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Abstract: Neurons are mechanosensitive cells. The role of mechanical force in the process of neurite
initiation, elongation and sprouting; nerve fasciculation; and neuron maturation continues to attract
considerable interest among scientists. Force is an endogenous signal that stimulates all these
processes in vivo. The axon is able to sense force, generate force and, ultimately, transduce the force
in a signal for growth. This opens up fascinating scenarios. How are forces generated and sensed
in vivo? Which molecular mechanisms are responsible for this mechanotransduction signal? Can we
exploit exogenously applied forces to mimic and control this process? How can these extremely
low forces be generated in vivo in a non-invasive manner? Can these methodologies for force
generation be used in regenerative therapies? This review addresses these questions, providing a
general overview of current knowledge on the applications of exogenous forces to manipulate axonal
outgrowth, with a special focus on forces whose magnitude is similar to those generated in vivo.
We also review the principal methodologies for applying these forces, providing new inspiration and
insights into the potential of this approach for future regenerative therapies.
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1. Introduction

Axonal elongation, guidance and navigation are crucial for the development of the nervous system.
They require motion, and Newton’s laws states that motion is caused by forces. Neurobiologists have
learned how axons generate forces and, most interestingly, that axonal outgrowth can be driven by
force application only [1-3]. The endogenous mechanisms of force generation have been extensively
studied and reviewed in the last decades, while the literature still lacks points of view regarding the
potential use of exogenous forces of strength and magnitude similar to the endogenous ones. Although
force is perhaps the strongest inducer of axonal outgrowth [4], no practical applications have yet been
proposed. One reason why the therapeutic potential of force as a regulator of axonal outgrowth has
been neglected for decades is the lack of methodologies to translate research outcomes into clinical
research/practice. Material sciences and nanobiotechnology hold promise for novel methods for
exploiting exogenous forces in regenerative therapies.

Here, we intend to provide an overview of the various methods to manipulate axon outgrowth via
exogenous forces, showing the ability to modulate every phase of neuronal growth and highlighting
any future therapeutic applications. This review begins by describing how axons perceive mechanical
stimuli from the environment and convert them into a signal generating the intracellular force that
is responsible for motion. Inspired by Weiss’s visionary hypothesis that the growth of an animal’s
body places axons in a condition of stretching that could be responsible for axonal growth following
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synaptogenesis [5], here, we focus on the effects of prolonged exposure to low magnitude forces,
more similar to those naturally occurring in vivo. We reveal how exogenous mechanical forces act on
axons, possibly resulting in the activation of pathways that influence every step of neuron development,
from neurogenesis to synaptogenesis. Finally, we review the methodologies for force application in
terms of their therapeutic potential to stimulate axonal outgrowth in regeneration therapies.

2. Endogenous Force Generation in Axonal Outgrowth

Force is required to generate motion, and a force requires energy. It is thus not surprising that
the axon has a complex machinery to generate force, which is one of the key regulators of axonal
outgrowth. This section describes the mechanisms behind the generation of the endogenous force and
the force against the extracellular matrix to produce a motion.

2.1. Axon: The Neuron Machinery That Moves Forward

Neurons are highly polarized cells that are able to extend axons, which then grow for long
distances to reach the target during the process of development. The growth cone (GC) is the apical
structure at the end of the axon that drives the axonal extension. This process leads to the axon
elongation and guidance, which is defined as the increase or addition of new bulk material at the
leading edge.

For decades, it was thought that the new material is added at the GC while the remaining part of the
axonal cytoskeleton stays stationary, but recent work has contradicted this view [6]. Axonal transport
is clearly essential for mass addition. It is driven by molecular motors that run on microtubules (MTs),
the main cytoskeletal “tracks” for transportation. It is made up of retrograde and anterograde transport
for the movement of all the components required for the correct functioning of the neuron. It also
accounts for the transport of the matter needed for axon growth.

2.2. The Contractile Force Generated at the GC Is Responsible for the Movement of the GC

The GC generates contractile forces that pull the axon shaft [7,8]. The cytoskeleton then generates
and transmits this force. Both the axon shaft and GC are rich in cytoskeletal elements, such as actin
filaments and MTs, in varying proportions. There are three zones in the GC with different cytoskeletal
compositions: (i) a central domain (C) where stable MTs and organelles spill out of the axon shaft;
(ii) a peripheral domain (P) rich in a network of actin filaments whose polymerization creates the
protrusions for invading and exploring the external space; and (iii) a transition zone (T) between these
two regions, where the translocation of MTs from the C domain and the flow of actin from the P domain
are dynamically coupled [9,10]. Actin filaments de-polymerize in the T domain and polymerize in the
P domain, pushing on the membrane with their growing (+) end (Figure 1) [10]. Membrane tension
opposes this pushing force, and a retrograde flow (RF) of actin is generated, powered by non-muscle
myosin II (NMII), which recycles actin filaments to the T domains, where they de-polymerize (Figure 1).
A balanced situation between actin RF and actin polymerization leads to no elongation in the steady
state condition [8,11].

The dynamic association between extracellular matrix (ECM)-bound integrins and the force-
generating actomyosin cytoskeleton constitutes that mechanical connection, namely, of molecular
clutches [12]. According to the adhesion clutch hypothesis [13], adhesion at the GC, which is regulated
by a multitude of physical and chemical signals [14], creates a physical coupling between the F-actin
filaments and the molecular clutches. When molecular clutches engage the F-actin filaments, they resist
the force generated by NMII and slow down the actin RF. The molecular clutches are thus stretched,
which, in turn, generates a traction force onto the matrix at the adhesion point (Figure 1). In the end,
the actin polymerization/de-polymerization rates are no longer balanced, thus generating a force of
several piconewtons (pN) that pushes the filopodial and lamellipodial edge forward [15]. Interestingly,
as clutches are dynamic structures, spatial and temporal tension fluctuations can be observed in
the GC due to the formation and disassembly of adhesions [16]. Contrary to what was originally
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thought, MTs are not passive contributors to this process. In the steady state, M Ts explore the T domain
by moving back (by coupling to the RF, movement powered by NMII) and forward (by assembly,
movement powered by dynein). During the initial (latent) phase of elongation, some highly dynamic
MTs spend more time at the adhesion sites, uncoupling from the actin RF [17]. Later, when the
RF strongly attenuates and traction force increases at the adhesion site, Rho-dependent actomyosin
contractility is responsible for massive MT translocation through association with actin bundles
(C domain) and actin arcs (T zone) [18], while in the P domain, MTs simply advance towards the
adhesion site because of actin RF attenuation and actin clearance [19].

meUSIn

Fcol(e X

e
e _ Fieohson
.' actin

F

polym

Fadhesion

raction e
C—
s

e =

Figure 1. The endogenous forces of the axonal (on the left) and growth cone (GC) compartment (on the
right). In the axon, MT polymerization pushes against the GC (Fpolym MT) ‘and the sliding of molecular
motors (yellow/orange proteins) creates an additional pushing force (Fsliding)~ However, the axonal
shaft generates a contractile force that pulls the GC (Fcontract A’“’“), above all generated by the cortex
force (Feortex) Of the actin, which antagonizes the pushing forces. In the GC, actin filament (orange lines)
polymerization generates a force that pushes on the membrane (Fpoym actiny NMII (violet proteins)
powers the actin RF, generating an opposite Fyyosin- When molecular clutches engage the F-actin
filaments, they oppose this force and stretch (Fygnesion)- A traction force Fipaction is thus transmitted to
the substrate. Consequently, the RF slows down, and actin polymerization/de-polymerization rates are
not balanced. This creates a force that pushes the apical structure forward (Fprotrusion) as well as a force
that pulls the axon shaft (Feontract GC).

Indeed, the myosin-dependent contractility is responsible for generating a contractile stress that is
constant, but force fluctuations might result from the dynamics of adhesion assembly and disassembly,
eventually providing a mechanism for probing the ECM [16]. The contractile force generated by NMII
is relatively high: a single myosin protein is able to exert around 1 pN; there are an estimated 1000
myosin proteins per um in the P zone, and the resulting contractile force is about 1 nN pm~! [8].
The contractile force generated in the Aplysia GCs has been estimated to be about 2 nN [7].

2.3. The Contractile Force Generated at the Axon Level Influences the Bulk Translocation

The axon also generates a contractile force that pulls the GC (Figure 1). The main components of
the axonal cytoskeleton are the axonal actin cortex underneath the plasma membrane and the MTs,
which are relatively stiff and organized into dense bundles cross-linked by MT-associated proteins
(MAPs). The axonal actin cortex and NMII-driven contraction produce circumferential and longitudinal
contractile forces along the axon (Figure 1) [19]. MT assembly generates a compressional force that
pushes against the GC. However, a growing body of evidence indicates when the molecular motors
residing in MT bundles slide, this exerts an additional mechanical force (Figure 1) [20].

Motor proteins are also able to move the cytoskeletal elements, creating a necessary connection
between endogenous force generation and mass translocation [21]. Dynein exerts forces between
microfilaments and MTs to push forward the cytoskeletal meshwork as a single structure [21,22].
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Kinesin-1 belongs to unipolar motors that have one domain, called a walking domain, which binds
the MTs, and another domain that loads the cargo (or interacts with another filament). The motors
create the force to drive the MT bundle expansion. Kinesin-5 belongs to bipolar motors, which have
two walking domains that slow down the relative motion between two MT parallel filaments [23].
Dynein and kinesin-1 promote the axonal outgrowth with the generation of endogenous low forces
and bulk translocation; instead, kinesin-5 slows down the process with an inhibitory effect [21-24].
The range of these forces generally varies between 4 and 8 pN when generated by a single motor
protein, and up to 9 pN when they act as multiple-protein motors or in teams [25]. The sum of these
opposing forces along the axon results in a net contractile force that is relatively low. In the Aplysia
model, the contractile force generated in the axons has been estimated to be about 0.6 nN [7].

2.4. Variations of Endogenous Force Generation Modulate Axon Growth

The strong contractile forces generated in the GC and the weaker contractile forces along the axon
regulate axonal growth [9]. Cytoskeletal dynamics and motor proteins are key actors in this process.
Endogenous forces generated by kinesins or dynein along the axon slow down or promote the bulk
translocation at the GC. On the other hand, endogenous forces at the GC, which are generated by
acto-myosin contraction, drive the structure forwards [21-24].

The level of the endogenous force generated also depends on the substrate. Some studies appear
to contradict each other and axon elongation/guidance seems to be influenced in different ways by
substrate stiffness, depending on the cell type and the experimental conditions [26]. The theoretical
explanation is that there are at least two mechanisms contributing to the traction force generation.
Once the clutches bind to the substrate, it is deformed and the traction force increases. Soft substrates
have a higher deformation and a slower force loading than stiff substrates. Above a rigidity threshold,
force loading can lead to either clutch disengagement or talin unfolding, which have opposite
effects [27,28]. When force loading is too fast, clutches rapidly reach their breaking strength and
disengage from the substrate before other clutches have time to bind, thus reducing the traction force.
On the other hand, the force loading causes talin unfolding, and the exposure of a vinculin binding site
leads to adhesion reinforcement and adhesion maturation.

The adhesion site is where several mechanosensitive (MS) proteins of the molecular clutches are
concentrated. Their stretching often exposes cryptic domains, which regulate the clutching. As in
non-neuronal cells, adhesion contact points appear to require integrin engagement. The substrate
triggers talin-dependent integrin activation, leading to the recruitment of scaffold proteins that link
the clutch to actin RF [29]. Talin has itself an actin-binding domain, but its binding partner vinculin,
which is recruited by talin when force is generated [30], may play a prominent role in reinforcing
integrin—actin linkages [31]. Vinculin likely anchors p130Cas, a protein that has a central substrate
domain, which is intrinsically disordered. The vinculin recruitment of p130Cas in a focal adhesion
(FA) allows this central domain to stretch, thereby making tyrosine motifs accessible to Src kinases
for phosphorylation, initiating several cascade pathways [32]. Filamin, another FA protein, has an
amino-terminal actin-binding domain, followed by an integrin-binding domain, which is normally
folded. However, when force is applied, this intracellular interaction is released, increasing the level
of filamin binding to integrins [33] and offering binding sites for several signaling molecules such
as Rho, Rho-associated protein kinase (ROCK), protein kinase C (PKC) and p-21 activated kinase
(PAK) [34]. Other scaffold MS proteins include focal adhesion kinase (FAK) and protein-tyrosine
phosphatase alpha (RPTP-alpha). FAK is essential for dynamic adhesion (assembly/disassembly) and
axon guidance [35]. RPTP-alpha senses a stiff substrate, promoting Src- and Cas-mediated adhesion
complex strengthening [36]. Force exertion on mature adhesions also triggers Rho GPTase activity,
which results in myosin II assembly into filaments, promoting the interaction of myosin II with actin
filaments and acto-myosin contraction.

Along the axon, the adhesion on the substrate also plays a role. When there is a strong adhesion,
forces are dissipated, and bulk transport diminishes. When the interaction between the axon and the
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substrate is stronger, most of the transport is near the GC [37]. Several MAPs also play a part in the
equilibrium between the forces that oppose the axons, i.e., the expansion force generated by MTs/motor
proteins and the contractile force generated by the acto-myosin structure. One protein is tau, which
inhibits the forces made by each type of kinesin motor in order to facilitate dynein motility. Thanks to
tau, dynein is able to generate higher pushing forces to increase the axonal elongation [22,38].

The axons are also rich in membrane receptors, especially at the GC [39]. A lot of molecules
have been found to modulate the generation of the endogenous force. Many signaling molecules
exploit contact adhesion to regulate clutching directly. Netrin-1 converts chemical signaling into
force by activating its receptor (DDC) and its downstream effectors (Cdc42 and Racl), which trigger
PAK-mediated shootinl phosphorylation, promoting shootinl-actin interaction, cluster engagement,
a reduction in RF, the generation of force and axon growth [40]. Nerve growth factor (NGF) signaling
influences the speed and the direction of the axon growth of dorsal root ganglia (DRG) neurons grown
on laminin-1 by slowing actin RF [41].

Other signaling molecules, such as brain-derived neurotrophic factor (BDNF) [42] and semaphorins [43],
also regulate axonal guidance by asymmetrically modulating the generation of mechanical force at
the level of adhesion points/molecular clutches. The gradients of attractive or repulsive guidance
cues induce the asymmetrical activation of the translation of proteins that build up or disassemble the
cytoskeleton, respectively, leading to axon steering [44,45]. In this context, it is important to mention
the key role played by MS ion channels that strongly regulate GC motility [14], but there are also ion
channels not conventionally described as mechanosensitive that can open in response to force [46].
Many of these channels regulate axon motility and pathfinding through the direct control of Ca?*
and are modulated by cell-substratum interactions [47]. One mechanism by which filopodial Ca**
transients can regulate GC motility and guidance is through the local activation of calpain [48,49].
Calpain is a protease that can cleave certain enzymes (e.g., the calpain-catalyzed activation of PKC)
and numerous adhesion and actin-binding proteins [50], modulating or disrupting mature FAs [49].
Ca?* channels have been found to localize near integrin adhesion sites and Ca?* signals in the areas of
higher traction forces [47], suggesting that substrate rigidity can modulate the Ca* channel response.
This contribution of Ca®" signals could partially explain the apparent discrepancies in the literature
related to the influence of the substrate stiffness. This hypothesis could provide an explanation for those
studies that have reported a biphasic behavior, which consists of a linear increase in the traction force
with increasing substrate stiffness until reaching a plateau at a sufficiently high value of rigidity [51].

Recent studies established that the cytoskeleton, molecular motors, cell adhesion molecules
(CAMs) and the extracellular matrix are also involved in the latest processes of axonal growth. Due to
the increased complexity of mature neurons compared to developing axons, much less is known about
the mechanical aspects of synaptogenesis and plasticity, but a complete review about the current
knowledge is given by Kilinc [52].

3. Exogenous Low Forces Stimulate Axonal Outgrowth

As the axon has machinery to sense and generate forces, it also responds to the application of
exogenous forces. Neurons are mechanosensitive over three distinct ranges of force magnitude (for a
review, see [53,54]); however, in this review, we will focus on forces whose magnitude is similar to
those generated in vivo (<2 nN) [7,55]. Nevertheless, through these exogenous low forces, it is possible
to influence every phase of neuron development (Figure 2).
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Figure 2. Mechanical force influences every phase of neuronal growth.

3.1. Exogenous Force Promotes Neurite Initiation

Shortly after plating, immature neurons become attached to the matrix. Neurons then establish
several short processes (called “neurites”), the process referred to as neurite initiation [56]. In the 1980s,
pioneer studies using DRG neurons from 10-12-day-old chick embryos cultured in glass coverslips
showed that the mechanical tension leads per se to axon initiation [57]. Subsequently, experiments
have shown that tension applied above a force threshold can break the symmetry in several types
of cultured neurons by initiating neurites de novo from a rounded cell body, irrespectively of the
method of applying force [58-61]. The forces typically required for inducing neurite initiation are in
the range of 0.3-10 nN [58]. With the application of these forces, initiated neurites developed GCs
capable of normal motility and axonal elongation. Such neurites also contained a normal array of MTs
as assessed by immunofluorescence and by electron microscopy [61]. In 2003, Fass and Odde showed
that neurite initiation from embryonic chick forebrain neurons was a first-order random process, whose
rate increased with increasing force [62]. Recently, Magdesian et al. partially contradicted these results
by revealing that the process of neurite initiation is necessarily linked to the process of new mass
addition, and pulling neurites at a rate faster than 0.5 pm min~! during the first 5 um results in neurite
breaking [63].

3.2. Exogenous Force Promotes Axon Specification

After the initiation phase, neurites undergo rapid growth and retraction cycles. At this stage,
neurons still appear to be in the unpolarized state, since the neurites are apparently identical
morphologically or immunocytochemically, and it is unclear which one(s) will become (an) axon(s)
or dendrite(s) [56]. Within 24 h, polarity first becomes evident, as one of the immature neurites
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shows enhanced elongation and acquires axonal characteristics, the process referred to as “axon
specification” [64].

Lamoureux et al. showed that external mechanical tension can stimulate the differentiation of
minor processes of rat hippocampal neurons into axons [65]. Subsequently, the developmental course
of experimental neurites was found to be similar to that of unmanipulated spontaneous axons, as
well as the presence of the same molecular markers being found. Kunze et al. investigated what
was behind this observation and revealed that the localized mechanical stimuli impact the polarity
of cortical neurons by affecting the intracellular distribution of the cytoskeletal protein Tau [66],
an important protein involved in the development of neuronal polarity [67]. The complete role played
by mechanical signals in mediating single-cell polarity, however, remains unclear, although the effect
on axon specification has been confirmed.

Once established, polarity is not rigid but instead is reversible, and mechanical tension also
influences this reversibility. In a neuron typically extending only one axon, tension could stimulate the
formation of multiple axons [65]. The hypothesis is that while neurite growth is usually inhibited in
minor neurites after axon specification, this inhibition can be relieved by applying mechanical force.
This presumably drives the redistribution of polarity effectors and, in turn, the induction of a second
axon or multiple axons [68].

3.3. Exogenous Force Promotes Axon Elongation

For the first 2-3 days in culture, the other neurites remain quiescent and undergo little net
elongation, while the axon continues to grow without retraction, the phase known as axonal
elongation [56]. In 1984, Bray demonstrated that mechanical tension can also stimulate this process.
The experiments, lasting about 30 min, showed the formation of bundles of neurites of a length equal
to or greater than 300 pm when mechanical tension was applied along the major axis. Strikingly,
the axons had not only increased length, when subjected to elongation, but also increased volume,
while maintaining a normal ultrastructure and longitudinally aligned MTs and neurofilaments.
In fact, neurons are able to sense the mechanical tension and respond by stimulating the addition of
new proteins, membranes and cytoskeletal components [57]. Many variations of Bray’s pioneering
experiments have been carried out by other groups, confirming previous findings [59,61,69-73].
Overall, regardless of the neuronal type, all neurons grow when subjected to external tension, with the
elongation rate being directly proportional to the magnitude of tension applied [74]. Experimentally,
applied mechanical tension can cause far more robust axonal growth than is observed “physiologically”,
either in vitro or in situ. The most extreme example is the work of Smith and Pfister [4,75]. Axons of
DRG neurons were subjected to a strain, showing elongation from 100 pum to 10 cm in two weeks,
with an elongation rate of approximately 300 m h~! (i.e., 8 mm day~!), almost 10-fold greater than the
typical movement rate of GCs, which is approximately 1 mm day~!. However, Smith and Pfister found
some restrictions in the process of elongation. They showed that the elongation rate is linked to the rate
of mass addition. In fact, they experienced the following limitations: the strain cannot exceed about
2% of the initial axon length, and a minimum time for conditioning is required, otherwise axons break.
Under these conditions, the stretched neurons elongated but did not show a decrease in their caliber
following ultrastructural analysis [75] and were functionally normal from an electrophysiological point
of view [76]. The same result was obtained by Steketee and colleagues for postnatal axons from retinal
ganglion cells (RGC) [77].

In the last two decades, various thresholds have been identified for elongation, depending on
the methods used for applying the force. A force threshold for elongation of approximately 1 nN
has been reported for neurites of PC12 cells [58] and for chick sensory neurons [61] elongated by
the pulling force generated by glass microneedles; 15-100 pN was reported for the neurites of chick
forebrain neurons [62] elongated by the magnetic force induced by magnetic microbeads. According to
these studies, axonal elongation takes place above the threshold, but below there is only a viscoelastic
deformation or retraction. Recent studies have contradicted this conclusion, pointing out that there is
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no threshold for elongation. Neurites of PC12 cells or hippocampal neurons stretched with forces in
the range of 1-10 pN increased their length from 50 to 100% compared to the condition of spontaneous
elongation, in 48 h [78,79]. Interestingly, the elongation rate was very similar to the one calculated in
previous studies (0.1-1 um h™! pN~!) [61], although the applied force was five orders of magnitude
lower than that used in previous work. A possible explanation for this discrepancy is that axons
respond to extremely low forces acting for days as viscoelastic fluid, while neurites show an elastic
behavior when subjected to intense forces acting for a shorter time [79]. Indeed, a similar result was
obtained by Abraham et al. investigating the response of primary cortical neurons to cyclic strain
over hours with physiologically relevant amplitudes and repeated frequencies [80]. Therefore, from
recent experimental data, long-acting and low magnitude force significantly influences the outgrowth
process [72,81-84].

3.4. Exogenous Force Promotes Axon Guidance

The next phase, in vitro, is the pathfinding towards the synaptic target. The GC of an elongating
axon possesses detectors of guidance cues that translate environmental cues into directional movement
and thus guide neuronal processes toward their destination [10]. It is now accepted that the application
of exogenous forces may also influence neurite orientation. Initially, it was observed that neurite
initiation and elongation always occurred along the axis of force application, consistent with the idea
that the direct transmission of force through the membrane provides a directional cue for outgrowth [85].
In the study by Wu et al., a shear stress of 0.17 pN, generated with beads manipulated by optical traps,
was used to turn the GC of individual axons in response to the shear [86]. Similarly, our research
group demonstrated that a force below 1 pN can influence the orientation of PC12 cell neurites [87].
Re-positioning the neurites of single cortical neurons was found to have an optimal force range of
4.5-70 pN [66]. Abraham et al. found a dependency in the neurite orientation relative to cyclic strain.
They found significant remodeling of the MT cytoskeleton, adaptation to the cyclic strain, and MT
formation in the stretch direction [80].

3.5. Exogenous Force Promotes Axon Fasciculation

Fasciculation depends on molecular interactions between proteins in axonal membranes
(axolemmas), which can promote fasciculation, defasciculation (i.e., an axon leaving a bundle of
fasciculated axons) or GC repulsion [88]. Smit et al. revealed a new role of mechanical tension,
which also helps regulate this process, through the control of axon shaft zippering [89]. Using the
explant of mouse olfactory epithelium, they showed that axon zippering is regulated by a competition
between two principal forces, axon—axon adhesion and mechanical tension, which tends to promote
unzippering. Further studies are needed to fully understand the role of axonal tension in this process.
The main effect at the cellular level has, to date, been observed by Katiyar et al., where the application
of mechanical tension resulted in increased motor axon fasciculation. They used a novel combination of
microtissue engineering and mechanically assisted growth techniques to generate healthy motoneurons
projecting dense and fasciculated axonal tracts [81].

3.6. Exogenous Force Promotes Axon Branching and Pruning

Two important mechanisms take part in shaping the connectivity diagram of neuronal systems:
axonal branching and pruning. Axonal branching is crucial for connecting a single neuron with
multiple targets and therefore is essential for forming synapses. On the other hand, axonal pruning is
the elimination by means of retraction or degeneration of excess or inappropriate axon branches [90,91].
Bray reported that tension plays a role in promoting branching [57,92], and our team recently also
observed the same effect with primary hippocampal neurons. By applying forces below 10 pN on the
whole axon for 2 days, we found a stimulation of axonal branching, with an increase in the number of
both secondary and tertiary processes [78]. Detailed analyses of branch formation have revealed that
structures largely depend on actin polymerization at early stages, while MT formation within these
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branches takes place at later time points [93-95]. However, Abraham et al. argue that MT networks are
already formed within side branches, suggesting that the exogenous force might locally destabilize
MTs and trigger the increase in branch formation [80].

It has been suggested that tension may act as a signal for axonal branch survival [70,96]. However,
an increase in tension along one branch may not only lead to its stabilization, but also cause the
retraction or elimination of axon collaterals [69,96]. It has long been considered that pruning is mainly
regulated by an activity-dependent mechanism. Anava et al. provided direct evidence of the role that
mechanical tension plays in axonal pruning, which leads to a step that precedes the known scheme
of the activity-dependent stabilization of synaptic specificity [96]. They found that tension applied
to invertebrate neurons promotes the stabilization of one set of axon branches while causing the
retraction or elimination of axon collaterals. This can happen when the mechanical stress applied to
the leading edges of the GC exceeds a threshold [97]. The process triggers a local, dramatic increase in
calcium concentration, GC collapse, and the loss of the adhesion sites with the substrate; the neurite
retracts and resembles a relaxing elastic coil spring. Finally, if the process is not completely withdrawn,
a new GC is established, adhering to the substrate. Generally, the neurite starts re-growing in a new
direction—away from the suprathreshold mechanical contact [97]. Together, these results suggest that
the application of tension and the subsequent selection of some axonal arbors over others could be
used as an instrument for shaping the morphology of the neurons and the network.

3.7. Exogenous Force Promotes Synaptogenesis

Once the GC has reached its target cell, it arborizes and establishes synaptic connections, forming
functional neural networks [98]. Mechanical tension along neurites affects various aspects of this
process such as synaptic vesicle dynamics [99,100], synaptic transmission [101], excitability [102] and
network formation [63].

A key step during synaptogenesis is the accumulation of synaptic vesicles at the presynaptic
terminal. Siechen et al. revealed that this vesicle accumulation at the presynaptic terminal is dependent
on mechanical tension. In a model of the axotomy of fly motor neurons, presynaptic clustering was
restored by mechanically pulling the severed axon, confirming tension dependency: the axon subjected
to strain (5% of initial length) for 30 min showed 200% increased vesicle clustering. Siechen’s study
speculates that stretch-dependent actin polymerization may create an actin scaffold that facilitates the
accumulation of vesicles [100]. Ahmed et al. observed a similar qualitative response, demonstrating
that mechanical stretching affects vesicle dynamics at a local and global scale of synaptic vesicle
accumulation at the synapse [99]. The underlying molecular mechanisms that link mechanical tension
and vesicle dynamics need further investigation, but these studies support the evidence that tension
plays a role in triggering synaptogenesis [103].

Exogenous forces can also influence synaptic functions, through the modulation of neuronal
communication. Some studies have shown an immediate and reversible increase in both spontaneous
and evoked neurotransmitter release due to stretching in frog neurons. Interestingly, they found that
the stretch enhancement of neurotransmission bypassed the usual Ca?* triggering step in vesicle
fusion: the release was reduced but still occurred [101,104-106]. They concluded that there is direct
mechanical modulation of the release pathway [101]; thus, the process can be influenced by applying
exogenous forces.

Fan et al. showed that synaptic excitability can also be regulated by an externally applied stretch.
They found that by maintaining axons under low stretching for 10 min, they were able to increase
the probability of a neuronal response [102]. Interestingly, excitability increased after every cycle of
stretching. Thus, it seems that the slice “remembers” its past history of stretch, and its current excitability
results from a cumulative effect of its past stretches [102]. Our research team obtained a similar result
when testing the effect of stretching on primary hippocampal neurons. Stretched neurons showed,
at 7 days in vitro (DIV7), a significant increase in the frequency (i.e., shorter inter-event intervals),
but not in the amplitude, of spontaneous excitatory postsynaptic currents (SEPSCs). At DIV14, both the
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frequency and amplitude of sSEPSCs were significantly higher than control cultures [78]. Fan et al.
hypothesized that the increased clustering of synaptic vesicles previously reported [99,100] can lead to
a higher docking ratio, more frequent spontaneous release and larger release upon stimulation [107].
This could explain the higher excitability upon completion of a stretch-baseline cycle [102], but it is still
not clear what it is behind the cellular effect registered.

Magdesian et al. showed that force can be used to (re)wire neuronal networks. Pulling an axon
or dendrite can trigger a new secondary process, which can be mechanically guided to form new
synapses in less than one hour. Specifically, they elongated the new neurite for 60 pm until putting it
in contact with the next bundle of axons and dendrites. After 30 min, a stable connection was formed.
They showed that it is possible to create and control new functional neuronal connections; however,
more studies are needed to understand whether and how micromanipulated connections differ from
natural ones [63].

4. Local and Molecular Effects Triggered by Exogenous Low Forces

This section focuses on the effects of mechanical force at the molecular level, exploring the
consequences of mechanical stimulation for fundamental neuronal mechanisms, such as cytoskeletal
dynamics, intracellular calcium homeostasis, axonal transport, and molecular pathways activated
by external tension. We also analyze the complex cross-talk between mechanical stimulation and
chemical cues.

4.1. The Birth of “Stretch-Growth”

The role of force as an inducer of axonal elongation was first identified in 1941 when Paul Weiss
called “towed growth” the mechanism by which neurons are forced to grow while being “drawn
out” due to growth of the animal body [5]. In 2004, Smith et al. [75] coined the term “stretch-growth”
(SG), which refers to the role of mechanical force in any phase of axonal outgrowth. The experiments
performed in the last two decades have shed light on the role of tension in axonal outgrowth,
providing a more general understanding of the underlying molecular mechanisms but with sometimes
contradictory interpretations.

Only the axial component oriented from the axon hillock to the tip is productive for stretch-
growth [79]. Stretch-growth requires continuous loading, and, within a few minutes after force removal,
neurites resume the behavior of tip-growth [79,82]. In order to initiate neurites de novo, a force threshold
needs to be overcome, which ranges from hundreds of piconewtons to a few nanonewtons, depending on
the cellular model [54-56,58-60]. Conversely, the elongation rate was 0.1-0.3 um h=! pN~!, regardless of
the force magnitude, which varied from 1 pN to tens of nanonewtons in different studies [58-61].
In fact, any extremely low force seems to induce elongation provided that it is applied for a sufficient
time [79]. However, the upper force that can be applied to the neurite without causing disconnection
is obviously constrained to the rate of new mass addition. Axonal material can travel from the cell
body to the tip and vice versa by fast or slow axonal transport. Axon outgrowth is commonly regarded
as being limited by the slowest component (neurofilaments and MTs) of the slow axonal transport.
In fact, the axon elongation rate cannot exceed the rate of the slowest component of axonal transport.
It moves at an average speed of 0.3-3 mm day~!, which is likely to be the consequence of a “stop and
go” transport [108,109]. Consequently, the application of high forces over a long time would cause
axon breaking, except for the application of a duty cycle consisting of a stretching time spaced out
by a minimum time for conditioning [75]. Under these conditions, axon caliber does not change or
may sometimes increase [75], and the big question for scientists in the last decade was how new mass
is added along the length of the axon to prevent thinning. In 2011, Suter and Miller proposed the
“stretch-growth model”, which postulates the “intercalated mass addition”, meaning that new mass is
added at any point along the axon where tension is perceived [1]. This is in opposition to the “tip-growth
model”, which considers the GC as the exclusive site where new mass is added during elongation [110].
The stretch-growth model is not an alternative to the tip-growth model but aims to provide a unified
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model of axonal growth. Overall, it asserts that mass addition mainly occurs on the tip in GC-mediated
elongation, but is not necessarily limited to the tip when mechanical force is exogenously applied to the
whole axon [60,61] or axonal growth is driven by the body mass growth. However, it is still not clear
whether stretch-growth only promotes the bulk forward translocation of materials in the axon, if the
local synthesis or assembly of new mass also play a role, or if stretch-growth somehow influences the
rate of the axonal transport [75].

4.2. Exogenous Forces Affect Cytoskeletal Dynamics

The cytoskeleton, in addition to providing structural support, is also mainly responsible for
modulating activity and localizing the proteins, organelles and vesicles [111]. Low mechanical
forces have an effect on the actin cytoskeleton [112] and on MT dynamics [78]. Effects related to
exogenous tension can involve the central and the peripheral domains of the GC [72] but also the
axon shaft [113]. Depending on the mode of application of the mechanical force, it can counteract or
facilitate the endogenous forces in the axonal and GC compartments, whose equilibrium influences
axonal outgrowth.

Upon a certain threshold, stretching can induce F-actin filament sliding, giving rise to a relaxation
of the tension [114]. Mechanical tension can also promote actin polymerization by triggering a Ca?*
influx via MS channels [115] or by promoting integrin-mediated point adhesion maturation [116] or
counteracting the tension at the cell membrane [112]. Pita-Thomas et al. reported that a local mechanical
force at the GC membrane can extend the actin cytoskeleton within the elongated portion of the
filopodia and induce active lipid transport to the plasma membrane. The elongated filopodia contain
polymerized actin filaments and exert retrograde forces in opposition to elongation. The retraction
forces occur once the external mechanical stimulus has been removed. The author suggests that the
force may lead to an increase in actin polymerization by relieving the cellular membrane tension at the
filopodial tip, thus facilitating the insertion of new actin monomers [112].

Mechanical force also influences the dynamics of MTs that form in the direction of stretch [80].
Mechanical force could influence MT sliding, as molecular motors respond to mechanically applied
force [117]; MTs polymerization, as MTs act as a tension sensor [118]; and MT translocation [17].
By pulling on the GC, the MTs advance from the central domain to the peripheral domain by
translocation due to actin coupling rather than by changing the polymerization/depolymerization
rates [17,18]. By pulling the whole axon, stretched axons show a statistically significant increase
in MT density along the entire axonal shaft from the emergency cone to the GC, but they appear
normal, both in architecture and polarity [78]. Interestingly, our group showed that Nocodazole
(MT-destabilizing activity), but not Paclitaxel (MT-stabilizing activity) blocked SG, highlighting that
MT polymerization is crucial for sustaining SG [78]. The effect was very specific, as an inhibition of
myosin II and actin polymerization had no effect on SG. The increase in MT density could help to
reduce the net contractile force in the axon shaft, altering the force balance and stimulating the forward
movement of the GC (Figure 3A).
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Figure 3. Mechanical force (red arrow) causes actin filament or MT remodeling at the GC or along the
axon shaft (A), calcium influx by activation of MS channels (B), or modulation of vesicular transport
along MTs (C) and actin filaments (D).

4.3. Involvement of Exogenous Forces in Vesicular Transport

The intracellular axonal transport of vesicles, granules and organelles is a tightly and finely
regulated mechanism, and its correct functioning is fundamental for cellular organization, homeostasis
and survival [119]. The direct involvement of mechanical tension in axonal transport phenomena
has been reported (Figure 3C,D) [54,99,120,121]. SG has been shown to decrease fast mitochondrial
transport in DRG neurons [122], but to increase fast vesicle transport in Aplysia neurons [120]. It is
not surprising, therefore, that tension can change the speed of vesicular components [123] as well
as the direction, both anterogradely [72] and retrogradely [124,125]. One possible mechanism is the
stretch-dependent remodeling of the cytoskeleton, which facilitates the accumulation of vesicles [100].
Tension could also influence motor activity in the axon [120], although the details of which motors
are affected by tension are not known. Another mechanism is the direct manipulation of moving
vesicles. For example, the magnetic labeling of vesicles with magnetic nanoparticles (MNPs) can be
used to generate forces that counteract the directional movement of the lipid vesicles, causing vesicular
deceleration. This can be achieved with relatively low forces in the order of tens of piconewtons [123].
The magnetic labeling of signaling endosomes halted their anterograde transport via the application
of very low opposing magnetic forces (approximately 15 pN), while the bidirectional movement of
mitochondria and other vesicles was unchanged, demonstrating the specificity of the mechanism [72].
Similarly, the retrograde axonal transport of magnetically labeled endosomes can be impaired with
opposing magnetic forces of less than 50 pN, and stalling endosomes resume their retrograde transport
suddenly after load release [124]. In addition, the authors found that this endosome capture and
release mechanism could be repeated several times.

4.4. Exogenous Forces Induce Intracellular Calcium Influx

Mechanical stimuli can affect the behavior and function of neurons, and the development,
as well as the physiology and maintenance, of neuronal networks by modulating the activity of
membrane channels [126,127]. Specifically, mechanical tension controls and modulates intracellular
Ca?* concentrations [76]. Low-magnitude mechanical forces trigger intracellular calcium influx and
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modulate intracellular calcium transients [78,82,83,97]. The effects of these forces on Ca2* levels are
temporally confined [78,82]. Once calcium has been removed from the culture medium, neurites
(including GCs) no longer respond to mechanical stress, highlighting the fundamental role of the
calcium influx in the response to mechanical stimuli [97].

Franzeetal. found thatalocal mechanical stress exceeding a defined threshold value (~274 pN pum-2)
at the GC causes a calcium influx through MS, stretch-activated ion channels (SACs), with subsequent
neurite retraction. Interestingly, the increased calcium levels propagated from the GC towards the shaft,
and to other branches and the neuronal soma, disappearing after 20-30 s [97]. They also observed that
applying mechanical stimuli to the neurite in other sites rather than the GC also induced calcium influx,
whereas at the soma, it caused only a slight increase in Ca?* levels and only in the cell body. Tay et al.
found that mechanical forces ranging from 0.1 to 1 nN can induce calcium influx into cortical neural
networks, increasing the magnitude and frequency of intracellular Ca** waves [82].

The mechanical stretch of the lipid membrane is likely to induce the influx of Ca?* by modulating
the probability of opening N-type mechanosensitive Ca>* channels (Figure 3B) [83]. By investigating the
spatio-temporal effect of the forces, the authors found an activation time of 5 min to observe any effect,
and a rescue time of 15 min to return to a steady state [82]. Tay et al. also demonstrated that chronic
stimulation with extremely low mechanical forces restores the equilibrium of N-type mechanosensitive
Ca?* channels, in fragile X syndrome (FXS) model neural networks, initially characterized by the
downregulation of N-type mechanosensitive Ca?* channels [83].

Forces may also have an effect on the intracellular calcium transients. Specifically, we found a
strong attenuation of intracellular calcium transients in stretched axons, which resumed 30 min after
loading removal [78]. This is consistent with the reported relationship between calcium transients and
the axonal elongation rate, with a low Ca?" transient associated with a rapid elongation rate and low
elongation rates associated with a high Ca?* transient [128].

4.5. Cross-Talk with Other Molecular Pathways

Discovering potential molecular pathways activated by mechanical forces is very challenging.
High-throughput studies have been carried out to detail the signal mechanotransduction of exogenous
forces. NGF-differentiated PC12 cells stretched for 9 h with a 1 pN force showed stretch-growth
but not differential gene expression, suggesting that the primary response to force is likely to be
local [79]. However, in another study exposure to similar forces (less than 5 pN) was found to induce
differential gene expression, with a total of 89 dysregulated mRNAs and 43 upregulated mRNAs,
which is likely due to secondary effects initiated by the force [84]. Considering that sustained axon
growth is critically related to the supply of hundreds of proteins and lipids through the secretory
route [129], many local mechanisms are likely to provide the mass required to sustain SG, and we are
at the dawn of these studies.

Another key point that scientists are questioning is the cross-talk between chemical signals
and mechanical stimuli [14]. The experimental evidence that many signaling cues modulate the
intracellular force generation, mainly by slowing down the actin RF or contributing to adhesion point
maturation [40—45], opens up the fascinating scenario of the force as a downstream effector of several
signaling cascades. According to this view, stretched axons of hippocampal neurons do not respond to
BDNE, suggesting an interference between the two pathways or a saturation effect of the neurotrophin
pathway [78]. External forces are also able to guide axon growth against repulsive gradients such as
those of semaphorin-3A (Sema3A) and chondroitin sulfate proteoglycans (CSPGs) [130].

Taken together, these observations make an intriguing case for the study of the application of
exogenous forces as a potential therapeutic target for regeneration strategies.

5. Stretch-Growth: Methods and Future Therapeutic Perspectives

Despite the great interest in understanding the contribution of mechanical forces in axonal
outgrowth, the implementation and translation of these research findings into preclinical or clinical
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settings remains challenging due to the complexity of the nervous tissue and the invasiveness of most
types of approaches. Here, we briefly introduce the established methods—mainly used in cell culture
or embryo models—highlighting those methodologies that have therapeutic potential.

5.1. Methods for the Application of Extremely Low Exogenous Forces

In the last 40 years, many technologies have been developed to mechanically stretch axons.
Each technology aimed to study a specific aspect of neuronal growth (Table 1). Used for the first time
by Bray in 1984 [57], force-calibrated microneedles (MNs) are the pioneer of mechanical stretching
technologies. This method is based on two needles; one works as a reference, and the other one applies
the calibrated force with a hydraulic micromanipulator to stretch the axon’s GC [71]. This exerts a
constant axial force on the GC that can be measured from the flexure of the calibrated needle [71].

Avariant of MNs—restrained bead interaction (RBI)—was then used to study CAMs using microbeads
coated with antibodies [131]. The bead is directly bound to the axon membrane and restrained through a
glass microneedle [26]. The range of forces exerted by the towing needle is 10°~10? nN [26]. This amount
of force impairs the RF of F-actin, causing a perturbation of the endogenous forces and moving the GC
forwards [26].

The optical trap (OT) is an ingenious technology in which a microbead is held through a focalized
infrared laser beam mounted on a reverse microscope [132]. It can work with a range that varies
directly with the intensity of the light and inversely with the dimension of the bead [133]. It also has
an optimal resolution, permitting the precise manipulation of the bead. The OT has been commonly
used for measuring forces produced by molecular motors and filopodium traction forces, but is not
able to exert a sufficient force to manipulate the GC [132,134,135]. Unfortunately, this technology is
limited by the laser that, above a certain intensity, damages the sample.

Magnetic tweezers (MTW) work in a similar way to the OT: pairs of electromagnets manipulate
para-ferromagnetic beads, which are nano- or micron-sized. Each pair of magnets modulates the
movement of the beads on one axis. Itis fundamental to arrange the magnets precisely. In configurations
with six electromagnets, it is possible to manipulate beads in the whole sample with a constant
force [130,136,137]. As with the OT, the force exerted on the sample depends on the bead dimensions,
the materials composing the bead and the external field gradient. Due to its wide range of applied force
and torque moment, this technology can be adapted to carry out various measurements: from filaments
of DNA to whole cells [138]. MTW are usually derived from customized microscopes, and, due to the
singularity of the model, this may cause a deficiency in the reproducibility of the experiments [139].

MNPs are another efficient way to manipulate neurons. Commercially used for diagnostic
or drug delivery, these nanoparticles are administered as a colloidal solution [140] and are guided
through magnets (dipoles). They were recently used to direct neuronal cell growth, but also to stretch
neurons [66,78,79]. Generally, MNPs are no larger than 100 nm, are primarily composed of iron oxide,
are coated with organic or inorganic elements, and may be conjugated with functional groups [53].
The size of MNPs facilitates internalization in neurons, allowing inward stretching on neurites [78,87].

Nanopatterned scaffolds (NSs) are a common way to study the mechanical effects of substrates on
cells. They are used to mimic the extracellular environment in order to evaluate the response of neurons
to substrate stiffness [141], to study the role of mechanical tension in determining the final morphology
of neuronal networks [96], or to study the process of neural guidance on non-flat substrates [142].

There are also other techniques that were primarily developed for measuring forces, but they
can be modified and used for applying forces. Atomic force microscopy (AFM), which is usually
used to study the topography of nanostructures, has been adapted to quantify single-cell mechanical
characteristics. An AFM is composed of a lever (cantilever), with a hard and sharp nanometric tip at
one end. Interaction between the tip and sample causes a deflection [143]. This displacement and the
rigidity of the lever are the variables that determine the force applied. To measure the mechanical
properties of cells or cell compartments, the biological structure under investigation can be directly
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attached to the cantilever, left to adhere on the substrate, and then pulled away to break formed bonds.
This technology can cover six orders of magnitude, from 10 pN to 10 uN [133].

Another experimental technique is the biomembrane force probe (BFP), which measures forces
between 0.1 pN and 1 nN. A BFP is normally used to quantify the tensions of single molecular bonds.
It exploits a biotinylated erythrocyte (bRBC, biotinylated red blood cell) and a microbead coated with
streptavidin and the ligand of interest [144]. The red blood cell works as a spring with a variable stiffness
k. It is directly proportional to the negative pressure derived from the aspiration of the micropipette
that holds the erythrocyte. The deformation of the bRBC, due to ligand-receptor interaction, is video
tracked [144]. Recently, this technique was also used to measure inter-axon adhesion [89,145].

Table 1. Main methods for the application of exogenous forces. MN (force-calibrated microneedles),

RBI (restrained-bead interaction), AFM (atomic force microscopy), BFP (biomembrane force probe),
OT (optical trap), MTW (magnetic tweezers), MNP (magnetic nanoparticles), TFM (traction force
microscopy), MEM (micromechanical system), SCG (superior cervical ganglion), P (post-natal), E

(embryonal), NS (nanopatterned scaffold). Quantification gives pure force (pN), stress (pN pum~2),

stretch rate (um h~1) or strain (%), based on the data present in the mentioned articles. N/A = data

not available.

Methods Quantification Biological Model Effect Ref.
N/A Chick DRG (E7-E12) Axon branching [92]
_ . Neurite initiation/axon
— 1 _
40-1000 pm h Chick DRG (E10-E12) elongation/axon branching [57]
102-103 pN Chick DRG (E12) GC-mediated axonal elongation [60]
PC12 cells + Chick DRG . .
2_103
10°-10° pN (E10-E12) Axon elongation/axon pruning [69]
109-103 pN Chick DRG (E10-E12) Neurite initiation/neurite elongation  [61]
MN 10'-103 pN Chick sensory neurons (E7-E8)  Neurite initiation/axon elongation [59]
102-10* pN PC12 cells Neurite initiation/axon elongation [58]
Rat hippocampal neurons
102 pp P . e
10- pN (E18-E19) Neurite to axon specification [65]
10% pN Rat hippocampal neurons (E18) GC motility + neurite extension [135]
1074-10° pN Rat RGC (E13-P8) Axon elongation [77]
. GC traction force + cytoskeletal
2_105 y
10°-10° pN Aplysia bag cell neurons dynamics [26]
190-310 pm h~1 Aplysia bag cell neurons GC motility + cytoskeletal dynamics  [131]
) Regulation of MT behavior during
RBI N/A Aplysia bag cell neurons neuronal growth [18]
2.5-100 pm h! Chick DRG (E12) Axon elongation [71]
~10% pN Fly embryo motoneurons Synaptic vesicle accumulation [100]
) GC traction force + cytoskeletal
2_105 y
AFM 10°-10° pN Aplysia bag cell neurons dynamics [26]
Neurite initiation/axon
~102 _
10 pN Rat sensory neurons (E17-E18) elongation/network formation [63]
Mouse olfactory sensor . . . .
1 103 y y
BFP 10°-10° pN neurons (E13.5) Axon fasciculation/defasciculation [89]
~10° pN Rat hippocampal neurons (E18) GC motility + neurite extension [135]
OoT 1 i
10-1 PN Carassius auratus retinal Axon orientation 86]

ganglion cells
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Table 1. Cont.
Methods Quantification Biological Model Effect Ref.
109-103 pN Chick sensory neuron (E7-E8) Neurite initiation/axon elongation [62]
MTW 100-102 pN Mouse cortical neurons (E14) Mechanochemical axon elongation  [130]
5-400 pN pum—2 Rat cortical neurons (E18) Study of rheological properties [137]
10'-10% pN Rat RGC (E20-P8) Axon elongation [72]
~10°-10! pN Neuron-like PC12 cells Axon orientation [87]
10°-10% pN Rat cortical neurons (E18) Axon specification/axon orientation ~ [66]
Directional filopodia
~100-101 pN Rat RGC (P0-P4) elongation/actin cytoskeleton [112]
polymerization
: : 2+
10?-103 pN Rat cortical neurons (E18) Axon elopgatlor}/lntraFellular Ca [82]
influx induction
MNP
102-103 pN Rat cortical neurons (E18) Intracellular CaZ* influx induction [83]
~100-10% pN Rat cortical neurons (E18) Vesicle speed alteration [123]
~ 100 pN PC12 cells + SH-SY5Y Axon elongation [79]
~100-101 pN Rat DRG neurons (E18) Axonal transport alteration [125]
~ 100 pN PC12 cells + rat DRG (P1-3) Axon elongation [84]
Mouse hippocampal neurons Axon elongation/branching/axon
0_101 pp p g
10°-10"pN (PO-P1) excitability 78]
10-2000pN pum~2 NG108-15 cells Axon branching/axon pruning [97]
TFM Adult mouse DRG + adult
~ 3 . .
10° pN mouse SCG GC pathfinding [146]
Rat cortical neurons +
84 ym h™1 differentiated human neurons Axon elongation [73]
from NT2 cell line
0.2-2% Rat DRG (E15) Axonal elongation [75]
42-250 um h! Rat DRG (E15) Mitochondrial transport alteration ~ [122]
Drosophila embryo motor %9,
0-20% P Y Synaptic vesicle accumulation 120,
neurons + Aplysia neurons
MEM 121]
2.5-4.2% One-month mouse brain slices Axon excitability [102]
5-52% Rat DRG (E16) Axonal elongation [76]
. Axon elongation/axon
— O, —|
7-28% Rat cortical neurons (E18-E19) branching/axon orientation [80]
_ Rat DRG (E16) + rat motor . . .
_ 1
4.2-833 umh neurons (E16) Axon elongation/axon fasciculation ~ [81]
N/A Adult locust frontal ganglions Axon branching/axon pruning [96]
NS i
N/A Mouse hippocampal neurons P1 Neuronal network activity [141]

+ PC12 cells

Another way to measure traction forces that cells exert on the substrate is traction force microscopy
(TEM). Cells are cultured on deformable substrates (such as hydrogels or nanowire arrays) containing
some sort of detectable element that facilitates the observation of deformation [54]. On the basis of this
deformation and the stiffness of the substrate, it is possible to obtain the traction force exerted by the
cell toward the substrate [133]. The range of TFM varies from 1072 to 10! nN [146]. To study neuronal
prestress on an actomyosin level, TFM was combined with AFM [147]. The measurement of forces
with TFM involves minimal interaction with the sample, as force is evaluated by the deformation of
pillars [148]. However, despite the high resolution obtained from TEM, the uniformity of the substrate
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is not suitable for simulating in vivo environments. The traction forces obtained from TFM may be
considered as steady-state conditions [54].

5.2. New Therapeutic Perspectives

Nerve injuries trigger a complex cascade of inflammatory and pathological processes, which
culminate in a scar formation, which acts to spatially contain and isolate damage [149]. Any therapeutic
treatment would avoid scar formation and requires the functional reconnection of the two damaged
nerve tracts [149,150]. Current practice in nerve injury treatment, for both the central and peripheral
nervous systems (CNS and PNS), is based on a combination of cell transplants, the addition of
neurotrophic factors/axonal guidance molecules, the elimination of inhibitory molecules, the electrical
stimulation of spinal circuits, etc. [150]. Exploiting mechanical stimuli for inducing nerve regeneration,
alone or in combination with other approaches, has also been investigated.

Most approaches for modulating the mechanical properties focus on reducing the stiffening of the
scar. For example, the continuous administration of Taxol reduces scarring from a spinal cord injury
(5CI) and promotes axonal growth at the injury site [151]. Another method is the pharmacological
inhibition of the MS channels, i.e., channels that transduce the response given by nitric oxide (NO),
inhibiting axonal regrowth [152].

However, the most popular mechanical approach is the use of nerve guidance conduits (NGCs)
to guide nerve regeneration. Stiffness in the NGC can be used as a mechanical signal modulating
cell behavior [141,153]. Mechanical inputs deriving from the stiffness of the fibers in the NGC can
be delivered by modifying the concentrations and blending of polymers [154] and the porosity [155],
dimensions [156,157], crystallinity [157] and anisotropy [142] of an individual fiber. Nanofibers can be
used inside the NGCs to allow axons to grow through these fibers as a guide for tissue regeneration [158].
All these properties can be combined into hydrogels to give cells a similar microenvironment to the
physiological one and, at the same time, a polymeric network that guides the growth direction [159].

To the best of our knowledge, the direct use of mechanical force to induce SG in the lesion site has
never been investigated. This is surprising considering that recent knowledge suggests that mechanical
force is perhaps the most remarkable mechanism for axonal elongation described to date [75]. One reason
why the therapeutic potential of mechanical force as an inducer of axon outgrowth has been neglected
for decades is the lack of methodologies that could apply research results to clinical practice.

However, recent advances in biomedical engineering and nanotechnology have opened up
new perspectives. For instance, MNPs are rapidly becoming a very popular tool for stretching
axons [72,78,79,82,84,87]. Thanks to their low toxicity profile, they are used in diagnostic tests as
a contrast agent [160], for treating chronic anemia [161,162] and, recently, for ablation therapies in
oncology [163]. Their ability to be manipulated by non-invasive magnetic fields has favored their
usage for testing new therapies [164]. Furthermore, nanoparticle surfaces can be easily decorated with
ligands specific for a certain cellular target [165] or modified to cross the blood-brain barrier [166].
They can also be functionalized with neurotrophins and growth factors for combined therapies [167].

MNPs can be used for the magnetic labelling of entire axonal tracts. Axons of hippocampal
neurons labelled with MNPs, with an iron core size of 75 nm, exposed to a magnetic field gradient of
50 Tm~! were found to double their length in 48 h. MNP labelling protocols have also been tested in
tissues [168,169]. Such magnetic field gradients can be easily generated and designed to have a high
penetration depth in vivo. Taken together, these features make MNPs very promising and mature for
pre-clinical testing (Figure 4A).

Magnetically actuated microposts are another emerging technology for the precise control of
mechanotransduction in living cells. Microposts are made using a soft lithography process to
fabricate an array of vertically aligned pillars of polydimethylsiloxane (PDMS) incorporating magnetic
nanowires [170]. In one study [170], external magnetic fields induced a torque in the nanowires, which
deflected the microposts and imparted a force on the cells attached to the array. Magnetically actuated
microposts represent a potentially implantable scaffold for clinical use. Implantable scaffolds have
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become increasingly complex through the insertion of moving parts or conductive material to provide
electrical cues, which has led to the advent of micromechanical systems (MEMSs) [171]. Magnetic
microposts can be easily integrated into MEMs, and, depending on the miniaturization of the pillars,
forces ranging from a few piconewtons to hundreds of nanonewtons can be applied [172] (Figure 4B).
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Figure 4. Novel therapeutic perspectives for inducing nerve regeneration through mechanical forces:

(A) stimulation of SG of resident injured neurons via MNP labelling and their magnetic manipulation,
(B) magnetically actuated microposts integrated in MEMs for the generation of an implantable scaffold,
and (C) patient iPS-derived neurons stretched in vitro and used to produce implantable grafts to repair
nerve gaps [173].

Another approach, originally proposed by D.H. Smith, consists of developing transplantable
nervous tissue constructs to repair nerve gaps. Specifically, thanks to the ability of axon tracts from
DRG neurons to undergo extreme SG and the integrity of the stretched cultures once removed from
the in vitro environment, stretched neurons can be used to produce an in vitro “living bridge” for
transplantation in the lesion site as an alternative to the acellular grafts and NGCs [4]. Interestingly,
the combination of the potentiality of SG with the emerging discoveries in stem cells could make it
feasible to derive transplantable nervous tissue constructs directly from adult patient-derived induced
pluripotent stem cells (iPS cells) after neuronal differentiation [173] (Figure 4C).

6. Conclusions

This paper attempts to provide an understanding of how exogenous forces can be used to gain
control of axonal outgrowth, speculating about technologies that may have future therapeutic relevance.
Many stages during neuron growth and development seem to be modulated by the application of
exogenous forces. Forces acting over different magnitudes and time scales (including those mimicking
endogenous forces acting at low magnitudes and over long time scales) can induce axonal growth.
Exogenous forces also seem to replicate the effect of the endogenous ones, acting on cytoskeleton
remodeling, axonal transport modulation and the activation of MS channels. Besides, fundamental
questions regarding the local mechanisms triggered by force application are not fully elucidated,
and novel mechanistic studies are urgently required to address this point. Another related question is
whether the application of mechanical force may be exploited as an additional level of control of axonal
growth for implementing regenerative strategies. Recently, technological progress has enabled the
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induction of SG by many different technologies. Some of them have clinical potential. However, to date,
none of them are in the pre-clinical stage. To reach this stage of development, further studies are needed,
although current results are already very promising. At present, we are only beginning to understand
how endogenous mechanical forces take place in the nervous system and how exogenous ones can be
used in vivo or ex vivo to accelerate repair mechanisms by mimicking developmental processes.

Author Contributions: All authors contributed to writing. S.D.V. mainly contributed to Section 3 and paper
preparation, A.F. to Section 4, V.S. to Section 5, S.G. to Section 2, V.R. to Sections 1, 2 and 4-6. All authors have
read and agreed to the published version of the manuscript.

Funding: The study was supported by the Wings for Life Foundation.
Acknowledgments: The authors thank Servier Medical ART: SMART for clipart.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AFM Atomic force microscopy
BDNF Brain-derived neurotrophic factor
BFP Biomembrane force probe
bRBC Biotinylated red blood cell

C Central

CAMs Cell adhesion molecules

CNS Central nervous system
CSPG Chondroitin sulfate proteoglycans
DIV Days in vitro

DRG Dorsal root ganglia

ECM Extracellular matrix

FA Focal adhesion

FAK Focal adhesion kinase

FXS Fragile X syndrome

GC Growth cone

iPS Induced pluripotent stem cell
MAPs MT-associated proteins
MEMs Micromechanical systems
MNPs Magnetic nanoparticles

MNs Microneedles

MS Mechanosensitive

MT Microtubule

MTW Magnetic tweezers

NGC Nerve guidance conduit
NGF Nerve growth factor

NMII Non-muscle myosin I

NO Nitric oxide

NSs Nanopatterned scaffolds

oT Optical trap

p Peripheral

PAK P-21 activated kinase

PDMS Polydimethylsiloxane

PKC Protein kinase C

PNS Peripheral nervous system
RBI Restrained bead interaction
RF Retrograde flow

RGC Retinal ganglion cells

ROCK Rho-associated protein kinase

RPTP-alpha Protein-tyrosine phosphatase alpha
SACs Stretch-activated ion channels



Int. ]. Mol. Sci. 2020, 21, 8009 20 of 27

SCI Spinal cord injury

SEMA3A Semaphorin-3A

sEPSCs Spontaneous excitatory postsynaptic currents

SG Stretch-growth

T Transition

TEM Traction force microscopy

References

1. Suter, D.M.; Miller, K.E. The emerging role of forces in axonal elongation. Prog. Neurobiol. 2011, 94, 91-101.
[CrossRef] [PubMed]

2. Franze, K. The mechanical control of nervous system development. Development 2013, 140, 3069-3077.
[CrossRef] [PubMed]

3. Franze, K.; Janmey, P.A.; Guck, J. Mechanics in Neuronal Development and Repair. Annu. Rev. Biomed. Eng.
2013, 15, 227-251. [CrossRef]

4. Smith, D.H. Stretch growth of integrated axon tracts: Extremes and exploitations. Prog. Neurobiol. 2009, 89,
231-239. [CrossRef] [PubMed]

5. Weiss, P. Nerve Patterns: The Mechanism of Nerve Growth. Growth: Third Growth Symposium 5. 1941,
pp- 163-203. Available online: https://www.worldcat.org/title/nerve-patterns-the-mechanics-of-nerve-
growth/oclc/537059321 (accessed on 1 October 2020).

6.  Ruthel, G.; Hollenbeck, P.J. Growth Cones Are Not Required for Initial Establishment of Polarity or Differential
Axon Branch Growth in Cultured Hippocampal Neurons. J. Neurosci. 2000, 20, 2266-2274. [CrossRef]

7. O’Toole, M.; Lamoureux, P.; Miller, K.E. Measurement of Subcellular Force Generation in Neurons. Biophys. ].
2015, 108, 1027-1037. [CrossRef]

8. Craig, E.M.; Van Goor, D.; Forscher, P.; Mogilner, A. Membrane Tension, Myosin Force, and Actin Turnover
Maintain Actin Treadmill in the Nerve Growth Cone. Biophys. J. 2012, 102, 1503-1513. [CrossRef]

9.  Miller, K.E.; Suter, D.M. An Integrated Cytoskeletal Model of Neurite Outgrowth. Front. Cell. Neurosci.
2018, 12. [CrossRef]

10. Lowery, L.A.; Vactor, D. Van The trip of the tip: Understanding the growth cone machinery. Nat. Rev. Mol.
Cell Biol. 2009, 10, 332-343. [CrossRef]

11.  Betz, T.; Koch, D.; Lu, Y.-B.; Franze, K.; Kas, ].A. Growth cones as soft and weak force generators. Proc. Natl.
Acad. Sci. USA 2011, 108, 13420-13425. [CrossRef]

12.  Sun, Z.;; Guo, S.S.; Fassler, R. Integrin-mediated mechanotransduction. J. Cell Biol. 2016, 215, 445-456.
[CrossRef]

13.  Mitchison, T.; Kirschner, M. Cytoskeletal dynamics and nerve growth. Neuron 1988, 1, 761-772. [CrossRef]

14. Kerstein, P.C.; Nichol, R.H.; Gomez, T.M. Mechanochemical regulation of growth cone motility. Front. Cell.
Neurosci. 2015, 9. [CrossRef]

15. Mogilner, A.; Oster, G. Force Generation by Actin Polymerization II: The Elastic Ratchet and Tethered
Filaments. Biophys. J. 2003, 84, 1591-1605. [CrossRef]

16. Polackwich, R.J.; Koch, D.; McAllister, R.; Geller, HM.; Urbach, J.S. Traction force and tension fluctuations in
growing axons. Front. Cell. Neurosci. 2015, 9. [CrossRef] [PubMed]

17. Lee, A.C,; Suter, D.M. Quantitative analysis of microtubule dynamics during adhesion-mediated growth
cone guidance. Dev. Neurobiol. 2008, 68, 1363-1377. [CrossRef]

18. Schaefer, A.W.; Schoonderwoert, V.T.G.; Ji, L.; Mederios, N.; Danuser, G.; Forscher, P. Coordination of actin
filament and microtubule dynamics during neurite outgrowth. Dev. Cell 2008, 15, 146-162. [CrossRef]

19. Mutalik, S.P; Joseph, ].; Pullarkat, P.A.; Ghose, A. Cytoskeletal Mechanisms of Axonal Contractility. Biophys. J.
2018, 115, 713-724. [CrossRef]

20. Oelz, D.B.; del Castillo, U.; Gelfand, V.I.; Mogilner, A. Microtubule Dynamics, Kinesin-1 Sliding, and Dynein
Action Drive Growth of Cell Processes. Biophys. . 2018, 115, 1614-1624. [CrossRef]

21. Ahmad, EJ.; Hughey, J.; Wittmann, T.; Hyman, A.; Greaser, M.; Baas, P.W. Motor proteins regulate force
interactions between microtubules and microfilaments in the axon. Nat. Cell Biol. 2000, 2, 276-280. [CrossRef]

22. Roossien, D.H.; Lamoureux, P.; Miller, K.E. Cytoplasmic dynein pushes the cytoskeletal meshwork forward

during axonal elongation. J. Cell Sci. 2014, 127, 3593-3602. [CrossRef]


http://dx.doi.org/10.1016/j.pneurobio.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21527310
http://dx.doi.org/10.1242/dev.079145
http://www.ncbi.nlm.nih.gov/pubmed/23861056
http://dx.doi.org/10.1146/annurev-bioeng-071811-150045
http://dx.doi.org/10.1016/j.pneurobio.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19664679
https://www.worldcat.org/title/nerve-patterns-the-mechanics-of-nerve-growth/oclc/537059321
https://www.worldcat.org/title/nerve-patterns-the-mechanics-of-nerve-growth/oclc/537059321
http://dx.doi.org/10.1523/JNEUROSCI.20-06-02266.2000
http://dx.doi.org/10.1016/j.bpj.2015.01.021
http://dx.doi.org/10.1016/j.bpj.2012.03.003
http://dx.doi.org/10.3389/fncel.2018.00447
http://dx.doi.org/10.1038/nrm2679
http://dx.doi.org/10.1073/pnas.1106145108
http://dx.doi.org/10.1083/jcb.201609037
http://dx.doi.org/10.1016/0896-6273(88)90124-9
http://dx.doi.org/10.3389/fncel.2015.00244
http://dx.doi.org/10.1016/S0006-3495(03)74969-8
http://dx.doi.org/10.3389/fncel.2015.00417
http://www.ncbi.nlm.nih.gov/pubmed/26578882
http://dx.doi.org/10.1002/dneu.20662
http://dx.doi.org/10.1016/j.devcel.2008.05.003
http://dx.doi.org/10.1016/j.bpj.2018.07.007
http://dx.doi.org/10.1016/j.bpj.2018.08.046
http://dx.doi.org/10.1038/35010544
http://dx.doi.org/10.1242/jcs.152611

Int. ]. Mol. Sci. 2020, 21, 8009 21 of 27

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Jakobs, M.; Franze, K.; Zemel, A. Force generation by molecular-motor-powered microtubule bundles;
implications for neuronal polarization and growth. Front. Cell. Neurosci. 2015, 9. [CrossRef]

Lu, W,; Fox, P,; Lakonishok, M.; Davidson, M.W.; Gelfand, V.I. Initial Neurite Outgrowth in Drosophila
Neurons Is Driven by Kinesin-Powered Microtubule Sliding. Curr. Biol. 2013, 23, 1018-1023. [CrossRef]
Gutiérrez-Medina, B.; Buendia Padilla, M.; Gutiérrez-Esparza, A.J.; Oaxaca Camacho, A R. Differential effect
of multiple kinesin motors on run length, force and microtubule binding rate. Biophys. Chem. 2018, 242,
28-33. [CrossRef] [PubMed]

Athamneh, A.LM.; Cartagena-Rivera, A.X.; Raman, A.; Suter, D.M. Substrate Deformation Predicts Neuronal
Growth Cone Advance. Biophys. ]. 2015, 109, 1358-1371. [CrossRef]

Chan, C.E.; Odde, D.J. Traction Dynamics of Filopodia on Compliant Substrates. Science 2008, 322, 1687-1691.
[CrossRef]

Elosegui-Artola, A.; Oria, R.; Chen, Y.; Kosmalska, A.; Pérez-Gonzalez, C.; Castro, N.; Zhu, C.; Trepat, X;
Roca-Cusachs, P. Mechanical regulation of a molecular clutch defines force transmission and transduction in
response to matrix rigidity. Nat. Cell Biol. 2016, 18, 540-548. [CrossRef] [PubMed]

DeMali, K.A.; Sun, X.; Bui, G.A. Force Transmission at Cell-Cell and Cell-Matrix Adhesions. Biochemistry
2014, 53, 7706-7717. [CrossRef] [PubMed]

del Rio, A ; Perez-Jimenez, R; Liu, R.; Roca-Cusachs, P; Fernandez, ]. M.; Sheetz, M.P. Stretching Single Talin
Rod Molecules Activates Vinculin Binding. Science 2009, 323, 638-641. [CrossRef]

Grashoff, C.; Hoffman, B.D.; Brenner, M.D.; Zhou, R.; Parsons, M.; Yang, M.T.; McLean, M.A; Sligar, S.G.;
Chen, C.S,; Ha, T,; et al. Measuring mechanical tension across vinculin reveals regulation of focal adhesion
dynamics. Nature 2010, 466, 263-266. [CrossRef]

Sawada, Y.; Tamada, M.; Dubin-Thaler, B.J.; Cherniavskaya, O.; Sakai, R.; Tanaka, S.; Sheetz, M.P. Force
Sensing by Mechanical Extension of the Src Family Kinase Substrate p130Cas. Cell 2006, 127, 1015-1026.
[CrossRef] [PubMed]

Ehrlicher, A.].; Nakamura, F.; Hartwig, ].H.; Weitz, D.A.; Stossel, T.P. Mechanical strain in actin networks
regulates FilGAP and integrin binding to filamin A. Nature 2011, 478, 260-263. [CrossRef] [PubMed]
Razinia, Z.; Makeld, T.; Yldnne, J.; Calderwood, D.A. Filamins in Mechanosensing and Signaling. Annu. Rev.
Biophys. 2012, 41, 227-246. [CrossRef] [PubMed]

Myers, J.P,; Robles, E.; Ducharme-Smith, A.; Gomez, T.M. Focal adhesion kinase modulates Cdc42 activity
downstream of positive and negative axon guidance cues. J. Cell Sci. 2012, 125, 2918-2929. [CrossRef]
Kostic, A; Sap, J.; Sheetz, M.P. RPTPalpha is required for rigidity-dependent inhibition of extension and
differentiation of hippocampal neurons. J. Cell Sci. 2007, 120, 3895-3904. [CrossRef] [PubMed]

O’Toole, M.; Latham, R.; Baqri, R.M.; Miller, K.E. Modeling mitochondrial dynamics during in vivo axonal
elongation. . Theor. Biol. 2008, 255, 369-377. [CrossRef]

Chaudhary, A.R.; Berger, F; Berger, C.L.; Hendricks, A.G. Tau directs intracellular trafficking by regulating
the forces exerted by kinesin and dynein teams. Traffic 2018, 19, 111-121. [CrossRef] [PubMed]

Bashaw, G.]J.; Klein, R. Signaling from Axon Guidance Receptors. Cold Spring Harb. Perspect. Biol. 2010, 2,
a001941. [CrossRef]

Toriyama, M.; Kozawa, S.; Sakumura, Y.; Inagaki, N. Conversion of a Signal into Forces for Axon Outgrowth
through Pak1-Mediated Shootinl Phosphorylation. Curr. Biol. 2013, 23, 529-534. [CrossRef]

Turney, S.G.; Ahmed, M.; Chandrasekar, I.; Wysolmerski, R.B.; Goeckeler, Z.M.; Rioux, R M.; Whitesides, G.M.;
Bridgman, P.C. Nerve growth factor stimulates axon outgrowth through negative regulation of growth cone
actomyosin restraint of microtubule advance. Mol. Biol. Cell 2016, 27, 500-517. [CrossRef]

Myers, J.P.; Gomez, T.M. Focal Adhesion Kinase Promotes Integrin Adhesion Dynamics Necessary for
Chemotropic Turning of Nerve Growth Cones. J. Neurosci. 2011, 31, 13585-13595. [CrossRef] [PubMed]
Woo, S. Racl and RhoA Promote Neurite Outgrowth through Formation and Stabilization of Growth Cone
Point Contacts. J. Neurosci. 2006, 26, 1418-1428. [CrossRef] [PubMed]

Lin, A.C.; Holt, C.E. Local translation and directional steering in axons. EMBO J. 2007, 26, 3729-3736.
[CrossRef]

van Horck, EP,; Weinl, C.; Holt, C.E. Retinal axon guidance: Novel mechanisms for steering. Curr. Opin.
Neurobiol. 2004, 14, 61-66. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fncel.2015.00441
http://dx.doi.org/10.1016/j.cub.2013.04.050
http://dx.doi.org/10.1016/j.bpc.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30199772
http://dx.doi.org/10.1016/j.bpj.2015.08.013
http://dx.doi.org/10.1126/science.1163595
http://dx.doi.org/10.1038/ncb3336
http://www.ncbi.nlm.nih.gov/pubmed/27065098
http://dx.doi.org/10.1021/bi501181p
http://www.ncbi.nlm.nih.gov/pubmed/25474123
http://dx.doi.org/10.1126/science.1162912
http://dx.doi.org/10.1038/nature09198
http://dx.doi.org/10.1016/j.cell.2006.09.044
http://www.ncbi.nlm.nih.gov/pubmed/17129785
http://dx.doi.org/10.1038/nature10430
http://www.ncbi.nlm.nih.gov/pubmed/21926999
http://dx.doi.org/10.1146/annurev-biophys-050511-102252
http://www.ncbi.nlm.nih.gov/pubmed/22404683
http://dx.doi.org/10.1242/jcs.100107
http://dx.doi.org/10.1242/jcs.009852
http://www.ncbi.nlm.nih.gov/pubmed/17940065
http://dx.doi.org/10.1016/j.jtbi.2008.09.009
http://dx.doi.org/10.1111/tra.12537
http://www.ncbi.nlm.nih.gov/pubmed/29077261
http://dx.doi.org/10.1101/cshperspect.a001941
http://dx.doi.org/10.1016/j.cub.2013.02.017
http://dx.doi.org/10.1091/mbc.e15-09-0636
http://dx.doi.org/10.1523/JNEUROSCI.2381-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21940449
http://dx.doi.org/10.1523/JNEUROSCI.4209-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16452665
http://dx.doi.org/10.1038/sj.emboj.7601808
http://dx.doi.org/10.1016/j.conb.2004.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15018939

Int. ]. Mol. Sci. 2020, 21, 8009 22 of 27

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Gaub, B.M.; Kasuba, K.C.; Mace, E.; Strittmatter, T.; Laskowski, P.R.; Geissler, S.A.; Hierlemann, A.;
Fussenegger, M.; Roska, B.; Miiller, D.]. Neurons differentiate magnitude and location of mechanical stimuli.
Proc. Natl. Acad. Sci. USA 2020, 117, 848-856. [CrossRef] [PubMed]

Gomez, T.M. Filopodial Calcium Transients Promote Substrate-Dependent Growth Cone Turning. Science
2001, 291, 1983-1987. [CrossRef] [PubMed]

Robles, E.; Huttenlocher, A.; Gomez, T.M. Filopodial Calcium Transients Regulate Growth Cone Motility and
Guidance through Local Activation of Calpain. Neuron 2003, 38, 597-609. [CrossRef]

Kerstein, P.C.; Jacques-Fricke, B.T.; Rengifo, ].; Mogen, B.].; Williams, ].C.; Gottlieb, P.A.; Sachs, F.; Gomez, TM.
Mechanosensitive TRPC1 Channels Promote Calpain Proteolysis of Talin to Regulate Spinal Axon Outgrowth.
J. Neurosci. 2013, 33, 273-285. [CrossRef] [PubMed]

Glading, A.; Lauffenburger, D.A.; Wells, A. Cutting to the chase: Calpain proteases in cell motility. Trends Cell
Biol. 2002, 12, 46-54. [CrossRef]

Yip, A K,; Iwasaki, K.; Ursekar, C.; Machiyama, H.; Saxena, M.; Chen, H.; Harada, I.; Chiam, K.-H.; Sawada, Y.
Cellular Response to Substrate Rigidity Is Governed by Either Stress or Strain. Biophys. J. 2013, 104, 19-29.
[CrossRef]

Kilinc, D. The Emerging Role of Mechanics in Synapse Formation and Plasticity. Front. Cell. Neurosci. 2018,
12. [CrossRef]

Gahl, TJ; Kunze, A. Force-mediating magnetic nanoparticles to engineer neuronal cell function.
Front. Neurosci. 2018, 12. [CrossRef] [PubMed]

Athamneh, A.LM.; Suter, D.M. Quantifying mechanical force in axonal growth and guidance. Front. Cell.
Neurosci. 2015, 9. [CrossRef] [PubMed]

Rajagopalan, J.; Tofangchi, A.A.; Saif, M.T. Drosophila Neurons Actively Regulate Axonal Tension In Vivo.
Biophys. ]. 2010, 99, 3208-3215. [CrossRef] [PubMed]

Dotti, C.; Sullivan, C.; Banker, G. The establishment of polarity by hippocampal neurons in culture. J. Neurosci.
1988, 8, 1454-1468. [CrossRef]

Bray, D. Axonal growth in response to experimentally applied mechanical tension. Dev. Biol. 1984, 102,
379-389. [CrossRef]

Lamoureux, P.; Altun-Gultekin, Z.F,; Lin, C.; Wagner, ].A.; Heidemann, S.R. Rac is required for growth cone
function but not neurite assembly. J. Cell Sci. 1997, 110, 635-641.

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

Lamoureux, P.; Buxbaum, R.E.; Heidemann, S.R. Direct evidence that growth cones pull. Nature 1989, 340,
159-162. [CrossRef]

Zheng, ].; Lamoureux, P; Santiago, V.; Dennerll, T.; Buxbaum, R.; Heidemann, S. Tensile regulation of axonal
elongation and initiation. J. Neurosci. 1991, 11, 1117-1125. [CrossRef]

Fass, ].N.; Odde, D.J. Tensile Force-Dependent Neurite Elicitation via Anti-f1 Integrin Antibody-Coated
Magnetic Beads. Biophys. J. 2003, 85, 623-636. [CrossRef]

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. Rapid Mechanically Controlled Rewiring of Neuronal
Circuits. J. Neurosci. 2016, 36, 979-987. [CrossRef]

Fukata, Y.; Kimura, T.; Kaibuchi, K. Axon specification in hippocampal neurons. Neurosci. Res. 2002, 43,
305-315. [CrossRef] [PubMed]

Lamoureux, P; Ruthel, G.; Buxbaum, R.E.; Heidemann, S.R. Mechanical tension can specify axonal fate in
hippocampal neurons. J. Cell Biol. 2002, 159, 499-508. [CrossRef] [PubMed]

Kunze, A.; Tseng, P.; Godzich, C.; Murray, C.; Caputo, A.; Schweizer, EE.; Di Carlo, D. Engineering Cortical
Neuron Polarity with Nanomagnets on a Chip. ACS Nano 2015, 9, 3664-3676. [CrossRef]

Gonzalez-Billault, C.; Engelke, M.; Jiménez-Mateos, E.M.; Wandosell, F.; Caceres, A.; Avila, ]. Participation of
structural microtubule-associated proteins (MAPs) in the development of neuronal polarity. J. Neurosci. Res.
2002, 67, 713-719. [CrossRef]

Schelski, M.; Bradke, F. Neuronal polarization: From spatiotemporal signaling to cytoskeletal dynamics.
Mol. Cell. Neurosci. 2017, 84, 11-28. [CrossRef] [PubMed]

Dennerll, T.J.; Lamoureux, P.; Buxbaum, R.E.; Heidemann, S.R. The cytomechanics of axonal elongation and
retraction. J. Cell Biol. 1989, 109, 3073-3083. [CrossRef]


http://dx.doi.org/10.1073/pnas.1909933117
http://www.ncbi.nlm.nih.gov/pubmed/31882453
http://dx.doi.org/10.1126/science.1056490
http://www.ncbi.nlm.nih.gov/pubmed/11239161
http://dx.doi.org/10.1016/S0896-6273(03)00260-5
http://dx.doi.org/10.1523/JNEUROSCI.2142-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23283340
http://dx.doi.org/10.1016/S0962-8924(01)02179-1
http://dx.doi.org/10.1016/j.bpj.2012.11.3805
http://dx.doi.org/10.3389/fncel.2018.00483
http://dx.doi.org/10.3389/fnins.2018.00299
http://www.ncbi.nlm.nih.gov/pubmed/29867315
http://dx.doi.org/10.3389/fncel.2015.00359
http://www.ncbi.nlm.nih.gov/pubmed/26441530
http://dx.doi.org/10.1016/j.bpj.2010.09.029
http://www.ncbi.nlm.nih.gov/pubmed/21081068
http://dx.doi.org/10.1523/JNEUROSCI.08-04-01454.1988
http://dx.doi.org/10.1016/0012-1606(84)90202-1
http://dx.doi.org/10.1038/340159a0
http://dx.doi.org/10.1523/JNEUROSCI.11-04-01117.1991
http://dx.doi.org/10.1016/S0006-3495(03)74506-8
http://dx.doi.org/10.1523/JNEUROSCI.1667-15.2016
http://dx.doi.org/10.1016/S0168-0102(02)00062-7
http://www.ncbi.nlm.nih.gov/pubmed/12135774
http://dx.doi.org/10.1083/jcb.200207174
http://www.ncbi.nlm.nih.gov/pubmed/12417580
http://dx.doi.org/10.1021/nn505330w
http://dx.doi.org/10.1002/jnr.10161
http://dx.doi.org/10.1016/j.mcn.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28363876
http://dx.doi.org/10.1083/jcb.109.6.3073

Int. ]. Mol. Sci. 2020, 21, 8009 23 of 27

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Heidemann, S.R.; Lamoureux, P.; Buxbaum, R.E. Cytomechanics of axonal development. Cell Biochem.
Biophys. 1997, 27, 135-155. [CrossRef]

Lamoureux, P.; Heidemann, S.R.; Martzke, N.R.; Miller, K.E. Growth and elongation within and along the
axon. Dev. Neurobiol. 2010, 70, 135-149. [CrossRef]

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

Smith, D.H.; Wolf, ].A.; Meaney, D.F. A New Strategy to Produce Sustained Growth of Central Nervous
System Axons: Continuous Mechanical Tension. Tissue Eng. 2001, 7, 131-139. [CrossRef]

Heidemann, S.R.; Bray, D. Tension-driven axon assembly: A possible mechanism. Front. Cell. Neurosci. 2015,
9. [CrossRef] [PubMed]

Pfister, B.]. Extreme Stretch Growth of Integrated Axons. ]. Neurosci. 2004, 24, 7978-7983. [CrossRef]
[PubMed]

Loverde, ].R.; Pfister, B.]. Developmental axon stretch stimulates neuron growth while maintaining normal
electrical activity, intracellular calcium flux, and somatic morphology. Front. Cell. Neurosci. 2015, 9.
[CrossRef] [PubMed]

Steketee, M.B.; Oboudiyat, C.; Daneman, R.; Trakhtenberg, E.; Lamoureux, P.; Weinstein, ].E.; Heidemann, S.;
Barres, B.A.; Goldberg, J.L. Regulation of Intrinsic Axon Growth Ability at Retinal Ganglion Cell Growth
Cones. Investig. Opthalmol. Vis. Sci. 2014, 55, 4369. [CrossRef] [PubMed]

De Vincentiis, S.; Falconieri, A.; Mainardi, M.; Cappello, V.; Scribano, V.; Bizzarri, R.; Storti, B.; Dente, L.;
Costa, M.; Raffa, V. Extremely Low Forces Induce Extreme Axon Growth. J. Neurosci. 2020, 40, 4997-5007.
[CrossRef]

Raffa, V.; Falcone, E; De Vincentiis, S.; Falconieri, A.; Calatayud, M.P.; Goya, G.F,; Cuschieri, A. Piconewton
Mechanical Forces Promote Neurite Growth. Biophys. J. 2018, 115, 2026-2033. [CrossRef]

Abraham, J.-A,; Linnartz, C.; Dreissen, G.; Springer, R.; Blaschke, S.; Rueger, M.A; Fink, G.R.; Hoffmann, B.;
Merkel, R. Directing Neuronal Outgrowth and Network Formation of Rat Cortical Neurons by Cyclic
Substrate Stretch. Langmuir 2019, 35, 7423-7431. [CrossRef]

Katiyar, K.S.; Struzyna, L.A.; Das, S.; Cullen, D.K. Stretch growth of motor axons in custom mechanobioreactors
to generate long-projecting axonal constructs. J. Tissue Eng. Regen. Med. 2019, 13, 2040-2054. [CrossRef]
Tay, A.; Kunze, A.; Murray, C.; Di Carlo, D. Induction of Calcium Influx in Cortical Neural Networks by
Nanomagnetic Forces. ACS Nano 2016, 10, 2331-2341. [CrossRef]

Tay, A.; Di Carlo, D. Magnetic Nanoparticle-Based Mechanical Stimulation for Restoration of
Mechano-Sensitive Ion Channel Equilibrium in Neural Networks. Nano Lett. 2017, 17, 886-892. [CrossRef]
[PubMed]

Wang, Y.; Li, B.; Xu, H.; Du, S.; Liu, T; Ren, J.; Zhang, J.; Zhang, H,; Liu, Y.; Lu, L. Growth and elongation
of axons through mechanical tension mediated by fluorescent-magnetic bifunctional Fe304-Rhodamine
6G@PDA superparticles. J. Nanobiotechnol. 2020, 18, 64. [CrossRef] [PubMed]

Suter, D.M.; Forscher, P. An emerging link between cytoskeletal dynamics and cell adhesion molecules in
growth cone guidance. Curr. Opin. Neurobiol. 1998, 8, 106-116. [CrossRef]

Wu, T.; Nieminen, T.A.; Mohanty, S.; Miotke, J.; Meyer, R.L.; Rubinsztein-Dunlop, H.; Berns, M.W.
A photon-driven micromotor can direct nerve fibre growth. Nat. Photonics 2012, 6, 62—-67. [CrossRef]
Riggio, C.; Calatayud, M.P,; Giannaccini, M.; Sanz, B.; Torres, T.E.; Fernandez-Pacheco, R.; Ripoli, A.;
Ibarra, M.R.; Dente, L.; Cuschieri, A.; et al. The orientation of the neuronal growth process can be directed
via magnetic nanoparticles under an applied magnetic field. Nanomed. Nanotechnol. Biol. Med. 2014, 10,
1549-1558. [CrossRef]

Davis, O.; Merrison-Hort, R.; Soffe, S.R.; Borisyuk, R. Studying the role of axon fasciculation during
development in a computational model of the Xenopus tadpole spinal cord. Sci. Rep. 2017, 7, 13551.
[CrossRef]

Smit, D,; Fouquet, C.; Pincet, F; Zapotocky, M.; Trembleau, A. Axon tension regulates fasciculation/
defasciculation through the control of axon shaft zippering. eLife 2017, 6. [CrossRef]

Luo, L.; O’Leary, D.D.M. Axon retraction and degeneration in development and disease. Annu. Rev. Neurosci.
2005, 28, 127-156. [CrossRef]


http://dx.doi.org/10.1007/BF02738107
http://dx.doi.org/10.1002/dneu.20764
http://dx.doi.org/10.1073/pnas.1019624108
http://dx.doi.org/10.1089/107632701300062714
http://dx.doi.org/10.3389/fncel.2015.00316
http://www.ncbi.nlm.nih.gov/pubmed/26321917
http://dx.doi.org/10.1523/JNEUROSCI.1974-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15356212
http://dx.doi.org/10.3389/fncel.2015.00308
http://www.ncbi.nlm.nih.gov/pubmed/26379492
http://dx.doi.org/10.1167/iovs.14-13882
http://www.ncbi.nlm.nih.gov/pubmed/24906860
http://dx.doi.org/10.1523/JNEUROSCI.3075-19.2020
http://dx.doi.org/10.1016/j.bpj.2018.10.009
http://dx.doi.org/10.1021/acs.langmuir.8b02003
http://dx.doi.org/10.1002/term.2955
http://dx.doi.org/10.1021/acsnano.5b07118
http://dx.doi.org/10.1021/acs.nanolett.6b04200
http://www.ncbi.nlm.nih.gov/pubmed/28094958
http://dx.doi.org/10.1186/s12951-020-00621-6
http://www.ncbi.nlm.nih.gov/pubmed/32334582
http://dx.doi.org/10.1016/S0959-4388(98)80014-7
http://dx.doi.org/10.1038/nphoton.2011.287
http://dx.doi.org/10.1016/j.nano.2013.12.008
http://dx.doi.org/10.1038/s41598-017-13804-3
http://dx.doi.org/10.7554/eLife.19907
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135632

Int. ]. Mol. Sci. 2020, 21, 8009 24 of 27

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Low, L.K,; Cheng, H.-J. Axon pruning: An essential step underlying the developmental plasticity of neuronal
connections. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1531-1544. [CrossRef]

Bray, D. Mechanical tension produced by nerve cells in tissue culture. J. Cell Sci. 1979, 37, 391-410. [PubMed]
Dent, E.W,; Kalil, K. Axon Branching Requires Interactions between Dynamic Microtubules and Actin
Filaments. |. Neurosci. 2001, 21, 9757-9769. [CrossRef]

Kapitein, L.C.; Hoogenraad, C.C. Building the Neuronal Microtubule Cytoskeleton. Neuron 2015, 87, 492-506.
[CrossRef] [PubMed]

Kalil, K.; Dent, E.W. Branch management: Mechanisms of axon branching in the developing vertebrate CNS.
Nat. Rev. Neurosci. 2014, 15, 7-18. [CrossRef] [PubMed]

Anava, S.; Greenbaum, A.; Jacob, E.B.; Hanein, Y.; Ayali, A. The Regulative Role of Neurite Mechanical
Tension in Network Development. Biophys. J. 2009, 96, 1661-1670. [CrossRef]

Franze, K.; Gerdelmann, J.; Weick, M.; Betz, T.; Pawlizak, S.; Lakadamyali, M.; Bayer, J.; Rillich, K.; Gogler, M.;
Lu, Y.-B.; et al. Neurite Branch Retraction Is Caused by a Threshold-Dependent Mechanical Impact. Biophys. J.
2009, 97, 1883-1890. [CrossRef]

Tessier-Lavigne, M.; Goodman, C.S. The Molecular Biology of Axon Guidance. Science 1996, 274, 1123-1133.
[CrossRef] [PubMed]

Ahmed, W.W.; Li, T.C.; Rubakhin, S.S.; Chiba, A.; Sweedler, J.V,; Saif, T.A. Mechanical Tension Modulates
Local and Global Vesicle Dynamics in Neurons. Cell. Mol. Bioeng. 2012, 5, 155-164. [CrossRef] [PubMed]
Siechen, S.; Yang, S.; Chiba, A.; Saif, T. Mechanical tension contributes to clustering of neurotransmitter
vesicles at presynaptic terminals. Proc. Natl. Acad. Sci. USA 2009, 106, 12611-12616. [CrossRef] [PubMed]
Chen, B.-M,; Grinnell, A.D. Kinetics, Ca 2+ Dependence, and Biophysical Properties of Integrin-Mediated
Mechanical Modulation of Transmitter Release from Frog Motor Nerve Terminals. J. Neurosci. 1997, 17,
904-916. [CrossRef]

Fan, A.; Stebbings, K.A.; Llano, D.A; Saif, T. Stretch induced hyperexcitability of mice callosal pathway.
Front. Cell. Neurosci. 2015, 9. [CrossRef] [PubMed]

Mutalik, S.P.; Ghose, A. Axonal cytomechanics in neuronal development. J. Biosci. 2020, 45, 64. [CrossRef]
[PubMed]

Chen, B.M.; Grinnell, A.D. Integrins and modulation of transmitter release from motor nerve terminals by
stretch. Science 1995. [CrossRef]

Fatt, P.; Katz, B. Spontaneous subthreshold activity at motor nerve endings. J. Physiol. 1952, 117, 109-128.
[CrossRef]

Grinnell, A.D.; Chen, B.-M.; Kashani, A.; Lin, J.; Suzuki, K.; Kidokoro, Y. The role of integrins in the modulation
of neurotransmitter release from motor nerve terminals by stretch and hypertonicity. J. Neurocytol. 2003, 32,
489-503. [CrossRef]

Dobrunz, L.E. Release probability is regulated by the size of the readily releasable vesicle pool at excitatory
synapses in hippocampus. Int. |. Dev. Neurosci. 2002, 20, 225-236. [CrossRef]

Brown, A. Slow axonal transport: Stop and go traffic in the axon. Nat. Rev. Mol. Cell Biol. 2000, 1, 153-156.
[CrossRef]

Roy, S.; Coffee, P.; Smith, G.; Liem, R K.H.; Brady, S.T.; Black, M.M. Neurofilaments Are Transported Rapidly
But Intermittently in Axons: Implications for Slow Axonal Transport. J. Neurosci. 2000, 20, 6849-6861.
[CrossRef]

Feldman, E.L.; Axelrod, D.; Schwartz, M.; Heacock, A.M.; Agranoff, B.W. Studies on the localization of newly
added membrane in growing neurites. J. Neurobiol. 1981, 12, 591-598. [CrossRef] [PubMed]

Simpson, L.J.; Tzima, E.; Reader, J.S. Mechanical Forces and Their Effect on the Ribosome and Protein
Translation Machinery. Cells 2020, 9, 650. [CrossRef]

Pita-Thomas, W.; Steketee, M.B.; Moysidis, S.N.; Thakor, K.; Hampton, B.; Goldberg, J.L. Promoting filopodial
elongation in neurons by membrane-bound magnetic nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2015,
11, 559-567. [CrossRef] [PubMed]

de Rooij, R.; Kuhl, E.; Miller, K.E. Modeling the Axon as an Active Partner with the Growth Cone in Axonal
Elongation. Biophys. J. 2018, 115, 1783-1795. [CrossRef] [PubMed]

Stewart, T.].; Jackson, D.R.; Smith, R.D.; Shannon, S.E; Cremo, C.R.; Baker, ].E. Actin Sliding Velocities are
Influenced by the Driving Forces of Actin-Myosin Binding. Cell. Mol. Bioeng. 2013, 6, 26-37. [CrossRef]


http://dx.doi.org/10.1098/rstb.2006.1883
http://www.ncbi.nlm.nih.gov/pubmed/479327
http://dx.doi.org/10.1523/JNEUROSCI.21-24-09757.2001
http://dx.doi.org/10.1016/j.neuron.2015.05.046
http://www.ncbi.nlm.nih.gov/pubmed/26247859
http://dx.doi.org/10.1038/nrn3650
http://www.ncbi.nlm.nih.gov/pubmed/24356070
http://dx.doi.org/10.1016/j.bpj.2008.10.058
http://dx.doi.org/10.1016/j.bpj.2009.07.033
http://dx.doi.org/10.1126/science.274.5290.1123
http://www.ncbi.nlm.nih.gov/pubmed/8895455
http://dx.doi.org/10.1007/s12195-012-0223-1
http://www.ncbi.nlm.nih.gov/pubmed/23002399
http://dx.doi.org/10.1073/pnas.0901867106
http://www.ncbi.nlm.nih.gov/pubmed/19620718
http://dx.doi.org/10.1523/JNEUROSCI.17-03-00904.1997
http://dx.doi.org/10.3389/fncel.2015.00292
http://www.ncbi.nlm.nih.gov/pubmed/26300729
http://dx.doi.org/10.1007/s12038-020-00029-2
http://www.ncbi.nlm.nih.gov/pubmed/32385223
http://dx.doi.org/10.1126/science.7667637
http://dx.doi.org/10.1113/jphysiol.1952.sp004735
http://dx.doi.org/10.1023/B:NEUR.0000020606.58265.b5
http://dx.doi.org/10.1016/S0736-5748(02)00015-1
http://dx.doi.org/10.1038/35040102
http://dx.doi.org/10.1523/JNEUROSCI.20-18-06849.2000
http://dx.doi.org/10.1002/neu.480120607
http://www.ncbi.nlm.nih.gov/pubmed/7310397
http://dx.doi.org/10.3390/cells9030650
http://dx.doi.org/10.1016/j.nano.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25596077
http://dx.doi.org/10.1016/j.bpj.2018.08.047
http://www.ncbi.nlm.nih.gov/pubmed/30309611
http://dx.doi.org/10.1007/s12195-013-0274-y

Int. ]. Mol. Sci. 2020, 21, 8009 25 of 27

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Glogauer, M.; Arora, P; Yao, G.; Sokholov, L; Ferrier, J.; McCulloch, C.A.G. Calcium ions and tyrosine
phosphorylation interact coordinately with actin to regulate cytoprotective responses to stretching. J. Cell Sci.
1997, 110, 11-21.

Deshpande, V.S.; McMeeking, RM.; Evans, A.G. A bio-chemo-mechanical model for cell contractility.
Proc. Natl. Acad. Sci. USA 2006, 103, 14015-14020. [CrossRef]

Shingyoji, C.; Nakano, L; Inoue, Y.; Higuchi, H. Dynein arms are strain-dependent direction-switching force
generators. Cyfoskeleton 2015, 72, 388—401. [CrossRef] [PubMed]

Hamant, O.; Inoue, D.; Bouchez, D.; Dumais, J.; Mjolsness, E. Are microtubules tension sensors? Nat. Commun.
2019, 10, 2360. [CrossRef] [PubMed]

Sleigh, ].N.; Rossor, A.M.; Fellows, A.D.; Tosolini, A.P,; Schiavo, G. Axonal transport and neurological disease.
Nat. Rev. Neurol. 2019, 15, 691-703. [CrossRef]

Ahmed, W.W,; Saif, T.A. Active transport of vesicles in neurons is modulated by mechanical tension. Sci. Rep.
2015, 4, 4481. [CrossRef]

Ahmed, W.W.; Williams, B.J.; Silver, A.M.; Saif, T.A. Measuring nonequilibrium vesicle dynamics in neurons
under tension. Lab Chip 2013, 13, 570. [CrossRef]

Loverde, J.R.; Ozoka, V.C.; Aquino, R,; Lin, L.; Pfister, B.J. Live Imaging of Axon Stretch Growth in Embryonic
and Adult Neurons. J. Neurotrauma 2011, 28, 2389-2403. [CrossRef]

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

Chowdary, P.D,; Xie, C.; Osakada, Y.; Che, D.L.; Cui, B. Magnetic Manipulation of Axonal Transport in Live
Neurons. Biophys. J. 2013, 104, 652a. [CrossRef]

Chowdary, P.C.; McGuire, A ; Lee, Y.; Che, D.; Hanson, L.; Osakada, Y.; Ooi, C.; Xie, C.; Wang, S.X.; Cui, B.
Magnetic manipulation of axonal endosome transport in live neurons. bioRxiv 2019, 733253. [CrossRef]
Morris, C.E. Voltage-gated channel mechanosensitivity: Fact or friction? Front. Physiol. 2011. [CrossRef]
Tyler, W.J. The mechanobiology of brain function. Nat. Rev. Neurosci. 2012, 13, 867-878. [CrossRef]
Rosenberg, S.S.; Spitzer, N.C. Calcium Signaling in Neuronal Development. Cold Spring Harb. Perspect. Biol.
2011, 3, a004259. [CrossRef] [PubMed]

Valenzuela, ].I; Perez, F. Diversifying the secretory routes in neurons. Front. Neurosci. 2015, 9. [CrossRef]
Kilinc, D.; Blasiak, A.; O’'Mahony, ].J.; Lee, G.U. Low Piconewton Towing of CNS Axons against Diffusing
and Surface-Bound Repellents Requires the Inhibition of Motor Protein-Associated Pathways. Sci. Rep. 2015,
4,7128. [CrossRef]

Suter, D.M.; Errante, L.D.; Belotserkovsky, V.; Forscher, P. The Ig Superfamily Cell Adhesion Molecule,
apCAM, Mediates Growth Cone Steering by Substrate-Cytoskeletal Coupling. J. Cell Biol. 1998, 141, 227-240.
[CrossRef]

Cojoc, D.; Difato, E; Ferrari, E.; Shahapure, R.B.; Laishram, J.; Righi, M.; Di Fabrizio, E.M.; Torre, V. Properties
of the Force Exerted by Filopodia and Lamellipodia and the Involvement of Cytoskeletal Components.
PLoS ONE 2007, 2, €1072. [CrossRef]

Chighizola, M.; Dini, T.; Lenardi, C.; Milani, P.; Podesta, A.; Schulte, C. Mechanotransduction in neuronal
cell development and functioning. Biophys. Rev. 2019, 11, 701-720. [CrossRef] [PubMed]

Elting, M.W.; Spudich, ].A. Future Challenges in Single-Molecule Fluorescence and Laser Trap Approaches
to Studies of Molecular Motors. Dev. Cell 2012, 23, 1084-1091. [CrossRef] [PubMed]

Bard, L.; Boscher, C.; Lambert, M.; Mege, R.-M.; Choquet, D.; Thoumine, O. A Molecular Clutch between the
Actin Flow and N-Cadherin Adhesions Drives Growth Cone Migration. J. Neurosci. 2008, 28, 5879-5890.
[CrossRef] [PubMed]

Gosse, C.; Croquette, V. Magnetic Tweezers: Micromanipulation and Force Measurement at the Molecular
Level. Biophys. |. 2002, 82, 3314-3329. [CrossRef]

Grevesse, T.; Dabiri, B.E.; Parker, KK.; Gabriele, S. Opposite rheological properties of neuronal
microcompartments predict axonal vulnerability in brain injury. Sci. Rep. 2015, 5, 9475. [CrossRef]
Janssen, X.J.A.; Lipfert, J.; Jager, T.; Daudey, R.; Beekman, ].; Dekker, N.H. Electromagnetic Torque Tweezers:
A Versatile Approach for Measurement of Single-Molecule Twist and Torque. Nano Lett. 2012, 12, 3634-3639.
[CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.0605837103
http://dx.doi.org/10.1002/cm.21232
http://www.ncbi.nlm.nih.gov/pubmed/26242795
http://dx.doi.org/10.1038/s41467-019-10207-y
http://www.ncbi.nlm.nih.gov/pubmed/31142740
http://dx.doi.org/10.1038/s41582-019-0257-2
http://dx.doi.org/10.1038/srep04481
http://dx.doi.org/10.1039/c2lc41109a
http://dx.doi.org/10.1089/neu.2010.1598
http://dx.doi.org/10.1039/C6LC01349J
http://dx.doi.org/10.1016/j.bpj.2012.11.3600
http://dx.doi.org/10.1101/733253
http://dx.doi.org/10.3389/fphys.2011.00025
http://dx.doi.org/10.1038/nrn3383
http://dx.doi.org/10.1101/cshperspect.a004259
http://www.ncbi.nlm.nih.gov/pubmed/21730044
http://dx.doi.org/10.3389/fnins.2015.00358
http://dx.doi.org/10.1038/srep07128
http://dx.doi.org/10.1083/jcb.141.1.227
http://dx.doi.org/10.1371/journal.pone.0001072
http://dx.doi.org/10.1007/s12551-019-00587-2
http://www.ncbi.nlm.nih.gov/pubmed/31617079
http://dx.doi.org/10.1016/j.devcel.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23237942
http://dx.doi.org/10.1523/JNEUROSCI.5331-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18524892
http://dx.doi.org/10.1016/S0006-3495(02)75672-5
http://dx.doi.org/10.1038/srep09475
http://dx.doi.org/10.1021/nl301330h
http://www.ncbi.nlm.nih.gov/pubmed/22642488

Int. ]. Mol. Sci. 2020, 21, 8009 26 of 27

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Kiling, D.; Lee, G.U. Advances in magnetic tweezers for single molecule and cell biophysics. Integr. Biol.
2014, 6, 27-34. [CrossRef]

Goya, G.F; Calatayud, M.P,; Sanz, B.; Giannaccini, M.; Raffa, V.; Torres, T.E.; Ibarra, M.R. Magnetic
nanoparticles for magnetically guided therapies against neural diseases. MRS Bull. 2014, 39, 965-969.
[CrossRef]

Zhang, Q.-Y,; Zhang, Y.-Y,; Xie, ].; Li, C.-X.; Chen, W.-Y,; Liu, B.-L.; Wu, X;; Li, S.-N.; Huo, B,; Jiang, L.-H.;
et al. Stiff substrates enhance cultured neuronal network activity. Sci. Rep. 2015, 4, 6215. [CrossRef]
Baranes, K.; Hibsh, D.; Cohen, S.; Yamin, T.; Efroni, S.; Sharoni, A.; Shefi, O. Comparing Transcriptome
Profiles of Neurons Interfacing Adjacent Cells and Nanopatterned Substrates Reveals Fundamental Neuronal
Interactions. Nano Lett. 2019, 19, 1451-1459. [CrossRef] [PubMed]

Grzywa, ELL,; Lee, A.C; Lee, G.U.; Suter, D.M. High-resolution analysis of neuronal growth cone morphology
by comparative atomic force and optical microscopy. J. Neurobiol. 2006, 66, 1529-1543. [CrossRef] [PubMed]
Gourier, C.; Jegou, A.; Husson, ].; Pincet, F. A Nanospring Named Erythrocyte. The Biomembrane Force
Probe. Cell. Mol. Bioeng. 2008, 1, 263-275. [CrossRef]

Fouquet, C.; Trembleau, A. Preparation and Manipulation of Olfactory Epithelium Explant Cultures
for Measurement of the Mechanical Tension of Individual Axons Using the Biomembrane Force Probe.
Bio-Protocol 2019, 9. [CrossRef] [PubMed]

Hallstrom, W.; Lexholm, M.; Suyatin, D.B.; Hammarin, G.; Hessman, D.; Samuelson, L.; Montelius, L.;
Kanje, M.; Prinz, C.N. Fifteen-Piconewton Force Detection from Neural Growth Cones Using Nanowire
Arrays. Nano Lett. 2010, 10, 782-787. [CrossRef] [PubMed]

Schierbaum, N.; Rheinlaender, J.; Schéffer, T.E. Combined atomic force microscopy (AFM) and traction force
microscopy (TFM) reveals a correlation between viscoelastic material properties and contractile prestress of
living cells. Soft Matter 2019, 15, 1721-1729. [CrossRef] [PubMed]

Lin, Y.-C.; Kramer, C.M.; Chen, C.S.; Reich, D.H. Probing cellular traction forces with magnetic nanowires
and microfabricated force sensor arrays. Nanotechnology 2012, 23, 075101. [CrossRef]

Bradbury, E.J.; Burnside, E.R. Moving beyond the glial scar for spinal cord repair. Nat. Commun. 2019, 10,
3879. [CrossRef]

Yang, B.; Zhang, F.; Cheng, F; Ying, L.; Wang, C.; Shi, K.; Wang, J.; Xia, K.; Gong, Z.; Huang, X,; et al.
Strategies and prospects of effective neural circuits reconstruction after spinal cord injury. Cell Death Dis.
2020, 11, 439. [CrossRef]

Hellal, F; Hurtado, A.; Ruschel, J.; Flynn, K.C.; Laskowski, C.J.; Umlauf, M.; Kapitein, L.C.; Strikis, D.;
Lemmon, V.; Bixby, J.; et al. Microtubule Stabilization Reduces Scarring and Causes Axon Regeneration
After Spinal Cord Injury. Science 2011, 331, 928-931. [CrossRef]

Song, Y.; Li, D.; Farrelly, O.; Miles, L.; Li, F; Kim, S.E.; Lo, T.Y.; Wang, F,; Li, T.; Thompson-Peer, K.L.; et al.
The Mechanosensitive Ion Channel Piezo Inhibits Axon Regeneration. Neuron 2019, 102, 373-389. [CrossRef]
Gaudin, R.; Knipfer, C.; Henningsen, A.; Smeets, R.; Heiland, M.; Hadlock, T. Approaches to peripheral
nerve repair: Generations of biomaterial conduits yielding to replacing autologous nerve grafts in
craniomaxillofacial surgery. BioMed Res. Int. 2016, 2016, 1-18. [CrossRef]

Vigani, B.; Rossi, S.; Sandri, G.; Bonferoni, M.; Ferrari, F. Design and criteria of electrospun fibrous scaffolds
for the treatment of spinal cord injury. Neural Regen. Res. 2017, 12, 1786. [CrossRef]

Ezra, M.; Bushman, J.; Shreiber, D.; Schachner, M.; Kohn, J. Porous and Nonporous Nerve Conduits: The
Effects of a Hydrogel Luminal Filler with and Without a Neurite-Promoting Moiety. Tissue Eng. Part A 2016,
22,818-826. [CrossRef] [PubMed]

de Ruiter, G.C.W.; Malessy, M.].A.; Yaszemski, M.].; Windebank, A.J.; Spinner, R.]. Designing ideal conduits
for peripheral nerve repair. Neurosurg. Focus 2009, 26, E5. [CrossRef] [PubMed]

Jiang, X.; Lim, S.H.; Mao, H.-Q.; Chew, S.Y. Current applications and future perspectives of artificial nerve
conduits. Exp. Neurol. 2010, 223, 86-101. [CrossRef] [PubMed]

Cao, H,; Liu, T.; Chew, S.Y. The application of nanofibrous scaffolds in neural tissue engineering. Adv. Drug
Deliv. Rev. 2009, 61, 1055-1064. [CrossRef]

Hong, Y.; Huber, A.; Takanari, K.; Amoroso, N.J.; Hashizume, R.; Badylak, S.F.; Wagner, W.R. Mechanical
properties and in vivo behavior of a biodegradable synthetic polymer microfiber-extracellular matrix
hydrogel biohybrid scaffold. Biomaterials 2011, 32, 3387-3394. [CrossRef]


http://dx.doi.org/10.1039/c3ib40185e
http://dx.doi.org/10.1557/mrs.2014.224
http://dx.doi.org/10.1038/srep06215
http://dx.doi.org/10.1021/acs.nanolett.8b03879
http://www.ncbi.nlm.nih.gov/pubmed/30704243
http://dx.doi.org/10.1002/neu.20318
http://www.ncbi.nlm.nih.gov/pubmed/17058186
http://dx.doi.org/10.1007/s12195-008-0030-x
http://dx.doi.org/10.21769/BioProtoc.3213
http://www.ncbi.nlm.nih.gov/pubmed/31131294
http://dx.doi.org/10.1021/nl902675h
http://www.ncbi.nlm.nih.gov/pubmed/20102185
http://dx.doi.org/10.1039/C8SM01585F
http://www.ncbi.nlm.nih.gov/pubmed/30657157
http://dx.doi.org/10.1088/0957-4484/23/7/075101
http://dx.doi.org/10.1038/s41467-019-11707-7
http://dx.doi.org/10.1038/s41419-020-2620-z
http://dx.doi.org/10.1126/science.1201148
http://dx.doi.org/10.1016/j.neuron.2019.01.050
http://dx.doi.org/10.1155/2016/3856262
http://dx.doi.org/10.4103/1673-5374.219029
http://dx.doi.org/10.1089/ten.tea.2015.0354
http://www.ncbi.nlm.nih.gov/pubmed/27102571
http://dx.doi.org/10.3171/FOC.2009.26.2.E5
http://www.ncbi.nlm.nih.gov/pubmed/19435445
http://dx.doi.org/10.1016/j.expneurol.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19769967
http://dx.doi.org/10.1016/j.addr.2009.07.009
http://dx.doi.org/10.1016/j.biomaterials.2011.01.025

Int. ]. Mol. Sci. 2020, 21, 8009 27 of 27

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Pellico, J.; Ellis, C.M.; Davis, ].J. Nanoparticle-Based Paramagnetic Contrast Agents for Magnetic Resonance
Imaging. Contrast Media Mol. Imaging 2019, 2019, 1845637. [CrossRef]

Hetzel, D.; Strauss, W.; Bernard, K.; Li, Z.; Urboniene, A.; Allen, L.F. A Phase III, randomized, open-label
trial of ferumoxytol compared with iron sucrose for the treatment of iron deficiency anemia in patients with
a history of unsatisfactory oral iron therapy. Am. ]. Hematol. 2014, 89, 646—650. [CrossRef]

Schwenk, M.H. Ferumoxytol: A New Intravenous Iron Preparation for the Treatment of Iron Deficiency
Anemia in Patients with Chronic Kidney Disease. Pharmacotherapy 2010, 30, 70-79. [CrossRef] [PubMed]
Zhu, L.; Zhou, Z.; Mao, H.; Yang, L. Magnetic nanoparticles for precision oncology: Theranostic magnetic iron
oxide nanoparticles for image-guided and targeted cancer therapy. Nanomedicine 2017, 12, 73-87. [CrossRef]
[PubMed]

Subramanian, M.; Miaskowski, A.; Jenkins, S.I; Lim, J.; Dobson, J. Remote manipulation of magnetic
nanoparticles using magnetic field gradient to promote cancer cell death. Appl. Phys. A 2019, 125, 226.
[CrossRef]

Cortajarena, A.L.; Ortega, D.; Ocampo, S.M.; Gonzalez-Garcia, A.; Couleaud, P.; Miranda, R.; Belda-Iniesta, C.;
Ayuso-Sacido, A. Engineering Iron Oxide Nanoparticles for Clinical Settings. Nanobiomedicine 2014, 1, 2.
[CrossRef]

Kevadiya, B.D.; Ottemann, B.M.; Thomas, M.B.; Mukadam, I.; Nigam, S.; McMillan, J.E.; Gorantla, S.;
Bronich, TK.; Edagwa, B.; Gendelman, H.E. Neurotheranostics as personalized medicines. Adv. Drug Deliv.
Rev. 2019, 148, 252-289. [CrossRef] [PubMed]

Giannaccini, M.; Calatayud, M.P.; Poggetti, A.; Corbianco, S.; Novelli, M.; Paoli, M.; Battistini, P.; Castagna, M.;
Dente, L.; Parchi, P; et al. Magnetic Nanoparticles for Efficient Delivery of Growth Factors: Stimulation of
Peripheral Nerve Regeneration. Adv. Healthc. Mater. 2017, 6, 1601429. [CrossRef]

Marcus, M.; Smith, A.; Maswadeh, A.; Shemesh, Z.; Zak, I.; Motiei, M.; Schori, H.; Margel, S.; Sharoni, A.;
Shefi, O. Magnetic Targeting of Growth Factors Using Iron Oxide Nanoparticles. Nanomaterials 2018, 8, 707.
[CrossRef] [PubMed]

Giannaccini, M.; Usai, A.; Chiellini, F.; Guadagni, V.; Andreazzoli, M.; Ori, M.; Pasqualetti, M.; Dente, L.;
Raffa, V. Neurotrophin-conjugated nanoparticles prevent retina damage induced by oxidative stress. Cell. Mol.
Life Sci. 2018, 75, 1255-1267. [CrossRef] [PubMed]

Sniadecki, N.J.; Anguelouch, A.; Yang, M.T,; Lamb, C.M.; Liu, Z.; Kirschner, S.B.; Liu, Y.; Reich, D.H.;
Chen, C.S. Magnetic microposts as an approach to apply forces to living cells. Proc. Natl. Acad. Sci. USA
2007, 104, 14553-14558. [CrossRef]

Rajagopalan, J.; Saif, M.T.A. MEMS sensors and microsystems for cell mechanobiology. ]. Micromech.
Microeng. 2011, 21, 054002. [CrossRef]

Unal, M.; Alapan, Y;; Jia, H.; Varga, A.G.; Angelino, K.; Aslan, M.; Sayin, I.; Han, C.; Jiang, Y.; Zhang, Z.; et al.
Micro and Nano-Scale Technologies for Cell Mechanics. Nanobiomedicine 2014, 1, 5. [CrossRef]

Chen, H.I; Jgamadze, D.; Lim, ].; Mensah-Brown, K.; Wolf, J.A; Mills, J.A.; Smith, D.H. Functional Cortical
Axon Tracts Generated from Human Stem Cell-Derived Neurons. Tissue Eng. Part A 2019, 25, 736-745.
[CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1155/2019/1845637
http://dx.doi.org/10.1002/ajh.23712
http://dx.doi.org/10.1592/phco.30.1.70
http://www.ncbi.nlm.nih.gov/pubmed/20030475
http://dx.doi.org/10.2217/nnm-2016-0316
http://www.ncbi.nlm.nih.gov/pubmed/27876448
http://dx.doi.org/10.1007/s00339-019-2510-3
http://dx.doi.org/10.5772/58841
http://dx.doi.org/10.1016/j.addr.2018.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30421721
http://dx.doi.org/10.1002/adhm.201601429
http://dx.doi.org/10.3390/nano8090707
http://www.ncbi.nlm.nih.gov/pubmed/30201889
http://dx.doi.org/10.1007/s00018-017-2691-x
http://www.ncbi.nlm.nih.gov/pubmed/29098325
http://dx.doi.org/10.1073/pnas.0611613104
http://dx.doi.org/10.1088/0960-1317/21/5/054002
http://dx.doi.org/10.5772/59379
http://dx.doi.org/10.1089/ten.tea.2018.0270
http://www.ncbi.nlm.nih.gov/pubmed/30648482
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Endogenous Force Generation in Axonal Outgrowth 
	Axon: The Neuron Machinery That Moves Forward 
	The Contractile Force Generated at the GC Is Responsible for the Movement of the GC 
	The Contractile Force Generated at the Axon Level Influences the Bulk Translocation 
	Variations of Endogenous Force Generation Modulate Axon Growth 

	Exogenous Low Forces Stimulate Axonal Outgrowth 
	Exogenous Force Promotes Neurite Initiation 
	Exogenous Force Promotes Axon Specification 
	Exogenous Force Promotes Axon Elongation 
	Exogenous Force Promotes Axon Guidance 
	Exogenous Force Promotes Axon Fasciculation 
	Exogenous Force Promotes Axon Branching and Pruning 
	Exogenous Force Promotes Synaptogenesis 

	Local and Molecular Effects Triggered by Exogenous Low Forces 
	The Birth of “Stretch-Growth” 
	Exogenous Forces Affect Cytoskeletal Dynamics 
	Involvement of Exogenous Forces in Vesicular Transport 
	Exogenous Forces Induce Intracellular Calcium Influx 
	Cross-Talk with Other Molecular Pathways 

	Stretch-Growth: Methods and Future Therapeutic Perspectives 
	Methods for the Application of Extremely Low Exogenous Forces 
	New Therapeutic Perspectives 

	Conclusions 
	References

