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Local sol-gel transitions of the cytoskeleton modulate cell shape changes, which are required for essential cellular
functions, including motility and adhesion. In vitro studies using purified cytoskeletal proteins have suggested molecular
mechanisms of regulation of cytoskeleton mechanics; however, the mechanical behavior of living cells and the signaling
pathways by which it is regulated remains largely unknown. To address this issue, we used a nanoscale sensing method,
intracellular microrheology, to examine the mechanical response of the cell to activation of the small GTPase Rho. We
observe that the cytoplasmic stiffness and viscosity of serum-starved Swiss 3T3 cells transiently and locally enhances
upon treatment with lysophosphatidic acid, and this mechanical behavior follows a trend similar to Rho activity.
Furthermore, the time-dependent activation of Rho decreases the degree of microheterogeneity of the cytoplasm. Our
results reveal fundamental differences between intracellular elasticity and cellular tension and suggest a critical role for

Rho kinase in the regulation of intracellular mechanics.

INTRODUCTION

Cytoskeletal rearrangements are closely correlated with key
cellular processes such as cell shape changes during mitosis,
the separation of daughter cells by the contractile ring dur-
ing cytokinesis, cell-cell and cell-substrate interactions,
transmembrane signaling, endocytosis, secretion, and motil-
ity (Schmidt and Hall, 1998). These processes involve the
coordinated assembly, disassembly, cross-linking, and bun-
dling of cytoskeletal filaments, which are mediated by aux-
iliary proteins and are believed to regulate the mechanical
properties of the cell. In vitro studies using purified cy-
toskeletal proteins have suggested molecular mechanisms of
regulation of cytoskeleton mechanics (Sato et al., 1987; Jan-
mey et al., 1990; Pollard et al., 1992); however, the mechanical
behavior of living cells and the molecular signaling path-
ways by which it is regulated remains largely unknown.

It is well established that members of the Rho family of
small GTPases play a central role in cytoskeletal assembly
and architecture (Ridley and Hall, 1992; Ridley et al., 1992;
Nobes et al., 1995; Van Aelst and D’Souza-Schorey, 1997;
Rottner et al., 1999; Bishop and Hall, 2000). The roles of Rho
proteins in controlling actin filament dynamics and network
organization are fairly well understood at the biochemical
level (Ballestrem et al., 2001). However, fundamental ques-
tions still exist regarding the downstream intracellular me-
chanical response of the cytoskeleton to Rho GTPase activa-
tion (Heidemann and Wirtz, 2004). For instance, upon
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activation of Rho, what are the intracellular viscoelastic prop-
erties that modulate the intracellular transport of organelles
and engineered particles (Suh ef al., 2003), and how does Rho
activation affect the ability of the cell to resist deformation?
Using a novel functional assay, intracellular microrheology
(Tseng et al., 2002b), we directly measure the micromechani-
cal response of Swiss 3T3 fibroblasts subjected to Rho acti-
vation by lysophosphatidic acid (LPA) and examine the
effects of LPA upon cytoplasmic microheterogeneity. Our
results suggest a critical role for Rho kinase in regulating cell
mechanics and illustrate fundamental differences between
cellular tension and intracellular stiffness.

MATERIALS AND METHODS

Cell Culture and Reagents

Swiss 3T3 fibroblasts (American Type Culture Collection, Manassas, VA)
were cultured in DMEM supplemented with 10% bovine calf serum (Amer-
ican Type Culture Collection) and maintained at 37°C in a humidified, 5%
CO, environment. All intracellular microrheology (ICM) measurements were
performed in an incubator mounted on an inverted microscope maintained at
37°C with 5% CO, and humidity. Cells were grown on 35-mm glass-bottom
dishes coated with poly-p-lysine (MatTek, Ashland, MA) and treated with 50
wg/ml fibronectin (Calbiochem, San Diego, CA) for 1 h before plating. Cells
were serum-starved in DMEM for 42 to 48 h before data collection. Inhibitor
experiments were performed by treating cells with DMEM containing stau-
rosporine (Sigma-Aldrich, St. Louis, MO) or Y-27632 (Calbiochem) at the
specified final concentrations for 15 min before treatment with DMEM con-
taining 1 ug/ml lysophosphatidic acid (Sigma-Aldrich) and data collection.

Cytomechanics from Multiple Particle Tracking

To measure the local mechanical properties of cytoplasm, we used the method
of intracellular microrheology introduced by Tseng et al. (2002b). Yellow-
green fluorescent carboxylate-modified polystyrene microspheres (0.1 um;
Molecular Probes, Eugene, OR) in Dulbecco’s phosphate-buffered saline
(DPBS; Invitrogen, Carlsbad, CA) were microinjected into cells and used as
local probes of cytoplasm.
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Microinjected cells containing fluorescent particles were placed on the stage
of a microscope at 37°C. Movies of the fluctuating fluorescent microspheres
were recorded onto the random-access memory of a PC computer via a
silicon-intensifier target camera (VE-100; Dage-MTI, Michigan City, IN)
mounted on an inverted epifluorescence microscope (Eclipse TE300; Nikon,
Melville, NY) at a frame rate of 30 Hz by using the software Metavue
(Universal Imaging, West Chester, PA). A 100X Nikon Plan Fluor oil-immer-
sion objective (numerical aperture [NA] 1.3) was used for particle tracking,
which permitted ~5-nm spatial resolution over a 120 X 120-um field of view,
as assessed by monitoring the apparent displacement of microspheres firmly
attached to a glass coverslip with the same microscope and camera settings as
used during the live cell experiments. The displacements [x(t),y(t)], where ¢t is
the elapsed time, of the particles centroids were simultaneously monitored in
the focal plane of the microscope for 20 s. The few particles that seemed to
undergo “ballistic” or directed motions were ignored. At least 120 particle
trajectories were measured for each experimental condition.

Movies of fluctuating microspheres were analyzed by a custom particle
tracking routine incorporated into the MetaMorph imaging suite (Universal
Imaging) as described previously (Tseng and Wirtz, 2001). Individual time-
averaged mean square displacements (MSDs),

Ar() = ([x(t + 1) = x(OF + [y(t + 7) — y(OP)

where 1 is the time scale, were calculated from the two-dimensional trajecto-
ries of the centroids of the microspheres. All control experiments are de-
scribed in Tseng et al. (2002b), including effects of particle size and surface
chemistry.

Particles embedded in the cytoplasm of living cells can be thought of as
nano-scale rheometers that impose a time-averaged stress on the surrounding
fluid on the order of kzT/a® where kg is the Boltzmann constant, T is the
absolute temperature, and a is the particle radius. The resulting strain is
measured as the particle displacement and can be directly related to the creep
compliance, I'(7), of the surrounding fluid through the following relationship
(Xu et al., 1998a):

T, ()

L(r) = 2ma

The creep compliance is the ratio of the time-evolving strain to the time-
averaged stress imposed by the probe particle, and is a measure of cell
deformability. It shares all of the same features as the MSD so that a perfectly
viscous fluid will have a time scale-dependent creep compliance with a power
law slope of 1 whereas a perfectly elastic solid will have a power law slope of
0 (Xu et al., 1998).

All of the mechanical information is contained in the amplitude and the
time scale dependence of the creep compliance. However, using the general-
ized form of the Stokes-Einstein relationship (Mason and Weitz, 1995)

2k T

) = 3 ras(ar®)
we can approximate the viscoelastic spectrum G(s), where s is the Laplace
frequency, from (Ar? (s)), the unilateral Laplace transform of (Ar? (7)). Using
this expression, we can calculate the traditional frequency-dependent elastic
modulus G'(w) and loss modulus G"(w) from time scale-dependent MSDs as
described previously (Mason et al., 1997; Dasgupta et al., 2002). The viscoelas-
tic moduli G'(w) and G"(w) are the real and imaginary parts, respectively, of
the complex modulus G*(w), which is the projection of G(s) in Fourier space,
and obey Kramers-Kronig relationships (Mason et al., 1997). Viscoelastic
moduli obtained from our particle-tracking approach quantitatively compare
with bulk moduli measured using a classical rheometer (Mason et al., 1997).
The error between the two types of measurements never exceeded 20%. It has
been suggested that measurement of viscoelastic moduli by using particle
tracking methods can be improved by monitoring the correlated motion
between two particles instead of the motion of individual particles (Crocker et
al., 2000). However, in its present form, this method is inappropriate for the
measurement of the mechanical properties of live cells because it incorrectly
assumes that the intracellular milieu is homogeneous. Furthermore, to obtain
statistically significant measurements, data collection times are on the order of
30-60 min. Cells cannot be assumed as structurally stationary on this time
scale because cytoskeletal filaments turn over on the order of tens of seconds
to minutes (Theriot and Mitchison, 1991; McGrath et al., 1998).

The diffusion coefficient, D, of a microsphere of radius a can be calculated
from the Stokes-Einstein relationship (Einstein, 1905; Chandrasekhar, 1943;
Qian et al., 1991; Berg, 1993):

kT
~ 6mn

where 7 is the shear viscosity of the fluid surrounding the particle. In a
viscoelastic fluid, such as the cytoplasm of a living cell, n is not a constant and
is time scale dependent, thereby giving rise to a time scale-dependent diffu-
sion coefficient. We can however instead approximate n as the product of the
relaxation time (the time scale at which the viscous to elastic crossover occurs;

3476

Figure 2) and the plateau value of the elastic modulus (Eckstein et al., 1998).
It is important to note that the diffusion coefficient calculated from two-
dimensional particle trajectories can be approximated as the three-dimen-
sional diffusion coefficient assuming that the local environment surrounding
each microsphere is isotropic in three dimensions. We simply have

2
(AP (D)op = §<A72(7>>3D

This is a valid approximation, even in regions of the cell where long-range
interactions between microspheres and the cell membrane could occur via
hydrodynamic interactions, because those interactions are screened to within
a mesh size of the surrounding network, which is ~50 nm. If the cell thickness
were similar or smaller than the particle diameter, they would be mostly
excluded from those thin regions.

Fluorescence Microscopy

Fluorescence microscopy was used to illustrate the heterogeneous organiza-
tion of the actin cytoskeleton and spatial distribution of vinculin in Swiss 3T3
cells. Cells were fixed in 3% paraformaldehyde in DPBS and permeabilized in
0.1% Triton X-100 (Sigma-Aldrich) in DPBS. Cells were blocked in 10% fetal
bovine serum for 30 min and labeled with a vinculin monoclonal antibody
(mADb) at 1:100 (Sigma-Aldrich) dilution for 1 h at room temperature. Cells
were subsequently labeled with Alexa 488 phalloidin at 1:40 (Molecular
Probes) and Alexa 540 anti-mouse 1:50 (Molecular Probes) for 1 h at room
temperature. Coverslips were mounted in Antifade (Molecular Probes) to
minimize photobleaching. Fluorescently labeled cells were observed with a
60X, oil immersion objective (NA 1.4) mounted on a Nikon Eclipse TE300
inverted microscope. Images were acquired with a PCM2000 laser scanning
confocal microscope (Nikon) or an Orca II charge-coupled device camera
(Hamamatsu, Bridgewater, NJ) controlled by the Metavue software (Univer-
sal Imaging).

Phase Contrast Microscopy

The subcellular organization and morphology of live cells were revealed
using phase contrast microscopy via a 60X oil-immersion Plan Fluor lens (NA
1.4) (Nikon). This lens was mounted on a Nikon Eclipse TE300 inverted
microscope. Images were acquired with an Orca II CCD camera (Hamamatsu)
controlled by the Metavue software (Universal Imaging).

Rho Activity Measurements

Rho activity was measured using the pull-down assay developed by Ren et al.
(1999) and Ren and Schwartz (2000). The Rho-binding domain (RBD) from
Rhotekin was expressed and isolated in Escherichia coli by using a plasmid
kindly provided by Dr. X.D. Ren and immobilized on Sepharose 4B (Amer-
sham Biosciences UK, Little Chalfont, Buckinghamshire, United Kingdom).
Swiss 3T3 cultures were lysed in cold lysis buffer (50 mM Tris, pH 7.2, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM
MgCl,, 10 ug/ml each of leupeptin and aprotinin, and 1 mM phenylmethyl-
sulfonyl fluoride) and incubated at 4°C with immobilized RBD for 1 h.
Samples were analyzed by SDS-PAGE and visualized on Western blots by
using mAbs against RhoA (Santa Cruz Biotechnology, Santa Cruz, CA). Rho
activity was determined as the amount of RBD-bound Rho versus total Rho in
the lysate by densitometry analysis of the blots by using Un-Scan-It gel
software (Silk Scientific, Orem, UT).

RESULTS

Cytomechanical Response to Rho Activation

To investigate the effects of Rho activation on the mechanical
properties of living cells, we used a new method, ICM, to
probe in situ the local viscoelastic properties of quiescent
Swiss 3T3 cells before and after treatment with the known
Rho agonist LPA (Ridley and Hall, 1992; Moolenaar, 1995).
This force-free method transforms the measured Brownian
displacements of individual microspheres embedded in the
cytoplasm into local viscous and elastic moduli as described
previously (Mason ef al., 1997; Apgar et al., 2000; Dasgupta et
al., 2002). The time-dependent coordinates of the centroids
of individual 0.1-um-diameter microspheres were tracked
using time-resolved video fluorescence microscopy with
~5-nm spatial resolution and 33-ms temporal resolution
(Figure 1, A and B). Particle trajectories were then trans-
formed into time-averaged MSDs, compliance (i.e., cell de-
formability) profiles (Figure 2A), and frequency-dependent
viscoelastic moduli (Figure 2B). Details about the method of
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Figure 1. Motion of particles embedded in the cytoplasm. (A and
B) Typical trajectories of microspheres injected into the cytoplasm of
serum-starved Swiss 3T3 cells before (A) and 15 min after (B)
treatment with 1 ug/ml LPA. Scale bar indicates length scale for
both trajectories. (C and D) Fluorescent micrographs of serum-
starved Swiss 3T3 cells before (C) and 15 min after (D) treatment
with 1 pg/ml LPA. Actin filaments (green) were visualized with
Alexa 488 phalloidin, whereas focal adhesion complexes (red) were
visualized with a mAb against vinculin and Alexa 566 goat anti-
mouse. Bar, 20 um. Inset, magnified view of focal adhesions at the
ends of actin stress fibers.

ICM can be found in Tseng et al. (2002b), which offers a
thorough description of control experiments involving mi-
crospheres of different size and surface charge.

The extent of the displacements of microspheres embed-
ded in the cytoplasm of Swiss 3T3 cells treated with LPA
was much smaller than that of control cells (Figure 1, A and
B), suggesting that the microenvironment surrounding the
microspheres was significantly stiffer in Rho-activated cells.
This was further evidenced by a large decrease in the mag-
nitude of the cellular compliance (i.e., deformability) of the
cytoplasm at all time scales upon treatment with LPA (Fig-
ure 2A) and coincided with the formation of organized
F-actin structures, including stress fibers and focal adhesions
(Figure 1, C and D). To test the statistical significance of the
differences observed in the creep compliance of control and
LPA-treated cells, we applied two-tailed ¢t tests at each time
scale from 0.033 to 10 s and averaged their values to obtain
an average p value of < 0.05. To test whether the observed
micromechanical response was in part due to activation of
Rho, control experiments were performed using quiescent
3T3 cells microinjected or treated with 10 ug/ml C3 trans-
ferase (a potent inhibitor of the downstream functions of
active Rho) before treatment with LPA. Cells treated with C3
displayed different morphologies than normal quiescent
cells (our unpublished data) with a slightly lower baseline
mean cellular compliance (Figure 2A, inset); however, after
15 min of treatment with 1 ug/ml LPA there were no
significant changes in the mean creep compliance (Figure
2A, inset), average p value = 0.6. This result suggests that
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the observed micromechanical effects of LPA are due to the
activation of Rho and not another signaling pathway that
may be activated by LPA.

The local elastic and loss (viscous) moduli, G'(w) and
G"(w) (Figure 2B), of the cytoplasm were directly obtained
via the analytical continuation of the generalized form of the
Stokes-Einstein relationship into the Fourier domain and
approximation of the frequency dependent MSD as de-
scribed previously (Mason et al., 1997; Dasgupta et al., 2002).
G'(w) and G"(w), respectively, characterize the elasticity (i.e.,
the propensity of the cytoplasm to rebound after a force is
applied) and the viscosity of cytoplasm. The elasticity G’ of
the cytoplasm in both control cells and LPA-treated cells
exhibited steep frequency dependence at low frequencies
before reaching a quasi-plateau at intermediate and high
frequencies (Figure 2B). The plateau value of the elasticity in
LPA-treated cells was nearly twice that of control cells.
These results contrast those obtained using a twisting mag-
netic bead technique where the elasticity of endothelial cells
was shown to decrease in response to treatment with LPA
(Bausch et al., 2001). This discrepancy may be due to the
difference in cell types or the fact that the later technique
probes the mechanics of the cell membrane and not intra-
cellular mechanics.

The loss modulus G” of the cytoplasm dominated the
elastic modulus G’ at low frequencies, became smaller than
G’ at intermediate frequencies and comparable with G’ at
high frequencies for both control cells and LPA-treated cells
(Figure 2B). This type of frequency profile for G’ and G”
suggests that the cytoplasm behaves as a viscoelastic solid
(G’ > G") at high rates of deformation and as a viscoelastic
liquid (G" < G”) at low rates of deformation. This is clearly
shown by the behavior of the phase angle or loss tangent
(Figure 2C), 6 = arctan (G"/G'), which is nearly 90° (per-
fectly viscous liquid) at low frequencies and then begins to
rapidly decrease with increasing frequency. In LPA-treated
cells, the loss tangent crosses over to the elastic regime (6 <
45°) at a much lower frequency than control cells (Figure
2C), suggesting that activation of Rho enables the cell to
elastically resist a wider range of rates of deformations
compared with quiescent cells. These viscoelastic profiles,
which are reminiscent of those found in polymeric fluids
(Ferry, 1980) and reconstituted actin networks cross-linked
with a-actinin (Sato et al., 1987; Xu et al., 1998b), describe the
cytoplasm as a complex fluid that when sheared rapidly,
resists deformations and is therefore elastic, and when
sheared slowly, relaxes rapidly via viscous diffusion and
thereby offers less resistance to mechanical stresses.

Intracellular viscosity is obtained from the product of the
relaxation time (inverse of the cross-over frequency, 75 _4s.)
and the plateau modulus (the value of the elastic modulus
evaluated at the frequency where the minimum of 8 occurs)
(Eckstein et al., 1998). Intracellular viscosity increased from
8.1 £ 10.0 to 94.1 = 22.1 Poise upon Rho activation (Figure
2D). This viscosity governs the rate of transport of organelles
and particles larger than the effective mesh size of cytoplasm
(>50 nm). It is much higher than measured by fluorescence
recovery after photobleaching, which measures the intersti-
tial viscosity of cytoplasm (~0.01 Poise) (Luby-Phelps, 1993,
2000). The mean diffusion coefficient of the microspheres
before and after LPA treatment, D = 5.59 X 1072 and 0.48 X
102 wm?/s, was obtained from the Stokes-Einstein relation-
ship by using the calculated shear viscosity (Figure 2D) of
control and LPA-treated cells (see MATERIALS AND
METHODS). These values for the diffusion coefficient sug-
gest that the intracellular transport of 0.1-um particles is
hindered >10-fold upon activation of Rho.
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Effect of Rho Activation on Cytoplasmic
Microheterogeneity

Quiescent and LPA-treated Swiss 3T3 cells may differ not
only in their global mechanical behavior but also in their
spatial distribution of local moduli. To illustrate the mechan-
ical microheterogeneity of the cells, microspheres were col-
or-coded between red (soft) and blue (stiff) according to the
local value of cellular compliance and superimposed on a
phase contrast micrograph of the cell (Figure 3A). Figure 3
shows that the micromechanical behavior of the cytoplasm
of both control and LPA-treated cells was heterogeneous
and that all probed regions of the cytoplasm stiffened in
response to LPA treatment. These results are consistent with
the observed global reorganization of F-actin structures
within the cell upon activation of Rho (Figure 3D) as op-
posed to localized actin reorganization as found with other
Rho GTPases (e.g., Cdc42 and Rac) (Ridley and Hall, 1992;
Ridley ef al., 1992; Kozma et al., 1995). From Figure 3, D and
E, it is also apparent that there is little correlation between
local F-actin bundle organization and the local viscoelastic
properties of the cell. Blue colored (stiff) particles occur in
regions where F-actin staining is mostly absent, whereas red
colored (soft) particles can be found in the most intense
F-actin regions.

Analysis of the normalized local cellular compliance (local
cellular compliance divided by the mean cellular compli-
ance) at time scales of 0.1 and 1 s shows that the distribution
of stiffness is less spread (lower variance) after application of
LPA (Figure 3, B and C). However, the direct comparison of
the shape of distributions that have different means may be
somewhat misleading when one only considers absolute
statistical parameters such as skewness and variance. There-
fore, we introduced markers to quantify the relative degree
of micromechanical heterogeneity of the cytoplasm of living
cells: the relative contributions of the 10, 25, and 50% highest
compliance values to the mean compliance (Figure 4B).
These contributions should be exactly 10, 25, and 50% for a
perfectly homogeneous liquid, which is what we observed
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Control

of the cytoplasm of serum-starved Swiss
3T3 cells injected with 10 pug/ml C3, be-
fore (red) and after (blue) treatment with 1
png/ml LPA. (B) Frequency-dependent vis-
cous and elastic moduli, G"(w) and G'(w),
obtained from mean cellular compliances
(A). G'(w) is represented by circles and
G"(w) by squares. (C) Frequency-depen-
dent phase angle, 8 = arctan (G"/G’), cal-
culated from viscoelastic moduli (B). (D)
Shear viscosity obtained from the product
of the plateau modulus and relaxation
time (B).

+LPA

when 1-um-diameter, particles were dispersed in a homog-
enous aqueous solution of glycerol (Figure 4A). These mark-
ers should become close to 100% in a highly heterogeneous
milieu, which is what is observed, for example, in a highly
heterogeneous actin filament network in the presence of a
high concentration of the F-actin cross-linking protein a-ac-
tinin (Tseng and Wirtz, 2001) and fascin (Apgar et al., 2000)
and in concentrated DNA solutions (Goodman et al., 2002).
Here, we found that the contributions of the 10, 25, and 50%
highest compliance values to the mean compliance of qui-
escent Swiss 3T3 cells treated with 1 ug/ml LPA were
significantly lower than those of control cells. However, both
sets of contributions were more than twice as high as those
measured in glycerol (Figure 4A), which is expected given
the heterogeneous nature of the actin cytoskeleton (Figure 1,
C and D), a major contributor to cell viscoelasticity (Yamada
et al., 2000). These results suggest that activation of Rho
decreases the degree of heterogeneity of the cytoplasm, po-
tentially by the homogenization of actin structures, and are
in agreement with the near fourfold decrease in the variance
of the normalized cellular compliance (3.52-0.93) of the
cellular compliance of the cell upon addition of LPA.

Time-dependent Micromechanics of Rho Activation

To explore the time-dependent micromechanical response of
the cytoplasm to Rho activation, we measured the mechan-
ical properties of quiescent Swiss 3T3 cells as a function of
time after LPA treatment (Figure 5, A and B). On treatment
with LPA, the mean compliance of the cells (Figure 5A,
inset) initially decreased describing a stiffening of the cyto-
plasm as evidenced by the sharp increase in both the plateau
modulus and shear viscosity. The plateau modulus of the
cytoplasm reached a maximum of 117 + 10 dyn/cm?, 15 min
after application of LPA (Figure 5B). This enhancement in
cytoplasmic stiffness was followed by a relaxation; cytoplas-
mic elasticity approached pretreatment, basal G’ levels after
60 min (Figure 5B). The microheterogeneity of the cell fol-
lows a trend similar to that of intracellular stiffness, reaching

Molecular Biology of the Cell
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Figure 3. Effect of LPA treatment on the microheterogeneity of the cytoplasm. (A) Phase contrast micrographs of a serum-starved Swiss 3T3
cell overlaid with fluorescent micrographs of fluorescent microspheres injected into the cytoplasm before and 15 min after treatment with 1
ng/ml LPA. Here, we only show tracked particles and have neglected aggregates that violate assumptions made in the generalized
Stokes-Einstein relationship. Each particle position was color-coded corresponding to the local value of the cellular compliance at that
position in the cell at a time scale of 1 s. Note that the color indicators at each particle position do not reflect the size of the particle (0.1 um).
Indicator size was increased to aid visual presentation. (B and C) Distribution of local cellular compliances within the cytoplasm of
serum-starved Swiss 3T3 cells before (B) and 15 min after (C) treatment with 1 ug/ml LPA measured at a time scale of 1 s. Inset, subcellular
distribution of local cellular compliance measured at a time scale of 0.1 s. (D) Fluorescent micrograph of the cell shown in (A) overlaid with
fluorescent micrographs of fluorescent microspheres injected into the cytoplasm. The cell was fixed 15 min after treatment with 1 ug/ml LPA
and stained with Alexa 566 phalloidin to visualize actin filaments (white). Each particle position was color coded as described above. (E)
F-actin bundle intensity integrated over the area covered by each particle region displayed in A and plotted against the local value of the

cellular compliance at a time scale of 1 s.

a minimum degree of heterogeneity at 15 min, as indicated
by contributions of the 10, 25, and 50% highest compliance
values to the mean compliance (Figure 6). In striking con-
trast to these cytomechanics measurements, fluorescent mi-
crographs of the actin cytoskeleton revealed that Rho-in-
duced F-actin bundles and focal adhesions remained well
established during the entire course of the experiment (Fig-
ure 5D). These experiments indicate that the cell’s mechan-
ical response to Rho activation is transient and suggest that
the level of subcellular stiffness does not necessarily corre-
late with the presence of F-actin bundles and focal adhesions
displayed in fluorescence micrographs.

The transient mechanical response of cytoplasm follows
the time-dependent activity of Rho by LPA/serum treat-
ment (Ren et al., 1999) with a delay (Figure 5, B and C). Using
a pull-down assay based on specific binding of GTP-bound
Rho to the Rho-binding domain from the effector Rhotekin
(Ren et al., 1999), we measured the activity of Rho as a
function of time in conditions identical to those used in ICM
experiments. We found that upon treatment with LPA,
Swiss 3T3 cells underwent a rapid increase in Rho activation
that reached a maximum at 1 min. These cells then experi-
enced a rapid decrease in Rho activity that approached basal
levels within 3 min (Figure 5, B and C). Similar results were
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reported by Ren et al. (1999); however, they observed a peak
in Rho activity at 3 min. It has been suggested that the
transient activation of Rho is due to a negative-feedback
loop that includes the activation of proteins known to an-
tagonize Rho such as p190RhoGAP (Arthur and Burridge,
2001) or one of the other members of the Rho GTPase family,
such as Rac or Cdc42 (Ren et al., 1999). Together, cytome-
chanics experiments and pull-down assay results show
that Rho-induced cell stiffening is transient and that cell
stiffening parallels, with a delay, the time-dependent ac-
tivity of Rho.

Rho Kinase Regulates the Cytomechanical Response to
Rho Activation

Active Rho is known to act through the combined efforts of
the Rho effectors ROCK/Rho-associated kinase (Amano et
al., 1996; Kimura et al., 1996) and Dia (Watanabe ef al., 1999)
but may include other targets such as phosphatidylinositol-
4-phosphate 5-kinase (Ren et al., 1996; Hall, 1998). Rho ki-
nase stimulates myosin-dependent contraction of the actin
cytoskeleton by directly inhibiting myosin light chain phos-
phatase and indirectly activating myosin light chain kinase
(Kaibuchi et al., 1999). This results in the bundling of actin
filaments into stress fibers and the clustering of integrin
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mean compliance of quiescent Swiss 3T3 cells before (first columns)
and after (second columns) treatment with 1 ug/ml LPA.

complexes into focal adhesions (Chrzanowska-Wodnicka
and Burridge, 1996), leading to cellular tension. Focal adhe-
sions are critical sites of signal transduction and upon for-
mation lead to the phosphorylation of key signaling proteins
such as focal adhesion kinase (FAK), paxillin, and c-Src
(Hanks et al., 1992; Seufferlein and Rozengurt, 1994; Arthur
et al., 2000). FAK, paxillin, and c-Src have been shown to
contribute to integrin mediated down-regulation of Rho
(Arthur et al., 2000; Ren et al., 2000; Tsubouchi ef al., 2002),
and recent studies suggest that they may act through inter-
action with the Rho antagonist p190RhoGAP (Masiero et al.,
1999; Arthur et al., 2000; Arthur and Burridge, 2001).

To discern the effects of contractility and focal adhesion
formation on the cytomechanical response of LPA-treated
quiescent Swiss 3T3 cells, we first performed ICM measure-
ments in cells pretreated with the wide-spectrum kinase
inhibitor staurosporine (Figure 7, A and B). Staurosporine
blocked the LPA-induced formation of stress fibers and focal
adhesions while preserving actin polymerization (Figure
7C) (Nobes and Hall, 1995). Previous studies using Swiss
3T3 fibroblasts plated on flexible silicon rubber substrates
showed that treatment of cells with staurosporine com-
pletely abrogated Rho induced cellular tension (Ballestrem
et al., 2001). In contrast to these observations, our cytome-
chanics assay revealed that the activation of Rho in stauro-
sporine-treated cells resulted in cytoplasmic stiffening as
evidenced by the decrease in the mean cellular compliance
of the cytoplasm (Figure 7A, inset). Cytoplasmic stiffness no
longer relaxed but rather reached a quasi steady-state pla-
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teau after 30 min as shown by the time-dependent plateau
modulus profile of cells treated with LPA and staurosporine
(Figure 7B). Remarkably, this final value of cytoplasmic
stiffness (121 = 15 dyn/cm?) was nearly identical to that
obtained at the peak of cell stiffness in cells treated with LPA
alone (117 * 10 dyn/cm?) (Figures 5B and 7B). These results
suggest that even when actomyosin contractility is inhibited,
cell stiffening can still occur presumably due to unaffected
actin polymerization and the resulting formation of stiff
F-actin networks (Tseng et al., 2002a). These results also
underline the fundamental difference between cellular ten-
sion and intracellular stiffening.

A similar effect was observed in cells pretreated with the
specific Rho kinase inhibitor Y-27632. Rho activation in
Y-27632-treated cells resulted in the formation of F-actin
structures without the development of contractile actin
stress fibers or focal adhesions (Figure 8D). Previous studies
have shown that Y-27632 prevents Rho-induced tyrosine
phosphorylation of FAK and paxillin (Imamura et al., 2000;
Sinnett-Smith ef al., 2001). Although Y-27632 completely in-
hibited the contractile effects of Rho activation (Ballestrem et
al., 2001; Riveline et al., 2001), the plateau modulus signifi-
cantly increased (and, vice versa, the compliance decreased;
Figure 8A, inset), reaching a quasi-plateau after 30 min with
a value more than twice (255 = 47 dyn/cm?) that of the
maximum elasticity obtained in control cells (Figures 5B and
8B). The distributions of compliance obtained by ICM were
statistically analyzed by the contributions of the 10, 25, and
50% highest compliance values to the mean compliance.
Cells pretreated with Y-27632 or staurosporine exhibited
minimum degrees of heterogeneity upon activation of Rho
that were lower than those of control cells and persisted for
60 min (see Supplementary Figure 1). This behavior follows
a trend similar to Rho activity measured using the Rho
pull-down assay with LPA- and Y-27632-treated cells (Fig-
ure 8, B and C). Together, these results and the observation
that cell stiffness in control cells is transient, suggests that
Rho kinase and/or the downstream myosin-dependent for-
mation of focal adhesions not only plays a critical role in the
regulation of Rho activity but also the cytomechanical re-
sponse of Swiss 3T3 cells to Rho activation.

DISCUSSION

Through the use intracellular microrheology, we were able
to probe the local intracellular mechanical properties of se-
rum-starved Swiss 3T3 cells exposed to the known Rho
agonist LPA. Quiescent Swiss 3T3 fibroblasts treated with
LPA exhibit significant increases in both cytoplasmic elas-
ticity and viscosity. The observed viscoelastic behavior is
dynamic and deformation frequency dependent, which is
similar to previous results found in cross-linked actin fila-
ment networks (Sato ef al., 1987). The negative shift in the
deformation frequency cross-over in LPA-treated cells indi-
cates that the cytoskeleton becomes elastically responsive to
a wider range of deformation frequencies. This may be due
to the activation of one or more cross-linking proteins that
possess lower actin dissociation rates, thus reducing the
frequency of cross-linker rearrangement.

Our results further show that the mechanical response of
Swiss 3T3 cells to Rho activation by LPA is time dependent
and follows a trend similar to the time-dependent profile of
Rho activity (Ren et al., 1999). This mechanical response is
not instantaneous and is delayed with respect to Rho acti-
vation. Delayed stiffening of the cell may be attributed to the
slow gelation kinetics of the networks of newly formed
Rho-induced polymerized actin (Tseng et al., 2002a). In vitro
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Figure 5. Kinetics of cytomechanical response of Swiss 3T3 cells to Rho activation. (A) Time-dependent mean cellular compliances directly

computed from the mean-squared displacements of the thermal motions of microspheres injected into the cytoplasm of serum-starved Swiss
3T3 cells before and after treatment with 1 ug/ml LPA. Error bars denote SE of measurement. Inset, cellular compliance as a function of
elapsed time at a time scale of 1 s. (B) Time-dependent plateau modulus obtained from mean cellular compliances before and after treatment
with 1 ug/ml LPA. Inset, relative Rho activity obtained from Western blots of Rho pull-down experiments (C). Values are means obtained
from three experiments * SD. (C) Western Blot from one Rho pull-down experiment. (D) Time-dependent fluorescent micrographs of
serum-starved Swiss 3T3 cells before and after treatment with 1 ug/ml LPA. Actin filaments (green) were visualized with Alexa 488
phalloidin, whereas focal adhesion complexes (red) were visualized with a mAb against vinculin and Alexa 566 goat anti-mouse. Bar, 20 um.

Inset, magnified view of focal adhesions at the ends of actin stress fibers.

studies using polymerized actin filaments and actin cross-
linking proteins showed that the time required to reach a
mechanical steady state (gelation time) is indeed long com-
pared with the kinetics of actin polymerization or cross-
linker binding (Tseng et al., 2002a). Comparison of the ob-
served micromechanical trends in control cells treated with
LPA with fluorescent micrographs of the actin cytoskeleton
shows that contrary to conventional wisdom, there is little
correlation between F-actin structures and their mechanical
function. Although LPA elicits rapid formation of actin
stress fibers and global stiffening of the cell, micromechani-
cal relaxation of the cell is not accompanied by disassembly
of stress fibers and other organized F-actin bundles. This is
supported by earlier observations in endothelial cells treated
with thrombin where the mechanical properties of the cell
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membrane showed no correlation with the underlying orga-
nization of the actin cytoskeleton (Bausch et al., 2001).
Previous studies have shown that down-regulation of Rho
activity is necessary for focal adhesion turnover and cell
migration (Ren et al., 2000). Our results suggest that this
requirement for cell motility may be due to the relaxation of
intracellular stiffness, which we have shown to occur in
response to LPA-induced activation of Rho in cultured Swiss
3T3 cells plated on fibronectin. This is further supported by
the observation that treatment of Swiss 3T3 cells with the
specific Rho kinase inhibitor Y-27632 abrogates the relax-
ation of the intracellular stiffness, resulting in a sustained,
elevated stiffness that is more than twice that of control cells.
Y-27632 has been shown to inhibit cellular migration and
morphological changes in rat ascites hepatoma (MM1) cells
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__100 of cells treated with staurosporine versus Y-27632 (121 vs.
& = [ [ Conorot _ ] 255 dyn/cm?) may result from the fact that the application of
£ o 80 '—E;::;“" ] staurosporine prevents normal function of actin-cross-link-
o [ H 60 min 5 . ing and actin-bundling proteins such as a-actinin and fascin
S % 60 F - (Tilney et al., 2000).
= £ - . Another important aspect of this work is the distinction
8 g 401 . observed between intracellular stiffness and the cellular ten-
£ - . sion generated by myosin-based contraction of the actin
Q8 20 . cytoskeleton. Rho-induced cellular tension was recently ob-
OF o 3 served using traction force microscopy with cells plated on

= o semiflexible substrates (Ballestrem et al., 2001). The authors
10% 25% 50% found that activation of Rho by LPA within these cells

Figure 6. Time-dependent statistical analysis of cellular compli- enhanced ernkhng of the unc!erlymg elastic substrate,
ance distributions. Time-dependent percentage of contributions of which Persmted for at least 60 min. Treatment .Of the same
the highest 10, 25, and 50% values of local compliance to the mean  cells with Y-27632 or staurosporine resulted in complete
compliance of quiescent Swiss 3T3 cells before and after treatment disappearance of the wrinkles (Ballestrem et al., 2001), indi-
with 1 pug/ml LPA. cating that LPA induced acto-myosin contractility is criti-

cally dependent upon Rho kinase. Our intracellular micro-

rheology assay reveals that activation of Rho in Y-27632-

through inhibition of Rho kinase-mediated tyrosine phos- treated cells causes the intracellular stiffness to reach levels
phorylation of FAK and paxillin (Imamura et al., 2000). that are more than twice that of untreated cells. Together,
The observed enhancement of intracellular stiffness upon these results define a key distinction between cellular ten-
activation of Rho in quiescent Swiss 3T3 cells pretreated sion and intracellular stiffness, both of which are critical in
with Y-27632 or staurosporine also indicates that actin po- the control of cell motility.
lymerization and the corresponding formation of entangled This study has helped elucidate the contributions of focal
networks and bundles dominate intracellular stiffening, not adhesions and contractile stress fibers to cell stiffness, has
actomyosin contractility and the formation of focal adhe- suggested the fundamental difference between cellular ten-

sions. The more than twofold difference in the peak elasticity = sion and intracellular stiffness, and revealed the regulation
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Figure 7. Cytomechanical response of Swiss 3T3 cells to Rho activation in the presence of Staurosporine. (A) Time-dependent mean cellular
compliances directly computed from the mean-squared displacements of the thermal motions of microspheres injected into the cytoplasm of
staurosporine (50 nM)-treated, serum-starved Swiss 3T3 cells before and after treatment with 1 pg/ml LPA. Error bars denote SE of
measurement. Inset, cellular compliance as a function of elapsed time at a time scale of 1 s. B, time-dependent plateau modulus obtained from
mean cellular compliances before and after treatment with 1 ug/ml LPA. (C) Time-dependent fluorescent micrographs of staurosporine-
treated (50 nM), serum-starved Swiss 3T3 cells before and after treatment with 1 ug/ml LPA. Actin filaments (green) were visualized with
Alexa 488 phalloidin, whereas focal adhesion complexes (red) were visualized with a mAb against vinculin and Alexa 566 goat anti-mouse.
Bar, 20 pm.

3482 Molecular Biology of the Cell



>

‘g‘: 100? LENRL R IR ALY | T LB LA | T T ""';

= E ot 1 :

£ - . 7

S 10'f } - 7" 360min

& ; .E|.'1|..»'-:\.I Time (mar g -'"E

= i

2 10%F 3

o F ]

g I ]

g 10_3_ Lol L1l L4l

© 40?2 10" 10° 10'
Time lag T (s)

€ 300F il %

L E

S 250 F p 3

k=) E

» 200 F

=2 E

3 150 F

o o

= 100F

g o

o 50F

5 g

o 0 20 40 60

Time (min)

C S

RhoGTP [
Total Rho

Intracellular Mechanics and Rho Activity

Figure 8. Cytomechanical response of Swiss 3T3 cells to Rho activation and Rho kinase inhibition. (A) Time-dependent mean cellular
compliances directly computed from the mean-squared displacements of the thermal motions of microspheres injected into the cytoplasm of
Y-27632 (10 uM)-treated, serum-starved Swiss 3T3 cells before and after treatment with 1 ug/ml LPA. Error bars denote SE of measurement.
Inset, cellular compliance as a function of elapsed time at a time scale of 1 s. (B) Time-dependent plateau modulus obtained from mean
cellular compliances (A). Inset, relative Rho activity (blue) obtained from Western blots of Rho pull-down experiments (C). Values are means
obtained from four experiments * SD. (C) Western Blot from one Rho pull-down experiment. (D) Time-dependent fluorescent micrographs
of Y-27632 (10 uM)-treated, serum-starved Swiss 3T3 cells before and after treatment with 1 ug/ml LPA. Actin filaments (green) were
visualized with Alexa 488 phalloidin, whereas focal adhesion complexes (red) were visualized with a mAb against vinculin and Alexa 566

goat anti-mouse. Bar, 20 um.

by Rho kinase of the cytomechanical response to Rho acti-
vation by LPA. This work establishes a rigorous framework
of how to functionally analyze the mechanical effects of
activation of other prominent members of the Rho family of
small GTPases, including Rac and Cdc42, which also medi-
ate actin cytoskeleton reorganization.
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