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ABSTRACT Cells change their form and function by assembling actin stress fibers at their base and exerting traction forces on
their extracellular matrix (ECM) adhesions. Individual stress fibers are thought to be actively tensed by the action of actomyosin
motors and to function as elastic cables that structurally reinforce the basal portion of the cytoskeleton; however, these principles
have not been directly tested in living cells, and their significance for overall cell shape control is poorly understood. Here we
combine a laser nanoscissor, traction force microscopy, and fluorescence photobleaching methods to confirm that stress fibers in
living cells behave as viscoelastic cables that are tensed through the action of actomyosin motors, to quantify their retraction
kinetics in situ, and to explore their contribution to overall mechanical stability of the cell and interconnected ECM. These studies
reveal that viscoelastic recoil of individual stress fibers after laser severing is partially slowedby inhibition ofRho-associated kinase
and virtually abolished by direct inhibition of myosin light chain kinase. Importantly, cells cultured on stiff ECM substrates can
tolerate disruption of multiple stress fibers with negligible overall change in cell shape, whereas disruption of a single stress fiber in
cells anchored to compliant ECM substrates compromises the entire cellular force balance, induces cytoskeletal rearrangements,
and produces ECM retraction many microns away from the site of incision; this results in large-scale changes of cell shape (. 5%
elongation). In addition to revealing fundamental insight into the mechanical properties and cell shape contributions of individual
stress fibers andconfirming that theECM iseffectively aphysical extensionof the cell andcytoskeleton, the technologies described
here offer a novel approach to spatially map the cytoskeletal mechanics of living cells on the nanoscale.

INTRODUCTION

Cell shape control is important for regulating mammalian

cell growth, differentiation, motility, and apoptosis (1–3) as

well as for stem cell fate switching (4). Cells spread when

their transmembrane integrin receptors bind extracellular

matrix (ECM) proteins; integrins then cluster within focal

adhesions, thereby physically anchoring the ECM to the

internal actin cytoskeleton (5). Cell shape is modulated by

polymerization of actin microfilaments that associate with

myosin filaments, and by the resulting actomyosin-depen-

dent traction forces that cells exert on their focal adhesion

contacts with the ECM. This process results in assembly of

complex cytoskeletal structures composed of long, aligned,

actomyosin filament bundles, known as stress fibers, that

span between each pair of fixed focal adhesions at the cell

base. Because these structures are stiffer than the surround-

ing cytoplasm (6,7), they provide local shape stability in the

sense that their material properties enable them to resist

stresses on a short length scale. It remains unclear, however,

whether these nanometer-scale actin filament bundles at the

cell base contribute to shape stability at the level of the whole

cell that can be over a hundred micrometers in length and

many micrometers high.

A theoretical model of cell mechanics and recent exper-

imental studies suggest that the level of isometric tension

or ‘‘prestress’’ in the cytoskeleton may govern cell shape

stability (8–12). This model predicts that the stabilizing

cytoskeletal prestress is generated both actively by the cell’s

contractile apparatus through the action of motor proteins,

and passively by physical distension of the cell due to its

adhesions to a distended ECM, such that the cell, cytoskel-

eton, and ECM are effectively one prestressed, interconnected

structural network (8). Here, basal stress fibers contribute to

cell form control by generating tensional forces, transmitting

them to the remainder of the entire cytoskeleton and under-

lying ECM, and bringing these forces into balance. This

model, however, remains controversial (13–15), and a major

limitation in evaluating it is that it has not been possible to

analyze the load-bearing properties of individual stress fibers

in living cells.

Although it is clear that stress fibers in cells align and

deform in response to external tension fields that are sensed

by focal adhesions (16–18), all of the available quantitative

data on stress fiber mechanics comes from analysis of stress

fibers in vitro, when they are removed from the structural

context of the living cell (19,20). It is commonly assumed
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that stress fibers are actively tensed in cells because some

actin-binding proteins within the fibers assume a sarcomeric

distribution (21,22), and the fibers can be induced to contract

in membrane-permeabilized cells by addition of magnesium

and ATP (23). Large stress fibers also disassemble in living

cells in response to tension dissipation, caused either by

inhibiting actomyosin-based contractility or increasing ECM

compliance (24–28). However, the pharmacologic tools that

are commonly used to isolate contributions of the actin

cytoskeleton (e.g., cytochalasin, latrunculin) affect the entire

actin lattice that permeates the cytoplasm and underlies the

cortical membrane, and thus they do not permit selective

interrogation of individual stress fibers. As a result, little is

known about the mechanics of single stress fibers in situ,

how they contribute to prestress in the cytoskeleton or the

surrounding ECM, or their importance for overall shape

stability of the whole cell.

The way in which stress fibers bear and distribute loads in

their cellular environment has broad implications for models

of how cells stabilize their shape. Because actin filaments

assemble and disassemble rapidly in lamellipodia and other

cellular compartments (29–31), the entire actin cytoskeleton

is commonly regarded as highly labile, and cell shape changes

are often ascribed to sol-gel transitions driven by changes in

actin polymerization (32–34). Indeed, these rapid polymer-

ization dynamics have been invoked to argue that static

forces (i.e., tensile prestress) borne by actin-based structures

do not contribute significantly to cell shape stability (14).

On the other hand, adherent cells have been demonstrated

to change their shape from round to fully spread without

significantly altering either total microfilament or microtu-

bule mass (35,36). Thus, the relative contributions of actin

polymerization-depolymerization dynamics and tensile pre-

stress to cell shape stability remains controversial. Unfortu-

nately, progress in addressing this issue has been limited by a

lack of tools capable of disrupting actin structures in living

cells without depolymerizing substantial portions of the cy-

toskeleton.

To tackle these questions directly, we used a femtosecond

laser nanoscissor (37,38) to sever individual stress fiber bun-

dles in living cells, while simultaneously visualizing stress

fiber retraction, compensatory remodeling of the remaining

actin cytoskeleton, and global changes of cell shape. In

contrast to past forms of laser surgery used to disrupt actin

stress fibers (39,40), this laser uses shorter (femtosecond

rather than picosecond) pulses, and thus provides even finer

resolution. This newer system can ablate (vaporize) material

from regions of ,300 nm in diameter, with limited damage

to surrounding structures as detected by electron microscopy

(37) and without compromising cell viability (38). By com-

paring the observed retraction kinetics produced in response

to laser cutting to predictions of mechanical models, we

show that individual stress fiber bundles behave like visco-

elastic cables. Our studies also reveal that the retraction of

individual stress fibers retraction is partially slowed by

pharmacological inhibition of Rho-associated kinase (ROCK)

and completely eliminated by inhibition of myosin light chain

kinase (MLCK), thus demonstrating that the observed re-

traction behavior is due to the contractile action of unop-

posed myosin motors. In addition, traction force microscopy

using cells cultured on flexible ECM substrates demonstrates

that when a single stress fiber is severed, the traction is

primarily dissipated into the ECM along its main axis; how-

ever, significant traction forces are also released many mi-

crometers from the site of the incision. This reciprocal

relationship between single stress fiber tension and ECM

traction, and the relevance of this force balance for global

cytoskeletal shape stability, is confirmed by the finding that

large-scale changes in cell shape and cytoskeletal organiza-

tion are produced in cells cultured on compliant (soft) sub-

strates, but not on rigid ones, when tensed stress fibers are

severed. Taken together, these findings indicate that the ECM

is effectively a physical extension of the cell and cytoskel-

eton, and that the ability of basal actin stress fibers to bear

tensile loads is critical for the shape stability of the entire

living cell-cytoskeleton-ECM network.

MATERIALS AND METHODS

Cell culture

Bovine capillary endothelial cells (passage 10–15) were maintained at 37�C
in 10% CO2 on tissue culture dishes in a complete medium composed of

low-glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL)

supplemented with 10% fetal calf serum (Hyclone, Logan, UT), 10 mM

HEPES (JRH-Biosciences, Lenexa, KS), and glutamine (0.292 mg/ml)/

penicillin (100 U/ml)/streptomycin (100 g/ml) (Sigma, St. Louis, MO) as

previously described (1). For experiments, cells were transfected for 48 h

with an adenoviral vector encoding enhanced yellow fluorescent protein

(YFP)-tagged G-actin (41), trypsinized (Trypsin–EDTA, Gibco), harvested,

and seeded onto glass-bottomed 35 mm dishes (MatTek, Ashland, TX) in

complete medium. Before imaging, cells were transferred into a CO2-

independent medium (pH 7.3) containing: CaCl2 (1.26 mM), MgSO4 (0.81

mM), KCl (5.36 mM), KH2PO4 (0.44 mM), NaCl (137 mM), Na2HPO4

(0.34 mM), D-glucose (5.55 mM), L-glutamine (2 mM), sodium pyruvate

(1 mM), HEPES (20 mM) pH 7.4, 1% bovine serum albumin, 10% calf serum,

and MEM essential and nonessential amino acids (Sigma) (42). For ROCK

inhibition studies, cells were treated with Y27632 (Calbiochem, San Diego,

CA) for 1 h at 10 mM. For MLCK inhibition studies, cells were treated with

ML7 (Sigma) for 30 min at 67 mM.

Laser nanoscissor and photobleaching

For measurements of retraction kinetics of stress fibers, we used a previously

described custom-built laser nanoscissor system that ablates material at the

laser focus based on multiphoton absorption (37,38). Briefly, a passively

mode-locked oscillator delivers 100-fs laser pulses at a repetition rate of 80

MHz and a central wavelength of 790 nm. These pulses are amplified in a

chirped-pulse system to energies of up to 1 mJ at a reduced repetition rate of

1 kHz and then attenuated to energies known to produce subcellular material

ablation at sub-300 nm precision (1–2 nJ). The laser light is then focused

onto the intracellular target with a 633, 1.4-NA oil immersion objective lens

(Zeiss Plan-Apochromat, Thornwood, NY) that is also used for real-time

imaging. The sample is epi-illuminated with light from an ultraviolet lamp

that passes through the appropriate filter cube; fluorescence emission is

collected through the objective lens and recorded by a camera (Photometrics
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