Chapter 3
Emergent Behaviors in Cell Mechanics

Robert L. Steward Jr., Sonia R. Rosner, and Jeffrey J. Fredberg

Abstract Cells and therefore tissues ordinarily experience some form of
mechanical stimulation as they are often in mechanically diverse and dynamic
environments. As a result we have learned that cells have the astounding ability to
sense and respond to their environment. This seemingly innate behavior of cells has
intrigued many researchers in the field of cell mechanics for decades and compelled
efforts aimed at characterizing its behaviors and underlying mechanisms. While
many techniques exist, in the context of this chapter, novel techniques we have
developed and implemented will be examined as well as new emergent behaviors
we have discovered. The behaviors that will be discussed have relevance in various
areas of pathology and physiology including collective cell migration and cancer
metastasis.

3.1 Introduction

Professor Yoram Lanir has performed pioneering works in the field of biomechanics.
His efforts helped lay the groundwork for theoretical and experimental studies
aimed at elucidating the basic functions of cells, tissues, and organs and the
constitutive mechanical laws that govern them. More importantly, he has contributed
significantly to our understanding of how lessons learned from structures at the
cellular level influence physiologic and pathophysiologic function at the tissue level.
Complementing his work, here we present new methodologies in cell mechanics
developed by our group and describe the emergent cellular behaviors we have
discovered using those approaches.

Mechanics are part of our everyday life. For the father teaching his son to catch
a ball as for the commuter running to catch a train, cells cooperate to allow bones,
tissues, and other structures to exert and experience mechanical force. Throughout
their lifetime, cells and tissues experience mechanical stimulation, and depending
on the cell’s location and physiology such stimuli may be in the form of tension,
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compression, or shear, and may be static or cyclic (Garanich et al. 2007; Butcher
et al. 2004; Cheng et al. 2009; Richard et al. 2007; Owan et al. 1997). As a result,
cells have evolved the ability to sense and respond to their local microenvironment
(Kung 2005; Eastwood et al. 1998; Hu et al. 2004; Smith et al. 2003; Thompson
1961; Steward et al. 2009). Such behavior has intrigued scientists from the time of
D’ Arcy Thompson (Thompson 1961) and inspired efforts aimed at characterizing
these behaviors and their underlying mechanisms. While a plethora of approaches
exists (Cheng et al. 2009; Steward et al. 2009; Bao and Suresh 2003; Zhu et al.
2000; Chien 2007; Puig-De-Morales et al. 2001; Bellin et al. 2009), we will examine
techniques used to define the physical forces a cell exerts on its substrate and
upon neighboring cells, and the techniques used to characterize cellular material
properties.

3.2 Contractile Forces and Traction Microscopy

Since the pioneering work of Cyril Harris, cellular contractility has been of interest
to many groups (Harris 1988; Harris et al. 1980; Oliver et al. 1995, 1998, 1999;
Dembo and Wang 1999; Dembo et al. 1996). For the adherent cell in isolation, cellu-
lar contractility provides insights into the mechanism of force transmission between
the cell and its underlying substrate. Force transmission involves a feedback loop
in which integrins connected to the extracellular matrix (ECM) sense and transmit
mechanical information through focal adhesions, which contain proteins including
vinculin, talin, paxillin, tensin, and zyxin (Zhu et al. 2000; Ridley et al. 2003;
Wang et al. 1993; Yoshigi et al. 2005; Vogel and Sheetz 2006). Focal adhesions
transmit these mechanical signals to the cytoskeleton (Ridley et al. 2003; Yoshigi
et al. 2005; Revenu et al. 2004; DeMali et al. 2003; Cao et al. 1993). Drawing
from this information, the cytoskeleton adjusts its physical or chemical activity until
intracellular homeostasis is achieved (Ridley et al. 2003; Vogel and Sheetz 2006;
DeMali et al. 2003; Norman et al. 1998; Insall and Machesky 2009; Rodriguez et al.
2003). Force transmission and therefore contractility is known to differ between
cell types as well as between single cells and integrated monolayers of the same
cell type. Contractility is also important in numerous cellular processes including
migration, embryogenesis, morphogenesis, metastasis, and wound healing (Ridley
et al. 2003; Larsen et al. 2006; Poukkula et al. 2011; Tambe et al. 2011; Fried] et al.
2004; Rorth 2007, 2011; Inaki et al. 2012; Trepat and Fredberg 2011; Trepat et al.
2009). To measure contractile forces or tractions at the cellular level we use traction
force microscopy (Dembo and Wang 1999; Dembo et al. 1996; Trepat et al. 2007).

Dembo and Wang were the first to quantify the spatial distributions of the
tractions exerted by single cells (Dembo and Wang 1999). Tractions were obtained
by measuring displacement fields generated by a single cell adherent upon a
flexible, polyacrylamide gel. Embedded within that gel were fluorescent markers
located beneath the gel surface. Although the approach described by Dembo et al.
is computationally intensive, this method provides detailed maps of the traction
forces exerted by a single cell. An alternative to this approach consists of using
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microfabricated, elastomeric microposts (Maruthamuthu et al. 2011; Sniadecki and
Chen 2007). Using this method, the deflection caused by an adherent cell on
vertically aligned microposts can be directly measured and used to deduce tractions
(Maruthamuthu et al. 2011; Sniadecki and Chen 2007).

We extended the approach of Dembo by developing Fourier Transform Traction
Microscopy (FTTM) (Trepat et al. 2009; Butler et al. 2002). Compared with
Dembo’s method, FTTM is computationally efficient. Efficiency arises from its
mathematical foundation in Fourier analysis, and can be applied in either of two
subcases, constrained and unconstrained FTTM. In the former tractions are deduced
without prior specification of cellular boundaries, while in the latter tractions are
deduced including prespecified cellular boundaries.

Experimentation and implementation are as follows. A single cell is cultured
on a ligand-coated, flexible substrate and allowed to spread. Phase contrast images
of cells on top of the gel and fluorescent images of beads embedded within the
gel are obtained. In addition, another image is taken after the cells have been
detached from the gel, representing an unstressed traction-free state referred to as
the reference image (Butler et al. 2002). After image acquisition, post-processing
begins by initially compensating for artifactual translational shifts between the
two pairs of fluorescent images, which are ordinarily attributable to drift of the
microscope stage. A fast Fourier transform algorithm is then used to compute a two-
dimensional cross-correlation function between the two images. Cross-correlation is
used to generate a uniform local displacement from which one image is translated
with respect to another, yielding shift-corrected images. The shift-corrected images
are divided into smaller windows or pixel areas from which the correlation function
is once again used to calculate the local displacement between the reference window
and its corresponding window in the experimental image. The displacement,
which is calculated for each pixel within the image, produces a discretized gel
displacement field. One advantage of FTTM worth noting is its insensitivity to
explicit bead identification and bead density due to the utilization of the cross-
correlation approach. Alternatively, a potential disadvantage is that this method
provides an estimated displacement field while others provide a direct measurement
(Dembo and Wang 1999; Butler et al. 2002). The estimated displacement field
represents the “raw data” from which unconstrained and constrained tractions are
calculated; these tradeoffs were analyzed by the group of Gardel (Maruthamuthu
et al. 2011). The Boussinesq solution in Fourier space provides the direct solution
of the tractions as a function of the two-dimensional inverse Fourier transform
(Butler et al. 2002). This method yields unconstrained tractions as it does not impose
traction boundary conditions upon the solution, contrary to the Dembo approach
(Butler et al. 2002). Calculating constrained tractions is slightly more complex as
this presents a mixed boundary value problem, and is subject to serious potential
artifacts caused by improperly identifying the cell boundary. Computing constrained
tractions is an iterative process that requires the initial calculation of the traction
field as an unconstrained traction and calculation of new traction field by specifying
all tractions outside of a user-specified boundary to zero. We initially developed this
method for single cells and later expanded this to monolayers (Tambe et al. 2011;
Trepat et al. 2009), as shown in Fig. 3.1.
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Fig. 3.1 Tractions (in Pascals) generated by a single cell (a) and monolayer (b). Adapted from
Trepat et al. (2009) and Butler et al. (2002)
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3.3 Monolayer Stress Microscopy and Intercellular Stresses

Having introduced FTTM we now extend the discussion to a new technique we
recently developed, monolayer stress microscopy (MSM) (Tambe et al. 2011; Trepat
and Fredberg 2011). The traction forces that the individual cell exerts on its substrate
have been well established and useful in elucidating various cellular processes
(Oliver et al. 1995, 1998; Ridley et al. 2003). However, extending our analysis to
a monolayer of cells, we know that there are also intercellular forces and therefore
intercellular stresses between each cell that they exert on their nearest neighbors.
Newton’s Laws demand that the traction forces produced at the cell-substrate
interface across the monolayer be balanced by intercellular stresses between the
cells (Tambe et al. 2011; Trepat and Fredberg 2011). Therefore combining FTTM
with MSM we are now able to measure previously elusive intercellular stresses
within a monolayer. The intercellular stress within a monolayer is defined as the
local intercellular force per unit area of cell-cell contact (Tambe et al. 2011)
and is composed of two components: a normal stress defined as the stress acting
perpendicular to the local intercellular junction, and shear stress defined as the
stress acting parallel to the local intercellular junction (Fig. 3.2). By assuming
the monolayer to be a thin elastic sheet, a computationally less complex, yet
rigorous two-dimensional force balance can be done (Tambe et al. 2011). The
two-dimensional force balance from Newton’s laws yields the distribution of line
forces (force per unit length) everywhere within the monolayer, which are converted
to stresses (force per unit area) using the average monolayer height (Tambe
et al. 2011). This method is almost model-independent and is built upon the key
assumption that the monolayer be treated as a continuum in which all forces are in
balance.
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Fig. 3.2 Arrows depicting intercellular stresses at the cell junction (a) and intercellular stress maps
of migrating monolayers of RPMEC (b). Adapted from Tambe et al. (2011)

3.4 Optical Magnetic Twisting Cytometry and Cell
Material Properties

Optical magnetic twisting cytometry (OMTC) is used to measure cell material
properties including cell stiffness and has helped elucidate the physical mechanisms
of force transmission across the cell membrane (Wang et al. 1993). OMTC was
first introduced by Crick (Crick and Hughes 1950; Crick 1950), describing a novel
method that used phagocytosed small, magnetic particles to be manipulated by
three principal motions; twisting, dragging, or prodding. Other groups, including
our own (Hu et al. 2004; Puig-De-Morales et al. 2001; Maksym et al. 2000; Fabry
et al. 2001a), later improved upon this technique. While slightly more complex, the
basic operation remains similar to what was introduced some time ago. In general
an OMTC system contains the following components: high-voltage generator for
generating current in coils to magnetize magnetic particles, separate current sources
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Fig. 3.3 Top (a) and side (b) schematic of OMTC device. Image of magnetic beads on single cells
marked with bead-tracking program (c). Adapted from Fabry et al. (2001a)

and computer to manipulate and control the particles, and a microscope and camera
with complementary image acquisition software to observe and acquire images of
particle movement (Hu et al. 2004; Maksym et al. 2000). Cell preparation and
OMTC measurement protocols used by us as well as others begin by incubating
sparsely plated or confluent cells with ligand-coated ferromagnetic beads for a
period of 15-20 min in an incubator. In contrast with the Crick method, this brief
period allows beads to bind to integrin receptors on the cell surface, linking them
to the cytoskeleton through focal adhesions, instead of being phagocytosed (Wang
et al. 1993; Crick and Hughes 1950; Crick 1950). After incubation, beads are
initially magnetized with a strong magnetic field. Subsequently, a set of twisting
coils create a twisting field perpendicular to the initial magnetization and provide
a twisting torque at frequencies ranging from 0.5 Hz to frequencies ranging in
excess of 5 Hz, Fig. 3.3. During twisting, image acquisition occurs at a specific
temporal resolution synchronized with the twisting cycle. A bead-tracking program
is then used to compute the bead motion signal. This software is designed to
search for beads with specific size, contrast, and shape properties (Hu et al. 2004)
(Fig. 3.3). Once, identified, an intensity-based weighted center of mass of the bead
is performed in which the respective x and y coordinates of the bead center is
calculated, defining the bead motion signal. A Fourier transformation of the bead
motion signal (x~) and torque (7)) allow the calculation of the complex modulus
(G) (in dimensions of Pascals per nanometer), which can be related to the stiffness
(G), friction (G”), and hysteresivity () (3.1). Therefore OMTC can be a useful
tool in determining the effects of various agonist and antagonist on cell material
properties.

G=T/x~=G +jG"=G (1+jn), wherej=.—1 3.1
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3.5 Three Emergent Behaviors

Many cellular behaviors have been elegantly explained by detailed biochemical
mechanisms, while explanation from a physical perspective remains limited and
poorly understood (Richard et al. 2007; Cao et al. 1993; Norman et al. 1998; Huang
et al. 2004; Lauffenburger 2000; Zheng et al. 1995; Hall and Nobes 2000). This
lack of explanation of cellular phenomena from a physical perspective served as a
motivation for our group, as a complete physical and chemical explanation is needed
to better understand cellular behavior. Here, we present three emergent cellular
behaviors that raise exciting questions and controversies.

3.5.1 Fluidization/Reinforcement

Cells have the ability to sense and respond to mechanical forces. For example,
pulmonary vascular smooth muscle cells exhibit stretch-induced VEGF and FGF-2
expression (Quinn et al. 2001) and endothelial cells exhibit fluid shear stress-
induced polarization (Chien 2007). Stretch in particular is important in various
cellular processes including proliferation, differentiation, and gene expression
(Eastwood et al. 1998; Wang and Thampatty 2006). An important response to
stretch is reinforcement (Choquet et al. 1997; Matthews et al. 2006; von Wichert
et al. 2003). Reinforcement describes a phenomenon in which the cytoskeleton
increases stiffness and recruits actin stress fibers as stretch is experienced by the
cell, exhibiting an active strain-stiffening behavior along with associated structural
changes (Krishnan et al. 2009; Chen et al. 2010). Contrary to stretch-induced
reinforcement, earlier studies suggested the cytoskeleton fluidized in response to
stretch (Choquet et al. 1997; Matthews et al. 2006). These paradoxical findings
were baffling as no agreed-upon consensus existed on a simple question: How
does the cell respond to stretch? To address this paradox we developed a novel
system that allows us to stretch cells while simultaneously using OMTC (Trepat
et al. 2007). We used our system on multiple cell types including human airway
smooth muscle (HASM) cells, human lung fibroblasts, Madin—Darby canine kidney
epithelial (MDCK) cells, and human bronchial epithelial cells to (1) determine
if the cell fluidizes or resolidifies in response to stretch and (2) determine if
this response is shared among mammalian cell types of diverse mesenchymal
lineages. Following stretch, cell stiffness immediately decreased significantly and
then gradually returned to baseline over time, suggesting that in response to stretch,
cells initially fluidize and gradually resolidify (Trepat et al. 2007). Fluidization
in response to stretch was also observed to occur despite chemical perturbation,
but with slight change in magnitude and temporal scales (Trepat et al. 2007).
Contrary to fluidization, chemical perturbation revealed resolidification to be ATP-
dependent (Trepat et al. 2007). Our findings revealed that among mammalian
cells resolidification and fluidization are universal responses (Trepat et al. 2007).
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While fluidization remains relatively new within the field it raises many new and
exciting questions: What are the molecular components involved in fluidization and
resolidification? How do these two responses stay in balance? The latter is exactly
what we next sought out to answer.

Fluidization was further probed as a function of cell contractility using a
method we developed called Cell Mapping Rheometry (CMR) (Krishnan et al.
2009). CMR uses a novel punch-indentation system to induce biaxial or uniaxial
homogeneous deformations on cells cultured on a flexible substrate (Krishnan et al.
2009). The displacements of the substrate are calculated by tracking fluorescent
markers embedded within the substrate using FTTM. HASM cells were subjected
to biaxial and uniaxial stretch to probe whether fluidization was dependent on stretch
isotropy. In response to stretch, cells immediately decreased contractility followed
by a gradual recovery. This stretch-induced fluidization was independent of stress
isotropy and agreed quite well with results found previously using OMTC (Trepat
et al. 2007; Krishnan et al. 2009). However the question of whether fluidization
or resolidification dominated in a mechanical physiological loading condition
remained unanswered. To address this, we extended our system to induce non-
homogeneous stretch on cells by applying force at a localized area on the substrate
(Krishnan et al. 2009). Cells that underwent non-homogeneous stretch responded
by reinforcement, while cells experiencing homogenous stretch fluidized. Being
that we as well as others believe that homogenous stretch is more physiologically
relevant, we concluded that mammalian cells primarily fluidize in response to stretch
(Pirentis et al. 2011). While fluidization is believed to be a critical determinate of
cell response to mechanical stimulation we should not disregard the fact that in
certain physiological conditions reinforcement does prevail. This raises the question
of how, if at all, does the interplay between fluidization and reinforcement change
in response to other forces such as fluid shear, compression, or even a combination
of both? All of this has yet to be elucidated.

3.5.2 Plithotaxis

Shifting our attention from single cells to cell monolayers, we now focus on a recent
emergent phenomena describing collective cellular migration. Cellular migration
is an essential step for many physiological processes including morphogenesis,
wound healing, and regeneration (Ridley et al. 2003; Friedl et al. 2004). For
example, organs including the kidney, lung, breast, and salivary glands form through
branching morphogenesis that requires the coordinated collective migration of
mesenchymal and epithelial cells to form sprouting vessels and ducts (Rorth 2007;
Ewald et al. 2008; Vasilyev et al. 2009). Collective migration has also recently been
shown to be important in cancer, suggesting cellular migration to be ubiquitous
in not only physiology, but pathology as well (Friedl et al. 2004; Scotton et al.
2001). A suggested and widely accepted mechanism proposes this process to
be solely dependent on biochemical signaling (Ridley et al. 2003; Rorth 2007).



3 Emergent Behaviors in Cell Mechanics 49

For example the EGF receptor has been shown to guide oogenesis (Duchek and
Rorth 2001) and FGF has been shown to guide tracheal branching morphogenesis
of the Drosophila (Ribeiro et al. 2002). Other studies report cell migration to be
driven by internal biochemical mechanisms in which cells within a monolayer relay
their chemical state to each other through intercellular connections (Rorth 2007),
further illustrating a common theme whereby cells moving as a collective do so
by sensing and responding to endogenous and exogenous chemical cues. While
the role of biochemistry in cell migration is clearly evident, the role of physics is
less so. Cells within a monolayer are physically linked to their underlying substrate
through integrins and other transmembrane proteins including syndecans (Bellin
et al. 2009; Poukkula et al. 2011). These transmembrane proteins are linked to focal
adhesions, which are coupled to the cytoskeleton, but this is not the full story. In
addition to being physically linked to their underlying substrate, the cells themselves
are physically linked to each other through cell—cell junctions (Gomez et al. 2011;
Weber et al. 2012; Borghi et al. 2010). While the mechanics of cell-cell junctions
remain poorly understood, it is agreed upon that they sense and exert forces of
their own.

Liu et al. initially examined intercellular forces between a pair of geomet-
rically constrained cells and reported intercellular force magnitude to regulate
cell—cell contact size (Liu et al. 2010). We later expanded this finding to geomet-
rically constrained endothelial monolayers and determined intercellular forces to
be dependent on substrate stiffness and Rho kinase activity (Krishnan et al. 2011).
Complementary to our work the Gardel group later concluded intercellular forces
to be independent of cell size and morphology (Maruthamuthu et al. 2011). These
studies demonstrated that groups of cells exert intercellular forces at their cell—cell
junctions, opening the door for many more exciting questions to be answered. For
example: How do these forces differ for larger groups of cells (>1000) as would be
seen physiologically? What if any are the spatial and temporal fluctuations observed
by these forces? How, if at all, does this affect collective cellular migration?

To answer these questions we used traction microscopy and MSM to observe the
physical dynamics of migrating cell monolayers (Tambe et al. 2011). We cultured
monolayers of rat pulmonary microvascular endothelial cells and MDCK cells on
elastic gels and observed their migration. Using MSM we reported for the first
time high-resolution normal and shear intercellular stress maps, revealing stress
distributions that were extremely heterogeneous. Also the velocity vector of each
migrating cell was found to correlate with the maximum normal stress (or minimal
shear stress), implying that cells collectively migrating do so such as to minimize
shear stress on its junctions, a phenomenon we have termed plithotaxis (Tambe
et al. 2011; Trepat and Fredberg 2011). Plithotaxis represents the first physical
explanation of collective cellular migration. This mechanically guided behavior
was inhibited by calcium chelation and treatment of anti-cadherin antibodies in
MCFI10A breast cancer cells, suggesting cells must be physically linked to each
other in order to migrate via plithotaxis (Tambe et al. 2011). Whether plithotaxis
works cooperatively with other well-known cell guidance mechanisms such as
chemotaxis, mechanotaxis, and durotaxis or if plithotaxis exists in vivo remains
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unanswered. There is also the possibility that plithotaxis is integral in cellular
processes beyond collective cell migration where the boundary conditions of cells
are different.

3.5.3 Viewing the Cell as a Soft Glassy Material

Stretch-induced fluidization, reinforcement, and plithotaxis all imply an emerging
yet surprising concept of cells being comparable to a class of materials in physics
known as soft glassy materials (SGMs). SGM are quite ubiquitous in nature and
include colloidal suspensions, pastes, foams, and slurries (Sollich 1998; Sollich
et al. 1997). While materials classified as SGM may vary in chemical properties,
they share similar mechanical properties. All materials classified as SGM share
these three common mechanical characteristics: (1) they are soft (young’s mod-
ulus =<1 kPA), (2) their dynamics are “scale free,” and (3) the frictional stress
is proportional to the elastic stress with a constant of proportionality known as
the hysteresivity, n (where 7 is on the order of 0.1) (Sollich 1998; Sollich et al.
1997; Krishnan et al. 2008). In accordance, SGM also have the ability to selectively
phase transition between solid-like and liquid-like states (Sollich 1998). An initial
suggestion that cells are analogous to SGM was provided by Fabry (Fabry et al.
2001b) when OMTC was used to demonstrate that multiple cell types exhibited a
scaling law behavior that governed their elastic and frictional properties over a wide
range of temporal scales and biological conditions. Trepat later combined OMTC
with stretch on single cells, revealing the cell’s elastic and frictional properties to not
only exhibit a scaling law behavior, but to be scale-free as well (Trepat et al. 2007).
Complementary to our stretch studies, single cells subjected to osmotically induced
compressive stress were observed to become much more solid-like (Zhou et al.
2009). Cell material properties and their similarities to SGM have been documented
for single cells, but the question of whether this behavior remains true for groups of
cells such as monolayers needed to be investigated.

To address this we used FTTM and MSM to observe cooperativity of inter-
cellular stresses between cells within monolayers over relatively long distances
(10-15 cell diameters) (Tambe et al. 2011). Intercellular stress cooperativity was
observed to become enhanced over greater distances when comparing intercellular
stress transmission to increasing cell density over time (Tambe et al. 2011),
reflecting an increase in the dynamic heterogeneity of intercellular stress as cell
density increased. Complementary to cooperativity of intercellular forces, Angelini
(Angelini et al. 2011) recently reported cell migration velocity to decrease as cell
density increased, a behavior remarkably similar to a glassy system transitioning
from a liquid to solid phase (Krishnan et al. 2008).

This glassy-like behavior has led us as well as others to propose that cellular
migration be viewed in terms of a glassy system. It should be cautioned that while
these cellular systems have been observed to possess similar qualities of glassy
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systems, exhaustive studies still need to be done to prove beyond a doubt that these
living, complex systems are in fact comparable to the inert glassy systems we see
and use everyday.

3.6 Concluding Remarks

We have presented emergent behaviors on the cellular level that illustrate physical
mechanisms which dictate biological responses and have forced researchers to
rethink how they view the cell and its processes. We now know that mammalian cells
primarily fluidize in response to stretch and epithelial and endothelial monolayers
are mechanically guided as they collectively migrate through their environment.
Finally, the ability of cells to fluidize, reinforce, and migrate by plithotaxis are
all properties similar to SGMs. Supplementary to our findings is evidence linking
these phenomena to systems beyond our fields of research, including cancer and
morphogenesis. As there still exist many unknowns, these newly defined concepts
represent only the tip of the iceberg of the underlying physical phenomena that
influence cellular behavior.
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