAP detyrosinase. Science 2022, 376,
eabn6020, https://doi.org/10.1126/science.abn6020.

16. Sanyal C, et al.: The detyrosination/re-tyrosination cycle of
tubulin and its role and dysfunction in neurons and cardio-
myocytes. Semin Cell Dev Biol 2023, 137:46–62, https://doi.org/
10.1016/j.semcdb.2021.12.006.

17. Nicot S, et al.: A family of carboxypeptidases catalyzing
alpha- and beta-tubulin tail processing and deglutamylation.
Sci Adv 2023, 9, eadi7838, https://doi.org/10.1126/
sciadv.adi7838.

18. Bar J, et al.: Regulation of microtubule detyrosination by
Ca2+ and conventional calpains. J Cell Sci 2022, 135, https://
doi.org/10.1242/jcs.259108.

19. Aillaud C, et al.: Evidence for new C-terminally truncated
variants of alpha- and beta-tubulins. Mol Biol Cell 2016, 27:
640–653, https://doi.org/10.1091/mbc.E15-03-0137.

20. Pero ME, et al.: Pathogenic role of delta 2 tubulin in
bortezomib-induced peripheral neuropathy. Proc Natl Acad
Sci U S A 2021, 118, https://doi.org/10.1073/
pnas.2012685118.

21. Peris L, et al.: Motor-dependent microtubule disassembly
driven by tubulin tyrosination. J Cell Biol 2009, 185:
1159–1166, https://doi.org/10.1083/jcb.200902142.

22. Aillaud C, et al.: Vasohibins/SVBP are tubulin carboxypepti-
dases (TCPs) that regulate neuron differentiation. Science
2017, 358:1448–1453, https://doi.org/10.1126/
science.aao4165.

23. Erck C, et al.: A vital role of tubulin-tyrosine-ligase for
neuronal organization. Proc Natl Acad Sci U S A 2005, 102:
7853–7858, https://doi.org/10.1073/pnas.0409626102.

24. Iqbal Z, et al.: Loss of function of SVBP leads to autosomal
recessive intellectual disability, microcephaly, ataxia, and
hypotonia. Genet Med 2019, 21:1790–1796, https://doi.org/
10.1038/s41436-018-0415-8.

25. Marcos S, et al.: Tubulin tyrosination is required for the proper
organization and pathfinding of the growth cone. PLoS One
2009, 4, e5405, https://doi.org/10.1371/journal.pone.0005405.

26. 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, https://doi.org/10.1038/
ncb2920.

27. Ziak J, et al.: Microtubule-binding protein MAP1B regulates
interstitial axon branching of cortical neurons via the tubulin
tyrosination cycle. EMBO J 2024, 43:1214–1243, https://
doi.org/10.1038/s44318-024-00050-3.

28. Hosseini S, et al.: The role of alpha-tubulin tyrosination in
controlling the structure and function of hippocampal
www.sciencedirect.com

https://doi.org/10.1016/j.semcdb.2022.05.030
https://doi.org/10.1016/j.semcdb.2022.05.030
https://doi.org/10.1523/JNEUROSCI.1131-22.2022
https://doi.org/10.1523/JNEUROSCI.1131-22.2022
https://doi.org/10.1016/j.ceb.2021.02.004
https://doi.org/10.1016/j.neulet.2021.135850
https://doi.org/10.1016/j.neulet.2021.135850
https://doi.org/10.1016/j.conb.2021.03.004
https://doi.org/10.1016/j.conb.2021.03.004
https://doi.org/10.1038/s41580-020-0214-3
https://doi.org/10.1038/s41580-020-0214-3
https://doi.org/10.1146/annurev-cellbio-030123-032748
https://doi.org/10.1146/annurev-cellbio-030123-032748
https://doi.org/10.1113/JP286263
https://doi.org/10.1091/mbc.E24-02-0093
https://doi.org/10.7554/eLife.83276
https://doi.org/10.7554/eLife.83276
https://doi.org/10.1523/JNEUROSCI.0374-23.2023
https://doi.org/10.1016/j.mcn.2022.103787
https://doi.org/10.1016/j.mcn.2022.103787
https://doi.org/10.1038/s42003-023-04779-1
https://doi.org/10.1038/s42003-023-04779-1
https://doi.org/10.1016/j.expneurol.2022.114274
https://doi.org/10.1016/j.expneurol.2022.114274
https://doi.org/10.1126/science.abn6020
https://doi.org/10.1016/j.semcdb.2021.12.006
https://doi.org/10.1016/j.semcdb.2021.12.006
https://doi.org/10.1126/sciadv.adi7838
https://doi.org/10.1126/sciadv.adi7838
https://doi.org/10.1242/jcs.259108
https://doi.org/10.1242/jcs.259108
https://doi.org/10.1091/mbc.E15-03-0137
https://doi.org/10.1073/pnas.2012685118
https://doi.org/10.1073/pnas.2012685118
https://doi.org/10.1083/jcb.200902142
https://doi.org/10.1126/science.aao4165
https://doi.org/10.1126/science.aao4165
https://doi.org/10.1073/pnas.0409626102
https://doi.org/10.1038/s41436-018-0415-8
https://doi.org/10.1038/s41436-018-0415-8
https://doi.org/10.1371/journal.pone.0005405
https://doi.org/10.1038/ncb2920
https://doi.org/10.1038/ncb2920
https://doi.org/10.1038/s44318-024-00050-3
https://doi.org/10.1038/s44318-024-00050-3
www.sciencedirect.com/science/journal/09594388


Tubulin PTMs in neuronal health and disease Teoh and Bartolini 9
neurons. Front Mol Neurosci 2022, 15:931859, https://doi.org/
10.3389/fnmol.2022.931859.

29
* *
. Peris L, et al.: Tubulin tyrosination regulates synaptic function

and is disrupted in Alzheimer’s disease. Brain 2022, 145:
2486–2506, https://doi.org/10.1093/brain/awab436.

The authors provided key evidence that tubulin tyrosination cycle is
crucial for regulating synaptic function via MT dynamics, and its
disruption is linked to synaptic deficits observed in Alzheimer’s disease.

30. Alsabban AH, et al.: Kinesin Kif3b mutation reduces NMDAR
subunit NR2A trafficking and causes schizophrenia-like
phenotypes in mice. EMBO J 2020, 39, e101090, https://doi.org/
10.15252/embj.2018101090.

31. Liu J, et al.: Activation of TLR7-mediated autophagy increases
epileptic susceptibility via reduced KIF5A-dependent
GABA(A) receptor transport in a murine model. Exp Mol Med
2023, 55:1159–1173, https://doi.org/10.1038/s12276-023-01000-
5.

32. Peris L, et al.: Tubulin tyrosination is a major factor affecting
the recruitment of CAP-Gly proteins at microtubule plus
ends. J Cell Biol 2006, 174:839–849, https://doi.org/10.1083/
jcb.200512058.

33. Nirschl JJ, et al.: Alpha-tubulin tyrosination and CLIP-170
phosphorylation regulate the initiation of dynein-driven
transport in neurons. Cell Rep 2016, 14:2637–2652, https://
doi.org/10.1016/j.celrep.2016.02.046.

34. Roll-Mecak A, Vale RD: Structural basis of microtubule
severing by the hereditary spastic paraplegia protein spastin.
Nature 2008, 451:363–367, https://doi.org/10.1038/nature06482.

35. Pagnamenta AT, et al.: Defective tubulin detyrosination
causes structural brain abnormalities with cognitive defi-
ciency in humans and mice. Hum Mol Genet 2019, 28:
3391–3405, https://doi.org/10.1093/hmg/ddz186.

36. Moutin MJ, Bosc C, Peris L, Andrieux A: Tubulin post-
translational modifications control neuronal development
and functions. Dev Neurobiol 2021, 81:253–272, https://doi.org/
10.1002/dneu.22774.

37. Schwarz TL: Mitochondrial trafficking in neurons. Cold Spring
Harbor Perspect Biol 2013, 5, https://doi.org/10.1101/
cshperspect.a011304.

38. Setou M, et al.: Glutamate-receptor-interacting protein GRIP1
directly steers kinesin to dendrites. Nature 2002, 417:83–87,
https://doi.org/10.1038/nature743.

39. Hoerndli FJ, et al.: Kinesin-1 regulates synaptic strength by
mediating the delivery, removal, and redistribution of AMPA
receptors. Neuron 2013, 80:1421–1437, https://doi.org/10.1016/
j.neuron.2013.10.050.

40. Nakajima K, et al.: Molecular motor KIF5A is essential for
GABA(A) receptor transport, and KIF5A deletion causes ep-
ilepsy. Neuron 2012, 76:945–961, https://doi.org/10.1016/
j.neuron.2012.10.012.

41. Twelvetrees AE, et al.: Delivery of GABAARs to synapses is
mediated by HAP1-KIF5 and disrupted by mutant huntingtin.
Neuron 2010, 65:53–65, https://doi.org/10.1016/
j.neuron.2009.12.007.

42. Yin X, Feng X, Takei Y, Hirokawa N: Regulation of NMDA re-
ceptor transport: a KIF17-cargo binding/releasing underlies
synaptic plasticity and memory in vivo. J Neurosci 2012, 32:
5486–5499, https://doi.org/10.1523/JNEUROSCI.0718-
12.2012.

43
* *
. Uchida S, et al.: Learning-induced and stathmin-dependent

changes in microtubule stability are critical for memory and
disrupted in ageing. Nat Commun 2014, 5:4389, https://doi.org/
10.1038/ncomms5389.

The authors demonstrate that aged mice show impairments in the
levels of the microtubule-destabilizing protein stathmin, which is crucial
for microtubule stability, memory formation, and synaptic plasticity.
Remarkably, blocking GluA2 endocytosis rescues memory deficits in
www.sciencedirect.com
both stathmin mutant and aged wild-type mice, providing insights into
the molecular mechanisms underlying age-related cognitive decline.

44. Pianu B, et al.: The Abeta(1)(-)(4)(2) peptide regulates micro-
tubule stability independently of tau. J Cell Sci 2014, 127(Pt 5):
1117–1127, https://doi.org/10.1242/jcs.143750.

45
* *
. Qu X, et al.: Stabilization of dynamic microtubules by mDia1

drives Tau-dependent Abeta(1-42) synaptotoxicity. J Cell Biol
2017, 216:3161–3178, https://doi.org/10.1083/jcb.201701045.

This work uncovers how the stabilization of dynamic microtubules by
the formin protein mDia1 exacerbates Tau-dependent synaptotoxicity
induced by Ab1-42, providing new insights into the molecular mecha-
nisms linking microtubule dynamics, Tau pathology, and Alzheimer’s
disease.

46
*
. Hausrat TJ, et al.: Disruption of tubulin-alpha4a poly-

glutamylation prevents aggregation of hyper-phosphorylated
tau and microglia activation in mice. Nat Commun 2022, 13:
4192, https://doi.org/10.1038/s41467-022-31776-5.

The authors demonstrate that disrupting tubulin-alpha4a poly-
glutamylation prevents the aggregation of hyperphosphorylated tau
and reduces microglial activation in mice by inhibiting the binding of tau
and GSK3 kinase to neuronal microtubules. This maintains tau in a
hypophosphorylated state, suggesting potential therapeutic strategies
for tauopathies by targeting this specific tubulin PTM.

47. Ebberink E, et al.: Tubulin engineering by semi-synthesis re-
veals that polyglutamylation directs detyrosination. Nat
Chem 2023, 15:1179–1187, https://doi.org/10.1038/s41557-023-
01228-8.

48
* *
. Magiera MM, et al.: Excessive tubulin polyglutamylation

causes neurodegeneration and perturbs neuronal trans-
port. EMBO J 2018, 37, https://doi.org/10.15252/
embj.2018100440.

The authors demonstrates that excessive tubulin polyglutamylation
induces neurodegeneration and disrupts neuronal cargo transport by
impairing the function of kinesin and dynein, providing insights into the
molecular mechanisms of neurodegenerative diseases and potential
therapeutic targets.

49. Janke C, Montagnac G: Causes and consequences of micro-
tubule acetylation. Curr Biol 2017, 27:R1287–R1292, https://
doi.org/10.1016/j.cub.2017.10.044.

50. Portran D, et al.: Tubulin acetylation protects long-lived mi-
crotubules against mechanical ageing. Nat Cell Biol 2017, 19:
391–398, https://doi.org/10.1038/ncb3481.

51. Xu Z, et al.: Microtubules acquire resistance from mechanical
breakage through intralumenal acetylation. Science 2017,
356:328–332, https://doi.org/10.1126/science.aai8764.

52. Cai D, et al.: Single molecule imaging reveals differences in
microtubule track selection between Kinesin motors. PLoS
Biol 2009, 7, e1000216, https://doi.org/10.1371/
journal.pbio.1000216.

53. Tas RP, et al.: Differentiation between oppositely oriented
microtubules controls polarized neuronal transport. Neuron
2017, 96:1264–1271 e5, https://doi.org/10.1016/
j.neuron.2017.11.018.

54. Abrisch RG, et al.: Fission and fusion machineries converge at
ER contact sites to regulate mitochondrial morphology. J Cell
Biol 2020, 219, https://doi.org/10.1083/jcb.201911122.

55. Balabanian L, Berger CL, Hendricks AG: Acetylated microtu-
bules are preferentially bundled leading to enhanced kinesin-
1 motility. Biophys J 2017, 113:1551–1560, https://doi.org/
10.1016/j.bpj.2017.08.009.

56. Friedman JR, et al.: ER sliding dynamics and ER-mitochondrial
contacts occur onacetylatedmicrotubules. JCell Biol2010, 190:
363–375, https://doi.org/10.1083/jcb.200911024.

57. Katrukha EA, Jurriens D, Salas Pastene DM, Kapitein LC:
Quantitative mapping of dense microtubule arrays in
mammalian neurons. Elife 2021:10, https://doi.org/10.7554/
eLife.67925.
Current Opinion in Neurobiology 2025, 90:102971

https://doi.org/10.3389/fnmol.2022.931859
https://doi.org/10.3389/fnmol.2022.931859
https://doi.org/10.1093/brain/awab436
https://doi.org/10.15252/embj.2018101090
https://doi.org/10.15252/embj.2018101090
https://doi.org/10.1038/s12276-023-01000-5
https://doi.org/10.1038/s12276-023-01000-5
https://doi.org/10.1083/jcb.200512058
https://doi.org/10.1083/jcb.200512058
https://doi.org/10.1016/j.celrep.2016.02.046
https://doi.org/10.1016/j.celrep.2016.02.046
https://doi.org/10.1038/nature06482
https://doi.org/10.1093/hmg/ddz186
https://doi.org/10.1002/dneu.22774
https://doi.org/10.1002/dneu.22774
https://doi.org/10.1101/cshperspect.a011304
https://doi.org/10.1101/cshperspect.a011304
https://doi.org/10.1038/nature743
https://doi.org/10.1016/j.neuron.2013.10.050
https://doi.org/10.1016/j.neuron.2013.10.050
https://doi.org/10.1016/j.neuron.2012.10.012
https://doi.org/10.1016/j.neuron.2012.10.012
https://doi.org/10.1016/j.neuron.2009.12.007
https://doi.org/10.1016/j.neuron.2009.12.007
https://doi.org/10.1523/JNEUROSCI.0718-12.2012
https://doi.org/10.1523/JNEUROSCI.0718-12.2012
https://doi.org/10.1038/ncomms5389
https://doi.org/10.1038/ncomms5389
https://doi.org/10.1242/jcs.143750
https://doi.org/10.1083/jcb.201701045
https://doi.org/10.1038/s41467-022-31776-5
https://doi.org/10.1038/s41557-023-01228-8
https://doi.org/10.1038/s41557-023-01228-8
https://doi.org/10.15252/embj.2018100440
https://doi.org/10.15252/embj.2018100440
https://doi.org/10.1016/j.cub.2017.10.044
https://doi.org/10.1016/j.cub.2017.10.044
https://doi.org/10.1038/ncb3481
https://doi.org/10.1126/science.aai8764
https://doi.org/10.1371/journal.pbio.1000216
https://doi.org/10.1371/journal.pbio.1000216
https://doi.org/10.1016/j.neuron.2017.11.018
https://doi.org/10.1016/j.neuron.2017.11.018
https://doi.org/10.1083/jcb.201911122
https://doi.org/10.1016/j.bpj.2017.08.009
https://doi.org/10.1016/j.bpj.2017.08.009
https://doi.org/10.1083/jcb.200911024
https://doi.org/10.7554/eLife.67925
https://doi.org/10.7554/eLife.67925
www.sciencedirect.com/science/journal/09594388


10 Cellular Neuroscience 2024
58. Morley SJ, et al.: Acetylated tubulin is essential for touch
sensation in mice. Elife 2016:5, https://doi.org/10.7554/
eLife.20813.

59. Yan C, et al.: Microtubule acetylation is required for mecha-
nosensation in Drosophila. Cell Rep 2018, 25:1051–1065 e6,
https://doi.org/10.1016/j.celrep.2018.09.075.

60
* *
. Yang C, et al.: Acetylated alpha-tubulin alleviates injury to the

dendritic spines after ischemic stroke in mice. CNS Neurosci
Ther 2023, 29:2327–2338, https://doi.org/10.1111/cns.14184.

This work highlights therapeutic potential of targeting tubulin acety-
lation to enhance neuronal structure stability and plasticity. The au-
thors showed that upregulation of acetylated a-tubulin can alleviate
dendritic spine injury and improve motor function following ischemic
stroke.

61. Pongrakhananon V, et al.: CAMSAP3 maintains neuronal po-
larity through regulation of microtubule stability. Proc Natl
Acad Sci U S A 2018, 115:9750–9755, https://doi.org/10.1073/
pnas.1803875115.

62. Sudo H, Baas PW: Acetylation of microtubules influences
their sensitivity to severing by katanin in neurons and fi-
broblasts. J Neurosci 2010, 30:7215–7226, https://doi.org/
10.1523/JNEUROSCI.0048-10.2010.

63. Andreu-Carbó M, Egoldt C, Velluz M-C, Aumeier C: Microtubule
damage shapes the acetylation gradient. Nat Commun 2024,
15:2029, https://doi.org/10.1038/s41467-024-46379-5.

64. Ahmad FJ, Pienkowski TP, Baas PW: Regional differences in
microtubule dynamics in the axon. J Neurosci 1993, 13:
856–866, https://doi.org/10.1523/JNEUROSCI.13-02-
00856.1993.

65. Cambray-Deakin MA, Burgoyne RD: Posttranslational modifi-
cations of alpha-tubulin: acetylated and detyrosinated forms
in axons of rat cerebellum. J Cell Biol 1987, 104:1569–1574,
https://doi.org/10.1083/jcb.104.6.1569.

66. Jensen TP, et al.: Release probability increases towards distal
dendrites boosting high-frequency signal transfer in the
rodent hippocampus. Elife 2021:10, https://doi.org/10.7554/
eLife.62588.

67
* *
. Even A, et al.: ATAT1-enriched vesicles promote microtubule

acetylation via axonal transport. Sci Adv 2019, 5:eaax2705,
https://doi.org/10.1126/sciadv.aax2705.

The authors highlight the importance of a-tubulin acetylation in main-
taining proper bidirectional vesicular transport within axons. This work
also shows how ATAT1 is transported along axons to promote MT
acetylation.

68. Kumar A, et al.: MFN2 coordinates mitochondria motility with
alpha-tubulin acetylation and this regulation is disrupted in
CMT2A. iScience 2024, 27, 109994, https://doi.org/10.1016/
j.isci.2024.109994.

69. Qu X, et al.: Activity-dependent nucleation of dynamic mi-
crotubules at presynaptic boutons controls neurotransmis-
sion. Curr Biol 2019, 29:4231–4240 e5, https://doi.org/10.1016/
j.cub.2019.10.049.

70. Cserep C, Posfai B, Schwarcz AD, Denes A: Mitochondrial ul-
trastructure is coupled to synaptic performance at axonal
release sites. eNeuro 2018, 5, https://doi.org/10.1523/
ENEURO.0390-17.2018.

71. Kasthuri N, et al.: Saturated reconstruction of a volume of
neocortex. Cell 2015, 162:648–661, https://doi.org/10.1016/
j.cell.2015.06.054.

72. Smith HL, et al.: Mitochondrial support of persistent presyn-
aptic vesicle mobilization with age-dependent synaptic
growth after LTP. Elife 2016:5, https://doi.org/10.7554/
eLife.15275.

73. Rangaraju V, Calloway N, Ryan TA: Activity-driven local
ATP synthesis is required for synaptic function. Cell
2014, 156:825–835, https://doi.org/10.1016/
j.cell.2013.12.042.

74. Sobieski C, Fitzpatrick MJ, Mennerick SJ: Differential presyn-
aptic ATP supply for basal and high-demand transmission.
J Neurosci 2017, 37:1888–1899, https://doi.org/10.1523/
JNEUROSCI.2712-16.2017.
Current Opinion in Neurobiology 2025, 90:102971
75. Kwon SK, et al.: LKB1 regulates mitochondria-dependent
presynaptic calcium clearance and neurotransmitter release
properties at excitatory synapses along cortical axons. PLoS
Biol 2016, 14, e1002516, https://doi.org/10.1371/
journal.pbio.1002516.

76. Lewis Jr TL, et al.: MFF-dependent mitochondrial fission reg-
ulates presynaptic release and axon branching by limiting
axonal mitochondria size. Nat Commun 2018, 9:5008, https://
doi.org/10.1038/s41467-018-07416-2.

77. Sun T, et al.: Motile axonal mitochondria contribute to the
variability of presynaptic strength. Cell Rep 2013, 4:413–419,
https://doi.org/10.1016/j.celrep.2013.06.040.

78. Vaccaro V, Devine MJ, Higgs NF, Kittler JT: Miro1-dependent
mitochondrial positioning drives the rescaling of presynaptic
Ca2+ signals during homeostatic plasticity. EMBO Rep 2017,
18:231–240, https://doi.org/10.15252/embr.201642710.

79. Ding H, Dolan PJ, Johnson GV: Histone deacetylase 6 interacts
with themicrotubule-associated protein tau. J Neurochem 2008,
106:2119–2130, https://doi.org/10.1111/j.1471-4159.2008.05564.x.

80. Hempen B, Brion JP: Reduction of acetylated alpha-tubulin
immunoreactivity in neurofibrillary tangle-bearing neurons in
Alzheimer’s disease. J Neuropathol Exp Neurol 1996, 55:
964–972, https://doi.org/10.1097/00005072-199609000-00003.

81. Silva DF, Esteves AR, Oliveira CR, Cardoso SM: Mitochondrial
metabolism power SIRT2-dependent deficient traffic causing
Alzheimer’s-disease related pathology. Mol Neurobiol 2017,
54:4021–4040, https://doi.org/10.1007/s12035-016-9951-x.

82. Perez M, et al.: Tau–an inhibitor of deacetylase HDAC6
function. J Neurochem 2009, 109:1756–1766, https://doi.org/
10.1111/j.1471-4159.2009.06102.x.

83. Zhang L, et al.: Tubastatin A/ACY-1215 improves cognition in
Alzheimer’s disease transgenic mice. J Alzheimers Dis 2014,
41:1193–1205, https://doi.org/10.3233/JAD-140066.

84. Govindarajan N, et al.: Reducing HDAC6 ameliorates cognitive
deficits in a mouse model for Alzheimer’s disease. EMBO Mol
Med 2013, 5:52–63, https://doi.org/10.1002/emmm.201201923.

85. Tseng JH, et al.: The deacetylase HDAC6 Mediates endoge-
nous neuritic tau pathology. Cell Rep 2017, 20:2169–2183,
https://doi.org/10.1016/j.celrep.2017.07.082.

86. Tsushima H, et al.: HDAC6 and RhoA are novel players in
Abeta-driven disruption of neuronal polarity. Nat Commun
2015, 6:7781, https://doi.org/10.1038/ncomms8781.

87
*
. Martinez-Hernandez J, et al.: Crosstalk between acetylation

and the tyrosination/detyrosination cycle of alpha-tubulin in
Alzheimer’s disease. Front Cell Dev Biol 2022, 10, 926914,
https://doi.org/10.3389/fcell.2022.926914.

This work provide first evidence that a crosstalk could exist between
acetylation and the Tyr/deTyr cycle. The authors demonstrated how
disruptions in this interplay contribute to microtubule instability and
Alzheimer’s disease pathology, by impairing neuronal transport and
promoting tau pathology.

88. Cartelli D, et al.: Microtubule dysfunction precedes transport
impairment and mitochondria damage in MPP+ -induced
neurodegeneration. J Neurochem 2010, 115:247–258, https://
doi.org/10.1111/j.1471-4159.2010.06924.x.

89. Cartelli D, et al.: Microtubule alterations occur early in
experimental parkinsonism and the microtubule stabilizer
epothilone D is neuroprotective. Sci Rep 2013, 3:1837, https://
doi.org/10.1038/srep01837.

90
* *
. Mazzetti S, et al.: Linking acetylated alpha-Tubulin redistri-

bution to alpha-Synuclein pathology in brain of Parkinson’s
disease patients. NPJ Parkinsons Dis 2024, 10:2, https://doi.org/
10.1038/s41531-023-00607-9.

The authors showed that the altered distribution of acetylated a-tubulin
is associated with a-synuclein pathology in the brains of Parkinson’s
disease patients. This critical redistribution contributes to neuro-
degeneration by disrupting microtubule dynamics and impairing intra-
cellular transport.

91. Cartelli D, et al.: Parkin absence accelerates microtubule
aging in dopaminergic neurons. Neurobiol Aging 2018, 61:
66–74, https://doi.org/10.1016/j.neurobiolaging.2017.09.010.
www.sciencedirect.com

https://doi.org/10.7554/eLife.20813
https://doi.org/10.7554/eLife.20813
https://doi.org/10.1016/j.celrep.2018.09.075
https://doi.org/10.1111/cns.14184
https://doi.org/10.1073/pnas.1803875115
https://doi.org/10.1073/pnas.1803875115
https://doi.org/10.1523/JNEUROSCI.0048-10.2010
https://doi.org/10.1523/JNEUROSCI.0048-10.2010
https://doi.org/10.1038/s41467-024-46379-5
https://doi.org/10.1523/JNEUROSCI.13-02-00856.1993
https://doi.org/10.1523/JNEUROSCI.13-02-00856.1993
https://doi.org/10.1083/jcb.104.6.1569
https://doi.org/10.7554/eLife.62588
https://doi.org/10.7554/eLife.62588
https://doi.org/10.1126/sciadv.aax2705
https://doi.org/10.1016/j.isci.2024.109994
https://doi.org/10.1016/j.isci.2024.109994
https://doi.org/10.1016/j.cub.2019.10.049
https://doi.org/10.1016/j.cub.2019.10.049
https://doi.org/10.1523/ENEURO.0390-17.2018
https://doi.org/10.1523/ENEURO.0390-17.2018
https://doi.org/10.1016/j.cell.2015.06.054
https://doi.org/10.1016/j.cell.2015.06.054
https://doi.org/10.7554/eLife.15275
https://doi.org/10.7554/eLife.15275
https://doi.org/10.1016/j.cell.2013.12.042
https://doi.org/10.1016/j.cell.2013.12.042
https://doi.org/10.1523/JNEUROSCI.2712-16.2017
https://doi.org/10.1523/JNEUROSCI.2712-16.2017
https://doi.org/10.1371/journal.pbio.1002516
https://doi.org/10.1371/journal.pbio.1002516
https://doi.org/10.1038/s41467-018-07416-2
https://doi.org/10.1038/s41467-018-07416-2
https://doi.org/10.1016/j.celrep.2013.06.040
https://doi.org/10.15252/embr.201642710
https://doi.org/10.1111/j.1471-4159.2008.05564.x
https://doi.org/10.1097/00005072-199609000-00003
https://doi.org/10.1007/s12035-016-9951-x
https://doi.org/10.1111/j.1471-4159.2009.06102.x
https://doi.org/10.1111/j.1471-4159.2009.06102.x
https://doi.org/10.3233/JAD-140066
https://doi.org/10.1002/emmm.201201923
https://doi.org/10.1016/j.celrep.2017.07.082
https://doi.org/10.1038/ncomms8781
https://doi.org/10.3389/fcell.2022.926914
https://doi.org/10.1111/j.1471-4159.2010.06924.x
https://doi.org/10.1111/j.1471-4159.2010.06924.x
https://doi.org/10.1038/srep01837
https://doi.org/10.1038/srep01837
https://doi.org/10.1038/s41531-023-00607-9
https://doi.org/10.1038/s41531-023-00607-9
https://doi.org/10.1016/j.neurobiolaging.2017.09.010
www.sciencedirect.com/science/journal/09594388


Tubulin PTMs in neuronal health and disease Teoh and Bartolini 11
92. Sancho RM, Law BM, Harvey K: Mutations in the LRRK2 Roc-
COR tandem domain link Parkinson’s disease to Wnt
signalling pathways. Hum Mol Genet 2009, 18:3955–3968,
https://doi.org/10.1093/hmg/ddp337.

93. Law BM, et al.: A direct interaction between leucine-rich
repeat kinase 2 and specific beta-tubulin isoforms regulates
tubulin acetylation. J Biol Chem 2014, 289:895–908, https://
doi.org/10.1074/jbc.M113.507913.

94. Godena VK, et al.: Increasing microtubule acetylation rescues
axonal transport and locomotor deficits caused by LRRK2
Roc-COR domain mutations. Nat Commun 2014, 5:5245,
https://doi.org/10.1038/ncomms6245.

95. Cartelli D, et al.: Microtubule destabilization is shared by ge-
netic and idiopathic Parkinson’s disease patient fibroblasts.
PLoS One 2012, 7, e37467, https://doi.org/10.1371/
journal.pone.0037467.

96. Hao LY, Giasson BI, Bonini NM: DJ-1 is critical for mitochon-
drial function and rescues PINK1 loss of function. Proc Natl
Acad Sci U S A 2010, 107:9747–9752, https://doi.org/10.1073/
pnas.0911175107.

97. Wang X, et al.: Parkinson’s disease-associated DJ-1 muta-
tions impair mitochondrial dynamics and cause mitochon-
drial dysfunction. J Neurochem 2012, 121:830–839, https://
doi.org/10.1111/j.1471-4159.2012.07734.x.

98. Bodakuntla S, et al.: Tubulin polyglutamylation is a general
traffic-control mechanism in hippocampal neurons. J Cell Sci
2020, 133, https://doi.org/10.1242/jcs.241802.

99. Bodakuntla S, et al.: Distinct roles of alpha- and beta-tubulin
polyglutamylation in controlling axonal transport and in
neurodegeneration. EMBO J 2021, 40, e108498, https://doi.org/
10.15252/embj.2021108498.

100. van Dijk J, et al.: A targeted multienzyme mechanism
for selective microtubule polyglutamylation. Mol Cell
2007, 26:437–448, https://doi.org/10.1016/
j.molcel.2007.04.012.

101
* *
. Rogowski K, et al.: A family of protein-deglutamylating en-
zymes associated with neurodegeneration. Cell 2010, 143:
564–578, https://doi.org/10.1016/j.cell.2010.10.014.

This is the key paper that identifies a family of MT deglutamylating
enzymes, including CCP1, CCP4, and CCP6, that regulate microtubule
stability and neuronal function, linking their activity to neurodegenera-
tive processes and highlighting potential therapeutic targets for
neurodegenerative diseases

102. Tort O, et al.: The cytosolic carboxypeptidases CCP2 and
CCP3 catalyze posttranslational removal of acidic amino
acids.Mol Biol Cell 2014, 25:3017–3027, https://doi.org/10.1091/
mbc.E14-06-1072.

103. Mullen RJ, Eicher EM, Sidman RL: Purkinje cell degener-
ation, a new neurological mutation in the mouse. Proc
Natl Acad Sci U S A 1976, 73:208–212, https://doi.org/
10.1073/pnas.73.1.208.

104. Fernandez-Gonzalez A, et al.: Purkinje cell degeneration (pcd)
phenotypes caused by mutations in the axotomy-induced
gene, Nna1. Science 2002, 295:1904–1906, https://doi.org/
10.1126/science.1068912.

105. Shashi V, et al.: Loss of tubulin deglutamylase CCP1 causes
infantile-onset neurodegeneration. EMBO J 2018, 37, https://
doi.org/10.15252/embj.2018100540.

106. Gilmore-Hall S, et al.: CCP1 promotes mitochondrial fusion
and motility to prevent Purkinje cell neuron loss in pcd mice.
J Cell Biol 2019, 218:206–219, https://doi.org/10.1083/
jcb.201709028.

107. Maas C, et al.: Synaptic activation modifies microtubules
underlying transport of postsynaptic cargo. Proc Natl Acad
Sci U S A 2009, 106:8731–8736, https://doi.org/10.1073/
pnas.0812391106.

108. Latremoliere A, et al.: Neuronal-specific TUBB3 is not required
for normal neuronal function but is essential for timely axon
regeneration. Cell Rep 2018, 24:1865–1879 e9, https://doi.org/
10.1016/j.celrep.2018.07.029.
www.sciencedirect.com
109. Radwitz J, et al.: Tubb3 expression levels are sensitive to
neuronal activity changes and determine microtubule growth
and kinesin-mediated transport. Cell Mol Life Sci 2022, 79:575,
https://doi.org/10.1007/s00018-022-04607-5.

110. Lopes AT, et al.: Spastin depletion increases tubulin poly-
glutamylation and impairs kinesin-mediated neuronal trans-
port, leading to working and associative memory deficits.
PLoS Biol 2020, 18, e3000820, https://doi.org/10.1371/
journal.pbio.3000820.

111. Bodakuntla S, Janke C, Magiera MM: Tubulin poly-
glutamylation, a regulator of microtubule functions, can
cause neurodegeneration. Neurosci Lett 2021, 746,
135656, https://doi.org/10.1016/j.neulet.2021.135656.

112. Zhou L, et al.: Nna1, essential for Purkinje cell survival, is also
associated with emotion and memory. Int J Mol Sci 2022, 23,
https://doi.org/10.3390/ijms232112961.

113. Andersen JV, et al.: Glutamate metabolism and recycling at
the excitatory synapse in health and neurodegeneration.
Neuropharmacology 2021, 196, 108719, https://doi.org/10.1016/
j.neuropharm.2021.108719.

114
* *
. Ping Y, et al.: Tubulin polyglutamylation by TTLL1 and TTLL7
regulate glutamate concentration in the mice brain. Bio-
molecules 2023, 13, https://doi.org/10.3390/biom13050784.

This work underscores the functional role of tubulin polyglutamylation,
particularly by TTLL1 and TTLL7, in regulating glutamate concentration
in the brain, offering compelling evidence that MT PTMs can directly
influence neurotransmitter levels.

115. Santambrogio P, et al.: Mitochondrial iron deficiency triggers
cytosolic iron overload in PKAN hiPS-derived astrocytes. Cell
Death Dis 2024, 15:361, https://doi.org/10.1038/s41419-024-
06757-9.

116. Fourest-Lieuvin A, et al.: Microtubule regulation in mitosis:
tubulin phosphorylation by the cyclin-dependent kinase
Cdk1. Mol Biol Cell 2006, 17:1041–1050, https://doi.org/10.1091/
mbc.e05-07-0621.

117. Shida T, et al.: The major alpha-tubulin K40 acetyltransferase
alphaTAT1 promotes rapid ciliogenesis and efficient
mechanosensation. Proc Natl Acad Sci U S A 2010, 107:
21517–21522, https://doi.org/10.1073/pnas.1013728107.

118
* *
. Lu YM, Yan S, Ti SC, Zheng C: Editing of endogenous tubulins
reveals varying effects of tubulin posttranslational modifi-
cations on axonal growth and regeneration. Elife 2024:13,
https://doi.org/10.7554/eLife.94583.

Unlike traditional methods that rely on PTM mutant overexpression or
the removal of PTM-modifying enzymes, the authors directly engi-
neered endogenous tubulin genes in C. elegans, demonstrating that
acetylation and detyrosination have distinct effects on axonal growth
and regeneration—some PTMs promote growth, while others inhibit it.
This work underscores the complex regulatory roles of tubulin PTMs in
neuronal development and repair.

119. Diaz-Nido J, et al.: Phosphorylation of a neuronal-specific
beta-tubulin isotype. J Biol Chem 1990, 265:13949–13954.

120. Sgro F, et al.: Tissue-specific control of midbody microtubule
stability by Citron kinase through modulation of TUBB3
phosphorylation. Cell Death Differ 2016, 23:801–813, https://
doi.org/10.1038/cdd.2015.142.

121. Yoshida N, Haga K, Haga T: Identification of sites of phos-
phorylation by G-protein-coupled receptor kinase 2 in beta-
tubulin. Eur J Biochem 2003, 270:1154–1163, https://doi.org/
10.1046/j.1432-1033.2003.03465.x.

122. Khan IA, Luduena RF: Phosphorylation of beta III-tubulin.
Biochemistry 1996, 35:3704–3711, https://doi.org/10.1021/
bi951247p.

123. Ikegami K, Setou M: TTLL10 can perform tubulin glycy-
lation when co-expressed with TTLL8. FEBS Lett 2009,
583:1957–1963, https://doi.org/10.1016/
j.febslet.2009.05.003.

124. Dahl HA: Fine structure of cilia in rat cerebral cortex.
Z Zellforsch Mikrosk Anat 1963, 60:369–386, https://doi.org/
10.1007/BF00336612.
Current Opinion in Neurobiology 2025, 90:102971

https://doi.org/10.1093/hmg/ddp337
https://doi.org/10.1074/jbc.M113.507913
https://doi.org/10.1074/jbc.M113.507913
https://doi.org/10.1038/ncomms6245
https://doi.org/10.1371/journal.pone.0037467
https://doi.org/10.1371/journal.pone.0037467
https://doi.org/10.1073/pnas.0911175107
https://doi.org/10.1073/pnas.0911175107
https://doi.org/10.1111/j.1471-4159.2012.07734.x
https://doi.org/10.1111/j.1471-4159.2012.07734.x
https://doi.org/10.1242/jcs.241802
https://doi.org/10.15252/embj.2021108498
https://doi.org/10.15252/embj.2021108498
https://doi.org/10.1016/j.molcel.2007.04.012
https://doi.org/10.1016/j.molcel.2007.04.012
https://doi.org/10.1016/j.cell.2010.10.014
https://doi.org/10.1091/mbc.E14-06-1072
https://doi.org/10.1091/mbc.E14-06-1072
https://doi.org/10.1073/pnas.73.1.208
https://doi.org/10.1073/pnas.73.1.208
https://doi.org/10.1126/science.1068912
https://doi.org/10.1126/science.1068912
https://doi.org/10.15252/embj.2018100540
https://doi.org/10.15252/embj.2018100540
https://doi.org/10.1083/jcb.201709028
https://doi.org/10.1083/jcb.201709028
https://doi.org/10.1073/pnas.0812391106
https://doi.org/10.1073/pnas.0812391106
https://doi.org/10.1016/j.celrep.2018.07.029
https://doi.org/10.1016/j.celrep.2018.07.029
https://doi.org/10.1007/s00018-022-04607-5
https://doi.org/10.1371/journal.pbio.3000820
https://doi.org/10.1371/journal.pbio.3000820
https://doi.org/10.1016/j.neulet.2021.135656
https://doi.org/10.3390/ijms232112961
https://doi.org/10.1016/j.neuropharm.2021.108719
https://doi.org/10.1016/j.neuropharm.2021.108719
https://doi.org/10.3390/biom13050784
https://doi.org/10.1038/s41419-024-06757-9
https://doi.org/10.1038/s41419-024-06757-9
https://doi.org/10.1091/mbc.e05-07-0621
https://doi.org/10.1091/mbc.e05-07-0621
https://doi.org/10.1073/pnas.1013728107
https://doi.org/10.7554/eLife.94583
http://refhub.elsevier.com/S0959-4388(25)00002-9/sref118
http://refhub.elsevier.com/S0959-4388(25)00002-9/sref118
https://doi.org/10.1038/cdd.2015.142
https://doi.org/10.1038/cdd.2015.142
https://doi.org/10.1046/j.1432-1033.2003.03465.x
https://doi.org/10.1046/j.1432-1033.2003.03465.x
https://doi.org/10.1021/bi951247p
https://doi.org/10.1021/bi951247p
https://doi.org/10.1016/j.febslet.2009.05.003
https://doi.org/10.1016/j.febslet.2009.05.003
https://doi.org/10.1007/BF00336612
https://doi.org/10.1007/BF00336612
www.sciencedirect.com/science/journal/09594388


12 Cellular Neuroscience 2024
125. He Q, et al.: Primary cilia in stem cells and neural progenitors
are regulated by neutral sphingomyelinase 2 and ceramide.
Mol Biol Cell 2014, 25:1715–1729, https://doi.org/10.1091/
mbc.E13-12-0730.
Current Opinion in Neurobiology 2025, 90:102971
126. Sheu SH, et al.: A serotonergic axon-cilium synapse drives
nuclear signaling to alter chromatin accessibility. Cell 2022,
185:3390–3407 e18, https://doi.org/10.1016/j.cell.2022.07.026.
www.sciencedirect.com

https://doi.org/10.1091/mbc.E13-12-0730
https://doi.org/10.1091/mbc.E13-12-0730
https://doi.org/10.1016/j.cell.2022.07.026
www.sciencedirect.com/science/journal/09594388

	Emerging roles for tubulin PTMs in neuronal function and neurodegenerative disease
	Introduction
	The tubulin deTyr/Tyr cycle
	Tubulin acetylation
	Tubulin polyglutamylation
	Tubulin phosphorylation and poly-glycylation
	Concluding remarks
	Funding
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


