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A growing body of work describes how physical forces in and around cells

affect their growth, proliferation, migration, function and differentiation into

specialized types. How cells receive and respond biochemically to mechanical

signals is a process termed mechanotransduction. Disease may arise if

a disruption occurs within this mechanism of sensing and interpreting mech-

anics. Cancer, cardiovascular diseases and developmental defects, such as

during the process of neural tube formation, are linked to changes in cell

and tissue mechanics. A breakdown in normal tissue and cellular forces

activates mechanosignalling pathways that affect their function and can pro-

mote disease progression. The recent advent of high-resolution techniques

enables quantitative measurements of mechanical properties of the cell and

its extracellular matrix, providing insight into how mechanotransduction is

regulated. In this review, we will address the standard methods and new tech-

nologies available to properly measure mechanical properties, highlighting

the challenges and limitations of probing different length-scales. We will

focus on the unique environment present throughout the development and

maintenance of the central nervous system and discuss cases where disease,

such as brain cancer, arises in response to changes in the mechanical properties

of the microenvironment that disrupt homeostasis.

This article is part of a discussion meeting issue ‘Forces in cancer:

interdisciplinary approaches in tumour mechanobiology’.
1. Introduction
The importance of considering mechanics as an important cell regulator is high-

lighted in an increasing and rich literature linking changes in mechanics to

disruptions in tissue homeostasis and disease progression. This is not surpris-

ing, given that mechanics play such an integral role in the development and

function of biological systems. During development, growth, differentiation

and morphogenesis all depend on cells sensing and exerting forces on their sur-

roundings. The orchestrated morphogenetic cellular movements characteristic

of embryonic development require dynamic changes in how cells receive and

respond to forces in their microenvironment.

Cells can respond to force through an immediate change in their membrane

structure, such as the disassembly of caveolae in response to osmotic pressure

[1], and they can also transform mechanical inputs—including stretch, tension,

compression and shear forces—into a chemical signal through intracellular mol-

ecular signalling cascades that ultimately culminate in altered transcriptional

outputs. In addition, increased extracellular matrix (ECM) stiffness has been

shown to promote malignant phenotypes in breast cancer [2] and brain

cancer [3]. Developmental defects also arise as a result of changes in physical

forces. For example, disorders associated with neural tube defects have been

shown to be intrinsically linked to mechanics [4]. Cells respond to physical

inputs through a process termed mechanotransduction, and the diverse mech-

anisms by which cells transduce forces will be briefly covered in this review.
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Figure 1. A summary of mechanical properties deforming under stress. (a) A material resistance to elastic deformation to force (F ) or stress (s) is the elastic
modulus. E is Young’s modulus, a response to tensile or compressive stress, G is the shear modulus, a response to shear stress, and K is the bulk modulus, a
response to hydrostatic pressure. (b) A viscoelastic material dissipates energy upon loading and unloading, whereas an elastic material does not. (c) Different
modes of testing the response of viscoelastic materials, which is strain- and frequency-dependent. Viscoelastic materials have an initial linear response to the storage
modulus (G0) at low strains followed by a nonlinear response with increasing strain.
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As mechanics is increasingly recognized as an important

regulator of how tissue homeostasis is achieved and main-

tained, methods to accurately quantify the contribution of

mechanical properties to the function of biological systems

have become a significant area of study and permitted a

breadth of new methods and techniques to flourish. With

these technological advances, comes a new set of challenges

in how to compare and interpret studies using different

techniques. In this review, we will discuss several of the tech-

niques currently available and the important mechanical

properties and parameters to consider for their application

and analysis. We will focus on measuring forces throughout

the development and maintenance of the central nervous

system (CNS), as well as some of the different pathologies

that affect it. The technique and parameters chosen should

be appropriate to the length-scale of an intended study.

Therefore, we will address the methods that are useful at

different biological length-scales and discuss the way these

techniques have enhanced our understanding of how external

forces are transduced intracellularly from the cell surface to

the nucleus to alter cell behaviour though transcriptional

and epigenetic modifications.
2. Methods to probe and measure cellular and
tissue tension

Direct mechanical measurements involve the regional appli-

cation of a defined physical force (or stress) and quantification

of the resulting deformation or strain. The relationship between

stress and strain reveals the mechanical properties of the

material being studied. For a purely elastic material, under uni-

axial deformation (compression or tension), this relationship is

defined using Young’s modulus (E). Most biological mechan-

ical measurements consider this property; however, an elastic

material can also be described using other physical properties.

If a material is under shear stress, in which the force applied is in

the same plane as the cross-sectional area, the measured prop-

erty is the shear modulus (G). Another elastic parameter is the

bulk modulus (K), which is related to hydrostatic pressure

and typically used to make measurements of blood or cere-

brospinal fluid (CSF) flow. In an isotropic material, these

moduli can be related to each other using Poisson’s ratio, y, a

measure of orthogonal deformation to an applied uniaxial

stress, where 2G(1 þ y) ¼ E ¼ 3 K(1 – 2y). Figure 1a summar-

izes these parameters. Both E and G represent elastic moduli
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and are proportional (therefore not equal) to the stiffness of

materials; however, most biological literature uses E, G, elastic

modulus and stiffness interchangeably.

Brain tissue is one of the softest tissues in the body, and

traditionally seen as a nonlinear viscoelastic material [5]. Elastic

materials store energy and the difference between loading and

unloading stress–strain curves is negligible. By contrast, visco-

elastic materials demonstrate a difference between these curves

in the form of dissipated energy (figure 1b). Viscoelasticity is

interrogated using rheological analysis, which applies oscil-

latory stresses and measures the resulting strains to generate

a relationship represented by the complex shear modulus G*,

composed of the elastic storage modulus G0 and the viscous

loss modulus G00. The mechanical behaviour of viscoelastic

materials is time- and frequency-dependent [6], that is, depen-

dent on how long the tissue is deformed, the frequency of force

application and the rate and amount of deformation (nonlinear

response), represented in figure 1c. This presents a challenge

when comparing stiffness measurements across different

studies due to the high variability of parameters used, includ-

ing technique, temperature [7], probe geometry and diameter

[8], frequency [9], rate of loading, maximum displacement/

strain and holding time at surface. In general, applying larger

indentation diameters, increasing loading rate, decreasing

holding time and increasing indentation depth will increase

the perceived stiffness, as exemplified through comprehensive

studies that compared the rheology of grey and white matter in

the brain [10,11].

The above complications have led to conflicting results

when measuring rheological parameters of the same regions

of the brain. Several reviews have discussed these parameters

in detail along with potential reasons for the different results

that have been obtained when attempting to define certain

brain biomechanics [12,13]. Franze et al. [12] have compared

different experiments employing different strains and con-

cluded that despite apparently disparate results, a trend

among them exists; namely, a decrease in the shear modulus

with increasing time after strain, characteristic of the stress

relaxation behaviour of a viscoelastic material. This highlights

the importance of reporting the specific parameters used

when comparing measured elastic and shear moduli between

studies and techniques.

Moreover, depending on the section of the sample, coronal

[10] or sagittal [14], differences in stiffness may appear due to

inherent structural anisotropy [11]. White matter is composed

of oligodendrocytes and tightly bundled aligned axons, lead-

ing to direction-dependent mechanical properties [15] due to

anisotropy. Such directional dependence is not as prevalent

in grey matter, which represents the least anisotropic region

of the brain.
(a) How to measure: size matters
The elastic modulus can be probed across several tissue length-

scales. At a macroscale, different regions of the brain, such

as the white and grey matter [10], have inherently different

stiffnesses. Moreover, within the grey matter, the cortex, hippo-

campus and caudate regions present unique elastic moduli

[16]. Even among different brain pathologies, more aggressive

forms of glioma were shown to correlate with elevated stiffness

[3], and traumatic brain injuries demonstrate different stiffness

as a defining characteristic [17]. At a cellular level, varying stiff-

ness can be observed between neurons and softer glial cells
[18], or when comparing soma and axons [19]. Finally, subcel-

lular structures and even single molecules participating in

mechanoregulation—such as the microtubule cross-linking t

protein involved in axonal repair [20]—can have their stiffness

measured to account for their mechanical contribution to cell

and tissue mechanics. Thus, the length-scale is a critical

factor to consider when determining suitable techniques and

parameters to be applied.

Tissue-level in vitro measurements traditionally used

compressive testing [5] or indentation [10]. This requires the

measurement of a fresh hydrated post-mortem sample, fixed

or snap-frozen. The dependency of the strain rate on these

measurements highlighted the presence of the viscous

component in the brain, which is better investigated in

dynamic frequency sweep protocols, either in shear or

tensile/compression mode [13].

Magnetic resonance elastography (MRE) applies acoustic-

range waves non-invasively to tissue in order to determine the

shear modulus [21,22]. MRE uses the high-frequency range,

and as a result of brain viscoelasticity, shear modulus obtained

through MRE needs to be viewed in the light of the frequency

parameter when compared with conventional indentation and

rheology techniques in the low-frequency range [13]. Pogoda

et al. [23] found that glioma tissue is not stiffer than the brain

at low shear strains when measured in a shear rheometer and

in extension mode; however, in compression mode, glioma

tissue was stiffer, increasing G0 linearly with strain. This

suggested that a mechanism of compression stiffening arises in

the brain environment, where increased vascularization and

interstitial pressure can compress the brain and affect the mech-

anical properties of the tissue, as opposed to increase stromal

stiffness due to the non-fibrous nature of the brain ECM. There-

fore, this complex rheological behaviour of brain tissue requires

especial care when comparing results between different complex

modulus protocols, such as shear and compression mode.

Higher resolution tissue and cellular measurements often

use atomic force microscopy (AFM). In this technique, we

measure the deflection of a cantilever after applying a defined

force and deforming a sample. Indentation uses a probe with

a conical or spherical tip attached to the cantilever. If measur-

ing mechanical properties directly on soft tissues or cells,

spherical or blunted pyramidal tips are preferred to avoid

excessive stresses due to the sharp probe: E and G0 at deep

indentations of a gel were twofold higher with a pyramid

tip compared to a spherical one [8,24]. For high-resolution

imaging, however, a sharp tip is preferred [8].

To calculate the stiffness of cells with AFM, most studies use

the Hertz model, and among its assumptions [25], it considers

the cell a linearly elastic material within small deformations

(less than 10% of the sample height). However, several studies

indicate that cells and cytoskeleton are viscoelastic [18,26], there-

fore dependent on the rate of deformation, even at small

deformations. Nawaz et al. [27] showed that a true elastic

response with AFM occurs only when using an optical trap

and indenting up to 200 nm with 30 pN force.

While standard force–volume AFM measurements output

the elastic modulus, the hysteresis of the approach and retract

curves is an approximate proxy of viscoelastic response [28].

Some modifications to standard AFM operations allow precise

calculation of rheological parameters, such as multi-harmonic

AFM [29] and high-frequency micro-rheology using high-

speed AFM [30]. Other microrheological techniques, well

reviewed by Chen et al. [31], include actively using particles
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to probe, such as with magnetic bead twisting rheology [32]

and micropipette aspiration [33], or passively measuring fluc-

tuating forces in a material with, for example, image-based

tracking [34] and optical tweezers [35].

One group suggested that the viscoelastic character at

the cell membrane happens due to the presence of protrusions,

corrugations (microvilli, filopodia) and glycocalyx, collecti-

vely called the pericellular brush, and that underneath the

brush, the membrane is purely elastic [36]. They proposed an

additional model to the Hertz, termed the Brush model, in

which the contribution of the softer glycocalyx-rich layer

is decoupled from the mechanical properties of the stiffer

membrane underneath [36], and that their calculated elastic

modulus is independent of indentation rate and depth.

Cortical neuron measurements indicated that the soma has a

stiffness of around 1.5 kPa at 378C with a brush length of

3–4 mm, dependent on loading speed, but when the contri-

bution of the two layers are considered, the effective elastic

modulus is softer and closer to the 50–500 Pa range found in

the literature [37–39]. Other groups using multifrequency

AFM in a reconstituted model of the lipid bilayer showed

that at high cholesterol concentration, the lipid bilayer

has both elastic and viscous behaviour. As the cholesterol

decreases, the elastic component dominates and softens [40].

Given that a bulky glycocalyx has been implicated in stiffer

ECM and increased brain cancer malignancy [41], differences

in lipid content, indentation rate and depth could explain

some heterogeneities found comparing stiffness between

brain tumour studies using AFM [3,41,42] and MRE [43],

which has less resolution to discern the contribution of the

glycocalyx and cell membrane detectable with AFM [44].

Brillouin scattering, a technique that measures the fre-

quency shift of scattered light interacting with acoustic

phonons in the gigahertz range [45], is a non-contact method

to three-dimensionally map intra- and extracellular mechanical

compressibility with high spatial resolution [46]. The output is

the longitudinal elastic modulus M, which, although not

directly related and several orders of magnitude higher, corre-

lates to the elastic modulus E measured by AFM. Some studies

then used it as a proxy for stiffness, measuring the mechanical

contribution of intracellular structures including the nucleoli

and the nuclear envelope [47] and the role of cell body density

in local tissue stiffness in ruminant retina [48]. However,

Wu et al. [49], using a hydrogel model, raised the point

that Brillouin measurements are sensitive to a sample’s water

content and when accounting for this parameter, the corre-

lation between M and E disappears. Scarcelli & Yun’s reply

[50] pointed out that Wu’s polymer model did not have

physiologically relevant water content variation, and that,

physiologically, cells vary little in their water percentage.

But they acknowledged the phenomenological character of

the correlation and suggested that a correlation between M
and E needs to be calibrated before linking M to stiffness.

The brain has a water content of 77% [51], and cellular struc-

tures vary in their osmotic behaviour, thus caution must be

exerted when comparing M with stiffness measurements in

the literature, especially if no calibration has been done in the

cell and tissue of interest. However, Brillouin scattering

remains a viable technique for measuring compressibility of

tissues non-invasively.

While we have been discussing methods to probe cell and

tissue mechanical properties, one must always remember that

cells inherently exert forces on their surroundings. These forces
are transmitted through cell–cell and cell–ECM adhesions,

which will be discussed in detail in the next sections.

Early assays to interrogate cytoskeletal contractility

involved embedding cells in a three-dimensional floating col-

lagen gel and measuring the contraction of the gel over time

[52]. We can more accurately measure the traction forces by

using a deformable elastic substrate of defined stiffness, such

as polyacrylamide, with fluorescent beads and computation-

ally calculate the displacement of the beads after cells deform

the substrate [53]. An adaption of this technique uses poly-

dimethylsiloxane microposts arrays [54]—where contact area

can be controlled and, depending on the geometrical proper-

ties of the posts, a straightforward measurement of cell forces

can be obtained, without the use of computationally complex

algorithms like traction force microscopy (TFM). Traction

force measurements have given insight into how neuronal

growth cones generate weak traction stresses in the order of

30 Pa [55]; microglia exert more force on stiffer substrates

than neurons [56]; how during neuronal migration of granule

cells, there exists three contraction force centres [57]; and how

growth cones of peripheral nervous system neurons exert

more forces than those of CNS neurons [58]. Force-calibrated

glass microneedles have also been used to measure traction

force of neuronal growth cones [59].

On a subcellular level, different strategies allow analysis

of mechanical forces on molecular events such as protein

unfolding, molecular motors and adhesive forces between

molecules. Since typical AFM measurements can detect

forces in the 10 pN range and displacement of 0.5 nm [60],

one could probe adhesion forces between ligand and recep-

tors by using a functionalized tip [61]. Magnetic and optical

tweezers provide higher force resolution and permit

the study of forces in less than 1–100 pN range [60], and

can be used to study force generation on cell junctions, for

instance, during tissue morphogenesis [62]. Laser ablation is

another technique that provides valuable information on

intracellular tension by measuring the retraction of structures

after cutting them with a high-intensity beam over time.

Cortical flow of the actomyosin cortex is important for several

developmental processes and use of laser ablation in the

cell cortex directly linked cortical tension to actomyosin

contractility in Caenorhabditis elegans [63].

All of these methods involve measuring tension by apply-

ing or perturbing internal stresses with an external force.

Techniques to measure local forces include fluorescence res-

onance energy transfer (FRET), where the efficiency of the

energy transfer between molecules depends on their separ-

ation. FRET use as an internal force sensor provided insight

into vinculin tension across focal adhesions [64] and talin

force linkage to integrins during cell adhesion [65].

In addition to these force measuring methods, novel

microscopy techniques may give more information regarding

pathways involved in mechanosensing and mechanotrans-

duction. Scanning angle interference microscopy (SAIM)

[66] is a technique with nanoscale resolution that can shed

light on nanotopographical features, such as glycoproteins,

and how they affect clustering of integrins into focal adhe-

sions [67]. Super-resolution techniques such as total internal

reflection microscopy also give insight into how cell–ECM

receptor dynamics are affected by substrate stiffness, using

high-refractive index silicone gels with defined stiffness [68].

Figure 2 summarizes the methods discussed and in which

length-scale they should be used when studying mechanics.
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In the far-right column, the important parameters of each tech-

nique are highlighted and users should refer to the existing

literature to properly choose each of these parameters.
(b) Mechanical influence of the extracellular matrix
The ECM is an important regulator of homeostasis. During

development, direct measurement of changes in tissue stiff-

ness showed that mesoderm stiffening is necessary and

sufficient to trigger neural crest cell epithelial–mesenchymal

transition (EMT)-induced migration [69]. ECM mechanics

are also linked to eye formation, as the early stages of inva-

gination of the underlying surface ectoderm and the optic

vesicles (OV), a precursor to the eye, are dependent on a

secreted ECM that is stiffer than the cellular OV [70].

ECM stiffness also plays a role in cell-type specification in

the nervous system. The use of polyacrylamide gels of defined

stiffness showed that mesenchymal stem cells differentiate

preferentially to neurogenic phenotypes in soft substrates

[71], and soft substrates promote neurogenesis earlier than

stiffer substrates [72]. Oligodendrocyte progenitor cells are

also sensitive to the substrate stiffness; they migrate more in

700 Pa substrates [73], but differentiate to oligodendrocytes

preferentially in a 6.5 kPa substrate [74].

Brain ECM is mostly composed of non-fibrillar glycos-

aminoglycans, such as hyaluronan, lecticans proteoglycans

and tenascin glycoproteins (figure 3). As such, it is
compliant, soft and viscoelastic. Perturbations in mechanical

signalling, ECM composition and tissue tension can affect

brain development as well as result in pathologies such

as brain tumours and neurodegenerative diseases such as

Alzheimers and Parkinsons. Recent evidence from our labora-

tory has shown that as brain tumours progress from low to

high grade, there is a concurrent increase in the stiffness of

the tumour-associated ECM, most likely due to enhanced

secretion and deposition of tenascin C by the tumour cells in

the matrix [3]. Moreover, this was found to be true within

high-grade glioblastomas (GBMs), wherein the less aggressive

proneural GBMs can acquire features of the more aggressive

mesenchymal GBMs, due to increased mechanical signalling,

which in turn facilitates the formation of a bulky glycocalyx

and a stem-like phenotype [41]. Previous studies have shown

that brain tumours upon recurrence tend to have a more

mesenchymal phenotype [75–77]. Thus, mechanical forces

can promote a mesenchymal-like transition in less aggressive

tumours that can lead to treatment resistance and recurrence.

Other structural features such as ECM topography will

also affect how forces are sensed by cells. Song et al. [78]

created complex topological domains with micropost arrays

and regulated EMT—collective and individual cell migration

in embryonic tissue. Topographical stimuli can also lead to

neuronal polarization [79,80], while fibre diameter has been

shown to regulate oligodendrocyte myelin sheath extension

[81], which can be studied using engineered nanofibres [82].
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In addition, Hall et al. [83] showed that cell forces induce

fibre alignment, stiffening the underlying substrate and

generating a positive feedback to induce higher cell forces.

This could be a mechanism present in several tissue stiffening

processes such as tissue morphogenesis, tumour progression

and fibrosis.
3. How to sense mechanical cues
Mechanical cues are sensed at the cell membrane through a

myriad of structural features and cellular components. In the

following sections, we will explore some mechanisms that

have been implicated in relaying mechanical input to the cellu-

lar interior during the development of the nervous system and

the techniques used to study them. We will then explore how

this information gets transduced from the cell membrane to
the cell interior and transmitted to the nucleus, where transla-

tional modifications and epigenetic changes can be driven

by mechanics.

(a) Cell membrane
Modifications in the plasma membrane tension can control the

dynamics of several important cellular functions, such as cell

spreading [84], migration, membrane repair [85], exocytosis

[86] and clathrin-mediated endocytosis [87]. Overall mem-

brane tension can be regulated experimentally by swelling

cells through osmotic shock or stretching cells in silicone

substrates [88]. In addition, membrane tension can form or flat-

ten membrane invaginations such as membrane folds, blebs

and caveolae [89]. There is an extensive body of work showing

that neurite growth is induced by tension [90] and growth

cones have high stiffness [91]. Therefore, it would not be
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unreasonable to suggest that several processes during develop-

ment and neuronal function might be regulated by a response

to cell tension.

Clathrin and AP2-mediated endocytosis is implicated

in several developmental and neuronal processes including

neurite extension and maintenance of planarian CNS [92] and

in regulating adhesion proteins distribution during migration

of young neurons through cell soma translocation [93]. It has

also been associated with synaptic plasticity and transmission

[94]. In addition, AP-2 has been shown to internalize the cell

adhesion molecule L1, a regulator of adhesion and cell

migration [95], and mediate endocytosis at rear axonal growth

cones, promoting axon outgrowth [96]. Membrane tension

determines whether clathrin assembly dynamics are dependent

on actin [87], a cytoskeleton filament protein that will be

discussed more in the next section. Actin filaments would pro-

vide energy to overcome the turgor pressure in yeast [97] in

order to deform the membrane [98,99] and promote vesicle

budding and scission. Thus, an actomyosin-coupled response

to membrane tension via clathrin-mediated endocytosis in

neuronal cell types might be proposed.

Caveolins are other mechanosensitive membrane proteins

localized mostly to lipid rafts and organized in flask-shaped

membrane invaginations named caveolae. Caveolae provide a

mechanoprotector role in response to high mechanical stress

[100,101], disassembling in response to mechanical tension

(hypo-osmotic shock or stretching), in an actin- and ATP-

independent cell response [1], shown in the embryonic

notochord [102], a precursor to the neural plate. Caveolae

protein knockouts have also been correlated with reduced corti-

cal tension, linking the invagination assembly to the ability of

cells to structurally build up tension [1,103]. Aside from its

role in regulating membrane tension, caveolin-1 also activates

and internalizes integrins on soft substrates, contributing to

bone marrow mesenchymal stem cell neural lineage

specification by inhibiting the BMP-Smad pathway [104].

Integrins are transmembrane receptors involved in cellular

adhesion to the ECM and transmitting force and stress from the

ECM to the actin cytoskeleton [105,106]. Integrins localize to

focal adhesions, and maturation of focal adhesions progresses

through integrin clustering, increasing links between integrins

and bundled F-actin, eventually recruiting focal adhesion

kinase (FAK). The linkage of integrins to F-actin occurs through

vinculin and talin. FAK controls the dynamics between actin

and focal adhesion by modulating the response to tension

[107]. Among other roles, organization of collective cell move-

ments in the Xenopus mesendoderm depends on mediation of

tension by FAK [108] and guidance of axonal growth cones

through the chemoattractant netrin-1 is also dependent on

FAK [109].

Work from our laboratory showed that, independently of

actomyosin contractility, a bulky glycocalyx mediates tension

promoting integrin clustering [67], indicating a novel mechan-

osensing role for this carbohydrate-rich structure. The size of

the glycocalyx was measured with SAIM, a technique that per-

mits high-resolution visualization of membrane structure.

Other mechanotransduction roles for glycocalyx include its

response to blood flow in endothelial cells, where it increases

the production of nitric oxide by activating transient receptor

potential channels in response to stretch [110].

Cadherins promote cell–cell adhesion and are one of the

main components of adherens junctions [111]. They have been

shown to transduce force in the same order of magnitude as
focal adhesions using micropillars [112]. The use of AFM

single-cell force spectroscopy showed that, during neurulation,

depletion of cadherin-11 promotes single-cell migration of

neural crest cells by decreasing the high tension at the leader

cells [113].

Mechanosignalling during development also involves

other transmembrane receptors including E-cadherin-mediated

EGFR signalling [114] and receptors in the TGF-b and BMP

family [115]. Other mechanosensing structures include cilia,

protrusions in the cell membrane involved in signal transduc-

tion. Cilia are composed of a microtubule cytoskeleton and

can be classified as motile or non-motile. Motile cilia are present

in ependymal cells in ventricles and choroid plexus cells and are

important for sensing fluid flow. Conversely, primary cilia are

non-motile, present in most brain cells and important during

brain development, including left–right specification [116].

Disruptions in ciliary structure and function are connected to

several pathologies in neurodevelopment, such as Joubert

syndrome and Meckel–Gruber syndrome [117–119].

Cell response to these mechanical inputs will not be necess-

arily at the site of the application of force. Forces get sensed at

the cell membrane, propagated through the cytoskeleton, and a

reaction could quickly occur in any of the structures described

in this section forming a network with the cytoskeleton, includ-

ing adherens junctions and focal adhesions. A slower response

will happen through intracellular biochemical cascades

and transcriptional regulation. We will briefly discuss these

mechanisms of mechanotransduction next.
(b) Intracellular mechanotransduction
Migration, morphogenesis and force transduction in the

cellular interior relies on the collective contractile behaviour of

cytoskeleton proteins, such as actin filaments, myosin motors,

intermediate filaments and microtubules, as previously intro-

duced. Each one of these components have different pulling

forces, polymerization rates and polarity, which will dictate

their function and architecture in the cytoskeleton; these prop-

erties will not be discussed as they have been well reviewed

elsewhere [120]; instead, we will focus on their role in the

nervous system.

Actomyosin contractility is generated by the continuous

retrograde flow of actin where filamentous-actin (F-actin)

assembly at the leading edge is followed by backwards filament

translocation and recycling driven by a myosin-type molecular

motor [121,122]. Neurons also depend on the formation of

microtubule bundles on the leading edge during migration

[123]. In the soma, the nucleus was shown to be encircled by

a network of microtubules [123], where myosin-II activity is

necessary for nucleokinesis, pulling the centrosome forward

during migration [124] via F-actin flow [125] and contracting

the cell rear [126].

Developmental processes are tightly controlled by

cytoskeleton contractility as they drive tissue morphogenesis

[127], tissue stiffening during elongation and neural tube clo-

sure [128] and tissue movement through actomyosin control

of tissue stiffness in convergent extension [129].

Signals modulating actin organization include the Rho

GTPase family, key mediators of mechanotransduction, which

coordinate adhesion processes with integrins [130]. During

development, RhoA, Cdc42 and Rac1 regulate spontaneous

collective migration of neural crest cell clusters through contact

inhibition and co-attraction [131]. In addition, substrate
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stiffness increases RhoA and Cdc42 expression and actomyosin

contractility, directly increasing cell stiffness and suppressing

neurogenesis during differentiation of neural stem cells [132].

Other signalling pathways involved in mechanotransduc-

tion involve BMP-SMAD and TGF-b signalling, pathways

involved in neuronal development and differentiation [133].

Neuroectoderm patterning in geometric confinement responds

to applied stretch by activating BMP and Wnt signals [115].
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(c) Transcriptional regulation by mechanics
Development is a mechanically regulated process, which

relies on a tight spatial and temporal regulation of transcrip-

tion factors that control the various stages of development.

Thus, it is logical to hypothesize that the mechanical and

transcription machineries potentially engage in crosstalk,

which ensures the smooth execution of these developmental

steps. External forces generated in the ECM are transmitted

through the cytoskeleton into the nucleus of the cells,

where these forces can remodel the chromatin structure and

regulate transcription factors, in a process called ‘nuclear

mechanotransduction’ [134]. Early evidence that cells, upon

sensing mechanical cues via the ECM, transmit these forces

to the nucleus and change their transcriptional behaviour

came from micromanipulating ECM-coated beads using

micropipettes and collagen gel contraction assays [135,136].

Since then, a number of studies have uncovered transcrip-

tion factors and transcriptional regulators whose activity and

localization are dictated by the nature of the ECM as well as

the mechanical forces exerted on and by the cell. The most

well-studied example of transcriptional mechanorespon-

siveness is the cytoplasm-to-nuclear translocation of the

Yes-associated protein (YAP) and transcriptional coactivator

with PDZ-binding motif (TAZ), through sensing of substrate

rigidity and cellular geometry and extent of spreading via Rho

GTPase and cytoskeletal tension [137]. In the brain, YAP regu-

lates neuronal differentiation in an ECM stiffness-dependent

manner [138,139]. Other transcription factors such as nuclear

factor kb (NF-kb), STAT3 and MAL, sequestered in the cyto-

plasm under basal conditions, are translocated to the nucleus

upon sensing increased cellular or tissue tension [140]. Interest-

ingly, focal adhesions proteins such as zyxin and paxillin also

serve as mechanotransducers, sensing ECM stiffness via integ-

rins and the focal adhesion complex, dissociating from the

complex to travel to the nucleus. Both these proteins do not

have the canonical nuclear localization signals (NLS) and are

therefore thought to ‘piggyback’ on other proteins with an

NLS or enter the nucleus through other recognition motifs. In

the nucleus, paxillin and zyxin act as transcriptional coactivators

and can presumably affect steroid hormone receptor activity

[141]. The physiological relevance of ECM stiffness causing

post-translational modification and translocation was shown

by exerting finely tuned mechanical pressure to mouse colon

using subcutaneously implanted liposomal magnets. This led

to the phosphorylation of b-catenin, causing it to dissociate

from the adherens junctions and translocate to the nucleus

[142]. Furthermore, one study showed an overall upregulation

of transcription upon chromatin stretching in response to local

stresses that were applied to integrins and transmitted to the

nucleus via the cytoskeleton network [143].

While it is clear that the transcription machinery is regulated

by ECM rigidity, how does external force make its presence felt

all the way to the nucleus? One of the ways in which the
transcriptional machinery is controlled is through nuclear plas-

ticity and shape. The cytoskeleton and the nucleus are linked via

an ‘elaborate physico-chemical network’, providing physical

and biochemical feedback to one another to maintain cellular

function and homeostasis [140]. One such bridge between the

nucleus and the cytoplasm is the linker of nucleoskeleton and

cytoskeleton (LINC) complex housed within the nuclear envel-

ope, which consist of the transmembrane nesprin proteins.

Nesprins act as molecular clips that can bind to the cytoskeletal

networks such as actin and tubulin in the cytosol and to the

nuclear lamina and chromatin inside the nucleus [134]. Disrupt-

ing the LINC complex changes both nuclear shape [144] and

transcriptional profile [143], suggesting that transmission of

forces is essential to transcriptional homeostasis.

In addition to modulating changes in nuclear shape,

external forces can also affect chromatin organization and posi-

tioning, thereby affecting transcription. Stem cells are found to

contain ‘soft’ mechanically malleable nuclei, whereas ‘stiff’

nuclei are found in more differentiated cells. Interestingly, the

chromosomes remain structurallyanchored by nuclear scaffolds

such as lamin proteins and the nuclear-cytoskeleton network in

differentiated nuclei. In stem cell nuclei, the chromosomes lack

this structural support, which may begin to explain the plasticity

of the nucleus [145]. This plasticity imparts to the genomic

content of a stem cell the ability to ‘intermingle’, where these

intermingling chromosomes are hotspots for transcriptio-

nal regulation, as evidenced by the phosphorylation and

localization of RNAPII at these intermingled regions [146]. Fur-

thermore, chromosomes that are closer to the nuclear envelope

tend to be more densely packed (heterochromatin) and conse-

quently less accessible to the transcription machinery, when

compared with chromosomes that are more central to the

nucleus, less densely packed (euchromatin) and more accessible

to the transcription machinery [147,148]. Thus, cell and nuclear

shape, geometry and extrinsic and intrinsic forces can affect

chromosomal positioning within the nucleus (and vice versa),

leading to mechanically driven transcriptional reprogramming.

Emerging evidence also points to further crosstalk between

transcriptional and epigenetic programmes, wherein enhanced

mechanical signalling via the Rho kinase (ROCK) led to

transcription repression of rRNA transcription, which could

be rescued upon chromatin modifying histone deacetylase

inhibition [149].

While the role of nuclear topology and chromosomal

positioning in transcriptional regulation are still unknown

in the context of the brain, recent studies from our laboratory

have demonstrated that brain tumour cells (denoted as the

GBM proneural cells), when plated on stiff substrates, upregu-

late a number of transcriptional programmes including cell

proliferation, motility and mesenchymal markers, which

allow tumour cells to undergo a mesenchymal transition to

facilitate local and contralateral invasion, as well as metastasis

[41]. This suggests a mechanosensitive switch which regulates

the balance between euchromatin and heterochromatin, as

well as controlling the transcription factors and chromatin

regulating machinery that facilitate this transition.
4. Conclusion
The emergence of mechanics as an important regulator for

several biological processes highlights the need for proper

appraisal of the several quantitative techniques available. In



Table 1. Pathologies linked with abnormal tissue mechanics and techniques used to probe them.

pathology technique type of samples reference

glioma shear rheology and compression mode human glioma cell lines Pogoda et al. [23]

glioblastoma atomic force microscopy human GBM tissue samples, mouse xenograft studies,

primary human GBM cells

Miroshnikova et al. [3]

glioblastoma atomic force microscopy, traction force

microscopy, SAIM

human GBM tissue samples, mouse xenograft studies

with human GBM cells, primary human cells

Barnes et al. [41]

glioblastoma multifrequency magnetic resonance elastography human brain parenchyma (non-invasive) of GBM

patients

Streitberger et al. [43]

traumatic brain injury a custom-built micro-indentation device P56 mouse brain tissue MacManus et al. [17]

neurodegenerative diseases

(e.g. Parkinson’s and

Alzheimer’s diseases)

three-dimensional magnetic

resonance elastography

ultrasound hyperechogenecity

human brain (non-invasive) for review, see

Barnes et al. [42]
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this review, we commented on the different measurements

used when measuring from the intra-cellular level to the

organ level. We mentioned some parameters that may lead

to conflicting results when comparing different techniques,

focusing on the nervous system. These are not comprehensive

but may serve as a starting point for researchers interested in

assessing the contribution of mechanics. In that sense, we

briefly mentioned how the ECM and some cellular structures

are involved in the transduction of mechanical signals at the

cell surface, particularly in development and in the nervous

system, underscoring how mechanosignalling coordinates

diverse processes and how much more remains to be studied.

Understanding how these structures collectively regulate

physiology will be an important blueprint for therapeutical

applications. In that sense, we highlighted evidences of

how the disruption of tissue mechanics can lead to the emer-

gence of disease in the nervous system, summarized in

table 1. Pathologies such as brain cancer and Alzheimer’s
disease that are linked to a disruption of ECM mechanics

will benefit from further understanding in this area by

directing more targeted drug discovery.
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Navajas D. 2005 Probing mechanical properties of
living cells by atomic force microscopy with blunted
pyramidal cantilever tips. Phys. Rev. E 72, 021914.
(doi:10.1103/PhysRevE.72.021914)

25. Dintwa E, Tijskens E, Ramon H. 2008 On the
accuracy of the Hertz model to describe the normal
contact of soft elastic spheres. Granul. Matter. 10,
209 – 221. (doi:10.1007/s10035-007-0078-7)

26. Lee S, Kassianidou E, Kumar S. 2018 Actomyosin stress
fiber subtypes have unique viscoelastic properties and
roles in tension generation. Mol. Biol. Cell. 29,
1992 – 2004. (doi:10.1091/mbc.E18-02-0106)

27. Nawaz S, Sánchez P, Bodensiek K, Li S, Simons M,
Schaap IAT. 2012 Cell visco-elasticity measured with
AFM and optical trapping at sub-micrometer
deformations. PLoS ONE 7, e45297. (doi:10.1371/
journal.pone.0045297)

28. Rebelo LM, de Sousa JS, Mendes Filho J, Radmacher
M. 2013 Comparison of the viscoelastic properties of
cells from different kidney cancer phenotypes
measured with atomic force microscopy.
Nanotechnology. 24, 055102. (doi:10.1088/0957-
4484/24/5/055102)

29. Raman A, Trigueros S, Cartagena A, Stevenson APZ,
Susilo M, Nauman E, Contera SA. 2011 Mapping
nanomechanical properties of live cells using multi-
harmonic atomic force microscopy. Nat.
Nanotechnol. 6, 809 – 814. (doi:10.1038/nnano.
2011.186)
30. Rigato A, Miyagi A, Scheuring S, Rico F. 2017 High-
frequency microrheology reveals cytoskeleton
dynamics in living cells. Nat. Phys. 13, 771 – 775.
(doi:10.1038/nphys4104)

31. Chen DTN, Wen Q, Janmey PA, Crocker JC, Yodh AG.
2010 Rheology of soft materials. Annu. Rev.
Condens. Matter Phys. 1, 301 – 322. (doi:10.1146/
annurev-conmatphys-070909-104120)

32. Massiera G, Van Citters KM, Biancaniello PL,
Crocker JC. 2007 Mechanics of single cells:
rheology, time dependence, and fluctuations.
Biophys. J. 93, 3703 – 3713. (doi:10.1529/
biophysj.107.111641)

33. Sato M, Theret DP, Wheeler LT, Ohshima N, Nerem
RM. 1990 Application of the micropipette technique
to the measurement of cultured porcine aortic
endothelial cell viscoelastic properties. J. Biomech.
Eng. 112, 263 – 268. (doi:10.1115/1.2891183)

34. Crocker JC, Valentine MT, Weeks ER, Gisler T, Kaplan
PD, Yodh AG, Weitz DA. 2000 Two-point
microrheology of inhomogeneous soft materials.
Phys. Rev. Lett. 85, 888 – 891. (doi:10.1103/
PhysRevLett.85.888)

35. Nijenhuis N, Mizuno D, Spaan JAE, Schmidt CF. 2009
Viscoelastic response of a model endothelial
glycocalyx. Phys. Biol. 6, 025014. (doi:10.1088/
1478-3975/6/2/025014)

36. Sokolov I, Dokukin ME, Guz NV. 2013 Method for
quantitative measurements of the elastic modulus
of biological cells in AFM indentation experiments.
Methods 60, 202 – 213. (doi:10.1016/j.ymeth.2013.
03.037)

37. Bernick KB, Prevost TP, Suresh S, Socrate S. 2011
Biomechanics of single cortical neurons. Acta
Biomater. 7, 1210 – 1219. (doi:10.1016/j.actbio.
2010.10.018)

38. Spedden E, White JD, Naumova EN, Kaplan DL, Staii
C. 2012 Elasticity maps of living neurons measured
by combined fluorescence and atomic force
microscopy. Biophys. J. 103, 868 – 877. (doi:10.
1016/j.bpj.2012.08.005)

39. Spedden E, White JD, Kaplan D, Staii C. 2012
Young’s modulus of cortical and P19 derived
neurons measured by atomic force microscopy. MRS
Proc. 1420. (doi:10.1557/opl.2012.485)

40. Al-Rekabi Z, Contera S. 2018 Multifrequency AFM
reveals lipid membrane mechanical properties and
the effect of cholesterol in modulating
viscoelasticity. Proc. Natl Acad. Sci. USA 115,
2658 – 2663. (doi:10.1073/pnas.1719065115)

41. Barnes JM et al. 2018 A tension-mediated
glycocalyx – integrin feedback loop promotes
mesenchymal-like glioblastoma. Nat. Cell Biol. 20,
1203. (doi:10.1038/s41556-018-0183-3)

42. Barnes JM, Przybyla L, Weaver VM. 2017 Tissue
mechanics regulate brain development, homeostasis
and disease. J. Cell Sci. 130, 71 – 82. (doi:10.1242/
jcs.191742)

43. Streitberger K-J et al. 2014 High-resolution
mechanical imaging of glioblastoma by
multifrequency magnetic resonance elastography.
PLoS ONE 9, e110588. (doi:10.1371/journal.pone.
0110588)
44. Iyer S, Gaikwad RM, Subba-Rao V, Woodworth CD,
Sokolov I. 2009 Atomic force microscopy detects
differences in the surface brush of normal and
cancerous cells. Nat. Nanotechnol. 4, 389 – 393.
(doi:10.1038/nnano.2009.77)

45. Dil JG. 1982 Brillouin scattering in condensed
matter. Rep. Prog. Phys. 45, 285 – 334. (doi:10.
1088/0034-4885/45/3/002)

46. Scarcelli G, Polacheck WJ, Nia HT, Patel K,
Grodzinsky AJ, Kamm RD, Yun SH. 2015 Noncontact
three-dimensional mapping of intracellular
hydromechanical properties by Brillouin microscopy.
Nat. Methods 12, 1132 – 1134. (doi:10.1038/
nmeth.3616)

47. Antonacci G, Braakman S. 2016 Biomechanics of
subcellular structures by non-invasive Brillouin
microscopy. Sci. Rep. 6, 37217. (doi:10.1038/
srep37217)

48. Weber IP, Yun SH, Scarcelli G, Franze K. 2017 The
role of cell body density in ruminant retina
mechanics assessed by atomic force and Brillouin
microscopy. Phys. Biol. 14, 065006. (doi:10.1088/
1478-3975/aa6d18)

49. Wu P-J, Kabakova IV, Ruberti JW, Sherwood JM,
Dunlop IE, Paterson C, Overby DR. 2018 Water
content, not stiffness, dominates Brillouin
spectroscopy measurements in hydrated materials.
Nat. Methods 15, 561 – 562. (doi:10.1038/s41592-
018-0076-1)

50. Scarcelli G, Yun SH. 2018 Reply to ‘Water content,
not stiffness, dominates Brillouin spectroscopy
measurements in hydrated materials’. Nat. Methods
15, 562 – 563. (doi:10.1038/s41592-018-0075-2)

51. Goss SA, Frizzell LA, Dunn F, Dines KA. 1980
Dependence of the ultrasonic properties of
biological tissue on constituent proteins. J. Acoust.
Soc. Am. 67, 1041 – 1044. (doi:10.1121/1.384071)

52. Wang N, Butler J, Ingber D. 1993
Mechanotransduction across the cell surface and
through the cytoskeleton. Science 260, 1124 – 1127.
(doi:10.1126/science.7684161)

53. Dembo M, Wang Y-L. 1999 Stresses at the cell-to-
substrate interface during locomotion of fibroblasts.
Biophys. J. 76, 2307 – 2316. (doi:10.1016/S0006-
3495(99)77386-8)

54. Tan JL, Tien J, Pirone DM, Gray DS, Bhadriraju K,
Chen CS. 2003 Cells lying on a bed of microneedles:
an approach to isolate mechanical force. Proc. Natl
Acad. Sci. USA 100, 1484 – 1489. (doi:10.1073/pnas.
0235407100)

55. Betz T, Koch D, Lu Y-B, Franze K, Kas JA. 2011
Growth cones as soft and weak force generators.
Proc. Natl Acad. Sci. USA 108, 13 420 – 13 425.
(doi:10.1073/pnas.1106145108)

56. Bollmann L et al. 2015 Microglia mechanics:
immune activation alters traction forces and
durotaxis. Front. Cell Neurosci. 9, 363. (doi:10.3389/
fncel.2015.00363)

57. Jiang J, Zhang Z, Yuan X, Poo M. 2015
Spatiotemporal dynamics of traction forces show
three contraction centers in migratory neurons.
J. Cell Biol. 209, 759 – 774. (doi:10.1083/jcb.
201410068)

http://dx.doi.org/10.1016/j.actbio.2016.10.029
http://dx.doi.org/10.1016/j.actbio.2016.10.029
http://dx.doi.org/10.1073/pnas.0606150103
http://dx.doi.org/10.1073/pnas.0606150103
http://dx.doi.org/10.1016/j.biomaterials.2016.08.029
http://dx.doi.org/10.1016/j.bpj.2014.01.024
http://dx.doi.org/10.1016/j.bpj.2014.01.024
http://dx.doi.org/10.1016/j.neuroimage.2007.08.030
http://dx.doi.org/10.1002/nbm.1189
http://dx.doi.org/10.1002/nbm.1189
http://dx.doi.org/10.1088/1367-2630/16/7/075002
http://dx.doi.org/10.1088/1367-2630/16/7/075002
http://dx.doi.org/10.1103/PhysRevE.72.021914
http://dx.doi.org/10.1007/s10035-007-0078-7
http://dx.doi.org/10.1091/mbc.E18-02-0106
http://dx.doi.org/10.1371/journal.pone.0045297
http://dx.doi.org/10.1371/journal.pone.0045297
http://dx.doi.org/10.1088/0957-4484/24/5/055102
http://dx.doi.org/10.1088/0957-4484/24/5/055102
http://dx.doi.org/10.1038/nnano.2011.186
http://dx.doi.org/10.1038/nnano.2011.186
http://dx.doi.org/10.1038/nphys4104
http://dx.doi.org/10.1146/annurev-conmatphys-070909-104120
http://dx.doi.org/10.1146/annurev-conmatphys-070909-104120
http://dx.doi.org/10.1529/biophysj.107.111641
http://dx.doi.org/10.1529/biophysj.107.111641
http://dx.doi.org/10.1115/1.2891183
http://dx.doi.org/10.1103/PhysRevLett.85.888
http://dx.doi.org/10.1103/PhysRevLett.85.888
http://dx.doi.org/10.1088/1478-3975/6/2/025014
http://dx.doi.org/10.1088/1478-3975/6/2/025014
http://dx.doi.org/10.1016/j.ymeth.2013.03.037
http://dx.doi.org/10.1016/j.ymeth.2013.03.037
http://dx.doi.org/10.1016/j.actbio.2010.10.018
http://dx.doi.org/10.1016/j.actbio.2010.10.018
http://dx.doi.org/10.1016/j.bpj.2012.08.005
http://dx.doi.org/10.1016/j.bpj.2012.08.005
http://dx.doi.org/10.1557/opl.2012.485
http://dx.doi.org/10.1073/pnas.1719065115
http://dx.doi.org/10.1038/s41556-018-0183-3
http://dx.doi.org/10.1242/jcs.191742
http://dx.doi.org/10.1242/jcs.191742
http://dx.doi.org/10.1371/journal.pone.0110588
http://dx.doi.org/10.1371/journal.pone.0110588
http://dx.doi.org/10.1038/nnano.2009.77
http://dx.doi.org/10.1088/0034-4885/45/3/002
http://dx.doi.org/10.1088/0034-4885/45/3/002
http://dx.doi.org/10.1038/nmeth.3616
http://dx.doi.org/10.1038/nmeth.3616
http://dx.doi.org/10.1038/srep37217
http://dx.doi.org/10.1038/srep37217
http://dx.doi.org/10.1088/1478-3975/aa6d18
http://dx.doi.org/10.1088/1478-3975/aa6d18
http://dx.doi.org/10.1038/s41592-018-0076-1
http://dx.doi.org/10.1038/s41592-018-0076-1
http://dx.doi.org/10.1038/s41592-018-0075-2
http://dx.doi.org/10.1121/1.384071
http://dx.doi.org/10.1126/science.7684161
http://dx.doi.org/10.1016/S0006-3495(99)77386-8
http://dx.doi.org/10.1016/S0006-3495(99)77386-8
http://dx.doi.org/10.1073/pnas.0235407100
http://dx.doi.org/10.1073/pnas.0235407100
http://dx.doi.org/10.1073/pnas.1106145108
http://dx.doi.org/10.3389/fncel.2015.00363
http://dx.doi.org/10.3389/fncel.2015.00363
http://dx.doi.org/10.1083/jcb.201410068
http://dx.doi.org/10.1083/jcb.201410068


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:20180215

11
58. Koch D, Rosoff WJ, Jiang J, Geller HM, Urbach JS.
2012 Strength in the periphery: growth cone
biomechanics and substrate rigidity response in
peripheral and central nervous system neurons.
Biophys. J. 102, 452 – 460. (doi:10.1016/j.bpj.2011.
12.025)

59. Athamneh AIM, Cartagena-Rivera AX, Raman A,
Suter DM. 2015 Substrate deformation predicts
neuronal growth cone advance. Biophys. J. 109,
1358 – 1371. (doi:10.1016/j.bpj.2015.08.013)

60. Sirbuly DJ, Friddle RW, Villanueva J, Huang Q. 2015
Nanomechanical force transducers for biomolecular
and intracellular measurements: is there room to
shrink and why do it? Rep. Prog. Phys. 78, 024101.
(doi:10.1088/0034-4885/78/2/024101)

61. Florin EL, Moy VT, Gaub HE. 1994 Adhesion forces
between individual ligand-receptor pairs. Science
264, 415 – 417. (doi:10.1126/science.8153628)

62. Clément R, Dehapiot B, Collinet C, Lecuit T, Lenne
P-F. 2017 Viscoelastic dissipation stabilizes cell
shape changes during tissue morphogenesis. Curr.
Biol. 27, 3132 – 3142. (doi:10.1016/j.cub.2017.09.
005)

63. Mayer M, Depken M, Bois JS, Jülicher F, Grill SW.
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80. Micholt L, Gärtner A, Prodanov D, Braeken D, Dotti
CG, Bartic C. 2013 Substrate topography determines
neuronal polarization and growth in vitro. PLoS ONE
8, e66170. (doi:10.1371/journal.pone.0066170)

81. Bechler ME, Byrne L. 2015 CNS myelin sheath
lengths are an intrinsic property of
oligodendrocytes. Curr. Biol. 25, 2411 – 2416.
(doi:10.1016/j.cub.2015.07.056)

82. Lee S, Leach MK, Redmond SA, Chong SYC, Mellon
SH, Tuck SJ, Feng Z-Q, Corey JM, Chan JR. 2012 A
culture system to study oligodendrocyte myelination
processes using engineered nanofibers. Nat.
Methods 9, 917 – 922. (doi:10.1038/nmeth.2105)

83. Hall MS, Alisafaei F, Ban E, Feng X, Hui C-Y, Shenoy
VB, Wu M. 2016 Fibrous nonlinear elasticity enables
positive mechanical feedback between cells and
ECMs. Proc. Natl Acad. Sci. USA 113,
14 043 – 14 048. (doi:10.1073/pnas.1613058113)

84. Raucher D, Sheetz MP. 2000 Cell spreading and
lamellipodial extension rate is regulated by
membrane tension. J. Cell Biol. 148, 127 – 136.
(doi:10.1083/jcb.148.1.127)

85. Togo T, Krasieva TB, Steinhardt RA. 2000 A decrease
in membrane tension precedes successful cell-
membrane repair. Mol. Biol. Cell. 11, 4339 – 4346.
(doi:10.1091/mbc.11.12.4339)
86. Gauthier NC, Fardin MA, Roca-Cusachs P, Sheetz MP.
2011 Temporary increase in plasma membrane
tension coordinates the activation of exocytosis and
contraction during cell spreading. Proc. Natl Acad.
Sci. USA 108, 14 467 – 14 472. (doi:10.1073/pnas.
1105845108)

87. Boulant S, Kural C, Zeeh J-C, Ubelmann F, Kirchhausen
T. 2011 Actin dynamics counteract membrane tension
during clathrin-mediated endocytosis. Nat. Cell Biol.
13, 1124– 1131. (doi:10.1038/ncb2307)

88. Boulant S. 2018 Assaying the contribution of
membrane tension to clathrin-mediated
endocytosis. In Clathrin-mediated endoytosis (ed.
LE Swan), pp. 37 – 50. New York, NY: Springer.

89. Kosmalska AJ et al. 2015 Physical principles of
membrane remodelling during cell
mechanoadaptation. Nat. Commun. 6, 7292. (doi:10.
1038/ncomms8292)

90. Bray D. 1984 Axonal growth in response to
experimentally applied mechanical tension. Dev.
Biol. 102, 379 – 389. (doi:10.1016/0012-
1606(84)90202-1)

91. Xiong Y, Lee AC, Suter DM, Lee GU. 2009
Topography and nanomechanics of live neuronal
growth cones analyzed by atomic force microscopy.
Biophys. J. 96, 5060 – 5072. (doi:10.1016/j.bpj.2009.
03.032)

92. Inoue T, Hayashi T, Takechi K, Agata K. 2007
Clathrin-mediated endocytic signals are required for
the regeneration of, as well as homeostasis in, the
planarian CNS. Development 134, 1679 – 1689.
(doi:10.1242/dev.02835)

93. Shieh JC, Schaar BT, Srinivasan K, Brodsky FM,
McConnell SK. 2011 Endocytosis regulates cell soma
translocation and the distribution of adhesion
proteins in migrating neurons. PLoS ONE 6, e17802.
(doi:10.1371/journal.pone.0017802)

94. Kononenko NL et al. 2014 Clathrin/AP-2 mediate
synaptic vesicle reformation from endosome-like
vacuoles but are not essential for membrane
retrieval at central synapses. Neuron 82, 981 – 988.
(doi:10.1016/j.neuron.2014.05.007)

95. Long KE, Asou H, Snider MD, Lemmon V. 2001 The
role of endocytosis in regulating L1-mediated
adhesion. J. Biol. Chem. 276, 1285 – 1290. (doi:10.
1074/jbc.M006658200)

96. Kamiguchi H et al. 1998 The neural cell adhesion
molecule L1 interacts with the AP-2 adaptor and is
endocytosed via the clathrin-mediated pathway.
J. Neurosci. 18, 5311 – 5321. (doi:10.1523/
JNEUROSCI.18-14-05311.1998)

97. Minc N, Boudaoud A, Chang F. 2009 Mechanical
forces of fission yeast growth. Curr. Biol. 19,
1096 – 1101. (doi:10.1016/j.cub.2009.05.031)

98. Aghamohammadzadeh S, Ayscough KR. 2009
Differential requirements for actin during yeast and
mammalian endocytosis. Nat. Cell Biol. 11,
1039 – 1042. (doi:10.1038/ncb1918)

99. Basu R, Munteanu EL, Chang F. 2014 Role of turgor
pressure in endocytosis in fission yeast. Mol. Biol.
Cell 25, 679 – 687. (doi:10.1091/mbc.e13-10-0618)

100. Lo HP et al. 2015 The caveolin – cavin system plays
a conserved and critical role in mechanoprotection

http://dx.doi.org/10.1016/j.bpj.2011.12.025
http://dx.doi.org/10.1016/j.bpj.2011.12.025
http://dx.doi.org/10.1016/j.bpj.2015.08.013
http://dx.doi.org/10.1088/0034-4885/78/2/024101
http://dx.doi.org/10.1126/science.8153628
http://dx.doi.org/10.1016/j.cub.2017.09.005
http://dx.doi.org/10.1016/j.cub.2017.09.005
http://dx.doi.org/10.1038/nature09376
http://dx.doi.org/10.1038/nature09198
http://dx.doi.org/10.1038/nature09198
http://dx.doi.org/10.1038/ncb3268
http://dx.doi.org/10.1038/nmeth.2077
http://dx.doi.org/10.1038/nature13535
http://dx.doi.org/10.1038/nature13535
http://dx.doi.org/10.1039/C6IB00031B
http://dx.doi.org/10.1038/nature25742
http://dx.doi.org/10.1007/s10237-016-0771-8
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1039/c2ib20083j
http://dx.doi.org/10.1039/c2ib20083j
http://dx.doi.org/10.1089/scd.2012.0189
http://dx.doi.org/10.1038/srep21563
http://dx.doi.org/10.1371/journal.pone.0140528
http://dx.doi.org/10.1093/jnen/nlw068
http://dx.doi.org/10.1155/2016/6756983
http://dx.doi.org/10.1155/2016/6756983
http://dx.doi.org/10.1016/j.biomaterials.2015.04.021
http://dx.doi.org/10.1016/j.biomaterials.2015.04.021
http://dx.doi.org/10.1016/j.actbio.2013.03.032
http://dx.doi.org/10.1016/j.actbio.2013.03.032
http://dx.doi.org/10.1371/journal.pone.0066170
http://dx.doi.org/10.1016/j.cub.2015.07.056
http://dx.doi.org/10.1038/nmeth.2105
http://dx.doi.org/10.1073/pnas.1613058113
http://dx.doi.org/10.1083/jcb.148.1.127
http://dx.doi.org/10.1091/mbc.11.12.4339
http://dx.doi.org/10.1073/pnas.1105845108
http://dx.doi.org/10.1073/pnas.1105845108
http://dx.doi.org/10.1038/ncb2307
http://dx.doi.org/10.1038/ncomms8292
http://dx.doi.org/10.1038/ncomms8292
http://dx.doi.org/10.1016/0012-1606(84)90202-1
http://dx.doi.org/10.1016/0012-1606(84)90202-1
http://dx.doi.org/10.1016/j.bpj.2009.03.032
http://dx.doi.org/10.1016/j.bpj.2009.03.032
http://dx.doi.org/10.1242/dev.02835
http://dx.doi.org/10.1371/journal.pone.0017802
http://dx.doi.org/10.1016/j.neuron.2014.05.007
http://dx.doi.org/10.1074/jbc.M006658200
http://dx.doi.org/10.1074/jbc.M006658200
http://dx.doi.org/10.1523/JNEUROSCI.18-14-05311.1998
http://dx.doi.org/10.1523/JNEUROSCI.18-14-05311.1998
http://dx.doi.org/10.1016/j.cub.2009.05.031
http://dx.doi.org/10.1038/ncb1918
http://dx.doi.org/10.1091/mbc.e13-10-0618


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:20180215

12
of skeletal muscle. J. Cell Biol. 210, 833 – 849.
(doi:10.1083/jcb.201501046)

101. Cheng JPX et al. 2015 Caveolae protect endothelial
cells from membrane rupture during increased
cardiac output. J. Cell Biol. 211, 53 – 61. (doi:10.
1083/jcb.201504042)

102. Nixon SJ, Carter A, Wegner J, Ferguson C,
Floetenmeyer M, Riches J, Key B, Westerfield M,
Parton RG. 2007 Caveolin-1 is required for lateral
line neuromast and notochord development. J. Cell
Sci. 120, 2151 – 2161. (doi:10.1242/jcs.003830)

103. Lim Y-W, Lo HP, Ferguson C, Martel N, Giacomotto
J, Gomez GA, Yap AS, Hall TE, Parton RG. 2017
Caveolae protect notochord cells against catastrophic
mechanical failure during development. Curr. Biol.
27, 1968. (doi:10.1016/j.cub.2017.05.067)

104. Du J et al. 2011 Integrin activation and
internalization on soft ECM as a mechanism of
induction of stem cell differentiation by ECM
elasticity. Proc. Natl Acad. Sci. USA 108,
9466 – 9471. (doi:10.1073/pnas.1106467108)

105. Katsumi A, Naoe T, Matsushita T, Kaibuchi K,
Schwartz MA. 2005 Integrin activation and matrix
binding mediate cellular responses to mechanical
stretch. J. Biol. Chem. 280, 16 546 – 16 549. (doi:10.
1074/jbc.C400455200)
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