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Mechanical Properties of Actin Stress Fibers in Living Cells

Lan Lu, Sara J. Oswald, Hai Ngu, and Frank C.-P. Yin

Department of Biomedical Engineering, Washington University in St. Louis, St. Louis, Missouri

ABSTRACT Actin stress fibers (SFs) play an important role in many cellular functions, including morphological stability,
adhesion, and motility. Because of their central role in force transmission, it is important to characterize the mechanical
properties of SFs. However, most of the existing studies focus on properties of whole cells or of actin filaments isolated outside
cells. In this study, we explored the mechanical properties of individual SFs in living endothelial cells by nanoindentation using
an atomic force microscope. Our results demonstrate the pivotal role of SF actomyosin contractile level on mechanical
properties. In the same SF, decreasing contractile level with 10 uM blebbistatin decreased stiffness, whereas increasing
contractile level with 2 nM calyculin A increased stiffness. Incrementally stretching and indenting SFs made it possible to
determine stiffness as a function of strain level and demonstrated that SFs have nearly linear stress-stain properties in the
baseline state but nonlinear properties at a lower contractile level. The stiffnesses of peripheral and central portions of the same
SF, which were nearly the same in the baseline state, became markedly different after contractile level was increased with
calyculin A. Because these results pertain to effects of interventions in the same SF in a living cell, they provide important new

understanding about cell mechanics.

INTRODUCTION

In nonmuscle cells, SFs are bundles of actin microfilaments
assembled by actin-myosin interactions and cross-linked in a
sarcomeric arrangement by a«-actinin, myosin light chain,
tropomyosin, and other proteins. Each end of a ventral SF is
connected to a focal adhesion by proteins such as zyxin,
vinculin, talin, and paxillin. This arrangement enables forces
at the basal surface, where the cell interacts with the sur-
rounding extracellular matrix (ECM), to be transmitted into
and out of the cytoskeleton of the cell. This force transmis-
sion is critical for many cellular functions, such as shape
stability, adhesion, wound healing, proliferation, apoptosis,
motility, and responses to mechanical stimuli. Because of the
central role of SFs in cell function, it is important to char-
acterize their mechanical properties.

The mechanical properties of any material are embodied in
the mathematical relationships among all the components of
stresses and strains. Obtaining these relationships requires
precise control and accurate measurements. In fact, a full
three-dimensional characterization is very difficult and has
not been achieved for any biological material. Even re-
stricting attention to the simpler two-dimensional situation
(1,2), this characterization is still extremely difficult to ach-
ieve in cells. Uniaxial test results, although mathematically
not generalizable, can provide useful information. Hence, a
first step toward characterizing mechanical properties of SFs
is to obtain the uniaxial relationship between stress and strain
in the axial direction. In some instances, stiffness (the ratio of
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stress to strain) is easier to measure than either stress or strain.
For example, we and others have previously described the
conditions under which transverse indentation can be used to
measure the in-plane stiffness of a material and thereby en-
able estimation of mechanical properties (1,3).

One essential aspect of mechanical properties is deter-
mining whether or not the stress-strain relationship is linear.
Linear materials have a constant stiffness that allows for easy
quantification and enables one to calculate stress from the
measured strain (or stiffness), or vice versa, as well as to
extrapolate to other conditions. In contrast, nonlinear prop-
erties are much more difficult to quantify. Moreover, because
stiffness is not constant, one cannot simply convert stress
from strain or stiffness without knowing the specific func-
tional form of the stress-strain relationship. Nearly all bio-
logical tissues have nonlinear stress-strain properties (2,4-6),
but it is not known whether this is true for SFs.

In addition to linearity, another aspect of mechanical
properties needs to be assessed. A recent study reported data
consistent with heterogeneity of mechanical properties along
the lengths of SFs (7). The spacing of the sarcomeric structures
in fibroblasts were measured using green-fluorescent-protein-
transfected a-actinin and a fluorescent-tagged myosin light
chain (MLC) antibody before and after increasing the acto-
myosin contractile level. The intervention caused the spacing
between a-actinin and myosin bands at the ends of the fibers
(near the focal adhesions) to be smaller and those near the
center of the SF to be larger than the homogeneous spacings
observed before contractility was increased. This heteroge-
neity is compatible with different contractile levels, size, or
material properties of the SF in the two regions. For example,
regional differences in mechanical properties could allow
the central region to stretch while the ends shorten. This
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interesting observation is a compelling rationale for direc-
tly ascertaining whether there are regional differences in
mechanical properties in a SF.

Indirect assessment of cytoskeletal properties in living
cells has been obtained using a variety of approaches, in-
cluding traction microscopy, magnetic twisting cytometry,
whole-cell perturbations, or atomic force microscope (AFM)
measurements covering large regions of cells (8—12). Trac-
tion microscopy enables estimation of the forces applied at
the focal-adhesion-ECM interface, but not direct assessment
of how much of the force is transmitted to the SF. This, plus
the difficulty in assessing strains in the SF, precludes use of
this method to assess the stress-strain properties of SFs.
Magnetic twisting cytometry enables estimation of the forces
within a region of the cytoskeleton. Since this region con-
tains many membranous, submembranous, and cytoplasmic
structures, however, distinguishing the properties of any parti-
cular constituent requires a mechanical model with its attendant
assumptions. Depending on the assumptions, model-derived
estimates have their own limitations and uncertainties. A
better method is to measure the mechanical properties as
directly as possible.

Direct assessments of mechanical properties of actin fila-
ments and SFs have been made mainly in vitro. One study
examined the response of single actin filaments attached to
glass microneedles subjected to 20 Hz sinusoidal perturba-
tions and reported a dynamic stiffness of ~44 pN/nm (13).
These measurements were made at only one state, however,
thereby providing incomplete information about linearity.
Recently, more complete data on the stress-strain relationships
of single actin filaments were obtained using microcantilevers
(14). This study found highly nonlinear relationships at low
strains and nearly linear responses at higher strains. Although
these data provide valuable insights into the properties of
single filaments, their relevance to the markedly different
conditions in living cells is questionable. Moreover, one
cannot necessarily infer the properties of a bundle of fibers
from those of single filaments. A recent study directly mea-
sured the mechanical properties of isolated SFs (15), but
again, the relevance to the intact cell is not clear.

AFM indentation offers the opportunity to examine SF
mechanical properties in living cells. For example, elasticity
maps were obtained under a variety of actin depolymeriza-
tion and disrupting drugs (16). The results demonstrate
general trends, but the properties of single SFs are difficult to
ascertain from such maps. Moreover, the elasticity values
were obtained under the severely constraining assumptions
of Hertzian contact mechanics, rendering the absolute values
of stiffness modulus questionable.

We have shown that when applied and interpreted cor-
rectly, AFM indentation allows reliable characterization of
SF properties (17). Hence, in this study, we use AFM in-
dentation to assess, for the first time, several important as-
pects of mechanical properties of the same SF in living cells.
The three major findings are 1), decreasing or increasing
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contractile level decreases or increases, respectively, SF
stiffness; 2), SFs have a nearly linear stress-strain relationship
in the baseline state, whereas they exhibit nonlinear proper-
ties when the contractile level is decreased; and 3), in the
baseline state, stiffness is nearly the same in the peripheral
versus the central regions of the same SF, but becomes het-
erogeneous after the contractile level is increased. These re-
sults highlight the critical role of actomyosin contractile level
in determining SF mechanical properties and should help us
further understand the mechanical role of SFs under a variety
of conditions.

MATERIALS AND METHODS
Cell culture

Human aortic endothelial cells from Lonza (Walkersville, MD) were cultured
in endothelial cell basal medium plus 2% fetal bovine serum and other
supplements (human epidermal growth factor, hydrocortisone, bovine brain
extract, and gentamicin sulfate). The cells were used at passages 9-15 and
grown in tissue-culture-treated polystyrene plates at 37°C in a humidified 5%
carbon dioxide atmosphere.

Liposome preparation

We sought to obtain, as a reference, the softest possible biological structures
that could be indented using AFM. Hence, we produced 2- to 5-um-diameter
unilamellar liposomes comprised of phosphatidylcholine/phosphatidyletha-
nolamine at a 10:1 ratio containing fluorescein-5-isothiocyanate-distilled
water according to a protocol modified from previous studies (18,19). At the
time of study, 10-30 ul of a solution containing the liposome was injected
into petri dishes that were pretreated for 5 min with 0.5 ml poly-L-lysine and
rinsed with distilled water. The liposomes, which could be easily visualized
under fluorescence microscopy, adhered sufficiently firmly to be indented
with the AFM.

Indentation using atomic force microscopy

A Bioscope AFM (Veeco, Santa Barbara, CA) mounted on a Zeiss Axiovert
100 inverted microscope was used for both cell imaging and indentation. A
silicon-nitride chip with an integrated cantilever (Veeco) was mounted on the
fluid holder of the AFM scanner. A 220-um-long, V-shaped cantilever with a
pyramidal tip that has a hemispherical cap~40 nm in diameter was usually
selected for cell indentation. The semiangle of the pyramid is 32.5° (as
measured separately by scanning electron microscopy). The probe was os-
cillated in air and its resonant frequency was determined from the dominant
peak in the deflection amplitude spectrum. This frequency was used to cal-
culate the cantilever spring constant, which was nominally 0.035 = 0.002
N/m. Photodetector sensitivity was also determined from piezo position-
deflection response on a clean glass dish filled with distilled water at a
probing rate of 1 Hz. Preliminary studies revealed that indentation fre-
quencies from 0.5 to 2 Hz did not produce discernibly different responses
(results not shown). Hence, all indentations were performed at a frequency of
1 Hz. To minimize vibration, all the equipment was suspended on a platform
above the counter during the experiments. To minimize the drift of the
cantilever head, after turning on the instrument, we always waited at least an
hour before beginning a study, since previous experience indicated that the
largest amount of drift occurs in the first hour after the piezoelectric crystal
driving the cantilever is energized. To avoid complications from neighboring
interactions, we examined only cells or liposomes that were not in contact
with any neighboring structures.
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Using light or fluorescence microscopy, we identified a liposome or well-
spread cell and positioned it under the AFM cantilever tip. For liposomes, we
simply imposed an indentation and retraction at a rate of 1 Hz in several
different regions of several different-sized liposomes. For cells, we first used
contact mode at a scan rate of 1 Hz to obtain a 256 X 256-pixel deflection
image of a small region of the cell between the peripheral margin and the
nucleus. From this image, we identified the coordinates near a suitable SF
and imposed an array of indentations covering a small region of the SF. The
size and position of the array relative to the SF were chosen according to
the following considerations. To ensure that an indentation was imposed on
the SF despite possible horizontal drift of the AFM head between the times of
imaging and indentation, each row of the array contained six or eight equally
spaced indentations 300 nm apart. We chose this spacing because the contact
area at an indentation depth of 200 nm is a square with an area of ~200 X
200 nm?. Hence, indentations needed to be spaced at least this distance apart
to ensure that the same portion of the target was not being interrogated by
adjacent indentations. To be sure that one of the indentations probed the SF,
we began and ended the row in a cytosolic region clearly off of the SF, i.e., we
straddled the SF with the row of indentations and visually ascertained that only
one SF was within the indentations. Because of possible vertical drift of the tip
we could not ensure that a row of indentations would repeatedly probe the
same axial location on the SF. Thus, rather than attempting to ascribe prop-
erties to a precise axial location, we chose to obtain the average properties
over a small local region of the SF by imposing six to eight rows of inden-
tations with each row spaced 600 nm apart. AFM force curves (i.e., deflection
versus z-piezo position) were collected from each indentation and analyzed
as described below. Fig. 1 a shows a representative example of an image
of a SF. Superimposed on the image are the locations of the 8 X 6 array of
indentations.

Modulating actomyosin contractile level

Blebbistatin is a selective inhibitor of actomyosin interactions that has a high
affinity for myosin II but does not perturb MLC kinase (20,21). Conversely,
calyculin A, a serine/threonine phosphatase inhibitor, blocks dephospho-
rylation of MLC, and therefore elevates the level of phosphorylated MLC,
resulting in enhanced contractile level (7,22-24). Hence, we used 10 uM
blebbistatin or 2 nM calyculin A to decrease or increase SF contractile levels,
respectively. We previously verified that these concentrations changed actin-
dependent cellular responses without altering cell morphology (25). For
these studies, adherent human aortic endothelial cells were removed from the
culture dishes with trypsin (0.05%)/EDTA (0.02%) and transferred into a 60-
mm culture dish at a low density (~800 cells/cm?) and incubated for 24 h.
The dish was then placed on the microscope stage under the AFM head. After
identifying a suitable SF, we performed an array of indentations, as described
above, over a central region of the SF as well as in a nearby cytosolic region
devoid of SFs. Then, 1 ml of medium was carefully aspirated and replaced
with the same volume of medium containing sufficient drug to achieve the
desired final concentration. Using the original coordinates of the indentation
array, we then imposed indentations in the same regions of the cell every 15
min for a total of 60 min for blebbistatin-treated cells and every 5 min for a total
of 20 min for calyculin-A-treated cells. To serve as time controls, indentations
of SFs and cytosol of untreated cells were imposed at 15-min intervals for a
total of 60 min.

Assessing linearity

We have previously shown that the stress-strain relationships of passive
cardiac muscle are highly nonlinear but become more linear upon activation
as contractility is increased (26). Based on this observation, we examined the
linearity of the SF stress-strain relationship during actomyosin contractile
interactions at the baseline level, as well as those at a decreased contractile
level. As discussed earlier, assessing linearity requires measuring stiffness at
more than one strain level. Hence, to alter the SF strains, we used a custom-
made hydraulic stretching apparatus (Fig. 2) positioned under the AFM head.
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Briefly, two independent, computer-controlled stepper motors are each
connected to a master cylinder that is connected by stiff tubing filled with
mineral oil to pistons that move a pair of orthogonally arranged carriages in
opposite directions. The four edges of a square, prepunched deformable
membrane are attached to corresponding pins on each of the carriages.
Activating the stepper motors then produces in-plane biaxial stretch of the
membrane. The central 15 X 15-mm? region of a 40 X 40-mm? square sil-
icone membrane (Specialty Manufacturing, Saginaw, MI) is coated with 1 ml
of a solution of phosphate-buffered saline consisting of 10 wg/ml fibronectin
(Chemicon International, Temecula, CA), incubated for 1 h at 37°C, and then
washed three times with phosphate-buffered saline. Cells are plated on the
membrane at low density (~800 cells/cm?) and incubated for 24 h at 37°C to
allow firm attachment. Anti-fibronectin-coated beads (8 wm in diameter) are
seeded sparsely on the membrane and allowed to attach for 3 h. Then the
membrane is mounted onto the carriages of the stretching apparatus, which is
placed on the stage of the AFM and filled with fresh CO,-independent me-
dium at room temperature for study. We examined cells with at least three
beads in their proximity. After imaging the beads, we obtained a 40 X 40-
wm? contact mode image of a region on the cell and then imposed an array
of indentations on a single SF, as described above. For this portion of the
study, we only examined SFs in the region of the cell midway between
the periphery and the nucleus. After obtaining the baseline data, we stretched
the membrane incrementally and equibiaxially in three small steps. Note that
equibiaxial stretch minimizes translation and rotation of the cellular struc-
tures, and the small stretches keep the same cellular region in the field of
view. After each stretch, the imaging and indentation procedure was repeated
with the indentation array positioned as closely as possible to the same re-
gions of the SF based on neighboring distinct landmarks. For each increment
of stretch, the time from completion of imaging to completion of indentation
was typically 5—10 min. Another group of cells was prepared and examined
in a manner identical to that described above, except that these studies were
done with medium containing 10 M blebbistatin.

From the images of the beads after each incremental stretch, the dis-
placement relative to the unstretched state is measured to enable calculation
of the two-dimensional x- and y-strains of the membrane near the targeted
cells using a custom-developed program in MATLAB (The MathWorks,
Natick, MA). The local strain along the axis of the SF is then obtained by
accounting for its orientation, as measured from the AFM scanning image.
Each increment of SF strain was in the range of 2-3%.

Assessing heterogeneity

We compared the stiffness in two regions of the same SF before and after
increasing contractile level. First, we obtained a large, e.g., 50 X 50 ,um,z
contact mode image of a cell cultured on a plastic petri dish to identify a large,
suitable SF. We then selected two small regions on such a SF to examine: a
peripheral region within 20 wm of one end and a central region >45 um from
the end. After imposing an 8 X 6 array of indentations in the baseline state, the
medium was changed to contain 2 nM calyculin A. Another image of the cell
was obtained after 15 min, and using landmarks as a guide, indentations in
the same two regions of the SF were imposed.

Data analysis

From each AFM deflection curve, the contact point was first identified using
our previously developed algorithm (27). Based on that contact point, the
deflection curve was converted to a force-indentation curve from which we
calculated the apparent point-by-point modulus (Ep) as a function of in-
dentation depth (28). The tip of the cantilever we used is not a perfect pyr-
amid, but has a hemispherical cap at its vertex (Fig. 3 a), a model of which is
shown in Fig. 3 b. Consequently, depending on the indentation depth, two
different formulas were used to calculate E,pp, (29). If the indentation depth is
only in the spherical region, the modulus is calculated using Eq. 1; otherwise,
Eq. 2 is applied to account for the pyramidal shape:
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b FIGURE 1 (a) Contact-mode AFM
deflection images (6 X 6 um?®) of a
subregion of a living cell cultured on a
petri dish. Asterisks mark the locations
of individual indentations in an 8 X 6
array. (B) Pointwise modulus versus
indentation depth responses for the re-

ki ki 40. o = gions demarcated in a. The circled re-
0 o = o % » sponses are those characteristic of and
’ F ~ .
© e o e % ol corresponding to the large stress fibers
& 40 40 40 40 40, 40 shown in a.
e 20 20 20 20 20 20
g 0 M At} Qs ettt (| Sar—
L 0 o 0 0 200 0 0
40, 40, 0 40 40 40
20 20 20 20 20. 20
- RO
0 \Pmenenamn () Mpr—— ]  a— | PE— 0
0 200 0 200 0
40 40 40 40 40 40,
20 20 20 20 20 20
.
e () Ow 0% 0 Q. ¥
0 200 0 0 200 0 200 0 200
40 40 40 0 0 40
2 20 0 20 2 ™,
O M 0 o 0™ - 0
0 0 200 0 0 o 200 0 2m
40 40 40 40 40
20 20* 20 20* 20
1 3 g
0 200 0 200 0 0 200

3F(1 —0°
app — # a<b, H
4h*\/R
F(1 -7
Eyp = Ny a=b, 2

where F is indentation force, v is Poisson’s ratio, and
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where b = Rcos(6) and a is a function of A, which is calculated from

“)

Performing this calculation for each indentation depth makes it possible
to plot the stiffness (modulus) as a function of indentation depth (i.e., a
stiffness curve).

To help guide our data analysis, we performed some preliminary studies.
In addition to data from 16 individual indentations on liposomes, we also
treated a separate group of cells with 5 uM cytochalasin B for 1 h and ob-
tained measurements from 12 arrays of indentations. In another group of
cells, we obtained data from 18 arrays of indentations over SFs, as well as in
regions of the cytosol devoid of SFs. The representative results shown in
Fig. 4 a demonstrate two distinct types of stiffness curve. For liposomes, cells
after cytochalasin treatment, and the cytosolic regions of cells—ignoring the
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FIGURE 2 Image of the hydraulic cell stretcher showing the stepper
motors connected to the driving pistons (upper), which are connected, in
turn, to a second set of pistons that move the two orthogonally positioned
arms (lower) that stretch the deformable membrane. The latter is positioned

under the AFM head during the study, enabling nearly simultaneous
stretching and AFM indentation of living cells.

noise in the first 50 nm of indentation, which is due to initial contact between
the tip and sample, the stiffness was low and essentially independent of in-
dentation depth. In contrast, for a SF, the stiffness began low and increased
with depth until it reached a plateau. For clarity, the responses for cytosol and
a SF are shown separately in Fig. 4, b and c. According to our previous
numerical simulation study (28), the former response is characteristic of a
uniform, linear soft material and the latter response is that of a linear, stiff
material underneath a linear, softer material. Therefore, the stiffness of a SF
was taken to be the averaged values in the plateau region only (~180-300
nm), as shown in Fig. 4 ¢. For consistency, the stiffnesses of liposomes,
treated cells, and cytosolic regions were computed similarly over the same
range of indentations, as shown in Fig. 4 b.

Fig. 1 b illustrates the stiffness curves obtained for the array of indenta-
tions shown in Fig. 1 a. As intended, among the responses for each row of
indentations, the ones at either end clearly represent those for cytosol.
Among the remaining responses, there is one or more that is characteristic of
a SF, with others showing mixed responses. Within each row, the largest
averaged stiffness for all curves characteristic of SFs (circled response) is
deemed to represent the stiffness of the SF at that axial location. Since the
variation of the stiffnesses from different rows in the array was very small, we
averaged the maximal value from each row to represent the stiffness of this
region of the SF. In a similar way, we used the average values for the array of
indentations to represent the stiffnesses of the other groups.

For the preliminary studies, the average stiffnesses for the liposomes,
cytochalasin-treated cells, and cytosolic regions were 0.6, 1.2, and 2.0 kPa,
respectively. The average value for these SFs was 11.3 kPa.
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FIGURE 3 Scanning electron micrograph of a typical AFM tip (@) and the
corresponding model of a pyramid with an integrated hemispherical tip
indenting an elastic half space (b). Within this panel, R is the radius of the
spherical cap, a is the half-side length of the square contact area, b is the
radius of the hemispherical tip where it merges smoothly into the pyramid, 6
is the semiincluded angle of the pyramid, /#* is the transition depth, F is the
indentation force, and / is the indentation depth.

Statistical analysis

Student’s r-test was used to compare two groups, and standard analysis of
variance methods were used for the comparison of multiple groups. P < 0.05
was inferred as significantly different.

RESULTS
Modulating contractile level

Fig. 5 a shows the time course of the effect of blebbistatin on
the stiffnesses of 16 SFs and adjacent cytosolic regions in six
cells, as well as SFs and cytosol in untreated cells. In the
untreated cells, there was no significant change with time in
either SF or cytosolic values. In the treated cells, SF stiffness
gradually decreased for the first 30 min and then remained
steady for the next 30 min. The 28% decrease in stiffness
from the baseline value of ~12 kPa to the steady-state value
of ~8 kPa at 60 min was highly significant. In contrast, there
was no discernible effect on the stiffnesses of cytosolic re-
gions and no difference between cytosolic stiffnesses of
treated or untreated cells. Fig. 5 b shows the SF stiffnesses as
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FIGURE 4 (a) Example of pointwise elastic modulus versus indentation
depth responses obtained from liposomes, cytochalasin-treated cells, stress
fiber, and cytosolic regions. (b) Response of a cytosolic region. (¢) Response
of a stress fiber.

a function of time after exposure to 2 nM calyculin A for 13
SFs and corresponding cytosol from five cells. SF stiffness
progressively increased from a starting value of 13.7 kPa
to a peak value of 19.1 kPa (P < 0.05) after 15 min, and
then declined gradually afterward. There was no discernible
change in the cytosol. These results demonstrate a direct
dependence of SF stiffness on contractile level.

Assessing linearity

We examined 20 SFs from seven untreated cells and 13 SFs
from five blebbistatin-treated cells. Fig. 6 shows represen-
tative deflection images of the same cell at four different
strain levels. The small rectangles denote the regions on two
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FIGURE 5 (a) Averaged stiffness of stress fibers and cytoplasm as a

function of time in untreated cells and cells treated with 10 uM blebbistatin
(Blebb). The number symbols (#) denote significant differences between
untreated and treated stress fibers. However, there were no differences in
stiffness between the untreated and treated cytoplasm. (b) Averaged stiffness
of stress fibers and cytosol as a function of time in cells treated with 2 nM
calyculin A. Asterisks denote significant differences from the value at time
0. Error bars represent standard deviations.

different SFs where indentations were imposed and demon-
strate that our methodology enables us to reliably probe
nearly the same region of the same SF as it is being stretched.
Fig. 7, a and b, shows the SF stiffness values for each in-
crement of strain for both untreated and treated cells, re-
spectively. The stiffness of the SFs in untreated cells is
essentially independent of strain. In contrast, with few ex-
ceptions, the stiffness of SFs in the blebbistatin-treated cells
increased progressively with increasing strain. The different
responses are highlighted by plotting normalized stiffness
(with respect to stiffness at zero strain) as well as the linear
regressions of stiffness as a function of strain for both un-
treated and treated cells (Fig. 7 ¢). A strain-dependent stift-
ness is indicative of a nonlinear material response. These
results demonstrate that the axial stress-strain relationship of
SFs in untreated cells is linear and becomes slightly nonlinear
when SF contractile level is decreased.

Assessing heterogeneity

Fig. 8 a shows a representative AFM deflection image of
several long, thick SFs in a well-spread cell; the rectangles
demarcate the peripheral and central regions of the SF where
indentations were imposed. Fig. 8 b shows the averaged re-
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Strain = 0.05

Strain = 0.08

FIGURE 6 AFM contact-mode deflection images 40 X 40 um? of the
same region of a representative cell at the four different strain levels noted.
The rectangles show the locations of indentations of two stress fibers for
each strain increment.

sults of 18 SFs from seven cells. Before treatment with ca-
lyculin A, the average peripheral SF stiffness of 11.7 kPa
barely differed from the average central stiffness of 9.7 kPa
(P = 0.02). After exposure to calyculin A for 15 min, how-
ever, the stiffness of the peripheral regions increased signif-
icantly (P < 0.001) to 15.7 kPa, whereas stiffness in the
central regions remained essentially unchanged at 10.3 kPa.
This resulted in a highly significant (P < 0.0001) difference
between the peripheral and central regions. These results
indicate that the mechanical properties of SFs became much
more heterogeneous after actomyosin contractile level was
increased.

DISCUSSION

Before discussing the implications of our results, there are
some issues that deserve attention.

Deflection versus indentation

The thick SFs we examined, whose ends terminate in focal
adhesions, are undoubtedly what are called ventral stress fi-
bers located on the lowermost region of the cell closest to the
substrate. If they were simply supported only at the focal
adhesions and not resting on the substrate or supported by
other structures, they could be deflected instead of being
indented by the AFM tip. If that were the case, the interpre-
tation of results would be quite different. However, the fol-
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lowing theoretical considerations and experimental results
provide compelling evidence that SF indentation, and not
deflection, is produced by AFM tips.

Simple beam theory predicts a linear relationship between
a lateral force applied anywhere along its length and the
deflection at that point. Likewise, the lateral deflection of
a string supported at its ends due to a force applied anywhere
along its length is a linear function of force. In contrast,
every study of AFM indentation of biological structures,
including ours on SFs (data not shown), shows a nearly
quadratic force-indentation response from which the stiffness
is estimated. This nonlinear response is dominated by the
tapered geometry of the tips indenting the underlying mate-
rial. As we have discussed in detail in prior publications
(17,28), regardless of the method used to analyze the data, the
important point is that the response is nonlinear and not
linear, as would be the case if one were simply deflecting a
simply supported structure. Moreover, for a simply supported
string or a beam, the force/deflection ratios (i.e., pseudos-
tiffness) at the center compared to at 3/4 of its overall length
should differ by 4/3 and by a factor of nearly 4, respectively.
In contrast, our data shows that the stiffness of central and
peripheral regions of SFs differ only by ~20%. Even though
the length of the stress fiber is not known, if it were being
deflected rather than indented, the stiffnesses in regions
separated by >20 wm should differ by much more than a few
percent.

There are no theoretical solutions for large indentations
with tapered tips, such as those pertaining to AFM studies,
so the numerical simulations we reported previously (28),
which account for large deformations and conditions very
close to those for AFM, are as close to a gold standard for
the mechanics of indentation as exists. Our experimental
results closely mimic model predictions of the indentation
responses expected of SFs. To be specific, linear materials
that are homogeneous through the thickness display con-
stant stiffness as a function of indentation depth, whereas
materials with a stiffer layer underneath a softer top layer
display stiffness-depth responses that gradually rise to a
long plateau. Our findings that SFs have essentially linear
properties, and that their stiffness-depth responses are in-
distinguishable from the simulations for a stiff linear ma-
terial covered by a soft linear material, further support our
contention that SFs are being indented rather than de-
flected.

Our results (Fig. 7) indicate that SF stiffness under control
conditions is independent of axial strain. If the stress fibers
were supported at their ends and were deflected rather than
indented, the ratio of force to deflection, i.e., a ‘‘pseudos-
tiffness’’, should increase as axial strain is increased. This is
clearly not the case. Hence, this is further experimental evi-
dence that the stress fibers are not merely being deflected.

We have shown that completely unloading stress fibers
causes them to ‘‘buckle’” with a wavelength much shorter
than the distances between focal adhesions. If the stress fibers
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were simply supported at their ends, they would buckle with a
much, much longer wavelength. The short wavelength, or
higher-order buckling is typical of the response of beams that
are supported laterally, e.g., by an elastic foundation (25). We
also demonstrated that disrupting the microtubule network
did not affect the amount of prestretch in the SFs but caused
the wavelength to increase significantly. The increased
wavelength is consistent with decreasing the stiffness of the
surrounding material, since wavelength is inversely propor-
tional to the fourth root of the support material’s stiffness.
These completely independent experimental observations

also suggest that SFs are not simply supported at their ends
but rather are supported laterally by microtubules.

Effect of intervening structures

AFM indentation of cells obviously involves perturbing all
intervening structures that are above the structure of interest,
in this case the ventral SFs. For simplicity, we use the term
cytosol, but in reality this includes the plasma membrane and
all cytoskeletal constituents, including the actin cortical
network and other proteins. It is reasonable to question how
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FIGURE 8 (a) Representative 50 X
50-um?> AFM contact mode deflection
image of a living cell. The peripheral
and central regions of the stress fiber are
indicated by the rectangles. (b) Aver-
aged stiffnesses of stress fibers mea-
sured from the peripheral and central
regions in cells before (wo/) and after

CalyA

the mechanical properties of these structures affect the result.
Our preliminary data provide insight into this issue. The
stiffness of liposomes is likely the lower limit of a biological
material. We show that cytochalasin treatment, which elim-
inates the contribution of both the cortical actin network and
SFs, produces a result that is not too different from that of the
cytosol of untreated cells. The difference between these two
responses is most likely that of the other structures. Regard-
less, the important finding is that the value of the stiffness of
SFs is severalfold greater than for all of the intervening
structures combined.

Methodological issues

Even though we tried to minimize drift of the AFM head by
turning on the instrument well before each study, we could
not ascertain that drift did not occur during the time of a
study, particularly for studies lasting an hour or more. As
we described in the Methods section, rather than attempt-
ing to measure and correct for drift, which would have
added to the study time, the use of an array of indentations
coupled with imaging to guide positioning of the array
both accommodated for possible drift and provided rea-
sonable assurances that we were probing nearly the same
portion of the same SF. This approach, of course, only
enables us to discern the difference between axial regions
that are much farther apart than the few micrometers
covered by the indentation array. Whereas the AFM image
is critical in enabling us to precisely locate the region of the
cell to be interrogated, acquiring the image adds to the time
needed to complete a study and could potentially alter the
cell or some of its constituents. The fact that we could
repeatedly impose interventions with consistent results,
sometimes with intervening additional images, and with-
out apparent damage to the cell or SF, suggests that the
imaging did not produce marked changes. Moreover, we
could repeatedly indent the same region of a cell for nearly
an hour without any discernible change in response (data
not shown).
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Peripheral wo/  Peripheral w/
CalyA CalyA CalyA

Central wo/ Central w/ (w/) treatment with 2 nM calyculin A

(CalyA). Error bars denote standard de-
viations.

As previously discussed, our pointwise method of data
analysis (28) does not require limiting a priori assumptions of
the material being linear as does the more commonly used
Hertz contact method (30-34). Still, our method does assume
infinitesimally small indentations, isotropy, and a planar
geometry. Because of the assumption of small deformations,
for indentations in thin parts of the cell, such as those ex-
amined in this study, there is a reasonable question of the
contribution of the substrate. A very important result from
our previous study (28) is the counterintuitive observation
that for a material with linear stress-strain properties, one can
indent at least 50% of the thickness and still be confident that
the results match those predicted for large deformations. As
our results demonstrated, SFs in control conditions have
linear properties, so we are confident that limiting indenta-
tions to ~300 nm obviates confounding effects of the sub-
strate. Fig. 1 demonstrates that for some indentations at
depths between 300 and 400 nm, the responses show a
marked increase in stiffness. These responses are likely in-
dicative of the tip beginning to sense the stiffer underlying
substrate (28) and are the reason we limited analysis to depths
of <300 nm.

Whether material anisotropy affects the results depends on
relative scale. If the indenter contact area is much smaller
than the length scale of the anisotropic structures in question,
then what is measured can be considered to be locally iso-
tropic and anisotropy is likely not a confounding factor. In
our case, however, the contact area is likely larger than the
diameter of the actin filaments comprising the SF. Thus,
our methodology does not enable us to assess anisotropic
effects of the actin filaments. In a previous publication (3),
we demonstrated, however, that combining indentation and
separate stretching in each direction could distinguish be-
tween the two different in-plane properties of a transversely
isotropic rubber material with imbedded nylon fibers. Hence,
to evaluate anisotropy due to actin filaments would require
indenting while applying stretches in different directions at
the molecular or individual filament level. This much more
complicated experimental approach is, however, beyond the
scope of the work presented here.
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The SF is undoubtedly a more or less cylindrical structure
and not a plane, as is assumed by our data analysis method, as
well as all those presented previously. For SFs that are
nominally ~500-1000 nm in diameter, small indentations
(<100 nm) can approximate planar conditions reasonably
well, but indentations of 300 nm are not sufficiently small to
ignore curvature effects. Since our indentations span this
range, our results must be interpreted with this limitation of a
planar approximation in mind. Nevertheless, the finding that
at least one of the indentation responses demonstrates a
plateau between ~150 and 300 nm (Figs. 1 and 4) suggests
that curvature effects are not sufficiently large to produce
results substantially different from those assuming a planar
geometry. In fact, some of the mixed responses observed (see
Fig. 1) as the probe is moved across the SF may be due to
such curvature effects.

The SF is undoubtedly viscoelastic. However, the stiffness
for a given location varied by <4% over the frequency range
of 0.25—4 Hz (data not shown). Hence, we indented at 1 Hz to
minimize viscous effects and to enable the entire set of in-
dentations and images to be obtained in <10 min.

Identifying the initial point of contact between the AMF tip
and the target is a challenge. We recently developed a
semiautomatic approach to address this issue (27). Doing so
is critical, since indentation depth is inferred from an estimate
of the contact point—which can be obscured by noise in the
signal. Numerical simulations of nonlinear and linear mate-
rials with a range of stiffness demonstrated the consequences
of misidentifying the contact point and the robustness of the
algorithm to identify the contact point. We have adopted this
scheme to analyze all our indentation data.

Our results are, to our knowledge, the first detailed studies
about mechanical property changes in the same SF in intact
cells before and after different types of intervention. The
three major findings are: 1), decreasing or increasing con-
tractile level decreases or increases, respectively, SF stiff-
ness; 2), SFs have a nearly linear stress-strain relationship in
the baseline state, whereas they exhibit slightly nonlinear
properties when the contractile level is decreased; 3), in the
baseline state, stiffness is nearly the same in the peripheral
versus the central regions of the same SF, but becomes het-
erogeneous after the contractile level is increased.

It is useful to compare our findings with those of previous
reports. Because we do not know the value of the Poisson’s
ratio for SFs (which could range from 0.1 to 0.5), there is
some uncertainty as to the actual value of the stiffness mo-
dulus, since the apparent modulus we report differs from the
true modulus by the factor (1 — »%). Within this uncertainty
range, given the unreliability of the Hertzian contact method
of data analysis used in those studies, and since some of the
authors report averaged cell stiffness rather than single SF
stiffness, our stiffness values, which range from 10 to 15 kPa
for stress fibers and are ~3 kPa for cytosol, are reasonably
close to the Young’s moduli values of ~5 kPa estimated for
single SFs in fibroblasts (16), regions of fibroblast values
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ranging from 3 to 24 kPa (10), and endothelial cell values
from 1.4 to 6.8 kPa (35). The two- to threefold decrease in
stiffness after cytochalasin B treatment, and the lack of
change after colchicine or taxol treatment (to disrupt or
overpolymerize, respectively, microtubules) (16), are also
consistent with our findings. A shift in regional fibroblast
stiffness distributions from a median of ~5 kPa to one of
~10 kPa after a uniaxial 8% stretch differs from our finding
of no effect of stretch, although the difference between
methodologies and cell types makes comparison difficult. In
contrast, however, there are reports of much higher values of
SF stiffness. One study directly measured the force-extension
response of isolated smooth muscle cell SFs and, based on an
assumed radius of 100 nm, estimated a modulus of 1.4 MPa
(15). The authors admitted, however, that it was difficult to
accurately measure the diameter of the fibers and indicated
that if the true radius was 250 nm, the modulus would only be
~230 kPa. Even though this value is still more than an order
of magnitude larger than our estimates, the distinctly differ-
ent experimental conditions and cell types make direct
comparisons difficult to interpret.

Since SFs are formed as the result of actomyosin interac-
tions, their stiffnesses should be sensitive to the level of
contractile level. The results shown in Fig. 5 confirm that
single SF stiffness is sensitive to both increases and decreases
in contractile level, and that AFM indentation can be used to
quantify these effects. Although not surprising, to our
knowledge, these results are the first to document this im-
portant aspect of single-SF mechanics in living cells. A
previous study (12) reported consonant findings in smooth
muscle cells consisting of an increase in cell stiffness with a
contractile agonist (histamine) and a decrease in stiffness
with a relaxing agonist (isoproterenol). However, because a
different methodology was used, i.e., twisting magnetic cy-
tometry that perturbed a region of a cell rather than a single
SF, it is difficult to quantitatively compare our results with
those of Wang et al.

As discussed above, key to both understanding mechanics
and gaining confidence in AFM indentation results in thin
materials such as regions of cells is whether the material used
has linear stress-strain properties. As shown by our previous
model predictions, the increase from low values to a plateau
of the stiffness-depth response (Figs. 1 b and 4 ¢) is charac-
teristic of a composite linear material. This is only indirect
evidence of linearity, however. Our results are the first that
we know of that directly assess the linearity of stress-strain
relationships in living cells by combining stretching and in-
dentation of the same SFs. The observation that the me-
chanical response is linear at normal contractile levels and
becomes more nonlinear when contractile level is decreased
is consistent with findings in muscles (26). Even though SFs
are different than muscle, they likely use the same general
actomyosin mechanism. That is, the nonlinear behavior could
be due to structures other than the contractile apparatus. As
an alternative, the nonlinear stress-strain behavior of indi-
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vidual actin filaments at low strain levels (14) could explain
the nonlinear behavior of SFs. In contrast, as with muscular
tissues, linear behavior likely represents the dominant effect
of the actin-myosin contractile apparatus. These findings
contribute new insight into cell mechanics, since they dem-
onstrate that the material properties ascribable to SFs depend,
to some extent, on their contractile level. These properties
need to be accounted for in models of cell cytoskeletons that
attempt, for example, to deduce levels of stress within cells.
Moreover, as discussed below, the contractile-level-dependent
shift from nonlinear to linear material properties could help
explain how SFs can have heterogeneous properties along
their length.

Our results demonstrate that increasing contractile levels
above the baseline state results in heterogeneity of stiffness
along a stress fiber, with the peripheral region being stiffer
than the central region. This confirms indirect suggestions
based purely on the spacing of a-actinin and MLC (7). Since
the total force at any axial position must be the same for a SF
to be in mechanical equilibrium, there are two possible sce-
narios that could explain the heterogeneity. One is that there
is heterogeneity of SF cross-sectional area but essentially
equal contractile levels in the peripheral versus the central
region. However, this is rather unlikely, since if there were
sufficient differences in cross-sectional area in the two re-
gions, there should also have been different stiffnesses at the
baseline state. As an alternative, there could be different
cross-sectional areas in the two regions induced by increasing
contractile levels, but it is difficult to envision how this might
occur. The second, and more likely, possibility is that there is
a higher contractile level near the periphery than at the center,
with essentially the same cross-sectional areas. In fact, this
possibility is consistent with previous observations of in-
creased drug-induced MLC phosphorylation in the peripheral
compared to the central region (7).

Assuming that the second of these scenarios is the correct
one, it is reasonable to ask how a SF can have the same cross-
sectional area and different contractile levels along its length.
A possible explanation is related to our findings of both
contractile-level-dependent stiffness and a degree of nonline-
arity. Suppose that the center portion of a SF, because it has a
lower contractile level, is more nonlinear than the periphery.
The stress-strain relationship of the periphery is, however,
shifted above and to the left of that of the central region. For
equilibrium, the stresses in both regions of the SF must be the
same. However, because the equilibrium strains associated
with these stresses, as well as the stress-strain relationships, are
different there is a higher stiffness in the periphery associated
with a lower strain.

CONCLUSION

In summary, by combining insights from our previous
analysis of AFM indentation with more detailed experi-
mental measurements, we report new results about the me-
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chanical properties of SFs in living cells. We demonstrate
that 1), SF stiffness is dependent on the actomyosin con-
tractile level; 2), decreasing contractile level below baseline
values causes SF properties to become more nonlinear; and
3), increasing contractile level causes SF properties to be-
come more heterogeneous. Taken together, these results
demonstrate the important role of actomyosin contractile
level in determining SF mechanical properties in living cells.

The authors express appreciation to Kevin Costa, who performed the
studies and provided the data about indentation of liposomes.
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