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Abstract: Microtubules are highly polar structures and
are characterized by high anisotropy and stiffness. In
neurons, they play a key role in the directional transport of
vesicles and organelles. In the neuronal projections called
axons, they form parallel bundles, mostly oriented with
the plus-end towards the axonal termination. Their physico-
chemical properties have recently attracted attention as a
potential candidate in sensing, processing and transducing
physical signals generated by mechanical forces. Here,
we discuss the main evidence supporting the role of micro-
tubules as a signal hub for axon growth in response to a
traction force. Applying a tension to the axon appears to
stabilize the microtubules, which, in turn, coordinate a
modulation of axonal transport, local translation and their
cross-talk. We speculate on the possible mechanisms
modulating microtubule dynamics under tension, based on
evidence collected in neuronal and non-neuronal cell types.
However, the fundamental question of the causal relation-
ship between these mechanisms is still elusive because the
mechano-sensitive element in this chain has not yet been
identified.
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1 Introduction

Mechanical force induces axon outgrowth and stimulates
neuronal maturation, known as “stretch-growth” (SG)
(Smith 2009; Suter and Miller 2011). Since the 1980s,
many groups have demonstrated that axonal elongation is
promoted in response to mechanical force in many cellular
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models: neuron-like cell cultures (Dennerll et al. 1989; Smith
et al. 2001; Raffa et al. 2018; Wang et al. 2020), chick dorsal
root ganglion (DRG) neurons (Bray 1984), chick sensory
neurons (Dennerll et al. 1989; Lamoureux et al. 2010; Zheng
et al. 1991), chick forebrain neurons (Chada et al. 1997; Fass
and Odde 2003), rat hippocampal and cortical neurons
(Abraham et al. 2018; Magdesian et al. 2016; Smith et al. 2001),
rat retinal ganglion cell (RGC) neurons (Steketee et al. 2011),
rat DRG neurons (Katiyar et al. 2019; Loverde and Pfister
2015; Pfister et al. 2004; Wang et al. 2020), rat spinal neurons
(Katiyar et al. 2019), mouse cortical neurons (Kilinc et al.
2014), mouse hippocampal neurons (De Vincentiis et al. 2020,
2021; Falconieri et al. 2022, 2023), and neural precursor cells
(Dai et al. 2019; de Vincentiis et al. 2022).

Multiple models and different methodologies used to
generate the forces gave similar results, suggesting that me-
chanical force is a well-conserved mechanism that induces
axon outgrowth and neuron maturation. AxonSeq revealed
907 differentially expressed genes between the stretched
and unstretched axons. Gene ontology enrichment analysis
(GOEA) highlighted that the most dysregulated processes are
related to the transport of organelles (Golgi apparatus,
mitochondria, endoplasmic reticulum), vesicles (lysosome,
endosome, late endosome), cytoskeleton organization
(cytoskeleton, the microtubule organizing centre), and syn-
aptic remodelling (Falconieri et al. 2023). These data are in
line with previous reports, showing that SG is coupled to the
addition of lipids, proteins, vesicles, and organelles in the
stretched axons (Chowdary et al. 2019; Falconieri et al. 2023;
Lamoureux et al. 2010; Miller and Sheetz 2006).

In order to explain the mechanisms behind this
process, our research group recently proposed a model by
which the traction force induces the stabilization of axonal
microtubules (MTs), and the resulting increase in MT den-
sity in the axon induces an accumulation of vesicles and -
organelles, such as endosomes, endoplasmic reticulum and
mitochondria, whose transport is MT-dependent
(Falconieri et al. 2023) (Figure 1). According to this model,
the local increase in concentration of vesicles and organ-
elles promotes the formation of the translational platform
(Cioni et al. 2019) and the activation of local translation
(Falconieri et al. 2023).
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Figure 1: Atraction force oriented from soma to tip induce accumulation
of MTs in the axon shaft by stabilizing them (the scheme shows acetylated
MTs or microtubule-binding proteins). MT-associated transport of
mitochondria, endoplasmic reticulum, vesicles (among which late
endosomes) facilitates the assembly of translation machinery. Local
translation and axonal transport promote the process of axon elongation
and synaptic maturation.

Unfortunately, the mechanism responsible for mecha-
nosensing and signal transduction has not yet been found.
Microtubules have recently been proposed as a candidate for
sensing and transducing pathways activated in response to
force (Hamant et al. 2019). In this review, we will overview
the evidence in support of this hypothesis from in vitro
and in vivo studies.

2 A brief overview of microtubule
structure

MTs have a polar structure made up of ap-tubulin hetero-
dimers arranged in (most commonly) 13-protofilaments
(Tilney et al. 1973). The interactions between adjacent di-
mers occur through lateral and longitudinal non-covalent
bonds. The two subunits bind GTP, but only in p-tubulin is
GTP hydrolysed following polymerization. The head-to-tail
arrangement results in a-tubulin exposed at one end (minus
end), and B-tubulin exposed at the other (plus end). Both
ends show dynamic instability (i.e. alternating phases of
growth and shrinkage) but the plus end typically grows
faster than the minus end (Mitchison and Kirschner 1984). In
vivo, the minus end is usually stabilized by capping proteins
(Kollman et al. 2011).

The accepted model suggests that, after a new dimer
has been incorporated into the growing microtubule, GTP
hydrolyses after a delay that generates a “GTP cap” in the
plus end that appears to be responsible for stabilization
(Janosi et al. 2002). The transition from GTP-tubulin to
GDP-tubulin in the cap likely destabilizes lateral bonds, as
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GTP-tubulins are relatively straight, while GDP-tubulins
tend to curve, thus causing plus end instability. Interestingly,
in line with this model, growing MTs have blunt ends, while
shortening MTs have flared ends (Mandelkow et al. 1991).

In axons, MTs are mainly localised in the shaft where
they form parallel bundles. By forming polarized tracks,
with the faster-growing plus ends preferentially pointing
towards the growth cone, and the slower-growing minus
ends pointing towards the soma (Heidemann et al. 1981). MTs
also act as a structural backbone for axonal transport,
including the trafficking of vesicles and organelles, powered
by motor proteins (Cason and Holzbaur 2022) (Figure 1),
i.e,, kinesins and dynein motor proteins, whose primary role
is anterograde and retrograde axonal transport (Guillaud
et al. 2020). Axonal MTs are part of a highly dynamic
cytoskeletal network, in which the periodic actin-spectrin
network helps to maintain the axon diameter and MT
stability (Krieg et al. 2017; Qu et al. 2017).

3 Microtubule-stabilizing agents

The increase in MT growth depends on MT turnover, which
consists of a balance between MT polymerization and
depolymerization rates, or MT stabilization. The more stable
a microtubule is, the higher its flexural rigidity will be
(Mickey and Howard 1995). Microtubule-stabilizing agents
increase this rigidity by up to a factor of two (Mickey and
Howard 1995).

MT stability and stiffness can be also increased by
incorporating tubulin-GTP into the cap of growing MTs end
(Vale et al. 1994), by the binding microtubule associated
proteins (MAPs) such as Tau and MAP2 (Mickey and Howard
1995) or by post-translational modifications of tubulin
(Bar et al. 2022; Sanchez-Huertas and Herrera 2021). For
instance, MTs assembled in vitro in the presence of tau
show minimal dynamic instability and grow along linear
trajectories (Peck et al. 2011). Transglutaminase-catalysed
polyamination of neuronal tubulins contributes to MT
stability in axons (Song et al. 2013). Detyrosination of stabi-
lized MTs produces disassembly-resistant protofilaments
by blocking kinesin-13-mediated microtubule depolymer-
ization (Peris et al. 2009). Some modifications (such as
Lys40Ac) increase MT flexibility, preventing the loss of
rigidity due to repetitive bending, thus prolonging their half-
life (Xu et al. 2017) and making them more mechanically
stable (Xu et al. 2017). The increase in MT stiffness generally
increases the kinesin transport rate (Vale et al. 1994). There
are also enzymatic processes which causes the disassembly
of MTs, for example, polyglutamylation increases microtu-
bule severing (McNally and Roll-Mecak 2018).
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4 Microtubules as load-bearing
elements

Studies carried out since Ingber and colleagues’ seminal
work in the 1980s have focused on the cytoskeleton as the
key structure to maintaining a level of tension, namely
“tensional homoeostasis”, proposing a model referred to as
tensional model or “tensegrity” (Ingber 1993, 1997; Ingber
et al. 1981; Wang et al. 1993). In architecture, tensegrity
asserts that opposite tension and compression elements
balance each other and promote stabilization of the whole
structure (Fuller 1961). In biology, tensegrity provides a
model by which the cell cytoskeleton is stabilized by a
tensile pre-stress that is generated and maintained through
the balance between the contractile forces generated by
actomyosin filaments and the resistance by compression-
bearing elements, such as microtubules (Ingber 1993, 1997,
2003, 2006; Ingber et al. 1981; Ingber and Jamieson 1985).

Tensegrity provides a theoretical explanation as to why
the cytoskeleton is extremely responsive to perturbations
and, if force is applied to one element, the stress is
re-distributed in the entire structure, without breaking.
Interestingly, according to this model, mechanical distur-
bances can be transmitted over long distances, theoretically
also from a distal point of adhesion to the nuclear envelope
(Schneider et al. 2023). However, cells also bear elements
to selectively propagate stress in specific directions and to
block propagation through other parts, thus modulating
tensional homoeostasis differentially in specific spatial
domains (Blumenfeld 2006).

All these features have crucial implications for efficient
signal mechanotransduction, the process by which a cell
or a living organism converts a mechanical signal into a
chemical, electrical or biochemical response (French 1992;
Watson 1991). A crucial question in biology is which ele-
ments of the cytoskeleton are involved in converting me-
chanical force into biochemical signalling. Historically, the
myosin motors and actin filaments have been thought to be
involved in mechanosensing, force transduction and trans-
mission (Cope et al. 1996; Lecuit et al. 2011; Pollard and
Cooper 2009; Schutt and Lindberg 1992; Theriot and Mitch-
ison 1991). However, the possible role of MTs as force sensors
is also emerging.

5 There is no direct evidence that
microtubules are
mechanosensitive in vivo

Due to their physical properties, MTs would be an ideal
candidate for mechanosensing as they are characterized by
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high stiffness and mechanical anisotropy (Hawkins et al.
2010; Kis et al. 2002; Tuszynski et al. 2005). Hamant and
colleagues explored this hypothesis by building models on
plant cells subjected to turgor pressure (Hamant and
Haswell 2017; Hamant et al. 2019). The idea that MTs can
align in the direction of force is not recent. In fact, in the
1960s it was postulated that cortical MTs are able to orient
themselves in the direction of maximum stress (Green and
King 1966) and this was confirmed by in vitro observations
(Kabir et al. 2014).

Plant cells are an ideal model for this type of study,
and many reports have demonstrated that their MTs are
easily re-oriented in order to counteract an external stress
(Colin et al. 2020; Hamant et al. 2008; Hejnowicz et al. 2000;
Hervieux et al. 2016; Jacques et al. 2013; Robinson and
Kuhlemeier 2018; Sampathkumar et al. 2014; Torrino et al.
2021; Verger et al. 2018; Williamson 1990; Zhao et al. 2020). The
evidence that MTs align in the direction of maximum stress is
in line with Ingher’s tensegrity model, according to which cell
cytoskeleton rapidly and adaptively remodel in response to
forces (Ingber et al. 2014). Experimental observations using
many different models have been collected in this direction.
In fact, the increase in tensional homeostasis at the focal
adhesion (FA) points in non-neuronal cells has been found to
increase the MT polymerization rate (Kaverina et al. 2002;
Putnam et al. 2001). Pulling the Aplisia growth cone, MTs were
found to spend less time in depolymerization in the direction
of force generation (Lee and Suter 2008). Similarly, the
generation of tension at the kinetochore was found to
increase the MT number (King and Nicklas 2000). However,
there is still no theoretical framework explaining why force
induces changes in MT dynamics.

6 Speculating about the
mechanisms modulating MT
dynamics under tension

Tension-dependent control of MT growth could occur
through a direct mechanism that modulates the microtubule
components (cis-acting) or an indirect mechanism, where
force regulates the activity of MT-binding proteins (trans-
acting). Evidence of a direct mechanism comes from clas-
sical micro-manipulation experiments: a traction force of
0.5-2 piconewton (pN) decreases the probability that
growing MTs shrink and increases the probability that short
MTs resume growth (Franck et al. 2007).

However, MTs have a Young’s modulus (i.e., elastic
modulus) of about 1.2 gigapascal (GPa), and a pN force can
cause bending, sliding or gliding between filaments, rather
than inducing a strain in the individual MT. Nevertheless,
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the stress can also be stored in the MT lattice and change
the MT dynamics. Interestingly, simulations provide a
mechanism for load-dependent acceleration of MT assembly
by facilitating lateral bond formation between GTP-tubulin
dimers, thereby promoting wall closure of the protofilament
(Gudimchuk et al. 2020) (Figure 2A). The maximum acceler-
ation of MT assembly induced by a traction force was
estimated to be two-fold, which is in line with the increase
in elongation rate found in SG (De Vincentiis et al. 2020;
Raffa et al. 2018).

Force could also indirectly influence MT stability by
modulating the activity of MAPs. The application of 1pN
force to XMAP215, an enzyme that catalyses MT growth
by adding tubulin dimer to the MT plus end, was found to
increase the MT growth rate (Trushko et al. 2013). The
authors suggest that application of the force, if directed

A Promoting lateral B
bond formation

Promoting MT and
MAP interaction

C Modulating protein/enzime
activity or processivity

Figure 2: A traction force in the order of piconewton changes MT
dynamics. (A) Force promotes the closure of the protofilament wall by
promoting lateral tubulin dimer bonds. (B) Stretching applied along MTs
changes the association/dissociation constants between MTs and MAPs.
(C) Force acts in trans on a MT-binding protein (a motor protein, a tip
protein, a MAP or enzymes responsible for writing the tubulin code),
stretching a protein domain, changing the protein structure and the
protein binding/activity/processivity.
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towards the plus-end, could increase MT growth, possibly by
increasing the activity of the enzyme. In fact, force likely
modulates the interaction time between the MT and the
MAP, increasing the probability of their association (Ciudad
and Sancho 2005; Molodtsov et al. 2016) (Figure 2B).
In agreement with this idea, tension appears to stabilize
the attachment of Stu2 (XMAP215 family member) (Miller
et al. 2016) to MTs. Another possibility is that the force
induces a conformational change that stimulates enzyme
activity (Gumpp et al. 2009) (Figure 2C).

Although it is not known whether force can promote
MT post-translational modification, mechanical signals may
be able to stabilise MT by promoting glutamine-dependent
MT glutamylation (Torrino et al. 2021) or microtubule
acetylation (Seetharaman et al. 2022).

7 Axon growth is force-dependent

From a biophysical perspective, axon outgrowth in vivo
depends on the forces generated in the growth cone and in
the axon shaft from cytoskeletal components (Ghose
and Pullarkat 2023; Raffa 2022). In the growth cone, the
acto-myosin contraction at the adhesion points, generates a
contractile force that pulls the axon shaft (Lamoureux et al.
1989). Similarly, the axon shaft pulls the growth cone
through a contractile force generated by the axonal actin
cortex (de Rooij et al. 2018) that is organized in longitudinal
trails and in cortical rings regularly spaced by spectrin.
This axonal contractile force is partially counteracted by
other forces, such as those generated by MT assembly or
sliding. A stronger contractile force generated in the growth
and a weaker contractile force generated in the axon shaft
typically results in tip advance (Miller and Suter 2018).

8 Axon stretching promotes MT
stabilization

When an exogenous mechanical force is applied to axons or
neurites, they elongate and the density of axonal MTs in-
creases (De Vincentiis et al. 2020; Falconieri et al. 2022, 2023).
The structure of microtubules seems to be deeply involved in
SG since mutants for a or B-tubulin that lack stable in vivo
13-protofilament MTs (but still forms 11-protofilament MTSs)
do not respond to the stretching (Falconieri et al. 2023).
Mechanical forces applied to axons lead to an increase
in the ratio between acetylated and tyrosinated a-tubulin
(Falconieri et al. 2023), which is generally associated with an
increase in MT stabilization (Witte et al. 2008). Stabilization
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mediated by acetylation and de-tyrosination of MTs are
involved in cellular mechanotransduction. In fact, mecha-
notransduction mediated by MT acetylation occurs in mouse
and rat cardiomyocytes (Coleman et al. 2021; Swiatlowska
et al. 2020), in rat flexor digitorum brevis (FDB) fibres
(Coleman et al. 2021), in rat astrocytes (Seetharaman et al.
2022), in Drosophila sensory neurons (Yan et al. 2018), in
C. elegans sensory neurons (Teoh et al. 2022), and in
mouse DRG neurons (Morley et al. 2016). On the other
hand, de-tyrosination occurs in rat, mouse and human
cardiomyocytes (Caporizzo et al. 2020, 2022; Chen et al. 2018,
2020; Kerr et al. 2015; Robison et al. 2016; Swiatlowska et al.
2020) and in rat FDBs (Kerr et al. 2015). MT stabilization
induced by force seems to be necessary to induce stretch-
growth. For instance, Zheng and colleagues found that
vinblastine, a drug that disrupts MT assembly, strongly
inhibits the formation of new neurites in response to force
in chick DRG neurons (Zheng et al. 1993). Furthermore,
electron microscopy studies have shown that when treated
with vinblastine, stretched neurites presented short
MTs in the axon shaft, usually not axially oriented
(Zheng et al. 1993). Similarly, our group demonstrated that
drug treatment with nocodazole, a MT depolymerizing
agent, prevents tension from inducing axon elongation.
Conversely, MT-stabilizing agents had no effects
(De Vincentiis et al. 2020).

9 MT coordinates vesicle transport

MTs act as “tracks” on which vesicles can travel powered
by dynein and kinesin molecular motors. The better char-
acterised transported cargos are: the late endosomes (LESs),
which are transported retrogradely by dynein (Villari et al.
2020) and anterogradely by kinesin 1 (Jongsma et al. 2020);
synaptic vesicles, which are classified as synaptic vesicle
precursors (SVPs) and dense-core vesicles (DCVs), which
move predominantly in an anterograde direction powered
by kinesin 3 (Guedes-Dias et al. 2019); signalling endosomes,
which are primarily transported retrogradely by multiple
dynein regulatory proteins (Schmieg et al. 2014).

Evidence collected in the last decade by several groups
demonstrate that mechanical forces alter vesicular
trafficking, generally leading to an accumulation of vesicle
and organelles in the axon shaft. Stretch was found to
increase the probability of the active motion of large DCV
in Aplysia neurites (Ahmed and Saif 2014). In the same
study, mechanical strain was applied in vivo in Drosophila
neurons, leading to a global accumulation of SVPs. Inter-
estingly, this study demonstrated that, when neurons are
stretched, the activity of single molecular motors increases,
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giving rise to greater vesicle motion. The same in vivo model
was used by Siechen and colleagues to demonstrate that
mechanical tension induces accumulation and clustering
of SVPs at presynaptic terminals (Siechen et al. 2009).
The accumulation of SVPs was also found in hippocampal
neurons in response to force generation (Falconieri et al.
2023).

The accumulation of vesicles promoted by mechanical
force is likely to be associated with the accumulation of
MTs. Several regulatory mechanisms can contribute to
this modulation. First, considering that axonal MTs are the
major cytoskeleton substrate for cargo transport, an
increase of vesicles in the axon is very likely when the MT
density increases. MT stabilization induced by tension may
also play a role in this process. For instance, the preference
of kinesin-1 for stable MTs may contribute to kinesin-
1-mediated cargo recruitment and movement on MTs (Farias
et al. 2015). In fact, MT-stabilizing modifications such as
a-tubulin acetylation at Lys-40 or tubulin detyrosination
increase the binding of kinesin 1 to MTs, and the motility
of kinesin 1 and the transport (Konishi and Setou 2009;
Reed et al. 2006), resulting in vesicle accumulation (Godena
et al. 2014; Mohan et al. 2019). SG was found to induce the
accumulation of synapsin SNN-1 positive SVPs and the
related motor protein kinesin 3 (UNC-104) in C. elegans
neurons. However, no difference can be detected in axon
length and UNC-104 levels between control and stretched
axons when neurons are treated with the MT-destabilizing
agent Nocodazole (Falconieri et al. 2023). Additionally,
C. elegans mutants harbouring the 11-protofilament MTs
(rather than the more stable 13-protofilament MTs) do not
show either vesicle or motor protein accumulation in
response to force and do not respond to SG, thus indicating
that MT stabilization is probably necessary to modulate
vesicle transport in response to force (Falconieri et al. 2023).

Another potential regulatory mechanism is associated
with force acting in trans on motor proteins, by changing
their interactions with MTs (Figure 2C). Specifically, when a
motor protein is manipulated with a backward force and the
applied load exceeded the stall force, a backward movement
is observed; this mechanical strain-dependent direction-
switching behaviour has been described for many molecular
motors, such as dynein (Gennerich et al. 2007; Shingyoji et al.
2015), kinesin-1 (Carter and Cross 2006) and myosin-V (Geb-
hardt et al. 2006). Indeed, in a stretched axon, a traction force
toward the microtubule plus end can induces backward
stepping by dynein that can walks backward toward the
microtubule plus end, if the load is above its stall force
of 7pN (Gennerich et al. 2007). One could speculate that a
force-dependent mechanism may decrease the retrograde
transport, leading to vesicle accumulation in the axon.
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Interestingly, we found a decrease of the retrograde
component of NGF-signalling vesicles in stretched axons of
mouse DRG primary neurons, resulting in NGF vesicle
accumulation in the axon (Falconieri et al. 2023). Similarly,
Chowdary and colleagues found a decrease of the retrograde
transport of endosomes in rat DRG neurons (Chowdary et al.
2013, 2019). A decrease in motility of lipid vesicles in response
to an opposing force has been observed in rat cortical
neurons (Kunze et al. 2017).

10 MT coordinates organelle
transport

Due to the metabolic demand, axonal trafficking of mito-
chondria along MTs is finely regulated by the adaptor Miro
proteins, which anchor mitochondria at specific locations
(Lopez-Doménech et al. 2018), and the motor-binding TRAK
proteins that can associate with both kinesin and dynein
(Fenton et al. 2021). Mechanical force leads to an accumula-
tion of mitochondria in chick sensory neurons (Lamoureux
et al. 2010), in mouse hippocampal neurons (Falconieri et al.
2023), and in human neural stem cells (NSCs) (de Vincentiis
et al. 2022). MTs also coordinate the axonal transport of
rough endoplasmic reticulum (ER). In one mechanism, ER
tubules bind to the MTs through association between the ER
protein STIM1 and the MT-associated protein EB1 (Pavez
et al. 2019). In another mechanisms, ER binds to stable
acetylated MTs and slide using kinesin 1 and dynein motor
proteins (Wozniak et al. 2009). In line with the idea of the
increase in the number of MTs, MT stabilization, and MT/ER
association, we found an accumulation of ER tubules in
stretched mouse hippocampal neurons (De Vincentiis et al.
2020; Falconieri et al. 2022, 2023) and in human NSCs
(de Vincentiis et al. 2022).

11 MT coordinates the cross-talk
between axonal transport and
local translation

We recently suggested that the accumulation of vesicles
and organelles in stretched axons increases the probability
of functional contacts that promote local translation
(Falconieri et al. 2023) (Figure 1B). In 2019, Cioni and
colleagues provided evidence that RNA granules and LEs
associate with mitochondria, generating a platform for
local translation (Cioni et al. 2019). In stretched axons,
we observed that mechanical stimulation strongly promotes
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local translation and increases the concentration of axonal
ribosomes in a stage of active translation. MTs play an
important role in the localization of the components of
these translational platforms by increasing the probability
of associations between RNA granules and LEs, resulting in a
switch of ribosomes from an inactive to an active state
(Falconieri et al. 2023). However, mechanosensitivity should
be at the level of MTs, while activation of local translation
seems to be a downstream event. This is in line with data
showing that the treatment with cycloheximide (an inhibitor
of protein synthesis) blocks SG, but not the increase of MTs
in stretched axons.

12 Conclusions and critical
perspectives

Here, we propose a model of axon growth induced by a
traction force (Figure 1), that highlights that MTs are likely
to be the hub of the interactions that produce a coordinated
and orchestrated response. We suggest that the force
generated along the axon induces stabilization of axonal
MTs. According to this model, when the axonal MTs are
more stable, their turn-over decreases, and, consequently,
they accumulate. Therefore, since MTs provide the main
cytoskeletal “tracks” for axonal transport, their accumula-
tion induces an enrichment of vesicles and organelles in
the axon. The probability of translational platforms to
form increases when the local concentration of vesicles
and organelles increases. The assembly of translational
platforms results in activation of local translation. This
positive modulation of axonal transport and local trans-
lation can sustain the addition of the new mass required
for axon to grow under stretching.

The most significant aspect that our model does not
clarify is why a traction force induces MT stabilization.
According to the classic idea of the tensegrity model, a
traction force could lead to a purely mechanical effect:
tension induces a remodelling of the axonal cytoskeleton,
which is dictated by actin-MT and actin-spectrin interactions
(Coles and Bradke 2015), with actin and spectrin bearing
traction forces and MT bearing compression forces. MT
accumulation could result from this cytoskeletal remodel-
ling, as a consequence of MT sliding and MT translocation
(Rao and Baas 2018; Reinsch et al. 1991), considering that
axons behave as active fluids (Miller and Suter 2018).

However, the strong evidence that a traction force alters
MT dynamics in vitro raises the question of whether MTs
are mechanosensors or mechanotranducers in this process.
A potential cis-acting mechanism, supported by mathematical



DE GRUYTER

modelling and experimental evidence, seems to indicate that
the energy transmitted by the mechanical stimulus could
be stored in the lattice structure, promoting a lateral bond
formation between tubulin dimers and protofilament stabil-
ity (Gudimchuk et al. 2020). Alternatively, energy storage
could change the MT mechanical properties, thereby
increasing rigidity (Mickey and Howard 1995). This could
increase MT stability by changing the interaction time
between MT and MAPs (Figure 2).

Another possible mechanism, acting in trans, could
involve an unknown mechanosensitive (MS) protein
(Figure 2), which is then subjected to a conformational
change under a traction force (Hu et al. 2017). This can
expose cryptic domains, or alter secondary, ternary, or
quaternary structures. This can modulate the affinity
of the protein for its interactor or its catalytic activity or
the enzyme processivity. We speculate that any MS pro-
tein involved in MT-binding, MT polymerization and
in post-translational modification of tubulin may result in
a change in MT stability.

In fact, the presence of a mechanosensitive element
has not been yet confirmed, and questions regarding i) what
the mechano-sensor could be, ii) how it could perceive
the stretching forces and iii) how the signal is transduced,
still need to be answered. Proving that MTs can sense
the force directly or indirectly would be the first step in
elucidating this mechanism. Computational studies are
urgently required to corroborate experimental hypotheses.
Forster resonance energy transfer (FRET) could be helpful
to study molecular interactions in the MT protofilament or
between the MT and an associated component. Although
several FRET sensors have been developed for force sensing
(Freikamp et al. 2017; Vicente et al. 2022), no specific tubulin
force-sensor has been identified. However, the possibility of
tagging MTs, MAPs or associated proteins would allow us to
study alterations in MT dynamics and MT/MAP interaction
dynamics in response to a traction force. This should then
lead to the identification of novel molecular targets.

Another fascinating scenario would be to exploit
nanotechnology for generating traction forces at the level
of specific sub-domains or specific components, such as
adhesion points (Etoc et al. 2013), cytoskeletal elements (Chen
et al. 2011), vesicles (Chowdary et al. 2013, 2019; Kunze et al.
2017; Steketee et al. 2011), channel proteins (Falleroni et al. 2022),
etc. Further studies on axonal transcriptome and proteome
changes evoked by stretching forces are needed.

Finally, genetically modified animals fluorescently
tagged and/or lacking a specific component of the MT
network could be used for studying in vivo mechanisms
of MT assembly, stabilization (e.g., tau-MT interactions),
enzymatic activation (e.g., aTAT1 for MT acetylation) by
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two-photon microscopy, following the direct application of
the mechanical stimulus.

A multidisciplinary approach is certainly required to
address the complexity of this biological issue.

Acknowledgments: The authors thank Dr. Sara De Vincen-
tiis, providing continuous support to our team working in
the field of axon growth.

Research ethics: Not applicable.

Author contributions: AF: writing, review, editing. AC:
review and editing. VR: supervision, funding acquisition,
writing, review, editing.

Competing interests: No competing interests.

Research funding: The study was supported by the Wings for
Life Foundation (WFL-IT-16/17 and 20/21), the EC programme
Horizon 2020 (101007629-NESTOR-H2020-MSCA-RISE-2020), the
Human Frontier Science Program (RGP0026/2021), and the
European Union Next-GenerationEU — National Recovery and
Resilience Plan (NRRP) — mission 4 component 2, investiment
n. 1.4 - CUP N. B83C22003930001 (“Tuscany Health Ecosystem —
THE”, Spoke 8).

Data availability: No data (review).

References

Abraham, J.A,, Linnartz, C., Dreissen, G., Springer, R., Blaschke, S., Rueger,
M.A,, Fink, G.R., Hoffmann, B., and Merkel, R. (2018). Directing
neuronal outgrowth and network formation of rat cortical neurons by
cyclic substrate stretch. Langmuir 35: 7423-7431.

Ahmed, W.W. and Saif, T.A. (2014). Active transport of vesicles in neurons is
modulated by mechanical tension. Sci. Rep. 4: 4481.

Bar, J., Popp, Y., Bucher, M., and Mikhaylova, M. (2022). Direct and indirect
effects of tubulin post-translational modifications on microtubule
stability: insights and regulations. Biochim. Biophys. Acta (BBA)-Mol.
Cell Res. 1869: 119241.

Blumenfeld, R. (2006). Isostaticity and controlled force transmission in the
cytoskeleton: a model awaiting experimental evidence. Biophys. J. 91:
1970-1983.

Bray, D. (1984). Axonal growth in response to experimentally applied
mechanical tension. Dev. Biol. 102: 379-389.

Caporizzo, M.A,, Yingxian Chen, C., Bedi, K., Margulies, K.B., and Prosser,
B.L. (2020). Microtubules increase diastolic stiffness in failing human
cardiomyocytes and myocardium. Circulation 141: 902-915.

Caporizzo, M.A,, Yingxian Chen, C., and Prosser, B.L. (2022). Microtubule
detyrosination contributes to mechanical dysfunction in a rat model of
HFpEF. Biophys. J. 121: 291a-292a.

Carter, N.J. and Cross, R.A. (2006). Kinesin’s moonwalk. Curr. Opin. Cell Biol.
18: 61-67.

Cason, S.E. and Holzbaur, E.L.F. (2022). Selective motor activation in
organelle transport along axons. Nat. Rev. Mol. Cell Biol. 23:
699-714.

Chada, S., Lamoureux, P., Buxbaum, R.E., and Heidemann, S. (1997).
Cytomechanics of neurite outgrowth from chick brain neurons. J. Cell
Sci. 110: 1179-1186.



8 —— A Falconieri et al.: Axonal microtubules respond to a traction force

Chen, C.Y., Caporizzo, M.A,, Bedi, K., Vite, A., Bogush, A.L, Robison, P.,
Heffler, J.G., Salomon, A.K, Kelly, N.A., Babu, A., et al. (2018).
Suppression of detyrosinated microtubules improves cardiomyocyte
function in human heart failure. Nat. Med. 24: 1225-1233.

Chen, Y., Guzik, S., Sumner, J.P., Moreland, J., and Koretsky, A.P. (2011).
Magnetic manipulation of actin orientation, polymerization, and
gliding on myosin using superparamagnetic iron oxide particles.
Nanotechnology 22: 065101.

Chen, C.Y., Salomon, A.K., Caporizzo, M.A., Curry, S., Kelly, N.A., Bedi, K.,
Bogush, A.L, Krdmer, E., Schlossarek, S., Janiak, P., et al. (2020).
Depletion of vasohibin 1 speeds contraction and relaxation in failing
human cardiomyocytes. Circ. Res. 127: e14-e27.

Chowdary, P.C., McGuire, A, Lee, Y., Che, D., Hanson, L., Osakada, Y., Ooi, C.,
Xie, C., Wang, S.X., and Cui, B. (2019). Magnetic manipulation of axonal
endosome transport in live neurons. bioRxiv: 733253.

Chowdary, P.D., Xie, C., Osakada, Y., Che, D.L., and Cui, B. (2013). Magnetic
manipulation of axonal transport in live neurons. Biophys. J. 104: 652a.

Cioni, J.M., Lin, J.Q., Holtermann, A.V., Koppers, M., Jakobs, M.A.H., Azizi, A.,
Turner-Bridger, B., Shigeoka, T., Franze, K., Harris, W.A,, et al. (2019).
Late endosomes act as mRNA translation platforms and sustain
mitochondria in axons. Cell 176: 56-72.

Ciudad, A. and Sancho, J.M. (2005). External mechanical force as an
inhibition process in kinesin’s motion. Biochem. J. 390: 345-349.

Coleman, AK., Joca, H.C., Shi, G., Lederer, W.J., and Ward, C.W. (2021).
Tubulin acetylation increases cytoskeletal stiffness to regulate
mechanotransduction in striated muscle. J. Gen. Physiol. 153:
€202012743.

Coles, C.H. and Bradke, F. (2015). Coordinating neuronal actin-microtubule
dynamics. Curr. Biol. 25: R677-R691.

Colin, L., Chevallier, A., Tsugawa, S., Gacon, F., Godin, C., Viasnoff, V.,
Saunders, T.E., and Hamant, O. (2020). Cortical tension overrides
geometrical cues to orient microtubules in confined protoplasts. Proc.
Natl. Acad. Sci. 117: 32731-32738.

Cope, M.J., Whisstock, J., Rayment, L, and Kendrick-Jones, J. (1996).
Conservation within the myosin motor domain: implications for
structure and function. Structure 4: 969-987.

Dai, R, Hang, Y., Liu, Q., Zhang, S., Wang, L., Pan, Y., and Chen, H. (2019).
Improved neural differentiation of stem cells mediated by magnetic
nanoparticle-based biophysical stimulation. J. Mater. Chem. B 7:
4161-4168.

Dennerll, T.J., Lamoureux, P., Buxbaum, R.E., and Heidemann, S.R. (1989).
The cytomechanics of axonal elongation and retraction. J. Cell Biol.
109: 3073-3083.

De Vincentiis, S., Baggiani, M., Merighi, F., Cappello, V., Lopane, ., Di Caprio,
M., Costa, M., Mainardi, M., Onorati, M., and Raffa, V. (2022). Low
forces push the maturation of neural precursors into neurons. Small
19: €2205871.

De Vincentiis, S., Falconieri, A., Mainardi, M., Cappello, V., Scribano, V.,
Bizzarri, R., Storti, B., Dente, L., Costa, M., and Raffa, V. (2020).
Extremely low forces induce extreme axon growth. J. Neurosci. 40:
4997-5007.

De Vincentiis, S., Falconieri, A., Mickoleit, F., Cappello, V., Schiiler, D., and
Raffa, V. (2021). Induction of axonal outgrowth in mouse hippocampal
neurons via bacterial magnetosomes. Int. J. Mol. Sci. 22: 4126.

Falconieri, A., Taparia, N., De Vincentiis, S., Cappello, V., Sniadecki, N., and
Raffa, V. (2022). Magnetically-actuated microposts stimulate axon
growth. Biophys. J. 121: 374-382.

Etoc, F., Coppey, M., Lisse, D., Bellaiche, Y., and Piehler, J. (2013). Magnetic
manipulation of intracellular signaling. Biophys. J. 104: 214a.

DE GRUYTER

Falconieri, A., De Vincentiis, S., Cappello, V., Convertino, D., Das, R., Ghignoli,
S., Figoli, S., Luin, S., Catala-Castro, F., Marchetti, L., et al. (2023).
Axonal plasticity in response to active forces generated through
magnetic nano-pulling. Cell Rep. 42: 111912.

Falleroni, F., Bocchero, U., Mortal, S., Li, Y., Ye, Z., Cojoc, D., and Torre, V.
(2022). Mechanotransduction in hippocampal neurons operates
under localized low picoNewton forces. iScience 25: 103807.

Farias, G.G., Guardia, C.M., Britt, D.J., Guo, X., and Bonifacino, J.S. (2015).
Sorting of dendritic and axonal vesicles at the pre-axonal exclusion
zone. Cell Rep. 13: 1221-1232.

Fass, J.N. and Odde, D.J. (2003). Tensile force-dependent neurite elicitation
via anti-B1 integrin antibody-coated magnetic beads. Biophys. J. 85:
623-636.

Fenton, A.R., Jongens, T.A., and Holzbaur, E.L.F. (2021). Mitochondrial
adaptor TRAK2 activates and functionally links opposing kinesin and
dynein motors. Nat. Commun. 12: 4578.

Franck, A., Powers, A., Gestaut, D., Gonen, T., Davis, T., and Asbury, C. (2007).
Tension applied through the Dam1 complex promotes microtubule
elongation providing a direct mechanism for length control in mitosis.
Nat. Cell Biol. 9: 832-837.

Freikamp, A., Mehlich, A., Klingner, C., and Grashoff, C. (2017). Investigating
piconewton forces in cells by FRET-based molecular force microscopy.
J. Struct. Biol. 197: 37-42.

French, A.S. (1992). Mechanotransduction. Ann. Rev. Physiol. 54: 135-152.

Fuller, B. (1961). Tensegrity. Portfolio Art News Ann. 4: 112-127.

Gebhardt, J., Christof M., Clemen, A.E.-M., Jaud, J., and Rief, M. (2006).
Myosin-V is a mechanical ratchet. Proc. Natl. Acad. Sci. 103: 8680-
8685.

Gennerich, A, Carter, A.P., Reck-Peterson, S.L., and Vale, R.D. (2007). Force-
induced bidirectional stepping of cytoplasmic dynein. Cell 131: 952-
965.

Ghose, A. and Pullarkat, P. (2023). The role of mechanics in axonal stability
and development. Semin. Cell Dev. Biol. 140: 22-34.

Godena, V.K., Brookes-Hocking, N., Moller, A., Shaw, G., Oswald, M., Sancho,
R.M., Miller, C.CJ., Whitworth, AJ., and De Vos, KJ. (2014). Increasing
microtubule acetylation rescues axonal transport and locomotor deficits
caused by LRRK2 Roc-COR domain mutations. Nat. Commun. 5: 5245.

Green, P.B. and King, A. (1966). A mechanism for the origin of specifically
oriented textures in development with special reference to Nitella wall
texture. Aust. J. Biol. Sci. 19: 421-438.

Gudimchuk, N.B., Ulyanov, E.V., O’Toole, E., Page, C.L., Vinogradov, D.S.,
Morgan, G., Li, G., Moore, ].K., Szczesna, E., Roll-Mecak, A., et al. (2020).
Mechanisms of microtubule dynamics and force generation examined
with computational modeling and electron cryotomography. Nat.
Commun. 11: 3765.

Guedes-Dias, P., Nirschl, J.J., Abreu, N., Tokito, M.K., Janke, C., Magiera,
M.M., and Holzbaur, E.L.F. (2019). Kinesin-3 responds to local
microtubule dynamics to target synaptic cargo delivery to the
presynapse. Curr. Biol. 29: 268-282.

Guillaud, L., Emad El-Agamy, S., Otsuki, M., and Terenzio, M. (2020).
Anterograde axonal transport in neuronal homeostasis and disease.
Front. Mol. Neurosci. 13: 556175.

Gumpp, H., Puchner, E.M., Zimmermann, J.L., Gerland, U., Gaub, H.E., and
Blank, K. (2009). Triggering enzymatic activity with force. Nano Lett. 9:
3290-3295.

Hamant, O. and Haswell, E.S. (2017). Life behind the wall: sensing
mechanical cues in plants. BMC Biol. 15: 1-9.

Hamant, O., Heisler, M.G., Jonsson, H., Krupinski, P., Uyttewaal, M., Bokov,
P., Corson, F., Sahlin, P., Boudaoud, A., Meyerowitz, E.M., et al. (2008).



DE GRUYTER

Developmental patterning by mechanical signals in Arabidopsis.
Science 322: 1650-1655.

Hamant, O., Inoue, D., Bouchez, D., Dumais, J., and Mjolsness, E. (2019). Are
microtubules tension sensors? Nat. Commun. 10: 2360.

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

Heidemann, S.R., Landers, J.M., and Hamborg, M.A. (1981). Polarity
orientation of axonal microtubules. J. Cell Biol. 91: 661-665.

Hejnowicz, Z., Rusin, A, and Rusin, T. (2000). Tensile tissue stress affects the
orientation of cortical microtubules in the epidermis of sunflower
hypocotyl. J. Plant Growth Regul. 19: 31-44.

Hervieux, N., Dumond, M., Sapala, A., Routier-Kierzkowska, A.-L.,
Kierzkowski, D., Roeder, A.H.K., Smith, R.S., Boudaoud, A., and
Hamant, O. (2016). A mechanical feedback restricts sepal growth and
shape in Arabidopsis. Curr. Biol. 26: 1019-1028.

Hu, X, Margadant, F.M., Yao, M., and Sheetz, M.P. (2017). Molecular
stretching modulates mechanosensing pathways. Protein Sci. 26:
1337-1351.

Ingber, D.E. (1993). Cellular tensegrity: defining new rules of biological
design that govern the cytoskeleton. J. Cell Sci. 104: 613-627.

Ingber, D.E. (1997). Tensegrity: the architectural basis of cellular
mechanotransduction. Ann. Rev. Physiol. 59: 575-599.

Ingber, D.E. (2003). Tensegrity I. Cell structure and hierarchical systems
biology. J. Cell Sci. 116: 1157-1173.

Ingber, D.E. (2006). Cellular mechanotransduction: putting all the pieces
together again. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 20: 811-827.

Ingber, D.E. and Jamieson, J.D. (1985). Cells as tensegrity structures:
architectural regulation of histodifferentiation by physical forces
transduced over basement membrane. Gene Expr. Dur. Norm. Malig.
Differ. 10: 13.

Ingber, D.E., Madri, J.A., and Jamieson, J.D. (1981). Role of basal lamina in
neoplastic disorganization of tissue architecture. Proc. Natl. Acad. Sci.
78:3901-3905.

Ingber, D.E., Wang, N., and Stamenovi¢, D. (2014). Tensegrity, cellular
biophysics, and the mechanics of living systems. Rep. Prog. Phys. 77:
46603.

Jacques, E., Verbelen, J.-P., and Vissenberg, K. (2013). Mechanical stress in
Arabidopsis leaves orients microtubules in a’continuous’ supracellular
pattern. BMC Plant Biol. 13: 1-7.

Janosi, LM., Chrétien, D., and Flyvbjerg, H. (2002). Structural microtubule
cap: stability, catastrophe, rescue, andthird state. Biophys. J. 83:
1317-1330.

Jongsma, M.L.M., Bakker, J., Cabukusta, B., Liv, N., van Elsland, D.,
Fermie, J., Akkermans, J.L.L., Kuijl, C., van der Zanden, S.Y., Janssen,
L., et al. (2020). SKIP-HOPS recruits TBC 1D15 for a Rab7-to-Arl8b
identity switch to control late endosome transport. EMBO J. 39:
€102301.

Kabir, A.M.R., Inoue, D., Hamano, Y., Mayama, H., Sada, K., and Kakugo, A.
(2014). Biomolecular motor modulates mechanical property of
microtubule. Biomacromolecules 15: 1797-1805.

Katiyar, K.S., Struzyna, L.A., Das, S., and Cullen, D.K. (2019). Stretch growth of
motor axons in custom mechanobioreactors to generate long-
projecting axonal constructs. J. Tissue Eng. Regen. Med. 13:
2040-2054.

Kaverina, L, Krylyshkina, O., Beningo, K., Anderson, K., Wang, Y.-L., and
Victor, J.S. (2002). Tensile stress stimulates microtubule outgrowth in
living cells. J. Cell Sci. 115: 2283-2291.

Kerr, J.P., Robison, P., Shi, G., Bogush, A.L,, Kempema, A.M., Hexum, J.K,
Becerra, N., Harki, D.A., Martin, S.S., Raiteri, R., et al. (2015).

A. Falconieri et al.: Axonal microtubules respond to a traction force —— 9

Detyrosinated microtubules modulate mechanotransduction in heart
and skeletal muscle. Nat. Commun. 6: 8526.

Kilinc, D., Blasiak, A., O’mahony, .., and Lee, G.U. (2014). Low piconewton
towing of CNS axons against diffusing and surface-bound repellents
requires the inhibition of motor protein-associated pathways. Sci. Rep.
4:7128.

King, J.M. and Nicklas, R.B. (2000). Tension on chromosomes increases the
number of kinetochore microtubules but only within limits. J. Cell Sci.
113: 3815-3823.

Kis, A., Kasas, S., Babi¢, B., Kulik, A.J., Benoit, W., Briggs, G.A.D.,
Schénenberger, C., Catsicas, S., and Forro, L. (2002). Nanomechanics
of microtubules. Phys. Rev. Lett. 89: 248101.

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

Konishi, Y. and Setou, M. (2009). Tubulin tyrosination navigates the kinesin-1
motor domain to axons. Nat. Neurosci. 12: 559-567.

Krieg, M., Stiihmer, )., Cueva, ).G., Fetter, R., Spilker, K., Cremers, D., Shen, K.,
Dunn, A.R., and Goodman, M.B. (2017). Genetic defects in B-spectrin
and tau sensitize C. elegans axons to movement-induced damage via
torque-tension coupling. Elife 6: €20172.

Kunze, A., Murray, C.T., Godzich, C,, Lin, J., Owsley, K., Tay, A., and Di Carlo, D.
(2017). Modulating motility of intracellular vesicles in cortical neurons
with nanomagnetic forces on-chip. Lab Chip 17: 842-854.

Lamoureux, P., Buxbaum, R.E., and Heidemann, S.R. (1989). Direct evidence
that growth cones pull. Nature 340: 159-162.

Lamoureux, P., Heidemann, S.R., Martzke, N.R., and Miller, K.E. (2010).
Growth and elongation within and along the axon. Dev. Neurobiol. 70:
135-149.

Lecuit, T., Lenne, P.-F., and Munro, E. (2011). Force generation, transmission,
and integration during cell and tissue morphogenesis. Annu. Rev. Cell
Dev. Biol. 27: 157-184.

Lee, A.C. and Suter, D.M. (2008). Quantitative analysis of microtubule
dynamics during adhesion-mediated growth cone guidance. Dev.
Neurobiol. 68: 1363-1377.

Lépez-Doménech, G., Covill-Cooke, C., Ivankovic, D., Halff, E.F., Sheehan,
D.F., Norkett, R., Birsa, N., and Kittler, J.T. (2018). Miro proteins
coordinate microtubule-and actin-dependent mitochondrial transport
and distribution. EMBO J. 37: 321-336.

Loverde, J.R. and Pfister, B.J. (2015). Developmental axon stretch stimulates
neuron growth while maintaining normal electrical activity,
intracellular calcium flux, and somatic morphology. Front. Cell.
Neurosci. 9: 308.

Magdesian, M.H., Lopez-Ayon, G.M., Mori, M., Boudreau, D., Goulet-
Hanssens, A., Sanz, R., Miyahara, Y., Barrett, C,J., Fournier, A.E.,

De Koninck, Y., et al. (2016). Rapid mechanically controlled rewiring of
neuronal circuits. J. Neurosci. 36: 979-987.

Mandelkow, E.-M., Mandelkow, E., and Milligan, R.A. (1991). Microtubule
dynamics and microtubule caps: a time-resolved cryo-electron
microscopy study. J. Cell Biol. 114: 977-991.

McNally, F.J. and Roll-Mecak, A. (2018). Microtubule-severing enzymes: from
cellular functions to molecular mechanism. J. Cell Biol. 217:
4057-4069.

Mickey, B. and Howard, J. (1995). Rigidity of microtubules is increased by
stabilizing agents. ). Cell Biol. 130: 909-917.

Miller, K.E. and Sheetz, M.P. (2006). Direct evidence for coherent low
velocity axonal transport of mitochondria. J. Cell Biol. 173: 373-381.

Miller, K.E. and Suter, D.M. (2018). An integrated cytoskeletal model of
neurite outgrowth. Front. Cell. Neurosci. 12: 447.



10 —— A Falconieri et al.: Axonal microtubules respond to a traction force

Miller, M.P., Asbury, C.L., and Biggins, S. (2016). A TOG protein confers
tension sensitivity to kinetochore-microtubule attachments. Cell 165:
1428-1439.

Mitchison, T. and Kirschner, M. (1984). Dynamic instability of microtubule
growth. Nature 312: 237-242.

Mohan, N., Sorokina, E.M., Verdeny, L.V., Alvarez, A.S., and Lakadamyali, M.
(2019). Detyrosinated microtubules spatially constrain lysosomes
facilitating lysosome-autophagosome fusion. J. Cell Biol. 218:
632-643.

Molodtsov, M.L, Mieck, C., Dobbelaere, J., Dammermann, A., Westermann,
S., and Vaziri, A. (2016). A force-induced directional switch of a
molecular motor enables parallel microtubule bundle formation. Cell
167: 539-552.

Morley, S.J., Yanmei Qi, Y., lovino, L., Andolfi, L., Guo, D., Kalebic, N., Castaldi,
L., Tischer, C., Portulano, C., Bolasco, G., et al (2016). Acetylated tubulin
is essential for touch sensation in mice. Elife 5: €20813.

Pavez, M., Thompson, A.C., Arnott, H.J., Mitchell, C.B., D’Atri, L., Don, E.K,,
Chilton, J.K., Scott, E.K., Lin, J.Y., Young, K.M.,, et al. (2019). STIM1 is
required for remodeling of the endoplasmic reticulum and
microtubule cytoskeleton in steering growth cones. J. Neurosci. 39:
5095-5114.

Peck, A., Sargin, M.E., LaPointe, N.E., Rose, K., Manjunath, B.S., Feinstein,
S.C., and Wilson, L. (2011). Tau isoform-specific modulation of kinesin-
driven microtubule gliding rates and trajectories as determined with
tau-stabilized microtubules. Cytoskeleton 68: 44-55.

Peris, L., Wagenbach, M., Lafanechére, L., Brocard, J., Moore, A.T., Kozielski,
F., Job, D., Wordeman, L., and Andrieux, A. (2009). Motor-dependent
microtubule disassembly driven by tubulin tyrosination. J. Cell Biol.
185: 1159-1166.

Pfister, B.J., Iwata, A., Meaney, D.F., and Smith, D.H. (2004). Extreme stretch
growth of integrated axons. J. Neurosci. 24: 7978-7983.

Pollard, T.D. and Cooper, J.A. (2009). Actin, a central player in cell shape and
movement. Science 326: 1208-1212.

Putnam, A.J., Schultz, K., and Mooney, D.J. (2001). Control of microtubule
assembly by extracellular matrix and externally applied strain. Am.
J. Physiol. Cell Physiol. 280: C556-C564.

Qu, Y., Ines Hahn, 1., Webb, S.E.D., Pearce, S.P., and Prokop, A. (2017).
Periodic actin structures in neuronal axons are required to maintain
microtubules. Mol. Biol. Cell 28: 296-308.

Raffa, V. (2022). Force: a messenger of axon outgrowth. Semin. Cell Dev.
Biol. 140: 3-12.

Raffa, V., Falcone, F., De Vincentis, S., Falconieri, A., Calatayud, M.P., Goya,
G.F., and Cuschieri, A. (2018). Piconewton mechanical forces promote
neurite growth. Biophys. J. 115: 2026-2033.

Rao, A.N. and Baas, P.W. (2018). Polarity sorting of microtubules in the axon.
Trends Neurosci. 41: 77-88.

Reed, N.A., Dawen Cai, D., Blasiusjih, G.T., Meyhofer, E., Gaertig, J., and
Verhey, K.J. (2006). Microtubule acetylation promotes kinesin-1
binding and transport. Curr. Biol. 16: 2166-2172.

Reinsch, S.S., Mitchison, T.J., and Kirschner, M. (1991). Microtubule polymer
assembly and transport during axonal elongation. J. Cell Biol. 115:
365-379.

Robinson, S. and Kuhlemeier, C. (2018). Global compression reorients
cortical microtubules in Arabidopsis hypocotyl epidermis and
promotes growth. Curr. Biol. 28: 1794-1802.

Robison, P., Caporizzo, M.A., Ahmadzadeh, H., Bogush, A.L, Yingxian Chen,
C., Margulies, K.B., Shenoy, V.B., and Prosser, B.L. (2016).
Detyrosinated microtubules buckle and bear load in contracting
cardiomyocytes. Science 352: aaf0659.

DE GRUYTER

Rooij, R.d., Kuhl, E., and Miller, K.E. (2018). Modeling the axon as an active
partner with the growth cone in axonal elongation. Biophys. J. 115:
1783-1795.

Sampathkumar, A., Krupinski, P., Wightman, R., Milani, P., Berquand, A.,
Boudaoud, A., Hamant, O., Jonsson, H., and Meyerowitz, E.M. (2014).
Subcellular and supracellular mechanical stress prescribes
cytoskeleton behavior in Arabidopsis cotyledon pavement cells. Elife 3:
€01967.

Sanchez-Huertas, C. and Herrera, E. (2021). With the permission of
microtubules: an updated overview on microtubule function during
axon pathfinding. Front. Mol. Neurosci. 14, https://doi.org/10.3389/
fnmol.2021.759404.

Schmieg, N., Menendez, G., Schiavo, G., and Terenzio, M. (2014). Signalling
endosomes in axonal transport: travel updates on the molecular
highway. Semin. Cell Dev. Biol. 27: 32-43.

Schneider, S.E., Scott, A.K., Seelbinder, B., Van Den Elzen, C., Wilson, R.L.,
Miller, E.Y., Beato, Q.L,, Ghosh, S., Barthold, J.E., Bilyeu, J., et al (2023).
Dynamic biophysical responses of neuronal cell nuclei and
cytoskeletal structure following high impulse loading. Acta Biomater.
163: 339-350.

Schutt, C. and Lindberg, U. (1992). Actin as the generator of tension during
muscle contraction. Proc. Natl. Acad. Sci. 89: 319-323.

Seetharaman, S., Vianay, B., Roca, V., Farrugia, A.J., De Pascalis, C., Boéda, B.,
Dingli, F., Loew, D., Vassilopoulos, S., Bershadsky, A., et al. (2022).
Microtubules tune mechanosensitive cell responses. Nat. Mater. 21:
366-377.

Shingyoji, C., Nakano, L., Inoue, Y., and Higuchi, H. (2015). Dynein arms are
strain-dependent direction-switching force generators. Cytoskeleton
72: 388-401.

Siechen, S., Yang, S., Chiba, A., and Saif, T. (2009). Mechanical tension
contributes to clustering of neurotransmitter vesicles at presynaptic
terminals. Proc. Natl. Acad. Sci. 106: 12611-12616.

Smith, D.H. (2009). Stretch growth of integrated axon tracts: extremes and
exploitations. Prog. Neurobiol. 89: 231-239.

Smith, D.H., Wolf, J.A., and Meaney, D.F. (2001). A new strategy to produce
sustained growth of central nervous system axons: continuous
mechanical tension. Tissue Eng. 7: 131-139.

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

Steketee, M.B., Moysidis, S.N., Jin, X.-L., Weinstein, J.E., Pita-Thomas, W.,
Raju, H.B., Igbal, S., and Goldberg, J.L. (2011). Nanoparticle-mediated
signaling endosome localization regulates growth cone motility and
neurite growth. Proc. Natl. Acad. Sci. 108: 19042-19047.

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

Swiatlowska, P., Sanchez-Alonso, J.L., Wright, P.T., Novak, P., and Gorelik, J.
(2020). Microtubules regulate cardiomyocyte transversal Young’s
modulus. Proc. Natl. Acad. Sci. 117: 2764-2766.

Teoh, J.-S., Vasudevan, A., Wang, W., Dhananjay, S., Chandhok, G., Pocock,
R., Koushika, S.P., and Neumann, B. (2022). Synaptic branch stability is
mediated by non-enzymatic functions of MEC-17/aTAT1 and ATAT-2.
Sci. Rep. 12: 14003.

Theriot, J.A. and Mitchison, T.J. (1991). Actin microfilament dynamics in
locomoting cells. Nature 352: 126-131.

Tilney, L.G., Bryan, J., Bush, D.J., Fujiwara, K., Mooseker, M.S., Murphy, D.B.,
and Snyder, D.H. (1973). Microtubules: evidence for 13 protofilaments.
J. Cell Biol. 59: 267-275.


https://doi.org/10.3389/fnmol.2021.759404
https://doi.org/10.3389/fnmol.2021.759404

DE GRUYTER

Torrino, S., Grasset, E.M., Audebert, S., Belhadj, 1., Lacoux, C., Haynes, M.,
Pisano, S., Abélanet, S., Brau, F., Chan, S.Y., et al. (2021). Mechano-
induced cell metabolism promotes microtubule glutamylation to force
metastasis. Cell Metab. 33: 1342-1357.

Trushko, A., Schéffer, E., and Howard, J. (2013). The growth speed of
microtubules with XMAP215-coated beads coupled to their ends is
increased by tensile force. Proc. Natl. Acad. Sci. 110: 14670-14675.

Tuszynski, J.A., Luchko, T., Portet, S., and Dixon, J.M. (2005). Anisotropic
elastic properties of microtubules. Eur. Phys. J. E 17: 29-35.

Vale, R.D., Coppin, C.M., Malik, F., Kull, F.J., and Milligan, R.A. (1994). Tubulin
GTP hydrolysis influences the structure, mechanical properties, and
kinesin-driven transport of microtubules. J. Biol. Chem. 269:
23769-23775.

Verger, S., Long, Y., Boudaoud, A., and Hamant, O. (2018). A tension-
adhesion feedback loop in plant epidermis. Elife 7: e34460.

Vicente, F.N., Tianchi Chen, T., Rossier, 0., and Giannone, G. (2022). Novel
imaging methods and force probes for molecular mechanobiology of
cytoskeleton and adhesion. Trends Cell Biol. 33: 204-220.

Villari, G., Bena, C.E., Del Giudice, M., Gioelli, N., Sandri, C., Camillo, C.,
Fiorio Pla, A., Bosia, C., and Serini, G. (2020). Distinct retrograde
microtubule motor sets drive early and late endosome transport.
EMBO J. 39: e103661.

Wang, N., Butler, J.P., and Ingber, D.E. (1993). Mechanotransduction
across the cell surface and through the cytoskeleton. Science 260:
1124-1127.

Wang, Y., Li, B., Xu, H., Du, S., Liu, T., Ren, J., Zhang, J., Zhang, H., Liu, Y., and
Lu, L. (2020). Growth and elongation of axons through mechanical

A. Falconieri et al.: Axonal microtubules respond to a traction force —— 11

tension mediated by fluorescent-magnetic bifunctional Fe30,4
Rhodamine 6G@ PDA superparticles. J. Nanobiotechnol. 18: 1-18.

Watson, P.A. (1991). Function follows form: generation of intracellular
signals by cell deformation. FASEB . 5: 2013-2019.

Williamson, R.E. (1990). Alignment of cortical microtubules by anisotropic
wall stresses. Funct. Plant Biol. 17: 601-613.

Witte, H., Neukirchen, D., and Bradke, F. (2008). Microtubule stabilization
specifies initial neuronal polarization. J. Cell Biol. 180: 619-632.
Wozniak, M.J., Bola, B., Brownhill, K., Yang, Y.-C., Levakova, V., and Allan, V..
(2009). Role of kinesin-1 and cytoplasmic dynein in endoplasmic

reticulum movement in VERO cells. J. Cell Sci. 122: 1979-1989.

Xu, Z., Schaedel, L., Portran, D., Aguilar, A., Gaillard, J., Marinkovich, M.P.,
Théry, M., and Nachury, M.V. (2017). Microtubules acquire resistance
from mechanical breakage through intralumenal acetylation. Science
356: 328-332.

Yan, C,, Wang, F., Peng, Y., Williams, C.R., Jenkins, B., Wildonger, J., Kim, HJ.,
Perr,).B., Vaughan, J.C., Kern, M.E., et al. (2018). Microtubule acetylation is
required for mechanosensation in Drosophila. Cell Rep. 25: 1051-1065.

Zhao, F., Du, F., Oliveri, H., Zhou, L., Ali, O., Chen, W., Feng, S., Wang, Q., L{,
S., Long, M., et al. (2020). Microtubule-mediated wall anisotropy
contributes to leaf blade flattening. Curr. Biol. 30: 3972-3985.

Zheng, J., Buxbaum, R.E., and Heidemann, S.R. (1993). Investigation of
microtubule assembly and organization accompanying tension-
induced neurite initiation. J. Cell Sci. 104: 1239-1250.

Zheng, J., Lamoureux, P., Santiago, V., Dennerll, T., Buxbaum, R.E., and
Heidemann, S.R. (1991). Tensile regulation of axonal elongation and
initiation. J. Neurosci. 11: 1117-1125.



	Microtubules as a signal hub for axon growth in response to mechanical force
	1 Introduction
	2 A brief overview of microtubule structure
	3 Microtubule-stabilizing agents
	4 Microtubules as load-bearing elements
	5 There is no direct evidence that microtubules are mechanosensitive in vivo
	6 Speculating about the mechanisms modulating MT dynamics under tension
	7 Axon growth is force-dependent
	8 Axon stretching promotes MT stabilization
	9 MT coordinates vesicle transport
	10 MT coordinates organelle transport
	11 MT coordinates the cross-talk between axonal transport and local translation
	12 Conclusions and critical perspectives
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


