
 

This chapter was originally published in the book Progress in Molecular Biology and Translational 

Science, Vol. 126 published by Elsevier, and the attached copy is provided by Elsevier for the author's 

benefit and for the benefit of the author's institution, for non-commercial research and educational use 

including without limitation use in instruction at your institution, sending it to specific colleagues who 

know you, and providing a copy to your institution’s administrator. 
 

 
 
All other uses, reproduction and distribution, including without limitation commercial reprints, selling or 

licensing copies or access, or posting on open internet sites, your personal or institution’s website or 

repository, are prohibited. For exceptions, permission may be sought for such use through Elsevier's 

permissions site at: 

http://www.elsevier.com/locate/permissionusematerial 
 

 
From Kristina Haase, Zeinab Al-Rekabi and Andrew E. Pelling, Mechanical Cues Direct Focal Adhesion 

Dynamics. In: Adam J. Engler and Sanjay Kumar, editors, Progress in Molecular Biology and 

Translational Science, Vol. 126, Burlington: Academic Press, 2014, pp. 103-134. 

ISBN: 978-0-12-394624-9 

© Copyright 2014 Elsevier Inc. 

Academic Press 

Provided for non-commercial research and educational use only. 
Not for reproduction, distribution or commercial use. 



CHAPTER FIVE

Mechanical Cues Direct Focal
Adhesion Dynamics
Kristina Haase*, Zeinab Al-Rekabi*,†, Andrew E. Pelling*,{,}
*Centre for Interdisciplinary NanoPhysics, Department of Physics, University of Ottawa, Ottawa,
Ontario, Canada
†Department of Mechanical Engineering, University of Washington, Seattle, Washington, USA
{Department of Biology, University of Ottawa, Ottawa, Ontario, Canada
}Institute for Science Society and Policy, University of Ottawa, Ottawa, Ontario, Canada

Contents

1. Introduction 104
2. Form and Function of Focal Adhesions 106

2.1 Influence of the ECM 106
2.2 Integrins are integral 109
2.3 Formation of focal adhesions 109
2.4 Cytoskeletal interplay 112

3. AFM as a Tool to Stimulate a Cellular Response 115
3.1 Cytoskeletal strain directs focal adhesion formation 116
3.2 Forces and substrate elasticity influence traction 120

4. Future Directions 127
Acknowledgments 128
References 128

Abstract

Focal adhesions play a fundamental role in force sensing, which influences a variety of
cellular processes and functions, particularly migration and the cell cycle. They consist of
large macromolecular assemblies of proteins that associate with integrins, in order to
serve as anchor points between the cell and the extracellular matrix. These dynamic
regions act as a hub for sensing and transmission of mechanical cues between cells
and their surrounding microenvironments. A number of techniques have been used
to study focal adhesions, including optical microscopy, substrate micropatterning tech-
niques, and tools which can directly manipulate cells, such as the atomic force micro-
scope. Mechanical stimulation of cells leads to changes in cell contractility, stress fiber
remodeling, and focal adhesion position and size; several of the responses explored in
this chapter.
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1. INTRODUCTION

In vivo, cells are exposed to a variety of mechanical forces, which are

now well known to direct the fate and function of cells.1–5 Not only do cells

sense and respond to these physical forces, but also they too exert forces on

their surrounding microenvironments.6–9 Force transmission between cells

and the underlying extracellular matrix (ECM) occurs at highly localized

junctions, known as focal adhesions (Fig. 5.1). These protein-rich regions

transmit and sense mechanical cues arising from both the cell’s interior

and exterior via integrins.11 Moreover, these anchor points act as dynamic

adhesion sites on the underlying matrix, as seen during cell migration,12 and

tension-mediated structural changes.13

Due to their complex composition, understanding the functional mech-

anisms behind focal adhesions remains challenging. With the use of fluores-

cent proteins and optical microscopy, a large number of studies have used

visual means to examine and quantify the size, spacing, and turnover kinetics

of focal adhesions at high levels of spatial and temporal resolution.5,6,14–16 In

tandem, the study of cellular-generated traction forces has also led to a sig-

nificant depth of understanding on how cells employ adhesion and respond

to varying microenvironmental conditions.6,8,9,17

The shape of adherent cells is directly affected by focal adhesion size and

density, which depends on both the biochemical and physical properties of

the ECM. As well, extracellular forces, such as mechanical tension or com-

pression transmitted via the ECM, are also “sensed” by focal adhesions.18

The dynamics of focal adhesion development can be monitored by exposing

cells to a variety of mechanical cues in vitro. Recently, researchers have

employed atomic force microscopy (AFM) to apply precise forces to cells

apically.5,6 Methods such as these, in tandem with optical techniques, have

provided further insight into traction force and focal adhesion dynamics, in

response to mechanical cues.

This chapter provides an overview of focal adhesions as sensors ofmechan-

ical cues. First, we briefly describe the form and function of focal adhesions,

while providing a background on adhesion dynamics, and subsequently, how

they act asmechanical sensors. Second,wewill provide a brief introduction on

techniques used to study focal adhesions. Specifically, we will focus on how

AFM is used in conjunction with optical microscopy techniques in a com-

bined effort to study focal adhesions. A comprehensive review of two leading

examples of these combined techniques will follow. Finally, we discuss future

directions of research in this field.

104 Kristina Haase et al.

Author's personal copy



Figure 5.1 Form and function of focal adhesions. (A) Immunofluorescent image of a
C2C12 myoblast cell cultured on a glass substrate coated with 0.1% gelatin. The cell
was fixed and stained forDNA (blue), actin filaments (red) and awell-known focal adhesion
protein, vinculin (green). Scale bar is 10 μm. (B) Schematic of a cell experiencing shear
forces from fluid flow, and compression and tension between the cell's inner cytoskeleton
and the underlying extracellularmatrix. These forces are transmitted between the cell and
ECMat focal adhesions. (C) Enlargeddepictionofa focal adhesion. Integrin isoformsbind to
talin andpaxillin, linking themto theactin cytoskeleton. Theseproteins associatewith focal
adhesion kinase (FAK) and other adaptor proteins (Src and p130Cas). Actin-associated pro-
teins suchasα-actininnotonlybindactin filaments togetherbut also recruit otherproteins,
such as vinculin and zyxin,which are associatedwithmature focal adhesions. Tensiongen-
erated in the contractile actomyosin network further activates stress sensitive proteins,
such as zyxin. (C) Adapted from Ref. 10.
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2. FORM AND FUNCTION OF FOCAL ADHESIONS

Proliferation,19,20 migration,7,21–23 differentiation,1,24,25 and even

apoptosis,26,27 are dependent upon cellular adhesions to the ECM. These

contacts, known as focal adhesions, are comprised of clusters of integrins

linked to the actin cytoskeleton by associated proteins and by ligand–

receptor connections to the ECM. Over the years, studies have provided

valuable insight into the vast number of molecules associated with focal

adhesions (Fig. 5.1C).28,29 However, due to their complexity, how these

macromolecular structures sense and respond to their surroundings are only

partially understood. The physical interactions of adhesion sites are regulated

by signaling and binding events30–32; however, mechanical cues generated

either internally or from the substrate also influence their behavior and for-

mation. In the following subsections, we describe how the ECM, integrins,

and actin all contribute to the behavior and development of focal adhesions.

Examples discussed herein use one of two main approaches of study: one

method involves examining the molecular machinery, where the other

involves changing the chemical and physical properties of the ECM, in

an attempt to trigger a certain cellular response.18

2.1. Influence of the ECM
The form and function of focal adhesions are largely influenced by the com-

position of its underlying ECM. Focal adhesions have been observed to assem-

ble/disassemble in response to variations in substrate elasticity,15,25,27,31,33

geometry,13,24,34,35 and ligand spacing,21,36,37 thus, altering the form of the

cytoskeleton and overall cell shape. Alterations in the cell’s ability to sense

these changes may be at the root of transformation into malignant pheno-

types.38 Indeed, transformed cells have been shown to generate weak traction

forces,9 and in some cases no longer require attachment to a substrate for

growth.27

Systematic adjustment of substrate composition and geometry demon-

strates the influence of the ECM on integrin-mediated adhesion.

Researchers have used bioinert surfaces, such as polyethylene glycol

(PEG), to test adhesion between certain cell–surface receptors and surface

ligands.39,40 Considering that the inclusion of ECM proteins, such as fibro-

nectin, onto biomaterials can be complicated,39 many studies employ bio-

mimetic short peptides such as RGD (arginine–glycine–aspatate) onto these

surfaces, as a means of studying known ECM signaling domains.41 RGD, in
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particular, has been used to functionalize glass,42 PEG,39 and hyaluronic acid

substrates,43 and, more recently, supported lipid bilayers (formed by adsorp-

tion/fusion of small lipid vesicles).44,45 These techniques used in conjunc-

tion with microcontact printing (with micrometer resolution) have shown

that cell adhesion and motility are directly related to ligand spacing,21 size,

and arrangement.46

Althoughmicrocontact printinghas been successful at controllingcell shape

and viability,46 protein clustering in vivo is on the order of 5–200 nm.37,47,48

Block copolymermicelle nanolithographyprovides an improvementon ligand

spacing resolution.49 This method involves functionalization of metallic

nanoparticles, usually gold, inserted at tunable spacing (10–200 nm). One

study employedhexagonally spaced gold nanodots (�8 nm in size) coatedwith

an RGDfk peptide.47 This small size restricted binding to only one integrin

per bead. Based on their findings, a universal spacing for integrin clustering

was proposed to be in the range of 58–73 nm, since spacing>73 nm resulted

in reduced cell spreading and adhesion, and <58 nm resulted in erratic cell

growth and migratory behavior.47 Nevertheless, cells have been shown to

be sensitive to nanometer spaced integrin ligands.36

Besides the arrangement of adhesive ligands, cells also sense the rigidity

of their substrates (Fig. 5.2). A prominent example is that of Engler et al.

who demonstrated that nonmuscle myosin II was necessary for sensing

Figure 5.2 Mechanical cues, such as substrate stiffness, affect focal adhesion formation.
Increasing substrate stiffness results in an increase in the number and size of focal adhe-
sions. The reasoning behind this is that cells are able to pull with stronger traction forces
on a less flexible substrate.
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substrate stiffness, which was shown to direct the fate of stem cells.1 When

cultured on soft substrates mimicking brain tissue (0.1–1 kPa), mesenchy-

mal stem cells differentiated into neurons, whereas when cultured on stiffer

substrates mimicking muscle (8–17 kPa) or bone (25–40 kPa), they differ-

entiated into myoblasts and osteoblasts, respectively.1 Committed cells,

however, are also influenced by substrate stiffness. For example, fibroblasts

exposed to a stiffness gradient on polyacrylamide gels migrated from soft to

stiff substrate regions.25 Cells generated increased traction and cell spread

area on their preferential stiff substrates. Moreover, when a strain was

applied to the flexible substrate using a microneedle, the cells changed

their polarization and migratory response, moving toward substrate tension

and away from compression.25 Application of controlled compression/ten-

sion transmitted through flexible substrates in vitro has also revealed that

cells reorient themselves perpendicular to applied stretch.50–52 It is clear

from these examples that mechanical cues transmitted via the substrate

influence adhesion, migration, along with cell polarization, and impor-

tantly cell fate.

Although substrate stiffness is important, geometric influences should

also be considered. Geometric constraints on 2D substrates, limiting cell

spreading and tension, have also been shown to direct the fate of stem

cells.13,24,34,35 More recently, cross-linked gels have been used to provide

a 3D scaffold for cell culture. The differentiation of stem cells in these 3D

environments appears to be controversial among researchers.8,53 New evi-

dence suggests that stem cell fate is regulated by different mechanisms that

depend on the type of hydrogel employed, but that it may involve the deg-

radation of ECM proteins in an effort to generate tension.53

Arrays of elastomeric pillars have also been used to examine cellular

forces during adhesion. In a recent study,33 microposts of varying stiffness

and diameters were used to examine forces during the initial cell–ECM con-

tact event. Micron-sized diameter posts resulted in global contractions

toward the cell center, while submicron diameter pillars resulted in localized

force balancing. The authors found that cells sensed substrate rigidity

through periodic contractions. By adjusting their contractility, mouse

embryonic fibroblasts maintained relatively stable deformations on the order

of�60 nm every minute. Moreover, the authors demonstrated that paxillin

and phosphorylated myosin light chain are key components involved in this

contractility, which occurs at a length scale of �1 μm.33 This particular

example again demonstrates that cells respond to their substrate properties,

by regulating cellular tension through focal adhesions.
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2.2. Integrins are integral
As previously discussed, the ECM largely influences cellular adhesion; how-

ever, it does so by interacting with integrins (see Fig. 5.1B and C). Upon

binding to the ECM, integrins form clusters resulting in the recruitment

and grouping of scaffolding proteins, activation of tyrosine kinase and phos-

phatase signaling, and coupling of cell-generated forces.31 The “integrin

adhesome” (including its accessory proteins) are key regulators of physical

phenomena such as cell motility, adhesion, matrix deformation, and remo-

deling.29 Integrins also act as sensors, by responding to cues from the ECM,

along with other signaling molecules such as kinases, phosphatases, and

adaptor proteins.

Focal adhesion complexes are comprised of more than 150 proteins,29

which all play a role in their formation and maintenance. Talins are partic-

ularly important, as they have been shown to bind β-integrins to the actin

cytoskeleton (see Fig. 5.1C).32 Interestingly, their recruitment is amplified

by cytoskeletal tension. Some researchers hypothesize that the early forma-

tion of a nascent focal adhesion is reliant upon the interaction of two talin

proteins connecting α and β integrins to actin.54 Kindlins 2 and 3 are nec-

essary along with talin to activate integrins.55–58 Following this, many addi-

tional proteins must be recruited toward these sites in order to form the

complex structures that comprise a fully mature focal adhesion site. Vinculin

in particular, has been shown to play a role in the activation of integrin clus-

tering following its attachment with talin.59 Vinculin also attaches to actin,

and so reinforces the focal adhesion site.

2.3. Formation of focal adhesions
Formation of nascent focal adhesions, or focal complexes, begins with force

sensing. Protrusions at the cell edge, namely filopodia and lamellipodia,

actively explore their surrounding microenvironment (Fig. 5.3). Filopodia

are composed of actin bundles and are covered by a veil-like structure,

known as lamellipodia, which are formed by Arp 2/3 dependent actin poly-

merization.60 Nascent adhesion sites associated with these structures are

�100 nm in diameter, although there have been reports of smaller

integrin-associated structures (�30–40 nm).61,62 Focal adhesion formation

occurs under these protruding structures, which is not surprising, since

adhesion is strongly associated with motility.

Cells propel forward by actin polymerization in the direction of motion;

however, there is an overall backward flow of actin, known as actin
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retrograde flow.14 The rate of polymerization in the direction of motion is

slower than that of retrograde flow, yet fibroblasts and epithelial cells are still

able to migrate at rates on the order of a few millimeters per minute.14,63

A closer look at the leading edge (Fig. 5.3B) reveals a decreasing gradient

of actin, from the lamellipodia tip region to the lamella. The outer lam-

ellipodia is a region of fast retrograde actin flow, whereas the inner lamella

Figure 5.3 Cellular adhesion is a key process involved in motility. (A) Schematic repre-
sentation of amotile cell demonstrating protrusion in the leading edge and retraction of
the cell rear. Small nascent adhesions (also known as focal complexes) are formed in the
lamellipodia, whereas mature focal adhesions form in the lamella. Tension generated in
stress fibers is necessary for the promotion of focal complexes into mature focal adhe-
sions. (B) Magnified view of the leading edge of a motile cell. Actin polymerization
occurs in two forms: actin branching is promoted by Arp 2/3 which occurs in the lam-
ellipodia, and actin polymerization of stress fibers occurs in the lamella. These regions
are associated with the retrograde flow of actin, which occurs in the opposite direction
to that of motion. Actin flow decreases dramatically upon the formation of a new focal
adhesion (and so is slower in the lamella).
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is a distinctly slower flow region. Alexandrova et al.14 demonstrated that

flow drastically slows, within seconds, following the formation of a new

focal adhesion site. Through its integration with the actomyosin network,

the lamella is what drives the cell forward.63 Components of actin branching

(Arp 2/3 complex and ADF/cofilin) are no longer present in the lamella;

however, components of actin bundles are (topomyosin and myosin

II).63,64 Myosin II contractility is responsible for the retrograde flow of actin

in the lamellar region. These contractile forces occur above stationary focal

complexes, and so there is a transmission of force to these elements.65 Ret-

rograde flow provides the forces necessary to develop these nascent sites into

fully mature focal adhesions.18

As cells spread or migrate, focal complexes transition into mature focal

adhesions under lamellar regions, not at the cell periphery. Mature adhesions

are usually identified by their size, as they appear elongated and visibly con-

nected to actin fibers (see Fig. 5.1A). Well-known proteins, such as zyxin,

can also be used for identification, as they appear only upon maturation.12

Interestingly, nascent adhesions have been shown to generate stronger trac-

tion than mature adhesions.12 Although this seems counterintuitive, strong

forces are necessary only for the initiation of focal adhesion growth. In a

recent study, high-resolution time lapse traction force microscopy (TFM)

demonstrated that traction forces are asymmetric within a single mature focal

adhesion.15 The distribution of traction indicated a peak near the center,

usually directed toward the cell front. TFM performed on a number of

mature focal adhesions resulted in the observation of two distinct modes

of traction: a stable mode and a tugging mode. Moreover, loss of tension,

either by a reduction in substrate stiffness or by inhibition of Rho-dependent

kinase (ROCK) resulted in increased numbers of focal adhesions presenting

tugging traction.15

It is clear from the above examples, that without actin polymerization

or myosin II contractility focal adhesions cannot form.66 These highly

localized growth patterns require a range of force magnitudes, which must

be sensed by the focal complex. Potential mechanosensors include

integrins, mechanosensitive ion channels, and stretch sensitive proteins,

such as p130Cas.67 Other known force-sensitive proteins include the Src

family kinase,68 focal adhesion kinase (FAK) (reviewed in Ref. 69), Src

homology 2 (SH2) domain-containing phosphatase,70 and receptor-like

protein tyrosine phosphatases (reviewed in Ref. 71). FAK/Src signaling

in particular has been shown to regulate turnover of adhesions at the lead-

ing edge.72–75
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Interestingly, although forces at the leading edge are what drive the for-

mation of nascent adhesions, forces at the rear of the cell also cause their deg-

radation.76–78 Traction forces exerted by the cell onto its substrate are likely

responsible for triggering their disassembly. In addition, the Rho/ROCK

pathways have been implicated in cell retraction.75 Two types of disassembly

have been proposed: weakening of the integrin–actin cytoskeleton bonds or

of the integrin–ECM bonds. Interestingly, FAK, Src, and SH2, which pro-

mote phosphorylation and assembly of focal adhesions, may also play a role

in their disassembly.79 Moreover, differences in molecular compositions,

specifically the activation of myosin IIA in the rear of the cell, may influence

cell polarity and direct migration.80 A comprehensive review on nonmuscle

myosin II and its role in adhesion can be found in Ref. 81.

It is quite evident that the progression of growth, from nascent to

mature adhesion sites, is reliant upon mechanical cues. It is these mechan-

ical cues that initiate integrin clustering, protein recruitment, and confor-

mational changes of proteins, such as talin, allowing for binding of

vinculin, and the growth of these sites. Vinculin is also an important reg-

ulator of mechanical forces within adhesion sites (reviewed in Ref. 82).

Considering the large number of possible mechanosensors, it is difficult

to understand the exact mechanisms behind their concerted response to

mechanical force. Wozniak et al. have provided a thorough overview of

the various effects of different focal adhesion molecules on integrin activity,

mechanosensing, cell turnover, migration, and proliferation.83 Focal adhe-

sions are certainly sensitive to forces—whether generated externally (e.g.,

from the ECM) or internally (actin-generated forces). Moreover, actin

polymerization is known to play a major role in the formation and main-

tenance of these sites.

2.4. Cytoskeletal interplay
Although actin polymerization influences the formation and growth of focal

adhesions, these sites also affect the growth of actin (see Fig. 5.4). In fact,

actin nucleation has been shown to occur mainly at the ends of stress fibers

associated with focal adhesion sites.84 Stress fibers have been categorized into

three major classes: ventral, dorsal, and transverse arcs (a nice overview can

be found in Ref. 85). The most commonly observed are ventral stress fibers,

which appear in the basal region of the cell, wherein bundles of actin fila-

ments are joined end to end by focal adhesions.28 Studies have shown that

dorsal fibers form by elongation at focal adhesions, resulting in short
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filaments containing α-actinin, which then join to myosin clusters.86 Ventral

fibers then form by the connection of two dorsal fiber ends.86 By culturing

cells on specifically shaped micropatterned surfaces, Thery et al. have shown

that stress fiber growth follows focal adhesion formation along the edges of

these adhesive geometries.87 Stress fibers are also associated with focal adhe-

sion formation at the lamella/lamellipodia boundary.14 Cells treated with

Cytochalasin D, a well-known actin depolymerizer, results in a reduced

actin flow rate, leading to inhibition of focal adhesion formation.14 There

is a clear interplay between tension in stress fibers, and focal adhesions, that

is likely also influenced by signaling mechanisms.

Figure 5.4 Both focal adhesions and actin regulate one another as part of a feedback
loop. Integrins are transmembrane receptors, which cluster together and attach to var-
ious ECM ligands. These contacts attract actin-linking molecules and promote actin
polymerization at the attachment site. However, the rate of polymerization is affected
by the unified response of the entire focal adhesion system to interactions with the ECM
(stiffness, composition, and ligand density all affect integrin adhesions). Actin polymer-
ization further promotes signaling of GEFs and GTPase by FAK and Src, thus activating
small G proteins (e.g., Rho and Rac). Subsequently, G proteins initiate cytoskeleton reg-
ulating proteins, and thus force generation of the actomyosin network. Furthermore,
tension along stress fibers also activates mechanosensitive molecules, such as vinculin
and zyxin. Adapted from Ref. 18.
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The major regulators of the cytoskeleton are the small Rho family of

GTPases: Rho and Rac. Rho is activated by guanine nucleotide exchange

factors (GEFs), which catalyze the exchange of GDP for GTP.88–91 Rac

activation follows adhesion of the GEF known as the DOCK180–ELMO

complex, which is activated by paxillin and p130CAS (known FA pro-

teins).18 Besides GEFs, integrin adhesion also negatively affects RhoA acti-

vation through GTPase-activating proteins (GAPs). FAKs are known to

regulate the transduction of integrin signals to GEFs and GAPs through

binding, phosphorylation, and activation alongside other proteins such as

Src (reviewed in Refs. 10,69). It is clear that factors allowing for the trans-

mission of integrin signals to GEFs and GAPs are important; however, many

questions still surround their specificity and activation.18

Stress fibers are highly cross-linked structures and are associated with

myosin II. These structures are under continuous tensile and compressive

stresses and provide a constant source of mechanical force to mature focal

adhesions. These stresses are transferred via integrins to the ECM. Cells have

been shown to produce drastic forces upon their substrates, which has been

shown in vitro by substrate wrinkling.92 Moreover, as discussed earlier, trac-

tion within a particular focal adhesion can be modulated by ECM rigidity or

actomyosin tension.15 Cells appear to maintain a quasi-homeostatic tension

with their substrate that was found to be dependent upon extracellular

signal-related kinase and Rho.38 These examples demonstrate the existence

of a feedback mechanism associated with focal adhesions, wherein actomy-

osin tension is regulated in response to matrix stiffness.

Although we have only discussed actin, the role of microtubules is

indispensible in the regulation of focal adhesions. In brief, microtubules

have been shown to target and disassemble focal adhesions, a process

dependent upon FAK (a known activator of adhesion turnover) and dyna-

min (a GTPase involved with endocytosis).93 In this way, microtubules dis-

rupt local adhesion components, likely resulting in local tension relief.

Independently, activation of actomyosin contractility (using calyculin

A),94,95 or depolymerization of microtubules (using nocodazole) has been

shown to result in increased cell spreading, morphological changes, and the

formation of focal adhesions.96,97 However, a recent study demonstrated

that when employed consecutively, these treatments do not have an addi-

tive effect. In contrast, there were time dependent changes in cell cortical

elasticity and long-term decreases in cell height and focal adhesion size.97

Clearly, myosin II-dependent contractility and microtubules are intimately

linked in regards to their influence on focal adhesion dynamics. Both
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microtubules and actin appear to be key players in the maintenance of

focal adhesion turnover.

3. AFM AS A TOOL TO STIMULATE A CELLULAR
RESPONSE

As we have discussed in the preceding section, mechanical forces are

necessary for the initiation, maturation, and disassembly of focal adhesions.

Integrin-mediated adhesion sites allow for the transmission of internally gen-

erated forces to the ECM and vice versa. Both actomyosin generated forces

and those arising from the substrate influence one another and focal adhesion

formation. Considering that mechanical forces are well known to influence

cellular fate and function, recent decades have given rise to numerous studies

employing a variety of tools and techniques to mechanically manipulate

cells. Tools such as micropipette aspiration,98 magnetic bead twisting

cytometry,99 optical stretchers,100 optical traps,101–103 and AFM,104 are just

a few of the tools used to induce a cellular response. Although each tech-

nique has its own advantages and disadvantages; here, we focus on AFM

as a unique tool for examining the mechanisms behind cellular adhesion.

The AFM is a versatile tool for studying the cellular response to force.

Besides its capacity for high-resolution imaging, AFM can be used to apply

precise pico- to nano-Newton forces in order to measure both the elastic

and viscoelastic properties of cells.104–106 Depending on the shape and size

of the cantilever probe, the cell can be subjected to either whole-cell or

localized forces. Changes in Young’s modulus can be measured by fitting

force–indentation curves to modified versions of the Hertz contact

model.107 Alternatively, one can employ the cantilever in a raster-scanning

mode across the sample to generate force maps. Force maps of cells can be

used to visualize variations in cell height, adhesion strength, and to measure

variations in elasticity across the cell.6,105,108 Measurements of the elastic

properties of cells can lend information to the physical changes of the cell,

as they are exposed to various chemical or mechanical cues. Considering that

actomyosin contractility is directly related to focal adhesion dynamics, elas-

ticity measurements are both relevant and important.

In the following subsections, we focus on the discussion of two studies

which examine the behavior of cells following direct application of mechan-

ical force using AFM. The first study by Guolla et al.5 looks at how stress

fibers deform in response to force, and how their strain leads to actin and

focal adhesion remodeling. The second study by Al-Rekabi et al.6 examines
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changes in traction forces in response to an applied force and altered substrate

rigidity. These examples demonstrate the efficacy of using the AFM as a tool

to apply precise forces, and to measure cellular elastic properties, all while

using visual methods to elucidate the mechanics and function of cells, with

particular focus on stress fibers and focal adhesions here.

3.1. Cytoskeletal strain directs focal adhesion formation
In vitro application of mechanical forces applied directly to cells has resulted

in direct stress fiber and focal adhesion remodeling, over both short and long

durations.109–111 Considering that tension plays a direct role in the forma-

tion and remodeling of focal adhesions,15,66 measurements of deformation

and strain of stress fibers may provide information relevant to the develop-

ment of adhesion sites. In a recent study,5 both lateral stress fiber deforma-

tions and longitudinal strains were measured following local cell

perturbations using an AFM. In particular, nanoscale forces (0–20 nN) were

applied to NIH3T3 fibroblasts transiently transfected with actin–EGFP

(Fig. 5.5A). Laser scanning confocal microscopy (LSCM) was used to

observe the deformation of actin fibers following several minutes of force

application. Lateral displacement vectors were measured by tracking regu-

larly spaced (�5 μm) points along the stress fibers over time (Fig. 5.5B).

Applying a force apically to cells resulted in nonisotropic deformations of

stress fibers.5 Although many stress fibers displayed no lateral motion; fibers

that deformed did so proportionally to the amount load magnitude

(Fig. 5.5C). While unperturbed cells also displayed stress fiber movements

over time, an applied force resulted in a significant increase in displacements.

For instance, stress fibers near the point of contact (within 5–10 μm) resulted

in an average lateral motion bulging outwardly (�100–300 nm). This force-

dependent displacement occurred within 60 s of force application and

increased with increasing time. On the other hand, stress fibers distant from

the point of loading (30–50 μm away) demonstrated a retraction of the cell

edge toward the center of the cell, following 1 min of force application,

indicative of actin remodeling (see Fig. 5.6).

Importantly, the remodeling and relaxation of the deformed stress fibers

were shown to be directly correlated to focal adhesion movement. This was

directly visualized by cells simultaneously expressing actin–EGFP and

zyxin–mRFP (Fig. 5.7).5 Zyxin, as was discussed in preceding sections, is

a well-known focal adhesion protein that has been described as a tension

sensor. Zyxin has been shown to appear with increasing tension, and
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conversely disappear with decreasing tension at both mature and nascent

focal adhesion sites.111 Guolla et al.5 used kymographs to demonstrate that

zyxin remained visibly linked with stationary stress fibers (in the presence of

an applied force). Moreover, only large deformations of stress fibers resulted

in the movement of focal adhesions. Consistent fluorescence intensity of

zyxin–mRFP within the kymographs suggests that tension remains rela-

tively stable among the stress fibers, as the concentration of this force-

sensitive protein is neither increased nor decreased.

Figure 5.5 Lateral stress fiber deformations in response to an applied force. (A) AFM tip is
used to apply a local force, centered over the nucleus, to NIH3T3 fibroblast expressing
actin–EGFP. Scale bar is 15 μm. (B) Stress fiber deformations were tracked by mapping
perpendicular displacement vectors (red) (gray in print) from an initial point on a filament
at time zero (solid line) to a new point on the same filament at the next time step (dashed
line). (C) Average displacement of stress fibers over time in response to locally applied
forces. Stress fiber displacement is proportional to the applied force and occurs within
20 s. Displacement occurring in cells in the absence of force (0 nN) represents normal
stress fiber remodeling dynamics. Displacements for cells treated with paraformaldehyde
(PFA) can be attributed to microscope drift or error within the tracking method. Displace-
ment is shown as mean+s.e.m. Reproduced with permission from Ref. 5.
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Although lateral displacement vectors provided general information

about stress fiber motion,5 tension along the length of these fibers is what

has been shown previously to contribute to remodeling of focal adhesion

sites.112 In order to measure strain, a regularly spaced (5 μm) grid was photo-

bleached over images of the actin stress fibers. Deformations in the repeated

bleached and nonbleached segments were measured over time, and measur-

able strains along the fibers. Basal measurements (0 nN load) showed a highly

Figure 5.6 Spatial heat maps of stress fiber displacement in fibroblast cells experienc-
ing 0 or 20 nN of applied force. The magnitude of the displacement vectors was plotted
as spatial heat maps, demonstrating the increased motion of stress fibers in response to
force. Stress fiber displacements occurred immediately (within 20 s) and near the point
of force application (the contact point of the AFM cantilever is marked with a white “x”
and is over the center of the nucleus). At later times, retraction sometimes takes place at
distant cell edges (red areas at 120 and 240 s after the application of 20 nN). Scale bar:
15 μm. Reproduced with permission from Ref. 5.
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Figure 5.7 Correlatedmovement of focal adhesions and stress fibers in response to local
forces. An LSCM image of an NIH3T3 cell expressing both actin–GFP and zyxin–mRFP
(scale bar¼24 μm). Kymographs were generated for three separate locations on the cell
(vertical scale bar¼2 μm). It can be seen in (1) that these fibers are sliding along their
length (but not displacing laterally) which results in the movement of one focal adhesion
into the image at �120 s (*) and another out of the image at �60 s (†) after force appli-
cation. In (2) and (3), a correlated downward lateral displacement of F-actin filaments and
focal adhesions are observed (upward and downward arrows). In (3), the F-actin filament
begins to retract downward after force application, resulting in the movement of an asso-
ciated focal adhesion. Reproduced with permission from Ref. 5.
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heterogeneous distribution of tensile and compressive strains along the

length of stress fibers (see Fig. 5.8). Moreover, upon force application

(20 nN), strain variations increased by nearly 50% and resulted in more con-

tractile strains. This was hypothesized to be the result of force-induced

upregulation of myosin II.5

In order to examine their role in the transmission of force, the authors

employed selective inhibitors of microtubule polymerization (nocodazole)

and actin polymerization (Y27632—specifically inhibits ROCK). Treat-

ment with nocodazole resulted in a loss of induced stress fiber remodeling

and demonstrated the necessity of microtubules for any force transmission

through the cell.5 Alternately, treatment with Y27632 inhibited the forma-

tion of actin stress fibers and caused a reduction in the cell’s elastic modulus

(1 kPa, compared to 7 kPa for untreated). Despite the loss of intact stress

fibers, forces were propagated throughout the cell, but were observed to

be isotropic in nature, and noncontractile at the cell edge.5

The importance of this study is that it demonstrated heterogeneous dis-

placement and strain among actin stress fibers, which was directly correlated

to focal adhesion movements. Local forces applied to the cell were shown to

result in immediate deformations within the vicinity of the load, and con-

tractile movements occurring later on in more distal regions. These results

clearly demonstrate that mechanical cues initiate long-term actin and focal

adhesion remodeling.

3.2. Forces and substrate elasticity influence traction
Many studies, such as the example previously discussed,5 have shown that

mechanical cues influence cellular structure,17,113,114 as well as their function

(reviewed in Ref. 115). Moreover, both the mechanical and biochemical

properties of the ECM are known to direct cell fate and function.23,116,117

For example, cells actively probe their surrounding microenvironment, and

can sense changes in matrix elasticity through a complex interplay of

actomyosin dynamics and focal adhesion remodeling.18 Through these pro-

cesses, the cell applies dynamic traction forces on its underlying sub-

strate.118,119 We can naturally anticipate then, that both extracellular

forces and the material properties of the cellular microenvironment should

concurrently affect critical cellular processes, including the formation of

focal adhesions and generation of traction forces.

In a recent study, Al-Rekabi and Pelling studied the response of cells to

both external force and substrate elasticity using simultaneous AFM and
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Figure 5.8 Heterogeneous strain occurs along the length of stress fibers. (A) A diagramof
stress fiber strain for a cell undergoing mechanical stimulation (20 nN). Strain along each
stress fiber is shown as a colored spot according to magnitude (the contact point of the
AFM is marked with a black “x”). The strain magnitude and sign is heterogeneous along
the lengthof anygiven filament and fluctuates in time, indicating rapid stretch/contraction
dynamics. Scale bar: 20 μm. (B and C) Plots of normalized stress fiber strain as a function of
position along the fiber after 240 s. The measured strain tended to fluctuate around zero.
However, the standard deviation (red lines) for nonstimulated cells (B) is 0.15 andmechan-
ically stimulated cells (C) is 0.22; a 50% increase. These strain fluctuations might reflect an
increase inactomyosinactivity in response toapplied force. Errorbarsare s.e.m.Reproduced
with permission from Ref. 5.
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TFMonC2C12mouse myoblasts.6 Considering that muscles in vivo involve

highly dynamic tensile and compressive forces and changes to the microen-

vironment, these muscle precursor cells are ideal for studying these two

effects simultaneously. This is particularly true as they have been shown

to provide traction forces while withstanding large substrate stretching

and actin depolymerization.120 The elasticity of muscle tissue has been

shown to increase nearly eightfold during its transition from resting to active

muscle tissue.121–125 Muscle contractions promote changes in the microen-

vironment of myoblast cells, which are necessary for the formation of

myotubes, a process known as myogenesis.126–130 Numerous studies have

shown that traction forces generated by C2C12 cells vary drastically and

are dependent on the present stage of myogenesis.121 Interestingly, the onset

of myogenesis begins on stiffer substrates (�38–97 kPa) in muscle tis-

sue.121,122,129 Conversely, myotube formation has been shown to occur

optimally on softer substrates (�12–39 kPa),119 which can be linked to rest-

ing muscle tissue. With this in mind, the authors hypothesized that

myoblast-generated traction forces would increase during the application

of an externally applied force, however, only on substrates imitating active

muscle tissue.

In order to test the hypothesis, C2C12s were grown on glutaraldehyde

cross-linked gelatine (GXG) substrates of varying stiffness, ranging from soft

to stiff (�16–89 kPa), mimicking resting and active tissue, respec-

tively.121–124 The stiffness of the substrates was increased by accumulative

gelatine content, from 3% to 7% (w/v), and was verified by measuring

force–indentation curves and fitting them to the modified Hertz model,

as well as by AFM force-mapping in some cases. Force–indentation mea-

surements of myoblasts revealed a relatively constant stiffness (�7 kPa)

despite the cells having been cultured on substrates with increasing stiffness.6

Many researchers have used TFM techniques to quantify the level of

force exerted by cells onto their substrates.7–9,17 In order to perform

TFM, fluorescent beads are embedded into a flexible, clear substrate, all-

owing for their movement to be tracked by optical microscopy. For the

study by Al-Rekabi et al., 200-nm red fluorescent beads were embedded

within the cross-linked gelatine.6 TFM requires the capture of two simul-

taneous images: a phase-contrast image of the cell, and a fluorescent image

of the beads. The cross-linked gelatine substrates used in this particular

study were �500 μm thick and clear, allowing for both confocal and

phase-contrast imaging (Fig. 5.9A). Images were captured every 30 s for

120 s using a CCD camera. Two methods of analysis were carried out:

122 Kristina Haase et al.

Author's personal copy



absolute TFM and differential TFM. In the absolute method, bead dis-

placements are tracked over time and then compared to the corresponding

null image—wherein the cell is removed from the substrate (with EDTA in

this case), thus relieving the substrate of elastic strain. In the differential

method, TFM is first carried out on the cell prior to applying mechanical

stimulation, and then while applying a continuous load. Thus, the

Figure 5.9 AFM and TFM measurements performed on C2C12 cells cultured on a tun-
able hydrogel. (A) A phase-contrast image of a C2C12 cell on a�64 kPa glutaraldehyde-
cross-linked gelatin substrate with an AFM tip pushing on the nucleus with a constant
force (10 nN). (B and C) Two methods were used to measure the traction forces in this
experiment: (B) absolute TFM reveals a smooth traction force field with force vectors
pointing toward the cell center, indicative of cell contractility and (C) differential TFM
illustrates that the change in traction forces between sequential times can be spatially
heterogeneous. Reproduced with permission from Ref. 6.
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differential method allows for measurement of the change in traction forces

between sequential images.

The absolute method resulted in traction vectors directed toward the

centroid of the cell (Fig. 5.9B), indicating an overall contractile behavior.6

Differential TFM, on the other hand, resulted in varied traction vectors,

revealing the dynamic temporal fluctuations of locally generated traction

forces (Fig. 5.9C).

By stimulating the cells with a local force (10 nN applied via AFM),

absolute TFM revealed that myoblast cells responded as hypothesized; trac-

tion forces increased dramatically, however, only on stiff substrates

(Fig. 5.10A and B).6 Absolute traction forces remained heightened for long

durations (120 s) of applied force. This increase was shown to be transient in

nature when analyzed with the differential method, as traction forces

increased within 30 s, and then diminished to basal levels following 60 s

(Fig. 5.10C and D). Interestingly, stimulation of cells with mechanical force

appeared to have no significant influence on traction force generation when

cells were grown on soft substrates (16–51 kPa GXG substrates), as visual-

ized by traction force heat maps (Fig. 5.11).6 These results demonstrate the

complex interplay between substrate stiffness and external force on cellular

traction. This work also highlights the different findings presented by abso-

lute and differential TFM analysis methods.

In order to examine the cytoskeleton’s role in traction force genera-

tion, the authors employed Y27632 to selectively inhibit ROCK, and

blebbistatin to inhibit myosin II, separately.6 Both treatments totally

impaired the contractility of myoblasts, even after 240 s of applied force.

The once elongated actin stress fibers of untreated cells became drastically

reduced or altogether absent, due to these drug treatments, regardless of

substrate. Moreover, the focal adhesions became smaller in size and less

well defined.6 Basal levels of traction, however, were unaltered, which

is inconsistent with others.7,17 It is possible that the response is cell type

or dose dependent, or could differ due to the range of substrate stiffness

employed, as others tend to implicate much softer (<10 kPa) or stiffer

(glass) substrates. Considering that there was no increase in traction on stiff

substrates either, this finding may suggest an inability of the cell to transmit

the locally applied force throughout its cytoskeleton on soft substrates,

which also resulted in a 20% decrease in focal adhesion size. Considering

that traction force magnitude is directly related to size,131,132 the authors

speculated that focal adhesions must have a threshold below which they

cannot resist contractility.
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In conclusion, this work demonstrated that mechanical cues (byAFM) and

substrate material properties both affect the outcome of cellular traction forces

of C2C12s, in a complex manner. In particular, myoblasts responded to

mechanical force with a transient increase in traction forces, only apparent

on substrates mimicking stiff tissue. Local traction hotspots (Fig. 5.11)

appeared throughout the basal cell region, confirming that the localized force

from the AFM tip results in remodeling far from the point of contact, as also

seen in the previously described work in Section 3.1.5 As well, both ROCK

Figure 5.10 Absolute and differential traction force dynamics on substrates mimicking
resting and active muscle tissue in response to a local force. (A) Average absolute trac-
tion as a function of substrate elasticity and force: control/0 nN (blue squares) (dark gray
in print) and 10 nN (red circles) (light gray in print) after 30 s. C2C12s clearly show an
increase in traction when subjected to a 10 nN force on substrates with an elasticity
of �64 kPa (P¼0.003) and �89 kPa (P¼0.004). (B) Average absolute traction after
120 s (�64 kPa (P¼0.019) and �89 kPa (P¼0.004)). (C) Differential traction reveals a
statistically significant increase after 30 s of stimulation with a constant 10 nN force
(in agreement with (A)) on�64 kPa (P¼0.032) and�89 kPa (P¼0.022) substrates: con-
trol (blue squares) (dark gray in print) and 10 nN (red circles) (gray in print). (D) The aver-
age change in traction forces dissipates to basal levels for 10 nN after 60 s. Reproduced
with permission from Ref. 6.
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and myosin II were necessary mechanotransduction pathways for the initia-

tion of increased traction force generation on stiff substrates. In the context

of in vivomyogenesis, the notion stands that myotube formation occurs opti-

mally on soft substrates,125,133,134 yet follows primary initiation on stiff sub-

strates.135,136 Muscle contraction during stretching or exercise is known to

produce many changes in vivowith regards to myogenesis.136–139 The increase

in traction forces on stiff substrates in response to applied force, as seen in this

reviewed work, could implicate the combination of these two stimuli for the

onset of myogenesis. Of course, the results are limited to the experimental

conditions; however, it does highlight the necessity for research into the

response of cells to multiple stimuli.

Figure 5.11 Heat maps for representative cells for the absolute and differential trac-
tion force measurements. (A) Absolute traction for a cell exposed to 0 and 10 nN of
force on a soft (�16 kPa) substrate. (B) Absolute traction for a cell exposed to
0 and 10 nN of force on a stiff (�89 kPa) substrate. A significant increase in traction
is observed alongside the appearance of local traction hotspots throughout the con-
tact area. (C) Differential traction for a cell exposed to 0 and 10 nN of force on a soft
(�16 kPa) substrate. (D) Differential traction for a cell exposed to 0 and 10 nN of force
on a stiff (�89 kPa) substrate. A significant increase in traction fluctuations are
observed as well as local hotspots throughout the contact area. These results demon-
strate that both absolute and differential traction forces are profoundly affected when
a mechanical force is applied to these cells, particularly on stiff substrates. Reproduced
with permission from Ref. 6.
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4. FUTURE DIRECTIONS

Although many focal adhesion-associated proteins have been identi-

fied over the years, the inner mechanics of this important cell feature remain

poorly understood. It is apparent that both biochemical and physical mech-

anisms are at play and that both the cell and its microenvironment act in uni-

son. The composition and mechanical properties of the ECM largely

influence the formation and growth of focal adhesions. Rigidity sensing

of focal complexes, along with other internal mechanical cues, play a large

role in the formation and maturation of focal adhesions. Mechanical forces

are at play during a number of processes including: conformational changes

of proteins in order to expose hidden binding sites, actin-generated tension-

initiating nascent adhesions, myosin II-dependent contractility promoting

the maturation of adhesions, and recruitment of associated proteins. More-

over, examples discussed in this chapter demonstrate the existence of a feed-

back mechanism associated with focal adhesions, wherein actomyosin

tension is regulated in response to matrix stiffness.

Through a detailed discussion of two recent studies, we have seen that

the combined use of AFM and optical microscopy techniques, allows for

the investigation of the mechanics behind focal adhesion formation and trac-

tion force generation. Local deformations on the apical regions of cells were

shown to transfer through the cytoskeleton to basal cell regions, influencing

stress fibers and focal adhesions. Mechanical forces increased stress fiber

deformations, and initiated long-term remodeling of stress fibers, and focal

adhesion sites, as was demonstrated visually.

Traction forces, on the other hand, provide a measurable indication of a

mechanotransductive response. It was demonstrated herein that different

modes of analysis can also provide different insight into cellular-generated

traction forces. For instance, it was seen that absolute TFM lends to an over-

all picture of cellular behavior—one that is generally contractile in nature.

On the other hand, differential TFM analysis provides insight into the tem-

poral behavior of local regions, revealing traction force hot spots.

Moreover, it was seen that when a cell is exposed to multiple forms of

stimuli, the response can be complex. In the preceding example, it was

shown that external mechanical stimulation affects traction alongside sub-

strate elasticity. In particular, myoblasts were only sensitive to the applied

forces on stiff substrates, reacting with a transient increase in generated trac-

tion.6 Although studying a single effect, such as substrate elasticity is useful in
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providing certain insight—it does not provide the whole picture, as clearly

multiple mechanical influences simultaneously affect cellular adhesion

in vivo. Future work will be necessary to expose the inner complexities of

focal adhesion formation and remodeling. It will be necessary to involve

a multitude of stimuli, in order to understand the complex interplay of

the response mechanisms associated with focal adhesions.

ACKNOWLEDGMENTS
Z. A. R. was supported by the uOttawa NSERC CREATE program in Quantitative

Biomedicine. A.E.P. gratefully acknowledges generous support from the Canada Research

Chairs (CRC) program. This work was supported by a Natural Sciences and Engineering

Research Council (NSERC) Discovery Grant, an NSERC Discovery Accelerator

Supplement, a CRC Operating Grant and the Canadian Foundation for Innovation

Leaders Opportunity Fund.

REFERENCES
1. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage

specification. Cell. 2006;126(4):677–689.
2. Buxboim A, Ivanovska IL, Discher DE. Matrix elasticity, cytoskeletal forces and physics

of the nucleus: how deeply do cells “feel” outside and in? J Cell Sci. 2010;123(3):297–308.
3. Janmey PA, Miller RT. Mechanisms of mechanical signaling in development and dis-

ease. J Cell Sci. 2011;124(1):9–18.
4. Janmey PA, Weitz DA. Dealing with mechanics: mechanisms of force transduction in

cells. Trends Biochem Sci. 2004;29(7):364–370.
5. Guolla L, Bertrand M, Haase K, Pelling AE. Force transduction and strain dynamics in

actin stress fibres in response to nanonewton forces. J Cell Sci. 2012;125(3):603–613.
6. Al-Rekabi Z, Pelling AE. Cross talk between matrix elasticity and mechanical force

regulates myoblast traction dynamics. Phys Biol. 2013;10(6):066003.
7. Gardel ML, Sabass B, Ji L, Danuser G, Schwarz US, Waterman CM. Traction stress in

focal adhesions correlates biphasically with actin retrograde flow speed. J Cell Biol.
2008;183(6):999–1005.

8. Huebsch N, Arany PR, Mao AS, et al. Harnessing traction-mediated manipulation of
the cell/matrix interface to control stem-cell fate. Nat Mater. 2010;9(6):518–526.

9. Munevar S, Wang YL, DemboM. Traction force microscopy of migrating normal and
H-ras transformed 3T3 fibroblasts. Biophys J. 2001;80(4):1744–1757.

10. Mitra SK, Hanson DA, Schlaepfer DD. Focal adhesion kinase: in command and control
of cell motility. Nat Rev Mol Cell Biol. 2005;6(1):56–68.

11. Geiger B, Bershadsky A, Pankov R, Yamada KM. Transmembrane extracellular
matrix-cytoskeleton crosstalk. Nat Rev Mol Cell Biol. 2001;2(11):793–805.

12. Beningo KA, Dembo M, Kaverina I, Small JV, Wang YL. Nascent focal adhesions are
responsible for the generation of strong propulsive forces in migrating fibroblasts. J Cell
Biol. 2001;153(4):881–887.

13. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape, cytoskeletal
tension, andRhoA regulate stem cell lineage commitment.Dev Cell. 2004;6(4):483–495.

14. Alexandrova AY, Arnold K, Schaub S, et al. Comparative dynamics of retrograde actin
flowand focal adhesions: formationofnascent adhesions triggers transition fromfast to slow
flow. PLoS ONE. 2008;3(9):e3234. http://dx.doi.org/10.1371/journal.pone.0003234.

128 Kristina Haase et al.

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0005
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0005
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0010
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0010
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0015
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0015
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0020
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0020
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0025
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0025
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0030
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0030
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0035
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0035
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0035
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0040
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0040
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0045
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0045
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0050
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0050
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0055
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0055
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0060
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0060
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0060
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0065
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0065
http://dx.doi.org/10.1371/journal.pone.0003234


15. Plotnikov SV, Pasapera AM, Sabass B, Waterman CM. Force fluctuations within
focal adhesions mediate ECM-rigidity sensing to guide directed cell migration. Cell.
2012;151(7):1513–1527.

16. Wolfenson H, Bershadsky A, Henis YI, Geiger B. Actomyosin-generated tension con-
trols the molecular kinetics of focal adhesions. J Cell Sci. 2011;124(9):1425–1432.

17. Beningo KA,HamaoK, DemboM,Wang YL,Hosoya H. Traction forces of fibroblasts
are regulated by the Rho-dependent kinase but not by the myosin light chain kinase.
Arch Biochem Biophys. 2006;456(2):224–231.

18. Geiger B, Spatz JP, Bershadsky AD. Environmental sensing through focal adhesions.
Nat Rev Mol Cell Biol. 2009;10(1):21–33.

19. Provenzano PP, Keely PJ. Mechanical signaling through the cytoskeleton regulates
cell proliferation by coordinated focal adhesion and Rho GTPase signaling. J Cell
Sci. 2011;124(8):1195–1205.

20. Ulrich TA, Pardo EMD, Kumar S. The mechanical rigidity of the extracellular matrix
regulates the structure, motility, and proliferation of glioma cells. Cancer Res.
2009;69(10):4167–4174.

21. Maheshwari G, Brown G, Lauffenburger DA, Wells A, Griffith LG. Cell adhesion and
motility depend on nanoscale RGD clustering. J Cell Sci. 2000;113(10):1677–1686.

22. Small JV, Geiger B, Kaverina I, Bershadsky A. How do microtubules guide migrating
cells? Nat Rev Mol Cell Biol. 2002;3(12):957–964.

23. Hadjipanayi E, Mudera V, Brown RA. Guiding cell migration in 3D: a collagen matrix
with graded directional stiffness. Cell Motil Cytoskeleton. 2009;66(3):121–128.

24. Guvendiren M, Burdick JA. The control of stem cell morphology and differentiation
by hydrogel surface wrinkles. Biomaterials. 2010;31(25):6511–6518.

25. Lo CM, Wang HB, Dembo M, Wang YL. Cell movement is guided by the rigidity of
the substrate. Biophys J. 2000;79(1):144–152.

26. Wang HB,Wang YL. Substrate flexibility regulates growth and apoptosis of normal but
not h-ras-transformed cells. Mol Biol Cell. 1999;10:66a.

27. WangHB, DemboM,Wang YL. Substrate flexibility regulates growth and apoptosis of
normal but not transformed cells.Am J Physiol Cell Physiol. 2000;279(5):C1345–C1350.

28. Burridge K, Fath K, Kelly T, Nuckolls G, Turner C. Focal adhesions—transmembrane
junctions between the extracellular-matrix and the cytoskeleton. Annu Rev Cell Biol.
1988;4:487–525.

29. Zaidel-Bar R, Itzkovitz S, Ma’ayan A, Iyengar R, Geiger B. Functional atlas of the
integrin adhesome. Nat Cell Biol. 2007;9(8):858–868.

30. Tilghman RW, Parsons JT. Focal adhesion kinase as a regulator of cell tension in the
progression of cancer. Semin Cancer Biol. 2008;18(1):45–52.

31. Giannone G, Sheetz MP. Substrate rigidity and force define form through tyrosine
phosphatase and kinase pathways. Trends Cell Biol. 2006;16(4):213–223.

32. Nayal A, Webb DJ, Horwitz AF. Talin: an emerging focal point of adhesion dynamics.
Curr Opin Cell Biol. 2004;16(1):94–98.

33. Ghassemi S, Meacci G, Liu SM, et al. Cells test substrate rigidity by local contractions
on submicrometer pillars. Proc Natl Acad Sci USA. 2012;109(14):5328–5333.

34. Kilian KA, Bugarija B, Lahn BT, Mrksich M. Geometric cues for directing the differen-
tiation of mesenchymal stem cells. Proc Natl Acad Sci USA. 2010;107(11):4872–4877.

35. Ruiz SA, Chen CS. Emergence of patterned stem cell differentiation within mul-
ticellular structures. Stem Cells. 2008;26(11):2921–2927.

36. Le Saux G, Magenau A, Gunaratnam K, et al. Spacing of integrin ligands influences
signal transduction in endothelial cells. Biophys J. 2011;101(4):764–773.

37. Massia SP, Hubbell JA. An Rgd spacing of 440 nm is sufficient for integrin alpha-V-
beta-3-mediated fibroblast spreading and 140 nm for focal contact and stress fiber for-
mation. J Cell Biol. 1991;114(5):1089–1100.

129Mechanical Cues Direct Focal Adhesion Dynamics

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0075
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0075
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0075
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0080
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0080
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0085
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0085
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0085
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0090
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0090
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0095
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0095
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0095
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0100
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0100
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0100
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0105
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0105
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0110
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0110
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0115
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0115
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0120
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0120
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0125
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0125
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0130
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0130
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0135
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0135
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0140
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0140
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0140
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0145
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0145
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0150
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0150
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0155
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0155
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0160
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0160
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0165
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0165
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0170
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0170
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0175
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0175
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0180
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0180
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0185
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0185
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0185
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0185


38. Paszek MJ, Zahir N, Johnson KR, et al. Tensional homeostasis and the malignant phe-
notype. Cancer Cell. 2005;8(3):241–254.

39. Benoit DSW, Anseth KS. The effect on osteoblast function of colocalized RGD and
PHSRN epitopes on PEG surfaces. Biomaterials. 2005;26(25):5209–5220.

40. Kim P, Kim DH, Kim B, et al. Fabrication of nanostructures of polyethylene glycol for
applications to protein adsorption and cell adhesion. Nanotechnology. 2005;16(10):
2420–2426.

41. Hersel U, Dahmen C, Kessler H. RGDmodified polymers: biomaterials for stimulated
cell adhesion and beyond. Biomaterials. 2003;24(24):4385–4415.

42. Tocce EJ, Broderick AH, Murphy KC, et al. Functionalization of reactive polymer
multilayers with RGD and an antifouling motif: RGD density provides control
over human corneal epithelial cell–substrate interactions. J Biomed Mater Res A.
2012;100A(1):84–93.

43. Shu XZ, Ghosh K, Liu YC, et al. Attachment and spreading of fibroblasts on an RGD
peptide-modified injectable hyaluronan hydrogel. J Biomed Mater Res A. 2004;68A(2):
365–375.

44. Ananthanarayanan B, Little L, Schaffer DV, Healy KE, Tirrell M. Neural stem cell
adhesion and proliferation on phospholipid bilayers functionalized with RGD peptides.
Biomaterials. 2010;31(33):8706–8715.

45. Yu CH, Law JBK, Suryana M, Low HY, Sheetz MP. Early integrin binding to Arg-
Gly-Asp peptide activates actin polymerization and contractile movement that stimu-
lates outward translocation. Proc Natl Acad Sci USA. 2011;108(51):20585–20590.

46. Chen CS,MrksichM, Huang S,Whitesides GM, Ingber DE. Geometric control of cell
life and death. Science. 1997;276(5317):1425–1428.

47. Arnold M, Cavalcanti-Adam EA, Glass R, et al. Activation of integrin function by
nanopatterned adhesive interfaces. Chemphyschem. 2004;5(3):383–388.

48. Jiang FZ, Horber H, Howard J, Muller DJ. Assembly of collagen into microribbons:
effects of pH and electrolytes. J Struct Biol. 2004;148(3):268–278.

49. Deng C, Chen XS, YuHJ, Sun J, Lu TC, Jing XB. A biodegradable triblock copolymer
poly(ethylene glycol)-b-poly(L-lactide)-b-poly(L-lysine): synthesis, self-assembly and
RGD peptide modification. Polymer. 2007;48(1):139–149.

50. Huang YL, Nguyen NT. A polymeric cell stretching device for real-time imaging with
optical microscopy. Biomed Microdevices. 2013;15(6):1043–1054.

51. Tremblay D, Chagnon-Lessard S, Mirzaei M, Pelling AE, Godin M. A microscale
anisotropic biaxial cell stretching device for applications in mechanobiology. Biotechnol
Lett. 2013;16:16.

52. Wang D, Xie YY, Yuan B, Xu J, Gong PY, Jiang XY. A stretching device for
imaging real-time molecular dynamics of live cells adhering to elastic membranes
on inverted microscopes during the entire process of the stretch. Integr Biol (UK).
2010;2(5–6):288–293.

53. Khetan S, Guvendiren M, Legant WR, Cohen DM, Chen CS, Burdick JA.
Degradation-mediated cellular traction directs stem cell fate in covalently crosslinked
three-dimensional hydrogels. Nat Mater. 2013;12(5):458–465.

54. Giannone GP, Jiang G, Critchley D, SheetzMP. Talin-1 is a critical component in early
force-dependent reinforcement of integrin-cytoskeleton connections. Mol Biol Cell.
2002;13:350a.

55. Montanez E, Ussar S, Schifferer M, et al. Kindlin-2 controls bidirectional signaling of
integrins. Gene Dev. 2008;22(10):1325–1330.

56. Moser M, Nieswandt B, Ussar S, Pozgajova M, Fassler R. Kindlin-3 is essential for
integrin activation and platelet aggregation. Nat Med. 2008;14(3):325–330.

57. Ma YQ, Qin J, Wu CY, Plow EF. Kindlin-2 (Mig-2): a co-activator of beta(3)
integrins. J Cell Biol. 2008;181(3):439–446.

130 Kristina Haase et al.

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0190
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0190
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0195
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0195
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0200
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0200
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0200
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0205
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0205
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0210
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0210
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0210
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0210
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0215
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0215
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0215
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0220
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0220
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0220
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0225
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0225
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0225
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0230
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0230
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0235
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0235
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0240
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0240
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0245
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0245
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0245
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0250
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0250
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0255
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0255
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0255
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0260
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0260
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0260
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0260
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0265
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0265
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0265
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0270
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0270
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0270
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0275
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0275
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0280
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0280
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0285
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0285


58. Ye F, Petrich BG, Anekal P, et al. The mechanism of kindlin-mediated activation of
integrin alpha IIb beta 3. Curr Biol. 2013;23(22):2288–2295.

59. Humphries JD, Wang P, Streuli C, Geiger B, Humphries MJ, Ballestrem C. Vinculin
controls focal adhesion formation by direct interactions with talin and actin. J Cell Biol.
2007;179(5):1043–1057.

60. Small JV, Stradal T, Vignal E, Rottner K. The lamellipodium: where motility begins.
Trends Cell Biol. 2002;12(3):112–120.

61. Shroff H, Galbraith CG, Galbraith JA, Betzig E. Live-cell photoactivated localization
microscopy of nanoscale adhesion dynamics. Nat Methods. 2008;5(5):417–423.

62. Shroff H, Galbraith CG, Galbraith JA, et al. Dual-color superresolution imaging of
genetically expressed probes within individual adhesion complexes (vol 104, pg
20308, 2007). Proc Natl Acad Sci USA. 2008;105(39):15220.

63. Ponti A, Machacek M, Gupton SL, Waterman-Storer CM, Danuser G. Two distinct
actin networks drive the protrusion of migrating cells. Science. 2004;305(5691):
1782–1786.

64. Vallotton P, Danuser G, Bohnet S, Meister JJ, Verkhovsky AB. Tracking retrograde
flow in keratocytes: news from the front. Mol Biol Cell. 2005;16(3):1223–1231.

65. Guo WH, Wang YL. Retrograde fluxes of focal adhesion proteins in response to cell
migration and mechanical signals. Mol Biol Cell. 2007;18(11):4519–4527.

66. Giannone G, Dubin-Thaler BJ, Rossier O, et al. Lamellipodial actin mechanically links
myosin activity with adhesion-site formation. Cell. 2007;128(3):561–575.

67. Geiger B. A role for p130Cas in mechanotransduction. Cell. 2006;127(5):879–881.
68. Sawada Y, Tamada M, Dubin-Thaler BJ, et al. Force sensing by mechanical extension

of the Src family kinase substrate p130Cas. Cell. 2006;127(5):1015–1026.
69. Parsons JT. Focal adhesion kinase: the first ten years. J Cell Sci. 2003;116(8):

1409–1416.
70. von Wichert G, Haimovich B, Feng GS, Sheetz MP. Force-dependent integrin-

cytoskeleton linkage formation requires downregulation of focal complex dynamics
by Shp2. EMBO J. 2003;22(19):5023–5035.

71. Stoker AW. Protein tyrosine phosphatases and signalling. J Endocrinol. 2005;185(1):
19–33.

72. Fincham VJ, Frame MC. The catalytic activity of Src is dispensable for translocation to
focal adhesions but controls the turnover of these structures during cell motility. EMBO
J. 1998;17(1):81–92.

73. Schober M, Raghavan S, Nikolova M, et al. Focal adhesion kinase modulates tension
signaling to control actin and focal adhesion dynamics. J Cell Biol. 2007;176(5):
667–680.

74. Hsia DA, Mitra SK, Hauck CR, et al. Differential regulation of cell motility and inva-
sion by FAK. J Cell Biol. 2003;160(5):753–767.

75. Webb DJ, Donais K, Whitmore LA, et al. FAK-Src signalling through paxillin, ERK
and MLCK regulates adhesion disassembly. Nat Cell Biol. 2004;6(2):154.

76. Parsons JT, Horwitz AR, SchwartzMA.Cell adhesion: integrating cytoskeletal dynam-
ics and cellular tension. Nat Rev Mol Cell Biol. 2010;11(9):633–643.

77. Broussard JA, Webb DJ, Kaverina I. Asymmetric focal adhesion disassembly in motile
cells. Curr Opin Cell Biol. 2008;20(1):85–90.

78. Webb DJ, Parsons JT, Horwitz AF. Adhesion assembly, disassembly and turnover in
migrating cells—over and over and over again. Nat Cell Biol. 2002;4(4):E97–E100.

79. Huttenlocher A, Horwitz AR. Integrins in cell migration.Cold Spring Harb Perspect Biol.
2011;3(9). a005074. http://dx.doi.org/10.1101/cshperspect.a005074.

80. Vicente-Manzanares M, Koach MA, Whitmore L, Lamers ML, Horwitz AF. Segrega-
tion and activation of myosin IIB creates a rear in migrating cells. J Cell Biol. 2008;
183(3):543–554.

131Mechanical Cues Direct Focal Adhesion Dynamics

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0290
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0290
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0295
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0295
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0295
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0300
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0300
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0305
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0305
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0310
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0310
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0310
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0315
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0315
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0315
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0320
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0320
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0325
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0325
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0330
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0330
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0335
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0340
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0340
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0345
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0345
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0350
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0350
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0350
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0355
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0355
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0360
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0360
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0360
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0370
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0370
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0375
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0375
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0380
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0380
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0385
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0385
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0390
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0390
http://dx.doi.org/10.1101/cshperspect.a005074
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0400
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0400
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0400


81. Vicente-Manzanares M, Ma XF, Adelstein RS, Horwitz AR. Non-muscle myosin II
takes centre stage in cell adhesion and migration. Nat Rev Mol Cell Biol. 2009;10(11):
778–790.

82. Mierke CT. The role of vinculin in the regulation of the mechanical properties of cells.
Cell Biochem Biophys. 2009;53(3):115–126.

83. Wozniak MA, Modzelewska K, Kwong L, Keely PJ. Focal adhesion regulation of cell
behavior. BBA Mol Cell Res. 2004;1692(2–3):103–119.

84. Endlich N, Otey CA, Kriz W, Endlich K. Movement of stress fibers away from focal
adhesions identifies focal adhesions as sites of stress fiber assembly in stationary cells.Cell
Motil Cytoskeleton. 2007;64(12):966–976.

85. Pellegrin S, Mellor H. Actin stress fibres. J Cell Sci. 2007;120(20):3491–3499.
86. Hotulainen P, Lappalainen P. Stress fibers are generated by two distinct actin assembly

mechanisms in motile cells. J Cell Biol. 2006;173(3):383–394.
87. Thery M, Pepin A, Dressaire E, Chen Y, Bornens M. Cell distribution of stress fibres in

response to the geometry of the adhesive environment. Cell Motil Cytoskeleton.
2006;63(6):341–355.

88. Tapon N, Hall A. Rho, Rac and Cdc42 GTPases regulate the organization of the actin
cytoskeleton. Curr Opin Cell Biol. 1997;9(1):86–92.

89. Iwaki N, Karatsu K, Miyamoto M. Role of guanine nucleotide exchange factors for
Rho family GTPases in the regulation of cell morphology and actin cytoskeleton in
fission yeast. Biochem Biophys Res Commun. 2003;312(2):414–420.

90. Begum R, Nur-E-Kamal MSA, Zaman MA. The role of Rho GTPases in the regu-
lation of the rearrangement of actin cytoskeleton and cell movement. Exp Mol Med.
2004;36(4):358–366.

91. Sit ST, Manser E. Rho GTPases and their role in organizing the actin cytoskeleton.
J Cell Sci. 2011;124(5):679–683.

92. Lee S, Zeiger A, Maloney JM, Kotecki M, Van Vliet KJ, Herman IM. Pericyte
actomyosin-mediated contraction at the cell–material interface can modulate the
microvascular niche. J Phys-Condens Matter. 2010;22(19):11. http://dx.doi.org/
10.1088/0953-8984/22/19/194115.

93. Ezratty EJ, PartridgeMA, Gundersen GG.Microtubule-induced focal adhesion disassem-
bly ismediatedbydynaminand focal adhesionkinase.NatCellBiol. 2005;7(6):U515–U581.

94. Kunda P, Pelling AE, Liu T, Baum B. Moesin controls cortical rigidity, cell rounding,
and spindle morphogenesis during mitosis. Curr Biol. 2008;18(2):91–101.

95. Chartier L, Rankin LL, Allen RE, et al. Calyculin-a Increases the Level of Protein-
Phosphorylation and Changes the Shape of 3t3 Fibroblasts. Cell Motil Cytoskeleton.
1991;18(1):26–40.

96. Rape A, Guo WH, Wang YL. Microtubule depolymerization induces traction force
increase through two distinct pathways. J Cell Sci. 2011;124(24):4233–4240.

97. Al-Rekabi Z, Haase K, Pelling AE. Microtubules mediate changes in membrane cor-
tical elasticity during contractile activation. Exp Cell Res. 10March 2014;322(1):21–29.

98. Hochmuth RM. Micropipette aspiration of living cells. J Biomech. 2000;33(1):15–22.
99. Wang N, Ingber DE. Probing transmembrane mechanical coupling and cytomechanics

using magnetic twisting cytometry. Biochem Cell Biol. 1995;73(7–8):327–335.
100. Guck J, Ananthakrishnan R, Mahmood H, Moon TJ, Cunningham CC, Kas J. The

optical stretcher: a novel laser tool to micromanipulate cells. Biophys J. 2001;81(2):
767–784.

101. Laurent VM, Henon S, Planus E, et al. Assessment of mechanical properties of adherent
living cells by bead micromanipulation: comparison of magnetic twisting cytometry vs
optical tweezers. J Biomech Eng T ASME. 2002;124(4):408–421.

132 Kristina Haase et al.

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0405
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0405
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0405
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0410
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0410
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0415
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0415
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0420
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0420
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0420
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0425
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0430
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0430
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0435
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0435
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0435
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0440
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0440
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0445
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0445
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0445
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0450
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0450
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0450
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0455
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0455
http://dx.doi.org/10.1088/0953-8984/22/19/194115
http://dx.doi.org/10.1088/0953-8984/22/19/194115
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0465
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0465
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0470
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0470
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0475
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0475
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0475
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0480
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0480
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0485
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0485
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0490
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0495
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0495
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0500
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0500
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0500
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0505
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0505
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0505


102. Brown TD. Techniques for mechanical stimulation of cells in vitro: a review. J Biomech.
2000;33(1):3–14.

103. Ashkin A, Dziedzic JM, Yamane T. Optical trapping and manipulation of single cells
using infrared-laser beams. Nature. 1987;330(6150):769–771.

104. Haupt BJ, Pelling AE, Horton MA. Integrated confocal and scanning probe micros-
copy for biomedical research. Sci World J. 2006;6:1609–1618.

105. Haase K, Pelling AE. Resiliency of the plasma membrane and actin cortex to large-scale
deformation. Cytoskeleton. 2013;70(9):494–514.

106. Radmacher M, Fritz M, Kacher CM, Cleveland JP, Hansma PK. Measuring the vis-
coelastic properties of human platelets with the atomic force microscope. Biophys J.
1996;70(1):556–567.

107. Radmacher M. Measuring the elastic properties of biological samples with the AFM.
IEEE Eng Med Biol. 1997;16(2):47–57.

108. Haga H, Sasaki S, Kawabata K, Ito E, Ushiki T, Sambongi T. Elasticity mapping of
living fibroblasts by AFM and immunofluorescence observation of the cytoskeleton.
Ultramicroscopy. 2000;82(1–4):253–258.

109. Trache A, Lim SM. Integrated microscopy for real-time imaging of
mechanotransduction studies in live cells. J Biomed Opt. 2009;14(3). http://dx.doi.
org/10.1117/1.3155517. 034024-034024-13.

110. Ueki Y, Uda Y, Sakamoto N, Sato M. Measurements of strain on single stress fibers in
living endothelial cells induced by fluid shear stress. Biochem Biophys Res Commun.
2010;395(3):441–446.

111. Colombelli J, Besser A, Kress H, et al. Mechanosensing in actin stress fibers revealed
by a close correlation between force and protein localization. J Cell Sci. 2009;122(10):
1665–1679.

112. Kumar S,Maxwell IZ, Heisterkamp A, et al. Viscoelastic retraction of single living stress
fibers and its impact on cell shape, cytoskeletal organization, and extracellular matrix
mechanics. Biophys J. 2006;90(10):3762–3773.

113. Chen C, Krishnan R, Zhou EH, et al. Fluidization and resolidification of the human
bladder smooth muscle cell in response to transient stretch. PLoS One. 2010;5(8):
e12035. http://dx.doi.org/10.1371/journal.pone.0012035.

114. Tzima E, del Pozo MA, Shattil SJ, Chien S, Schwartz MA. Activation of integrins in
endothelial cells by fluid shear stress mediates Rho-dependent cytoskeletal alignment.
EMBO J. 2001;20(17):4639–4647.

115. Vogel V, Sheetz M. Local force and geometry sensing regulate cell functions. Nat Rev
Mol Cell Biol. 2006;7(4):265–275.

116. Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of their
substrate. Science. 2005;310(5751):1139–1143.

117. Winer JP, Janmey PA, McCormick ME, Funaki M. Bone marrow-derived human
mesenchymal stem cells become quiescent on soft substrates but remain responsive
to chemical or mechanical stimuli. Tissue Eng A. 2009;15(1):147–154.

118. Holle AW, Engler AJ. More than a feeling: discovering, understanding, and influencing
mechanosensing pathways. Curr Opin Biotechnol. 2011;22(5):648–654.

119. Schwarz US, Gardel ML. United we stand—integrating the actin cytoskeleton and
cell-matrix adhesions in cellular mechanotransduction. J Cell Sci. 2012;125(13):
3051–3060.

120. Modulevsky DJ, Tremblay D, Gullekson C, Bukoresthliev NV, Pelling AE. The
physical interaction of myoblasts with the microenvironment during remodeling
of the cytoarchitecture. PLoS One. 2012;7(9):e45329. http://dx.doi.org/10.1371/
journal.pone.0045329.

133Mechanical Cues Direct Focal Adhesion Dynamics

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0510
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0510
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0515
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0515
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0520
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0520
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0525
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0525
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0530
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0530
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0530
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0535
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0535
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0540
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0540
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0540
http://dx.doi.org/10.1117/1.3155517
http://dx.doi.org/10.1117/1.3155517
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0550
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0550
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0550
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0555
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0555
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0555
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0560
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0560
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0560
http://dx.doi.org/10.1371/journal.pone.0012035
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0570
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0570
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0570
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0575
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0575
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0580
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0580
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0585
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0585
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0585
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0590
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0590
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0595
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0595
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0595
http://dx.doi.org/10.1371/journal.pone.0045329
http://dx.doi.org/10.1371/journal.pone.0045329


121. Collinsworth AM, Zhang S, Kraus WE, Truskey GA. Apparent elastic modulus and
hysteresis of skeletal muscle cells throughout differentiation. Am J Physiol Cell Phys.
2002;283(4):C1219–C1227.

122. Mathur AB, Collinsworth AM, Reichert WM, Kraus WE, Truskey GA. Endothelial,
cardiac muscle and skeletal muscle exhibit different viscous and elastic properties as
determined by atomic force microscopy. J Biomech. 2001;34(12):1545–1553.

123. Nyland LR, Maughan DW. Morphology and transverse stiffness of Drosophila myo-
fibrils measured by atomic force microscopy. Biophys J. 2000;78(3):1490–1497.

124. Ogneva IV. Transversal stiffness of fibers and desmin content in leg muscles of rats
under gravitational unloading of various durations. J Appl Physiol. 2010;109(6):
1702–1709.

125. Engler AJ, Griffin MA, Sen S, Bonnetnann CG, Sweeney HL, Discher DE. Myotubes
differentiate optimally on substrates with tissue-like stiffness: pathological implications
for soft or stiff microenvironments. J Cell Biol. 2004;166(6):877–887.

126. Akimoto T, Uchida T, Miyaki S, Akaogi H, Tateishi T, Fukubayashi T. Effect of
mechanical stretch on TGF-beta 1 expression of C2C12 myogenic cells. Mater Sci
Eng C Biol Sci. 2004;24(3):387–389.

127. Kook SH, Lee HJ, Chung WT, et al. Cyclic mechanical stretch stimulates the prolif-
eration of C2C12 myoblasts and inhibits their differentiation via prolonged activation
of p38 MAPK. Mol Cells. 2008;25(4):479–486.

128. Otis JS, Burkholder TJ, Pavlath GK. Stretch-induced myoblast proliferation is depen-
dent on the COX2 pathway. Exp Cell Res. 2005;310(2):417–425.

129. Zhan M, Jin BW, Chen SE, Reecy JM, Li YP. TACE release of TNF-alpha mediates
mechanotransduction-induced activation of p38 MAPK and myogenesis. J Cell Sci.
2007;120(4):692–701.

130. Parker MH, Seale P, Rudnicki MA. Looking back to the embryo: defining transcrip-
tional networks in adult myogenesis. Nat Rev Genet. 2003;4(7):497–507.

131. Fu J, Wang YK, Yang MT, et al. Mechanical regulation of cell function with geomet-
rically modulated elastomeric substrates. Nat Methods. 2010;7(9):733–736.

132. Han SJ, Bielawski KS, Ting LH, Rodriguez ML, Sniadecki NJ. Decoupling substrate
stiffness, spread area, and micropost density: a close spatial relationship between traction
forces and focal adhesions. Biophys J. 2012;103(4):640–648.

133. Nag AC, Foster JD. Myogenesis in adult mammalian skeletal-muscle in vitro. J Anat.
1981;132(Jan):1–18.

134. Yang YF, Creeer A, Jemiolo B, Trappe S. Time course of myogenic and metabolic
gene expression in response to acute exercise in human skeletal muscle. J Appl Physiol.
2005;98(5):1745–1752.

135. Goldspink DF, Easton J, Winterburn SK,Williams PE, Goldspink GE. The role of pas-
sive stretch and repetitive electrical-stimulation in preventing skeletal-muscle atrophy
while reprogramming gene-expression to improve fatigue resistance. J Cardiac Surg.
1991;6(1):218–224.

136. Goldspink DF, Cox VM, Smith SK, et al. Muscle growth in response to mechanical
stimuli. Am J Physiol Endocrinol Metab. 1995;268(2):E288–E297.

137. Vandenburgh HH, Hatfaludy S, Karlisch P, Shansky J. Skeletal-muscle growth is stim-
ulated by intermittent stretch-relaxation in tissue-culture. Am J Physiol. 1989;256(3):
C674–C682.

138. Collinsworth AM, Torgan CE, Nagda SN, Rajalingam RJ, Kraus WE, Truskey GA.
Orientation and length of mammalian skeletal myocytes in response to a unidirectional
stretch. Cell Tissue Res. 2000;302(2):243–251.

139. Vandenburgh HH, Swasdison S, Karlisch P. Computer-aided mechanogenesis of
skeletal-muscle organs from single cells-in vitro. FASEB J. 1991;5(13):2860–2867.

134 Kristina Haase et al.

Author's personal copy

http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0605
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0605
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0605
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0610
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0610
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0610
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0615
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0615
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0620
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0620
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0620
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0625
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0625
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0625
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0630
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0630
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0630
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0635
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0635
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0635
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0640
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0640
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0645
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0645
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0645
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0650
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0650
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0655
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0655
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0660
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0660
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0660
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0665
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0665
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0670
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0670
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0670
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0680
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0680
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0685
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0685
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0685
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0690
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0690
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0690
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0695
http://refhub.elsevier.com/B978-0-12-394624-9.00005-1/rf0695

	Mechanical Cues Direct Focal Adhesion Dynamics
	Introduction
	Form and Function of Focal Adhesions
	Influence of the ECM
	Integrins are integral
	Formation of focal adhesions
	Cytoskeletal interplay

	AFM as a Tool to Stimulate a Cellular Response
	Cytoskeletal strain directs focal adhesion formation
	Forces and substrate elasticity influence traction

	Future Directions
	Acknowledgments
	References


