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Stress fibers are actomyosin-based bundleswhose structural and contractile properties underlie numerous cellu-
lar processes including adhesion, motility and mechanosensing. Recent advances in high-resolution live-cell im-
aging and single-cell force measurement have dramatically sharpened our understanding of the assembly,
connectivity, and evolution of various specialized stress fiber subpopulations. This in turn has motivated interest
in understanding how individual stress fibers generate tension and support cellular structure and force genera-
tion. In this review, we discuss approaches for measuring the mechanical properties of single stress fibers. We
begin by discussing studies conducted in cell-free settings, including strategies based on isolation of intact stress
fibers and reconstitution of stress fiber-like structures from purified components. We then discuss measure-
ments obtained in living cells based both on inference of stress fiber properties fromwhole-cellmechanical mea-
surements (e.g., atomic forcemicroscopy) and on direct interrogation of single stress fibers (e.g., subcellular laser
nanosurgery).We conclude by reviewing variousmathematicalmodels of stressfiber function that havebeende-
veloped based on these experimental measurements. An important future challenge in this area will be the inte-
gration of these sophisticated biophysical measurements with the field's increasingly detailed molecular
understanding of stress fiber assembly, dynamics, and signal transduction. This article is part of a Special Issue
entitled: Mechanobiology.

© 2015 Elsevier B.V. All rights reserved.
The ability of a eukaryotic cell to adhere, spread, migrate and resist
deformation depends on the ability of the cell to generate force against
the surrounding extracellular matrix (ECM). These forces are not only
essential for structural regulation in individual cells but can also control
morphological changes in tissue during development [1]. Changes in the
magnitude and direction of these forces at either the cell or tissue length
scale can contribute to the development of diseases such as atheroscle-
rosis, osteoporosis and cancer. The cytoskeleton, an interconnected net-
work of filamentous proteins consisting of actin filaments (F-actin),
microtubules, intermediate filaments, and their associated molecular
motors and other accessory proteins, acts as a physical and biochemical
link between the cell and the ECM [2]. The cytoskeleton senses, gener-
ates andmediates coordinated forces tomaintain tensional homeostasis
and control normal cell and tissue function [3,4]. It has been shown to
contribute to cellular contractility and matrix reorganization in both
highly simplified two-dimensional culture paradigms as well as more
complex, three-dimensional microenvironments [5], reflecting the
need to study how cytoskeletal components generate, transmit and
withstand forces over time as a means of understanding how cells be-
have in vivo.
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Stress fibers represent an important component of the cytoskeleton.
Stressfibers are bundles of actin filamentswith alternating polarity held
together by various crosslinking proteins such as α-actinin and zyxin.
Often, but not always, stress fibers also contain non-muscle myosin II
(NMMII) bipolar filaments. Although stress fibers can resemble myofi-
brils in their composition, they exhibit a less organized structure; if sar-
comeres are present, they are not as regular as myofibrils and actin
filaments are not uniformly located along the fiber length [6]. Contrac-
tion of NMMII produces a force along the length of thefiber that is trans-
mitted through cellular adhesions to the ECM allowing the fibers to be
in isometric tension.

Stress fibers are physiologically important in processes that require
cellular contraction such aswoundhealing and exocrine gland secretion
[7]. For example, duringwound healing, tension borne by specific stress
fibers within fibroblasts can induce recruitment of α-smooth muscle
actin to these fibers, which in turn permits even greater generation of
tensile force [8,9]. This tension generation can activate latent Trans-
forming Growth Factor β1 (TGF β1) within the matrix, promoting
these fibroblasts to differentiate into myofibroblasts that drive tissue
compaction [10]. This increased stress fiber-driven contractility there-
fore initiates a positive feedback loop of increased tension generation
and myofibroblast differentiation that contributes to eventual wound
closure [11,12]. Epithelial cells that line the wound site also develop
actomyosin cables that contract to facilitate wound closure [13]. These
principles are not limited to wound healing; epithelial cells around exo-
crine glands also form stress fibers whose contraction promotes
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secretion. In the presence of oxytocin,myosin is activated, leading to in-
creased contraction around themammary gland and eventual secretion
of milk [14,15].

The growing appreciation of the physiological importance of stress
fibers has spurred significant interest in quantifying the mechanical
properties of stress fibers and the roles theymay play in supporting cel-
lular structure,motility and tissue processes. Thus, a rich variety of tools
have recently emerged to study the mechanical and structural proper-
ties of stress fibers and determine new physical models of how stress fi-
bers contract and contribute to the overall mechanics of the cell. In this
review, we will discuss both in vitro (cell-free) and in vivo (live-cell)
tools available to study the mechanical properties of stress fibers and
how these tools have been used to advance our understanding of stress
fiber biomechanics. Several excellent reviews have covered broad as-
pects of stress fiber structure and function [2,16,17]. Here, we will con-
centrate on current biomechanical models of stress fiber structure and
function and endwith a discussion of unanswered questions in the field.

1. Stress fiber composition

Stress fibers are generally defined as bundles of 10–30 thin fila-
ments, composed of F-actin crosslinked by actin-binding proteins such
as α-actinin, fascin and filamin. These thin filament bundles are fre-
quently but not always interleaved with thick filaments composed pri-
marily of NMMII motors, the key force-generating component in stress
B
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Fig. 1. Stress fiber structure and composition. (A) A gerbil fibroma cell is stained for myosin ligh
the stressfiber [30]. (B) Structured illuminationmicroscopyof thenanoscale organization ofmy
andmyosin IIA-mEGFP [31]. (C) Schematic showing how the interaction of myosinminifilamen
fiber subtypes indicated in a U2OShuman osteosarcoma cell stained for F-actin (green) and the
tural differences between the three stress fiber subtypes.
fibers (Fig. 1A). NMMII is a hexamer that consists of two essential light
chains (ELCs), two regulatory light chains (RLCs) and two heavy chains.
The heavy chains contain the headdomain,which is a globular structure
that can both directly engage F-actin and hydrolyze ATP to provide the
free energy required to power the contractile sliding of the thick fila-
ments against the thin filaments, thus creating tensionwithin the stress
fiber (Fig. 1B and C). Phosphorylation of the RLC facilitates this process
by allowing myosin to uncoil and assemble into linear thick filaments,
as well as enhancing its ATPase activity [18].

There are three NMMII isoforms in mammalian cells: NMMIIA, IIB
and IIC, with the isoform specified by the heavy chain. NMMIIA and
IIB are the predominant isoforms, and much effort has been devoted
to understanding their differential biophysical properties and contribu-
tions to cell mechanics and motility. Much less is known about the
in vivo function of NMMIIC, although it appears to play central roles in
specific physiological contexts. For instance, NMMIIC is critical for the
outgrowth of neuronal processes, can modulate neuronal cell adhesion
[19] and is important in the cytokinesis andmotility of cancer cells [20].

Within polarized cells, there is an overall differential distribution of
NMMIIA and IIB with an observable NMMIIA-rich state in the front
and an NMMIIB-rich state in the rear [21]. The differential localization
of NMMII isoforms is thought to correspond to distinctmechanical func-
tions: NMMIIB found at the cell rear promotes directional migration by
preventing protrusion formation and properly positioning the Golgi ap-
paratus, the nucleus and microtubules, whereas NMMIIA found at the
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cell front contributes to nascent adhesion formation [18,22,23]. The ap-
plication of new superresolution imaging methodologies has intro-
duced important complexities to this picture; two-color total internal
reflection fluorescence/structured-illumination microscopy imaging of
NMMIIA, IIB and IIC revealed that IIA and IIB as well as IIA and IIC co-
assemble to form heterotypic filaments within single stress fibers,
implying that the differences in regional localization may reflect a con-
tinuum of isoform-rich states [21]. In addition to their differential local-
ization, myosin isoforms also exhibit varying motor functions. NMMIIA
has a higher rate of ATP hydrolysis and can slide actin filaments more
rapidly than IIB. NMMIIB has a higher duty ratio and can stay bound
to actin longer, which has led to the notion that IIB may drive sustained
contraction [24]. Given the different force-generating properties of my-
osin isoforms, one might predict that stress fibers made up of different
compositions of myosin isoforms would exhibit different mechanical
properties and may have different biological functions within a cell.

Stress fiber contractility depends on the polarity of the actin fila-
ments. Since NMMII motors move towards the barbed ends of actin
filaments, successive actin filaments must have opposite polarity to
allow for NMMII sliding and subsequent contraction. Actin filaments
in stress fibers can exhibit different patterns of polarity — some
stress fibers exhibit the expected opposite polarity, others seem to
be randomly oriented, whereas stress fibers of motile cells have re-
gions of both uniformity and randomness [25]. An important open
question is how actomyosin networks with randomly oriented po-
larities that form at the leading edge evolve into more mature stress
fibers with sarcomeric orientations. Recent actomyosin reconstitu-
tion studies have offered an elegant solution to this problem. In an
actomyosin complex with mixed orientations, the sarcomeric re-
gions generate tension whereas the non-sarcomeric regions gener-
ate compression. These internal tensile and compressive forces
cause the regions with non-sarcomeric orientations to buckle and
sever, effectively selecting these regions out and enriching the sarco-
meric fraction [26]. The contractile ring formed during cytokinesis
represents an example of a structure that is not formally classified
as a stress fiber but has been successfully computationally modeled
by applying analogous concepts [27]. It is likely that similar ap-
proaches may be fruitful in dissecting the function of other actin
bundles, such as those found in filopodia [2,28] or retraction fibers
during cell division [29].

2. Stress fiber connectivity to the extracellular matrix and
force transmission

Stress fibers can directly couple to the cell–ECM interface through
focal adhesions, which contain a variety of actin binding proteins such
as zyxin and paxillin, or indirectly by inserting themselves into (i.e.,
branching from) other stress fibers. When the tension within stress fi-
bers is balanced by the mechanical resistance of the structure(s) to
which they are attached, stress fibers are under isometric tension.
Changes in isometric tension play a central role in sensing and adapting
to extracellular forces, and thus stress fibers may be regarded as meso-
scale mechanosensors [16,32]. For example, endothelial and vascular
smoothmuscle cells commonly respond to cyclic stretchby reorganizing
their stress fiber networks perpendicular to the axis of stretch [33]. The
strains induced by cyclic stretch can promote localization of specific pro-
teins to stressfibers to facilitate remodeling [34], and stressfiber rupture
can initiate a zyxin-mediated repair process [35]. Indeed, even strains
that are not sufficient to induce rupture may be sensed by sarcomeres
within stress fibers; when a specific region of a stress fiber is extension-
ally strained beyond a threshold, surrounding sarcomeres compensate
by contracting to preserve stress fiber length, after which zyxin and α-
actinin are recruited to the sites of high strain to form new sarcomeres
[36,37] . These findings suggest the presence of a tensional homeostasis
mechanism that is based on sarcomere communication and provide ev-
idence for the mechanosensitivity of stress fibers.
The formation and contractility of stress fibers are also associated
with stem cell differentiation, in that cells grown on micropatterned
islands offibronectin that promote increased stressfiber and focal adhe-
sion formation also exhibited increased osteoblastic differentiation [38].
More recently, Zemel and colleagues computationally investigated the
effect of stress fiber alignment and cellular shape in stem cell differenti-
ation [39]. This study revealed thatmaximal stress fiber polarization oc-
curs at an optimal ECM rigidity analogous to the optimal stiffness for
stem cell differentiation, suggesting that fiber orientation may play an
important intermediary role in convertingmatrix stiffness cues into dif-
ferentiation programs. These studies strongly hint at the importance of
stress fiber mechanosensing to cellular phenotype and illustrate the
power of microfabrication techniques for manipulating stress fiber
alignment and stem cell differentiation.

3. Classification of stress fibers

A widely-used classification scheme describes three different stress
fiber subtypes – transverse arcs, dorsal stress fibers, and ventral stress
fibers – based on their molecular composition, connectivity to focal ad-
hesions, assembly mechanisms and dynamics, and biological function
[40] (see Fig. 1D). As the name would suggest, transverse arcs are
curved stress fibers found parallel to the leading edge and are assem-
bled from shorter actin filaments that originate in the lamellipodium
[40]. Transverse arcs are contractile and do not attach to focal adhesions
at all. Dorsal stress fibers assemble in a myosin-independent fashion
from nascent F-actin bundles within the lamellar compartment of the
leading edge of the cell and are generally regarded as non-contractile
[41]. Dorsal stress fibers extend vertically upwards from their origin in
a focal adhesion, insert into transverse arcs, and thereby mechanically
link transverse arcs and focal adhesions at the front of the cell. Recent
evidence makes a compelling case that this organization allows trans-
verse arcs to distribute tension to the cell–ECM interface via their con-
nectivity to transverse arcs and flatten the lamellar region by “levering
down”dorsal stressfibers using focal adhesions as a fulcrum [31]. Dorsal
fibers may also act as a structural template to facilitate maturation of
integrin-based focal adhesions found at the leading edge [42,43].
While the molecular mechanism of assembly of these structures re-
mains incompletely understood, palladin was recently found to be spe-
cifically required for the assembly of dorsal stressfibers and essential for
the generation of a fully functional stress fiber network in both two di-
mensional and three dimensional matrices [44]. Ventral stress fibers,
the third category, are NMMII-rich and generate strong traction forces
at the cell base. These traction forces are particularly important for
detaching the trailing edge of the cell during directional migration,
and by extension for the establishment of front-to-rear polarity [45].
Ventral stress fibers are thought to assemble through the fusion of
transverse arcs and dorsal stress fibers or by fusion of two dorsal stress
fibers; consequently, they are attached to focal adhesions at both ends
and are optimally positioned to tense the ECM [40]. The radial architec-
ture and contractile activity of specific fiber subpopulations have been
implicated in driving cell-scale symmetry-breaking and establishment
of chirality [46].

4. In vitro micromanipulation

4.1. Studying single actin filaments and extracted stress fibers

There have been several notable efforts to measure mechanical
properties of stress fibers in cell-free preparations. Initial efforts focused
on the use of glass needles,microcantilevers, andmicroneedles to probe
reconstituted single actin filaments, with the notion of scaling up these
measurements to estimate properties of bundles [47–49]. While these
measurements have been highly instructive, stress fibers are bundles
of individual actin filaments reinforced by a variety of binding partners
and motor proteins, which makes it inherently challenging to infer the



3068 E. Kassianidou, S. Kumar / Biochimica et Biophysica Acta 1853 (2015) 3065–3074
mechanical properties of a bundle of crosslinked actin filaments from
those of a single actin filament.

Thus, more recently, strategies have been developed to extract and
mechanically manipulate intact stress fibers from living cells. For exam-
ple, Katoh and colleagues used low ionic strength solution and deter-
gent extractions to “de-roof” fibroblasts adherent to two-dimensional
substrates, leaving behind matrix adhesions and their associated stress
fibers [50] (Fig. 2). Notably, these isolated stress fibers retained their
contractility, with themagnitude of contractility dependent on the con-
centration of ATP, and produced length contractions of up to 20% [50].
The mechanical properties of isolated stress fibers were further investi-
gated by performing tensile tests with the use of microcantilevers [51].
The longitudinal elastic modulus of an isolated stress fiber increased
nonlinearly with strain (~1.45 MPa for smooth muscle cells and
300 kPa for endothelial cells assuming uniform structure and 0.05 μm2

cross sectional area). Additionally, the force required to stretch a single
stress fiber from its zero stress length to its original length was approx-
imately 10 nN, which is comparable with local traction forces of single
adhesion sites [52]. This suggests that stress fibers can bear substantial
stresses and could account for traction observed at the cell–matrix
interface.

4.2. Reconstitution of actomyosin cables

Another powerful approach used to study the mechanical organiza-
tion and function of stress fibers is in vitro reconstitution of minimal ac-
tomyosin structures. In principle, this approach combines the control
associated with the use of purified materials while capturing some of
the complexity that might be found in intact stress fibers. Actomyosin
reconstitution involves polymerization of F-actin in the presence of my-
osin thick filaments and subsequent measurement of contraction and
force generation. For over 60 years, this approach has been used to iden-
tify the minimal components necessary for reconstructing actomyosin
In vitro extraction of stress fibers

Fig. 2. In vitro tools used to study stress fiber mechanical properties. Left: In vitro extraction of
tion treatment and detachment from the substrate to obtain isolated stress fibers that can then
constitution. Schematic illustrating bundle assembly and contraction of in vitro reconstituted
isometric tension within the reconstituted fibers as illustrated in the images [57].
complexes and the influence of these components on contractility
[53–55]. Studies have concentrated on the effect of actin crosslinkers
such as fascin, filamin A and α-actinin on the mechanical properties of
an actomyosin network [56]. Until recently, mechanical studies on
reconstituted actomyosin networks were performed in a three dimen-
sional gelatinous state and not the highly organized and anisotropic
state characteristic of the cellular actomyosin network. In particular, a
major challenge in the field had been the assembly of actomyosin com-
plexes into two-dimensional bundles that could begin to mimic stress
fibers.

This need has motivated recent efforts to reconstitute actomyosin
bundles in vitro, with the goal of measuring the mechanical properties
of the assembled structures and understanding how specific molecular
components contribute to mechanics and function. In one strategy, to
promote assembly of actomyosin bundles, F-actin was attached on
neutravidin beads bound to a coverslip. Thick filaments of smoothmus-
cle myosin were subsequently added, allowing the myosin heads to
bind to F-actin, resulting in the formation of actomyosin bundles of
varying lengths (5 to 50 μm) (Fig. 2) [57,58]. At a low density of myosin,
smooth muscle myosin thick filaments stabilized actin filaments and
formed bundles with no measurable contraction. At a higher
density and with the addition of ATP, the presence of myosin filaments
was sufficient to elicit contraction and generate tension, even in the ab-
sence of actin crosslinkers or sarcomere formation [57]. More recently,
these bundles have been used to study the effects of the isoform compo-
sition of myosin filaments (nonmuscle vs. skeletal muscle vs. smooth
muscle) to contraction rates as well as the mechanism of self-
organization to sarcomere-like structures and its regulation by
myosin-mediated forces [59,60].

In addition to exploring how the mechanical properties of stress fi-
bers depend on theirmolecular composition, actomyosin reconstitution
can also be used to dissect the molecular mechanisms through which
focal adhesions associate with the actomyosin cytoskeleton [61].
In vitro actomyosin reconstitution
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actomyosin fibers [60]. Addition of ATP allows for myosin contraction which results in an



3069E. Kassianidou, S. Kumar / Biochimica et Biophysica Acta 1853 (2015) 3065–3074
Reconstitution of purified actin, myosin and vinculin on talin-
micropatterned surfaces led to new insight into how vinculin associates
with talin within a focal adhesion and the role of the cytoskeleton in re-
inforcing this association. Activation of vinculin by a stretched talin pro-
tein leads to a positive feedback loop that reinforces the actin-talin–
vinculin association, revealing a molecular switchmechanism that con-
trols the connection between adhesion complexes and the actomyosin
network [61]. Recently, actomyosin bundles were reconstituted in
lipid vesicles to investigate effects of spatial confinement on bundle as-
sembly and contractile function [62]. Remarkably, increasing the myo-
sin concentration facilitated the assembly of an equatorial actin ring
and then contracted the ring, reminiscent of constrictions formed at
the cleavage furrow during cytokinesis.

Reconstitution and extraction approaches have complementary
strengths and limitations. Actomyosin reconstitution provides a more
simplified and controlled system to study the contractility of stress fi-
bers than extraction of stress fibers from fixed cells. Simply by including
or excluding specific molecular components and controlling their rela-
tive stoichiometries, it is possible to identify functionally important
proteins and quantitatively dissect how these proteins contribute to
contractility. In contrast, isolated stress fibers are a complex multi-
component system made up of different proteins that can vary based
on the extraction method used, making it hard to identify how each
protein contributes to contractility in a quantitative manner. On the
other hand, isolated stress fibers retain key components found in cellu-
lar stress fibers and offer the opportunity to study how stimulation of
specific signaling systems influences contractility. For example, stressfi-
bers subjected to glycerol extraction have been reported to contract
both in the presence and absence of Ca2+ whereas fibers extracted
using Triton X-100 (presumably a different subset of fibers) only con-
tract in the presence of Ca2+[63–65]. Triton X-100 dissolves RhoA and
Rho-associated coiled-coil containing protein kinase (ROCK) leading to
isolated stress fibers that can only contract via the Myosin Light Chain
Kinase (MLCK) pathway. This provides direct evidence that stress fiber
contraction is dually regulated with two different modes of contraction
— a rapid, extensive contraction induced byMLCK and a slower contrac-
tion controlled by RhoA/ROCK [65].

5. In vivo macromanipulation

5.1. Whole-cell stretch experiments to explore cytoskeletal mechanics

Complementary to the above approaches, there has been much
interest and effort to understand the mechanics of stress fibers in their
cellular context, without having to remove or rebuild them. Initial
efforts to do this have sought to infer the properties of cytoskeletal
structures from measurements of whole-cell mechanics. Whole-cell
tensile and compression tests, including those involving stretched/re-
leased silicone culture substrates and micropipette-based stretching of
single cells, have been used to study how stress fibers bear and dissipate
externally applied loads [66,67]. Osteoblasts seeded on a stretched
silicone rubber were fixed 5 min after constant strain release with an
observable 20% pre-strain on each stress fiber [68]. Stress fibers of
human aortic endothelial cells seeded on an initially pre-stretched
silicone substrate buckled in a non-uniform manner with a calculated
pre-strain distribution of 15–26% when tension was released. The vari-
ability suggests the presence of heterogeneity in cytoskeletal tension
and stiffness within individual stress fibers [66]. The presence of buck-
ling was surprising since it suggested that stress fibers are not only
mechanically constrained at their ends via focal adhesions but may
also be constrained along the length of the fiber, potentially due to
smaller adhesions or other cytoskeletal constituents such as microtu-
bules. Nocodazole-induced disintegration of the microtubule network
decreased the buckling frequency, suggesting a possible coupling
between stress fibers and microtubules. A later study explored the
connection of microtubules with the surrounding elastic cytoskeleton
and provided evidence that the coupling of the two networks mechan-
ically reinforces microtubules, allowing them to withstand high com-
pressive forces and buckle at short wavelengths, without necessarily
requiring discrete adhesion points between the microtubule and sur-
rounding network [69]. Given the heterogeneity of sarcomere contrac-
tion observed within a single fiber [30] as well as the buckling
heterogeneity observed within the whole cell, it is challenging to inter-
pret from these studies how a single stress fiber contributes to the over-
all cellular tension, or whether the mechanical differences in different
fiber populations arise due to differences in fiber architecture or differ-
ences in myosin activation.
5.2. Tools to correlate cellular mechanical properties to stress fiber
mechanics

Perhaps most relevant to stress fiber function, several tools have
been developed over the past two decades to quantify traction force
generated by cells against the ECM. Coupled with molecular manipula-
tions, these techniques may be used to determine how specific compo-
nents contribute to traction force generation. For example, in traction
forcemicroscopy (TFM), traction stresses applied at the cell–ECM inter-
face are recovered by tracking the displacement of fiduciary markers
embedded within the underlying matrix. An important limitation of
most current TFM strategies is that, with few exceptions [70], they do
not incorporate intracellular structure, such that it is difficult to infer
how much traction forces measured at specific adhesion sites are
being transmitted to stress fibers, and what the molecular mechanism
of that force transmission may be [71].

Atomic force microscopy (AFM) is another single-cell technology
that has been used to mechanically interrogate living cells and to infer
mechanical properties of stress fibers and other cytoskeletal structures.
Because AFMdoes not require fixation andmay be performed in culture
medium, it is ideally suited to probe living cells under physiological con-
ditions. In AFM, a microscale cantilever spring may either be scanned
across a surface to obtain nanometer-resolution images or used to in-
dentmaterials at a fixed horizontal position to discernmechanical prop-
erties. In the latter modality, AFM indentation curves may be fit using
models of indentational elasticity (e.g., Hertz) to obtain a Young's mod-
ulus; repetition of this measurement at different locations along the
sample permits construction of elasticity maps. When combined with
fluorescence imaging of labeled intracellular structures, elasticity map-
ping can be used to determine the local elastic modulus of a variety of
superficial cellular structures, including stress fibers. For example,
AFMelasticitymapping and topographical imaging combinedwithfluo-
rescence imaging of the cytoskeleton showed that stress fibers colocal-
ize with regions of higher stiffness [72]. These approaches may also be
coupled with small-molecule inhibitors of cytoskeletal function to dis-
sect the contribution of specific networks to cellular elasticity [73]. In
one study, 3T3 and NRK fibroblasts were incubated with cytochalasin
or latrunculin, which potently inhibit actin polymerization. Subsequent
correlation of AFM elasticity mapswith fluorescence images of the actin
cytoskeleton revealed that these treatments both disaggregated stress
fibers and reduced cell rigidity, underscoring the important contribu-
tions of the actin cytoskeleton to cellular elastic properties. Even with
the use of highly specific cytoskeletal inhibitors, however, it is impossi-
ble to dissect the mechanical contributions of individual stress fibers
within a cell.

While the ability to correlate images and mechanical measure-
ments is an important advancement, it nevertheless still represents
an indirect probe of the elasticity of subcellular structures and re-
flects the collective contributions of other structural elements. More-
over, living cells violate key assumptions of the theories commonly
used to obtain Young's moduli from AFM stiffness measurements,
in that cells are neither homogeneous, nor isotropic, nor linearly
elastic, nor infinitely thick.
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5.3. Imaging and mechanically indenting individual stress fibers using
atomic force microscopy

More recently, AFM has been used to investigate the mechanical
properties of individual stress fibers within the cell providing an
even more direct assessment of the mechanical properties of a stress
fiber using a non-Hertzian approach [74,75]. AFM was used to per-
form nanoindentations in an 8 × 6 array on a region of the cell sur-
face that included a single stress fiber (Fig 3). Based on differences
in the AFM contact mode images, stress fiber localization was deter-
mined and its presence was correlated with elasticity measure-
ments. The authors demonstrated that for strains up to 12%, an
individual stress fiber had approximately linear stress–strain proper-
ties with a calculated transverse elastic modulus of approximately
12 kPa at both peripheral and central regions within the same stress
fiber [75]. The addition of calyculin-A, a drug that increases myosin
activation through inhibition of myosin light chain (MLC) phospha-
tase, led to heterogeneous changes in stiffness along the same stress
fiber. This highlights the critical role of myosin force generation in
determining the stress fiber mechanical stiffness as well as the dy-
namic and non-uniform contractile nature of stress fibers.

It should be noted that the elastic modulus of an individual
stress fiber reported by AFM was much smaller than the elastic
modulus of isolated stress fibers, with the difference potentially
arising from the differences in the experimental systems, the in-
trinsic anisotropy of the stress fiber, and/or the presence of other
cellular components that may physically interact with stress fibers
in the cell but are absent when the stress fiber is isolated. Addition-
ally, an important caveat with AFMmeasurements of stress fibers is
that AFM can only examine the exterior surface of a living cell, so
that deep structures cannot be indented without also indenting
the overlying superficial structures, which may then contribute to
measured elastic moduli.
6. In vivo micromanipulation: subcellular laser nanosurgery

Subcellular laser nanosurgery has emerged as a tool that allows one
to directly study the viscoelastic properties of individual stress fibers
within the cell interior. Subcellular laser microsurgery has been used
since the late 1970s to study themechanical properties of an individual
stress fiber directly. In 1979, Strahs and Berns used an attenuated
Nd:YAG laser microbeam to ablate a single stress fiber in non-muscle
cells [76]. The authors observed that after ablation, the fiber ends
retracted and repaired over time. Incubation of cells with cytochalasin
B prior to laser ablation led to increased retraction distances, possibly
due to disruption of fiber attachment points with the membrane, and
decreased repair of the fiber ends [77]. Themethod described could cre-
ate a break ranging from 0.25–2 μm in lengthwithout affecting cell mo-
tility, shape and matrix adhesion. Interestingly, these early studies
revealed that not all stress fibers retracted upon incision, suggesting
that different fibers bear different levels of tension and presumably
exert different contractile forces, presaging the now well-validated no-
tion that some stressfibers primarily play structural roles (e.g., dorsal fi-
bers) whereas others are highly contractile (e.g., ventral fibers) [78].

The precision of laser nanosurgery has advanced with improvements
in laser technology and optics. Building from the early work of Berns and
coworkers, intracellular nanosurgery systems have been developed in
which femtosecond laser pulses are focused by a high-numerical aperture
objective and confined to a very small focal volume, thus inducing multi-
photon absorption and plasma mediated ablation of biological material
within b300 nm [80–82]. This capability has been leveraged to sever indi-
vidual stress fiber bundles within the cell and follow the retraction over
time [83] (Fig. 3). For example, severing a stress fiber in a living endothe-
lial cell causes the fiber to retract in parallel with the axis of the fiber;
fitting the retraction kinetics with a Kelvin–Voigt model revealed that
the fiber behaves as a viscoelastic cable that has an elastic component
and a viscous dissipative element [83]. Subcellular laser nanosurgery
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can be combined with TFM to determine how single stress fibers distrib-
ute load across focal adhesions and throughout the cell. Studies with TFM
revealed that the tension released by a single stress fiber after ablation
contributed to ECM strain across the entire cell–ECM interface, with
higher strains found at focal adhesions near the ablated stress fiber [83].

In addition to its utility for probing themechanics of stressfibers, fem-
tosecond laser nanosurgery may also be used to investigate how tension
affects the localization and function of specific mechanosensory proteins
at the cell–ECM interface. For example, the focal adhesion protein zyxin
had been implicated as a mechanosensor based on its ability to localize
to stress fibers upon stretch or shear [84], yet the biophysical basis of
this connection had remained a mystery. To address this question, Lele
and co-authors combined laser nanosurgery with fluorescence recovery
after photobleaching (FRAP) to study how stress fiber tension influences
the binding kinetics of zyxin to associated focal adhesions. These studies
revealed that dissipation of tension significantly increased the off-rate
with which zyxin engaged focal adhesions, suggesting a mechanism
through which cell-scale forces could influence molecular-scale localiza-
tion [85,86].

Taking this approach one step further, laser nanosurgery has been
combined with molecular biosensors of tension to determine how
individual stress fibers contribute to tension across specific mecha-
nosensory proteins within focal adhesions. One study used laser
nanosurgery to sever stress fibers while simultaneously applying a
vinculin-based fluorescence resonance energy transfer (FRET) tension
sensor [87] to show that tension released from a single stress fiber in-
creased or decreased vinculin tension within a given focal adhesion in
a manner that depended on the directional alignment of that adhesion
with the incised stress fiber [88]. Combining laser nanosurgery with
other techniques has the potential to map cytoskeletal mechanics with-
in the cell and showdirect connections of tension transmission between
individualmolecules at the nanoscale, individual contractile elements in
the micron scale and traction forces exerted by whole cells.

Combining laser nanosurgery with pharmacological and genetic ma-
nipulation of signaling has enabled more precise determination of how
specific myosin activators contribute to tension generation. For example,
inhibition of the myosin activators ROCK and MLCK significantly altered
the rate and extent of stress fiber retraction, providing evidence that my-
osin motors contribute heavily to stress fiber elasticity [79,83]. This capa-
bility has been used to map elastic properties of stress fibers within the
cell and implicate specific myosin activators in controlling tension within
different cellular compartments [79]. Inhibition of ROCK and MLCK
abolished the retraction of central and peripheral stress fibers respective-
ly, and this is consistent with earlier findings [64,65]. Moreover, each
stress fiber population displayed different viscoelastic properties and
structural contributions, with incision of peripheral stress fibers produc-
ing more viscous retraction and leading to whole-cell contraction [79].

The ability to combine subcellular laser nanosurgery with other tech-
niques such as the ones described above makes it a very powerful tool
that allows one to probe not only the mechanical and force transducing
properties of stress fibers but also determine how stress fiber molecular
activation and architecture contribute to their contractility and mechani-
cal behavior.

7. Developing biomechanical models of stress fibers using subcellular
laser nanosurgery

Despite the importance of stress fibers in multiple biological
processes, the molecular mechanisms that contribute to tension in stress
fibers remain unclear. Part of the reason is that stress fibers in cultured
cells are often found under isometric tension (i.e., constant length) and
thus offer little opportunity to observe kinetic properties that may shed
light on the origins of tension. Because laser nanosurgical incision of stress
fibers releases this tension and provides access to retraction kinetics,
these measurements have greatly promoted efforts to develop biome-
chanical models of stress fiber contraction [83,85,89,90] .
While macroscale, continuum descriptions of stress fibers (e.g., Kel-
vin–Voigt) continue to be useful to broadly describe viscoelastic proper-
ties [79,83,88], there has been increasing interest in creating models
that incorporate various levels of microscale detail, including sarco-
meres. After laser ablation, the retraction of stress fibers of Swiss 3T3 fi-
broblasts was observed to be restricted to the proximity of the cut with
new adhesions forming at the retraction end over time. The presence of
focal adhesion markers along the fiber suggests that stress fibers are at-
tached to focal adhesions along their entire length and that after abla-
tion, zyxin is further recruited to those sites to form new adhesions
[85]. To mathematically model these data, one framework treated
each sarcomeric unit as a viscoelastic unit, taking into consideration
fiber internal viscosity and elasticity, with the addition of an elastic ele-
ment that symbolizes the fiber's longitudinal crosslinking to the ECM
via adhesions [85]. In this model, stress fibers undergo a viscoelastic re-
traction that scales inversely with external crosslinking and, as a result,
only sarcomeres close to the ablated site retractwhile others remain un-
affected, leading to a highly non-uniform contraction of sarcomeres.
More recently, thismodelwas analytically solved and itwasdetermined
that friction between the cytoplasm and the stress fiber is insignificant
and can be disregarded as a parameter that contributes to the viscoelas-
tic retraction observed [91].

In contrast, Stachowiak and co-authors developed a model with
no external crosslinks but high frictional coupling between the stress
fiber and the cytoplasm [90]. These substantial external drag forces
act on the recoiling fiber and slow it down over time, leading to
power-law fiber retraction kinetics with highly non-uniform con-
traction of individual sarcomeres. Sarcomeres close to the ablated
side retract faster than those further away due to the increased
drag force. Since there are no external crosslinks, all sarcomere-like
structures eventually collapse to a minimum size determined by
the overlapping distance of myosin and actin filaments. More recent-
ly, the authors explored the relationship between stress fiber recoil
after natural rupture (not induced by laser nanosurgery) and the
overlapping distance of myosin and actin filaments more deeply
[92]. Experimental data obtained by observing the natural rupture
rate of stress fibers (0.03 breaks/min per cell) further suggested the
absence of external crosslinks, supporting the model described
above [35]. In addition, a new model was proposed where after sev-
ering, actin overlap within sarcomeres is negligible, allowing all sar-
comeres to contract with minimal actin disassembly. As the
sarcomeres contract further, however, they reach a minimum con-
traction distance where the overlapping distance of myosin and
actin filaments builds stresses of around 3.3 pN per sarcomere. The
model suggests that the presence of this stress is enough to activate
a mechanosensing feedback loop that will increase actin disassem-
bly, causing actin filaments to shorten and the stress to be relieved
[92]. Both these models argue against external crosslinking and, as
a result, all sarcomeres eventually contract [90,92].

Unlike the high non-uniformity of sarcomeric contraction ob-
served in the two models discussed above, another study reported
a two-phase sarcomeric contraction after stress fiber ablation in en-
dothelial cells: an instantaneous initial decrease, followed by a linear
contraction of sarcomeres at constant speed [89]. Inhibition of myo-
sin with blebbistatin (a myosin ATPase inhibitor) after severing of
the fiber yielded no elastic recovery, in agreement with the results
obtained by Katoh et al., who showed that isolated stress fibers can-
not relax after contracting in a myosin dependent manner [50].
These observations would seemingly argue that stress fiber tension
generation cannot be fully accounted for by models that formulate
stress fibers as elastic elements in parallel with viscous elements
[79,83,85,88]. Based on these data, a model was proposed in which
stress fiber tension is determined only bymyosin contractility within
each individual sarcomere-like unit. Due to the near instantaneous
initial retraction, there is no external viscosity or crosslinking that
limits the rate of contraction after severing.



Table 1
Overview of stress fiber biomechanical models based on data obtained from subcellular laser nanosurgery.

Viscoelastic model [85] Progressive linear collapse model [89] Progressive inhomogeneous collapse model [90]

Stress fiber retraction Decreasing exponential Decreasing exponential Decreasing exponential
Sarcomere retraction Decreasing exponential Linear Time dependent 1/2 power law
Do all sarcomeres collapse? No — only ones close to

ablated side
Yes Yes

Viscosities considered Internal + external Internal Internal + external
External Crosslinking Yes No No
Tension generation Borne entirely due to myosin contractility Borne due to the elasticity of the fiber

and myosin contractility
Borne due to the elasticity of the fiber
and myosin contractility
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The disparate predictions of these models may reflect the fact that
they are built from data obtained from heterogeneous combinations of
cells, matrix formulations, and stress fiber populations (see Table 1).
This exemplifies a broader challenge in interpreting subcellular laser
nanosurgery data, as stress fibers vary dramatically in their length, con-
nectivity, and positionwithin the cell, making it challenging to reconcile
data obtained in living cells with idealizedmodels of single stress fibers.
Constraining stress fiber geometry with single-cell micropatterning
may represent a potential solution to this problem.

8. Conclusions

Advances in molecular biology, imaging and biochemistry have pro-
vided a rich diversity of tools and insights into the contractile mecha-
nisms of stress fibers. Each of these approaches has its complementary
strengths and limitations. Reconstitution of actomyosin bundles from
purified proteins provides a simplified in vitro system that allows one
to quantitatively study how specific proteins contribute to bundle as-
sembly and contractility. While this approach yields unmatched control
over molecular composition, it inevitably cannot capture all elements
that would be found in cellular stress fibers. In a similar way, stress fi-
bers extracted from cells are presumably structurally complete but
lack connections to the cytoplasm and other cytoskeletal networks
that may contribute in unforeseeable ways to the mechanics of the
structure. This in turn has motivated the development of strategies for
measuring stress fibermechanics in living cells, including AFM and sub-
cellular laser nanosurgery, both of which may be combined with ad-
vanced fluorescence methodologies to yield insight into the origins
and functional contributions of stress fiber tension.

Despite these important advances, a number of key questions and
challenges remain. First, how are the mechanical properties of whole
stress fibers related to their microscale, sarcomeric organization? The
spatial orientation of actin filaments across stress fiber subtypes as
well as within individual stress fibers varies between motile and non-
motile cells [93]. For example, as described earlier, within the same
stress fiber of a migrating cell, barbed ends of actin filaments present
at the ends of a stress fiber are directed towards focal adhesions where-
as the middle regions of the same stress fiber have a mixed actin fila-
ment orientation, suggesting that the middle region is highly
contractile [25]. Conversely, stressfibers of non-motile cells often exhib-
it a sarcomeric-like pattern throughout the length of the fiber. How do
these structural differences translate to force generation and how do
they affect the overall function of thefiber in cellmigration?Do geomet-
ric parameters such as stress fiber length and width play a role?

Another important question centers around the compartmentaliza-
tion of stress fiber populations within the cell, and how this compart-
mentalization is associated with differential regulatory control of
NMMII activation in peripheral and central stress fibers via MLCK and
ROCK respectively [79,65]. In addition to the studies discussed earlier,
inhibition of ROCK blocked myosin phosphorylation and formation of
focal adhesions at the center in gerbil fibroma cells whereas inhibition
of MLCK resulted in loss of myosin phosphorylation at the periphery
of the cell [94]. It is currently not clear how this compartmentalization
originates — are ROCK and MLCK found at different regions in the cell
or are ROCK and MLCK preferentially activated in different regions of
the cell? Evidence has begun to emerge to support the idea that ROCK
and MLCK preferentially promote phosphorylation of NMMIIA or IIB
[95]. Taken together with the differences in mechanochemical function
between the two myosin isoforms, findings such as these begin to ex-
plain regional differences in stress fiber contractility in different parts
of the cell. Clearly, muchmorework is required to determine the specif-
ic roles of NMMIIA and IIB and their differential regulation mechanism.

It is also unclear how site-specific phosphorylation of NMMII con-
tributes to force generation, and how this in turn contributes to overall
stress fiber contractile properties. As described earlier, each RLC has
multiple phosphorylation sites that control myosin activity, with phos-
phorylation of serine 19 activating themotor domain and phosphoryla-
tion of threonine 18 and serine 19 enhancing ATPase activity [96].
Mono-phosphorylation of RLC has been observed throughout the cell
whereas di-phosphorylation is found at the rear of the cell where
MLCK seems to preferentially activate myosin [97]. Do ROCK and
MLCK phosphorylate different sites on the RLC and how does the force
generated from a mono-phosphorylated myosin motor differ quantita-
tively from that of a di-phosphorylatedmyosinmotor? From current ev-
idence, it would seem that differential control of stress fibers via ROCK
and MLCK translates to differential mechanical properties of stress fi-
bers. It will be extremely interesting to examine in more detail the mo-
lecular mechanisms responsible for this preferential control and
determine functional contributions of each myosin activator to cell-
scale force-dependent properties such as cell–ECM tensional homeosta-
sis and cellular migration.

Finally, much remains to be learned about the differentialmechanics
and structural contributions of stress fibers in the context of migration.
As discussed earlier, our understanding of the assembly mechanisms
and evolution of stress fibers during migration has advanced dramati-
cally over the past decade due to the application of increasingly sophis-
ticated live-cell imaging technologies. It will be interesting to explore
further the molecular mechanisms that allow stress fibers to evolve
from one type to the next and investigate how their mechanical proper-
ties change over timeduringmigration. Superresolution imaging,which
has already proven fruitful for visualizing the organization of structural
and motor proteins within stress fibers [21], could be combined in cre-
ative ways with reconstituted actomyosin systems and subcellular laser
nanosurgery to provide answers.
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