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Out-of-equilibrium dynamics in the cytoskeleton of the living cell
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We report here measurements of rheological properties of the human airway smooth muscle cell using forced
nanoscale motions of Arg-Gly-Asp RGD-coated microbeads tightly bound to the cytoskeleton. With changes of
forcing amplitude, the storage modulus showed small but systematic nonlinearities, especially after treatment
with a contractile agonist. In a dose-dependent manner, a large oscillatory shear applied from a few seconds up
to 400 s caused the cytoskeleton matrix to soften, a behavior comparable to physical rejuvenation observed in
certain inert soft materials; the stiffness remained constant for as long as the large oscillatory shear was
maintained, but suddenly fell with shear cessation. Stiffness then followed a slow scale-free recovery, a
phenomenon comparable to physical aging. However, acetylated low-density lipoprotein acLDL-coated micro-
beads, which connect mainly to scavenger receptors, did not show similar out-of-equilibrium behaviors. Taken
together, these data demonstrate in the cytoskeleton of the living cell behaviors with all the same signatures as
that of soft inert condensed systems. This unexpected intersection of condensed matter physics and cytoskeletal
biology suggests that trapping, intermittency, and approach to kinetic arrest represent central mesoscale fea-

tures linking underlying molecular events to integrative cellular functions.
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I. INTRODUCTION

Mechanical properties of the living cell are largely deter-
mined by its cytoskeleton (CSK), a complex biopolymer net-
work consisting of filamentous actin, microtubules, and in-
termediate filaments, many of which are associated with
crosslinkers, motor proteins, and other regulatory proteins. In
recent years, the physical environment of a living cell, such
as forces applied to it or the stiffness of its surrounding ma-
terial, has been shown to influence biological functions
[1-3]. In this paper, we focus on how a mechanical shear
affects physical properties of the cytoskeletal network. Al-
though the literature emphasizes stiffening [4-9], there is
now clear evidence that, when submitted to shear, some bio-
logical systems display a prompt softening, which is then
followed by stiffening [10-13].

In addressing the effects of physical forces upon cell me-
chanical properties, we have suggested previously that the
CSK of a living cell exhibits slow “glassy” dynamics similar
to those observed in soft condensed matter [11,13,14]. In
glassy systems, a particle can become trapped by interactions
with its surrounding neighbors [15,16]. Because these neigh-
bors act as a cage, particle motions are localized most of the
time, although occasionally a particle escapes its trap and
thus causes the local configuration to rearrange. With time,
however, the system evolves into configurations that are
more and more stable, but more slowly than any exponential
process; i.e., the system stiffens with time. Slowly evolving
dynamics of this kind is called physical aging [17,18]. In
such systems, applying a sufficiently large oscillatory shear
can provide an additional energy source that can overcome
energy barriers and drive structural rearrangements. As a
consequence, material properties return to their earlier val-
ues. In this way aging is reversed and the system softens.
This phenomenon is called physical rejuvenation [17,18].

In this paper, we show that a large oscillatory shear soft-
ened the CSK, a behavior similar to physical rejuvenation
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observed in inert glassy materials. This softening was fol-
lowed by a slow scale-free recovery, a behavior similar to
physical aging. After reviewing artifacts that might have
been induced by the experimental approach, we go on to
discuss insights that these findings provide concerning mate-
rial properties of the living scell. Finally, we show that these
new data further strengthen the analogy between the behav-
ior of the CSK and that of soft condensed matter, including
soft glassy materials (SGMs). This paper provides new data
extending a previous short communication from our group

[13].

II. MATERIALS AND METHODS

Mechanical properties were measured using magnetic
twisting cytometry with optical detection of microbead mo-
tion. Optical magnetic twisting cytometry (OMTC) can be
thought of as a microrheometer in which the cell is deformed
between a plate at the cell base (the cell culture dish upon
which the cell is adherent) and a magnetic microbead par-
tially embedded into the cell surface (Fig. 1). Microbead
coating, cell preparation, the experimental setup, and me-
chanical measurements used in this paper have been reported
in detail elsewhere [13,19] and are briefly described below;
methodological limitations are reviewed in the Discussion.

A. Microbead and cell preparation

Ferrimagnetic microbeads (4.2 wm in diameter) were pro-
duced in our laboratory, and then coated using one of two
different ligands: either acetylated low-density lipoprotein
(acLDL) or a peptide containing the sequence Arg-Gly-Asp
(RGD—exact sequence: Ac-Gly-DArg-Gly-Asp-Ser-Pro-
Ala-Ser-Pro = Ala-Ser-Ser-Lys-Gly-Gly-Gly-Gly-Ser-DArg-
Leu-Leu-Leu-Leu-Leu-Leu-DArg-NH,). Each ligand was
adsorbed onto the microbead surface (150 pg ligand/mg mi-
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FIG. 1. (Color online) Optical magnetic twisting cytometry. (a)
Magnetized microbeads acquired a magnetic moment M. A mag-
netic twisting field H induced a mechanical torque on each micro-
bead and caused the microbead to rotate and translate. M denotes
the direction of the microbead’s magnetic moment before (plain
line) and after (dotted line) twisting. (b) Scanning electron micro-
graph (EM) of RGD-coated microbeads firmly attached to the sur-
face of HASM cells (EM stage was tilted by 45°). (c) Bright field
image of HASM cells with magnetic microbeads (black dots) dur-
ing measurements. Microbeads marked with a green cross have
been recognized by the algorithm.

crobeads) by overnight incubation at 4 °C in carbonate
buffer (pH 9.4). The microbead coated with AcLDL binds to
low-density lipoprotein receptors, a nonadhesion scavenger
receptor. The microbead coated with RGD, by contrast, at-
taches to the human airway smooth muscle (HASM) cell via
integrin receptors, mainly through S3; subunits [20]. The in-
tegrins then cluster in localized attachment domains and as-
semble into adhesion complexes [21]. As addressed in the
Discussion, data suggest that such a microbead is strongly
anchored to the CSK.

HASM cells in passages 6—7 were serum deprived for
36 h; serum deprivation arrests the cell cycle in the G,/G,
phases. Plastic wells (6.4 mm, 96-well Removawells, Im-
munlon, IL) were coated with collagen I at a density of
500 ng/cm? for at least 12 h. Cells were harvested with
trypsin and incubated overnight in collagen-coated wells at
confluence (~20 000 cells/well). Prior to each measurement,
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approximately 10 000 microbeads were added to an indi-
vidual well and incubated for 20 min, leading to an average
of one microbead per living cell. The well was then rinsed
twice with a serum-free medium at room temperature to re-
move unbound microbeads. Once mounted on the micro-
scope stage, the microbeads were magnetized twice and an
experimental protocol began. All measurements were per-
formed at room temperature. So that the loading history was
identical between measurements, each well was tested only
once, and within a group of experiments, wells were submit-
ted to the exact same preparation history.

B. Microbead twisting and measurement of microbead motion

A pair of magnetizing coils and a pair of twisting coils
were mounted on the stage of an inverted microscope. The
well was placed on the microscope stage, and the microbeads
were magnetized horizontally by two consecutive magnetic
pulses (~0.1 T for ~0.1 ms) using the magnetizing coils
[Fig. 1(a)]. Furthermore microbeads were remagnetized 5 s
before applying the large oscillatory shear and before each

step torque. A vertical magnetic field H, applied by the twist-
ing coils, induced a mechanical torque on each microbead,
and caused both a rotation and a lateral displacement of the
microbeads [22]. The mechanical torque per microbead vol-
ume 7 is given by T=cH cos 6, where c is the microbead
magnetic constant (c=2.1 Pa per gauss), and 6 is the angle of
microbead rotation. Because 6 was small, we could ignore
the cos # term when computing the specific torque 7' from
the twisting field [22]. A progressive scan, triggerable black-
and-white CCD camera with pixel-clock synchronization
(JAT CV-M10, Glostrup, Denmark) was attached to the cam-
era side port of the microscope. Image acquisition was phase
locked to the twisting field. In any given well, the individual
displacements of approximately a hundred microbeads were
recorded simultaneously using an intensity-weighted center-
of-mass algorithm [Fig. 1(c)]. Moreover, beads that were
within two bead diameters were not analyzed to avoid corre-
lated motions of adjacent beads. The accuracy in the micro-
bead position was 10 nm (rms); the exposure time was
0.1 ms.

C. Complex elastic modulus

Sinusoidal forcing at frequency f was used to measure a
storage modulus g’(f), and a loss modulus g"(f) [14,23].
Measurements were performed over four decades in fre-
quency, from 0.1 Hz to 1 kHz. Sixteen images were acquired
during a twisting cycle, and heterodyning (a stroboscopic
technique) was used at frequencies above 1 Hz. The complex
elastic modulus g*(f) was defined by g*(f)=T(f)/d(f), where
T is the Fourier transform of the mechanical torque per mi-
crobead volume, d is the Fourier transform of the resulting
microbead displacement, and g*(f)=g'(f)+ig"(f) with
i?==1. This complex elastic modulus has dimensions of
Pa/nm and can be transformed to the conventional complex
elastic modulus G*(f) (with units of Pa) by a geometric fac-
tor a through the relationship G*(f)=ag”(f). The geometric
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factor « has been evaluated using a finite element model of
cell deformation [22], and depends mainly on the cell height
and on the degree of microbead embedding. Assuming 10%
of the microbead diameter embedded in a cell 5 um high
sets @ to 6.8 um. The complex elastic modulus g"(f) was
measured for each single microbead from its individual dis-
placement, and we report a median value of g"(f) calculated
over a large number of microbeads n. This number is usually
greater than 400 and is given in the figure legends.

D. Creep function

To measure the creep function [24], a constant magnetic
field was applied causing the microbeads to rotate and trans-
late; the displacement d(r) of each microbead at times ¢ was
recorded. We defined the creep function as j(r)=d(t)/ Ty, Ty
being the constant specific torque. This creep function has
dimensions of nm/Pa and can be transformed to the conven-
tional creep function J(#) (with units of Pa™!) using the same
geometric factor a such as J(¢)=j(¢)/ a. For RGD-coated mi-
crobeads, the creep function was measured applying a small
step torque of 42 Pa; for acLDL-coated microbeads, the ap-
plied torque was 3 Pa. Microbeads that moved less than
20 nm after 3 s of torque application were considered to
have fallen below our noise floor, and were discarded; this
corresponded to fewer than 20% of the microbeads. Because
we use median statistics, whether these microbeads were in-
cluded or rejected had at most only slight influence on the
phenomena reported. Furthermore, with RGD-coated micro-
beads, a torque of 42 Pa has been shown not to induce sig-
nificant changes in mechanical properties, whereas one
above 80 Pa did [13]. Note that the creep function j(z) was
measured for each single microbead from its individual dis-
placement, and we report a median value of j(¢) calculated
over a large number of microbeads n. This number is usually
greater than 400 and is given in the figure legends.

E. Cytoskeleton modulation

The CSK mechanical properties were modulated by treat-
ment of the cell with dibutyryl adenosine 3’ ,5'-cyclic mono-
phosphate (DBcAMP, decreases cell contractility, 1 mM),
and histamine (increases cell contractility, 100 uM). DB-
cAMP and histamine were reconstituted in sterile distilled
water at 0.1 M. Phenylarsine oxide (PAO, 5 nM), a tyrosine
phosphatase inhibitor, was prepared in sterile DMSO. On the
day of experiments, all reagents were diluted to final concen-
trations in serum-free media, yielding <0.1% DMSO in final
volume.

F. Reagents

Tissue culture reagents and drugs used in this study were
obtained from Sigma (St. Louis, MO, USA), with the follow-
ing exceptions: Trypsin-ETDA solution, which was pur-
chased from Gibco (Grand Island, NY), type I rat tail col-
lagen (Vitrogen Collagen) from Cohesion Technologies (Palo
Alto, CA), RGD peptide (Peptide 2000) from Telios Pharma-
ceuticals (San Diego, CA), AcLDL from Biomedical Tech-
nologies (Stoughton, MA).
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FIG. 2. Storage modulus g’ of HASM cells versus applied spe-
cific torque T (twisting frequency of 0.75 Hz), at baseline condition
(@, n=595 microbeads), and after treatment with histamine (O, n
=445 microbeads) and DBcAMP (V, n=834 microbeads). With
changes of forcing amplitude, g’ showed small but systematic non-
linearities, especially after treatment with histamine (a contractile
agonist). Error bars indicate + standard error.

G. Statistics

We used a 7 test to determine whether changes were sta-
tistically significant (p<<0.001).

II1. RESULTS

A. Dependence of the complex modulus upon torque
amplitude

We investigated nonlinearities by measuring the depen-
dence of storage g’ and loss g” moduli upon the amplitude of
the specific torque oscillation, which was varied over a range
approaching 40-fold (Fig. 2). Measurements were performed
as the torque amplitude was first increased then decreased.
No significant differences were observed between the two
measurements, thus g’ was independent of the sequence of
the applied torques. As the amplitude was progressively in-
creased, g’ first increased, peaked when specific torque was
about 10 Pa, and as the amplitude was further increased, g’
decreased only slightly (Fig. 2). When cells were contracted
with histamine, g’ increased and reached a steady state
within minutes [23]. When the specific torque amplitude was
then progressively increased, g’ peaked when specific torque
was about 10 Pa, and slightly decreased for higher torques.
This amplitude dependence of g’ was accentuated compared
to baseline conditions, but remained quite small. When cells
were relaxed with DBcAMP, g’ decreased, and reached a
steady state within minutes [23]. As the amplitude of the
oscillatory torque was subsequently increased, g’ remained
constant, implying no amplitude dependence. In each of
these cases, g” showed similar behavior but with absolute
values approximately 10 times smaller (data not shown).
With increasing torque amplitude, changes in g’ and g” were
weak, and at first approximation, the system could be
regarded as linear.
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FIG. 3. Rejuvenation: influence of a large oscillatory shear on
mechanical properties. (a) Stress history used for Figs. 3(b)-3(d). A
small step torque (42 Pa) was first applied to measure the creep
function j;(#). The CSK was then sheared by applying a large os-
cillatory torque (1 Hz, 100 Pa); the number of oscillations varied
from 0 to 400. A second small step torque was applied 10 s after the
end of the oscillations to measure j,(¢). (b) When no shear was
applied, no difference was observed between the creep functions
Ji(#) and j,(); the stiffness was identical. (c) When a large shear
was applied for 400 s, the creep function j,(r) was increased com-
pared to j;(z), indicating that the large oscillatory shear had soft-
ened the CSK. (d) Rejuvenation was defined as a percent change
between j;(r=3 s) and j,(¢=3 s). As the number of oscillations in-
creased, creep measured upon cessation of the oscillations increased
as well, indicating partial rejuvenation. * denotes a change statisti-
cally significant (p<<0.001). (e) Storage modulus g’ measured by
applying a small specific torque of 42 Pa (@), then a large torque of
168 Pa (O), and a small torque again (V) (twisting frequency
0.75 Hz). The stiffness remained nearly constant for as long as the
large oscillatory shear was maintained, but fell by 28% with cessa-
tion of this large shear (median values over n>400 microbeads).

B. Physical rejuvenation

We then turned to changes in mechanical properties in-
duced by a large oscillatory shear. To do this we measured
the creep functions before and after application of a large
oscillatory torque, which we called j;(¢) and j,(¢), respec-
tively [Fig. 3(a)]. For each measurement, the amplitude of
the large oscillatory torque remained constant (100 Pa at
1 Hz), but the number of cycles was varied. We expressed
the change between j,(f) and j,(f), both taken at r=3s
(an arbitrary value), as a percent change, and called this a
rejuvenation response. When no shear was applied, no dif-
ference was observed between j;(¢) and j,(¢); the stiffness
was identical [Fig. 3(b)]. In contrast, when a large shear was
applied for 400 s, j,(r) measured subsequently increased
compared to j;(¢) [Fig. 3(c)]; for an identical applied torque
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FIG. 4. Rejuvenation: influence of a second oscillatory shear. (a)
Stress history. A first step torque was applied, and then the matrix
was sheared (1 Hz, 20 cycles, 100 Pa). A second step was applied at
t,,(1)=10 s after the end of the oscillations. At 7,,(2)=400 s, a third
step was applied. At #,,(3)=430 s, the matrix was sheared a second
time (1 Hz, 20 cycles, 100 Pa), and a fourth step was applied at
t,,(4)=10 s after the end of the second oscillation. (b) Median val-
ues and standard error for each of the four creep functions at ¢
=3 s (n=1661 microbeads). j; gives the baseline condition. j, fol-
lowing the large shear is consistent with partial rejuvenation. j;
showed a decrease in stiffness consistent with aging. j, revealed
that the second oscillations reversed aging and brought back the
mechanical properties to 92% of j,. * denotes a change statistically
significant (p <0.001).

the microbeads moved more, indicating that the large oscil-
latory shear softened the CSK. As the number of applied
torque cycles increased, rejuvenation increased in a dose-
dependent manner [Fig. 3(d)]; the CSK became progres-
sively softer as the number of cycles applied previously was
increased.

To further explore the influence of large shear on me-
chanical properties, we measured g’ and g” before, during,
and after a large oscillatory shear [Fig. 3(e)]. The torque was
turned off for 20 s between each measurement during which
microbeads were remagnetized. During the first phase of the
measurement (small torque of 42 Pa at 0.75 Hz), g’ re-
mained nearly constant [Fig. 3(e)]. During the second phase
(large torque of 168 Pa), g’ was not much different, reflect-
ing the insensitivity of g’ to torque amplitude as described
above. Interestingly, the stiffness remained nearly constant
for as long as this oscillatory shear was maintained. It was
only with cessation of this large shear that g’ rapidly fell.

The ability of shear to rejuvenate the system was further
tested by applying two consecutive large oscillatory torques
[Fig. 4(a)]. After the first large oscillatory shear, j,(r) was
about 20% higher than j,(7); the oscillatory shear softened
the cell, indicative of rejuvenation [Fig. 4(b)]. During the
waiting time of 400 s, j;(¢) decreased compared to j,(¢); the
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FIG. 5. (Color online) Aging: changes in the creep functions
Jj(z,1,,) at different waiting times ¢,,. (a) Stress history. Creep func-
tions were measured by applying a small step torque before and
after application of a large oscillatory shear. The waiting time ¢,,
was defined upon cessation of the large shear. (b) Median values
(n=1684 microbeads) of creep functions at different 7, ranging
from 10 to 3600 s (top to bottom, respectively). The stiffness of the
CSK increased with the waiting time, a behavior consistent with
physical aging.

cell stiffened, indicative of aging (see below). A second os-
cillatory shear was then applied; j,(r) measured upon cessa-
tion of this second shear was increased, and was brought
back to 92% of j,(r). These findings confirmed that a large
shear rejuvenated the CSK and reversed aging.

C. Physical aging

We now turn to the evolution of mechanical properties
following the large shear. Microbeads were first incubated on
cells for 20 min. Then, for reasons explained in the Discus-
sion (“Evolution of mechanical properties”), the cell well
was left at rest for 1 h. Creep functions were measured be-
fore and at different waiting times z,,, after application of a
large oscillatory torque [Fig. 5(a)]. These creep functions
become a function of two times: the time ¢, elapsed since the
imposition of the step torque, and the waiting time f,,
elapsed since the end of the large oscillatory torque.

As previously reported [19], each creep function j(7,t,,),
increased with ¢ as a weak power law, i.e., j(t)= joz"“1
[Fig. 5(b)]. After application of the large oscillatory shear, j
decreased systematically as the waiting time was increased,
whereas x increased slightly from 1.15 to 1.18 within the first
400 s, and remained constant and equal to 1.179+0.009 for
longer waiting times. The creep functions decreased as ft,,
increased; thus the CSK stiffened as the waiting time in-
creased, a behavior similar to that observed in certain soft
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FIG. 6. Collapse of the creep functions. When plotted versus a
rescaled time ¢, defined as 7,=1/(t,)", all creep functions mea-
sured at waiting times ¢,, below 2400 s collapsed with an aging
exponent u of 0.4. Fitting all 1120 data points of Fig. 6 by a single
power law gave a correlation coefficient 72=0.963. Collapse of this
kind is a typical feature of glassy systems that are aging.

materials that are aging [17,18]. Furthermore, for waiting
times up to 2000 s, creep functions collapsed when plotted
against a rescaled time ¢, defined as t,=1/(z,)*, with an
aging exponent wu equal to 0.4 (Fig. 6). For waiting times
above 2000 s, creep functions could be collapsed as well but
the aging exponent was found to be greater than 1 (data not
shown).

Similar experiments conducted with microbeads coated
with acLDL showed no evidence of rejuvenation (Fig. 7,
inset) or aging (Fig. 7). When submitted to a large oscillatory
shear [stress history similar to Fig. 3(a)], the creep function
Jo(t) was not increased compared to j,(r) (Fig. 7, inset).
When creep functions were measured following the large
shear [stress history similar to Fig. 5(a)], no differences were
noticed for waiting times below 2000 s (Fig. 7).
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FIG. 7. (Color online) acLDL-coated microbeads did not show
aging or rejuvenation (=613 microbeads). Creep function mea-
sured at different waiting times ¢,, (from 10 to 1200 s) did not
change with t,,, thus aging was not present. Inset: when applying a
large oscillatory shear, rejuvenation was not present.
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IV. DISCUSSION

We have measured material properties of the HASM cell
before, during, and after application of a large oscillatory
shear. Our principal findings are as follows. The complex
modulus showed amplitude dependencies that were system-
atic but small. Shear softening was unveiled by transient ap-
plication of a large oscillatory shear. Upon shear cessation,
there was an immediate softening that was dependent on the
duration of the applied shear and consistent with physical
rejuvenation. This softening was followed by slow scale-free
recovery of mechanical properties that was consistent with
physical aging. Importantly, acLDL-coated microbeads,
which do not connect to deep cytoskeletal structures, dis-
played neither physical aging nor rejuvenation.

In this section we first critique the methods used, and
address in depth artifacts that might have been induced by
the magnetic microbead approach. We then go on to discuss
insights that these findings provide concerning material prop-
erties of the living cell, and their modifications induced by
shear. Finally, we contrast the observed behaviors to those of
inert soft glassy systems.

A. Methodological limitations

We have reported previously on optical magnetic twisting
cytometry and its technical limitations [11,19,21,23]. Be-
cause data and interpretations reported here rest entirely
upon that approach, we provide a critical summary of those
methodological considerations. We begin by noting that the
use of functionalized surface-bound probes to measure
cytoskeletal mechanics has become a standard part of an
armamentarium that now includes magnetic twisting
cytometry, magnetic and optical tweezers, one-point and
two-point microrheology, laser tracking microrheology,
and even certain instances of atomic force microscopy
[5,6,9,14,19,23,25-32]. Therefore the complex issue of cou-
pling of a functionalized probe to the cell is not at all pecu-
liar to OMTC.

In each of these techniques, the cell regards the probe as a
part of its extracellular matrix. In the case of microbeads
functionalized with RGD, binding between ligands on the
microbead and integrin receptors on the cell surface induces
the formation of focal adhesions. These focal adhesion com-
plexes, in turn, connect to stress fibers and trigger a host of
time-dependent responses that approximate those observed
when a cell adheres to and spreads on a coated dish [33-36].
It is possible, nonetheless, that in all these methods results
might be not so much a reflection of intrinsic properties of
the CSK but instead attributable to the microbead-cell cou-
pling, and especially, to the dynamics of receptor-ligand
binding on the cell membrane. However, multiple lines of
evidence argue against this possibility.

The structural and functional connections of the micro-
bead to the CSK have been defined in a variety of experi-
mental approaches [21,25,30,37-39], and mechanical re-
sponses measured in this way have been shown to be
sensitive to manipulations of actin filaments, myosin motors,
vinculin, heat shock proteins 20 and 27, cell spreading, cell
stretching, cytoskeletal tension, and adenosine triphosphate
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(ATP) depletion [5,13,14,40-47]. These results are also in
good agreement with a large number of studies that reported
the effect of these and other drugs on cell mechanics but
employed different measurement techniques, including in-
dentation with a glass fiber [48], uniaxial stretching [49],
atomic force microscopy [29,50], and measurement of the
transit time of cells through capillary pores [51]. Importantly,
since its discovery using OMTC [14], power law rheology
has been widely confirmed using diverse experimental tech-
niques, among which are optical tweezers [28,52], atomic
force microscopy [29], uniaxial stretching [49], two-point
microrheology [53], laser-tracking microrheology using
surface-bound and internalized microbeads [27,31], and mi-
cropipette aspiration [54,55]. In every case, a power-law re-
sponse with an exponent between 0.1 and 0.3 prevailed, im-
plying that within the cell body relaxations at all time scales
were present simultaneously; no distinct relaxation time
stood out, and no distinct molecular relaxation time or time
constant could characterize the response. Such a response is
called scale-free.

But perhaps the strongest evidence pertaining to the issue
of microbead-CSK coupling comes from a recent study that
used OMTC to probe the freshly isolated airway smooth
muscle cell. Deng and co-workers [56] demonstrated the ex-
istence of a high frequency regime in which the absolute
magnitude and the frequency dependence of the complex
modulus correspond precisely to entropic dynamics pre-
dicted for semiflexible actin filaments driven by thermal
forces [57]. By establishing both qualitatively and quantita-
tively the hallmarks of entropic elasticity of a cross-linked
actin network, these findings imply that the microbead re-
sponse is dominated by actin filaments rather than integrin
dynamics. Furthermore, using magnetic tweezers to pull on a
microbead, Fenenberg and co-workers identified the rubber-
like plateau of actin network in the nonlinear regime [58].

In connection with different microbead ligands, Puig-de-
Morales and co-workers [21] investigated vitronectin, acti-
vating antibodies, and, importantly, nonactivating antibodies
to different integrin subunits. As expected, mechanical
moduli depended strongly on bead coating, differing at the
extremes by as much as two orders of magnitude. But despite
the differences in the signaling cascades that may be acti-
vated in each case, elastic and loss moduli increased with
frequency f as a weak power law; therefore scale-free behav-
ior prevailed and data collapsed onto the same universal re-
lationships as did RGD-coated microbeads [23]. Thus scale-
free rheology did not depend on the details of the coupling of
the microbead to the cell.

As with all probes used to drive cell deformation, the
resulting state of stress within the cell is complex [45,58,59].
In particular, Hu and co-workers used synchronous detection
to show that strains applied through RGD-coated microbeads
are transmitted to remarkable distances—approaching tens of
micrometers—via stress fibers [45]. Moreover, using traction
microscopy to measure the distribution of contractile stresses
arising at the interface between a cell and its substrate, and
using OMTC to measure g’, Wang and co-workers showed a
linear correlation between g’ and the level of tensile stress
within the CSK [46]. In addition, the power-law dependence
upon frequency of cell stiffness measured by OMTC is pre-
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dicted by traction microscopy measured at the cell base [44].

None of these observations is easily explained by ligation
dynamics, and certainly not all of them. Rather these obser-
vations, taken together, support the simplest of all possible
interpretations, namely, that the coupling of the microbead to
the cell is stiff and that rheology reflects predominantly the
mechanical nature of cytoskeletal structures. The physical
picture, therefore, is that the microbead binds avidly to the
cell, which in turn forms associated focal adhesions. And as
the microbead rotates, the CSK is necessarily deformed.
These deformations, in turn, are transmitted via stress fibers
deeply into the cell body and down to basal adhesions at-
tached at the cell substrate.

B. Amplitude dependence

In the literature, both linear and nonlinear behaviors have
been reported [19,23,60,61]. Using methods and living cells
similar to those used here, Fabry and co-workers reported
that the storage modulus is independent of the torque ampli-
tude [23], whereas Stamenovic and co-workers reported a
slight dependence in the low range of torque amplitude [61].
Here we have reexamined the effects of torque amplitude in
greater detail, and found amplitude dependencies that were
systematic but quite weak. When the cells were relaxed, the
response was perfectly linear. It is only when the cells were
contacted that small nonlinearities appeared.

C. Rejuvenation

A large oscillatory shear was shown to induce significant
softening of the CSK (Fig. 3). Similar shear softening has
been reported in neutrophils subjected to mechanical shear
[10,12]; those authors speculated that this softening might be
attributable to disruption of bonds in the F-actin network and
actin depolymerization.

Although mechanisms behind shear softening are still to
be elucidated, the experiments reported here give interesting
insights. During application of the large oscillatory shear, the
stiffness of HASM cells remained nearly constant [Fig. 3(e)].
Therefore the decrease in stiffness seen upon shear cessation
does not appear to be compatible with disruption of the
F-actin network or with detachment of the microbead from
focal adhesion complexes. The decrease in stiffness was vir-
tually instantaneous and was tied to shear cessation. As such,
the origin of this phenomenon appears to lie in the physical
nature of the perturbation rather than intracellular signaling
events that it might have triggered. Because shear softening
was present when the cell was probed using RGD-coated
microbeads (Fig. 3), but not present when probed using
acLDL-coated microbeads (Fig. 7), the locus of the shear
softening would appear to be the focal adhesion complex or
the actin microfilament bundles and stress fibers.

Softening in response to stretch as reported here stands in
contrast to reinforcement [4-9]. Reinforcement is a localized
strengthening of cytoskeletal linkages induced by a restrain-
ing force applied on fibronectin-coated microbeads. In con-
trast, rejuvenation is a softening induced by a large shear
applied on RGD-coated microbeads. Differences in experi-
mental protocols and in cell type might explain this apparent
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contradiction. Choquet and co-workers begin measurements
within seconds of microbead contact on the cell, thus focal
adhesions are still not matured [6]. While focusing measure-
ments upon lamellipodia of migrating fibroblasts, they ob-
served directed, quasiballistic microbead motions, with mi-
crobead speeds of 5—10 um/min. Moreover, Choquet and
co-workers noticed that strengthening of cytoskeletal link-
ages was inhibited with phenylarsine oxide (PAO), a tyrosine
phosphatase inhibitor, indicating a role for dephosphoryla-
tion. When PAO was added in our system (5 nM), we ob-
served a twofold decrease in stiffness within 10 min of the
drug application; the power law exponent dropped from 0.17
to 0.12, but rejuvenation and aging were still observed (data
not shown). Finally, differences in focal adhesion constitu-
tion could explain the observed disparities. RPTP« and «, 35
integrins are implicated in force sensing leading to reinforce-
ment [9], but these two membrane proteins are found at the
leading edge of lamellipodia of spreading cells [7]. In the
experiments reported here, cells were grown at confluence,
and RGD-coated microbeads were randomly distributed over
the apical surface of the cell.

D. Evolution of mechanical properties

From our experiments, the following evolution of me-
chanical properties was unveiled. Up to an hour after micro-
bead incubation and as long as no torque was applied to the
microbeads, the stiffness remained constant; creep functions
measured right after microbead incubation [Fig. 3(b)] and
one hour later (Fig. 5) were not significantly different
(p=0.17 using an unpaired two-tailed ¢ test). When creep
functions were regularly performed but no large shear was
applied, the stiffness remained constant for the first 30 min
and then began to increase strongly, as shown by Bursac and
co-workers [13]. We were intrigued by this phenomenon,
and, as such, we postponed measurements by 1 h after mi-
crobead incubation (Fig. 5). Surprisingly, we observed the
very same behavior. Thus the strong increase in stiffness was
directly linked to the beginning of measurements themselves;
the small torque applied to measure the creep functions was
responsible for the subsequent increase in stiffness. A similar
stiffening has been previously reported [42,62,63] and was
attributed to actin polymerization around the microbead. This
increase in stiffness differed from that seen in reinforcement
in that it was not inhibited by phenylarsine oxide (data not
shown) and occurred on time scales of thousands of seconds
rather than tens of seconds [6].

E. Cytoskeleton of the adherent living cell
as a soft glassy material

Fabry and co-workers [14,23] were the first to point out
the striking analogy between cell rheology and that of so-
called soft glassy materials (SGMs). The class of SGMs in-
cludes foams, pastes, colloids, emulsions, and slurries;
though very different in structure, the mechanical behavior
of each is surprisingly alike. All are very soft (in the range of
Pa to kPa), both the storage g’ and the loss g” moduli in-
crease with weak power-law dependences on frequency, and
the ratio g"/g’ is frequency insensitive and in the order of
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0.1 [16]. But while glassy systems tend to express scale-free
rheology, all materials expressing scale-free rheology are not
glassy; plastics, wood, concrete, and some metals fall into
the latter category [24]. As such, the extent to which dynam-
ics of the CSK might be regarded as being glassy remained
very much an open question, and the search of unequivocal
phenomena of soft condensed systems, such as physical ag-
ing and rejuvenation, becomes of great interest.

The similarities between the CSK of the living cell and
soft condensed systems are striking. First, the elastic modu-
lus of the living cell is of the order 10°—10* Pa, showing that
it is a very soft material indeed, and its loss tangent (or
hysteresivity) is of the order 0.3, showing that it is much
closer to being an elastic solid than a viscous fluid [14,23].
Second, a distinct internal time scale cannot characterize cell
rheology. Instead, relaxation times are distributed as a power
law, and for that reason cell rheology is said to be scale-free
[14,19,23,27-29,49,52-54]. Third, the cell interior is charac-
terized by molecular crowding, with an average distance
between macromolecules of only 2 nm. Finally, out-of-
equilibrium dynamics reported here showed strong similari-
ties with rejuvenation (Figs. 3 and 4) and aging (Fig. 5) as
observed in SGMs. Furthermore, collapse of mechanical
measurements onto a master curve (Fig. 6), with an aging
exponent of 0.4, is a typical feature of SGMs that are aging.
As aging progresses, kinetics slow and the spectrum of me-
chanical relaxation times shifts downward with the waiting
time, but at each z,, the spectrum shape is unchanged [18];
thus using the rescaled time Ty mechanical measurements
collapse onto a master curve [17]. Such a rescaling is a con-
ventional method to prove aging and has been found in dif-
ferent SGMs, with aging exponents ranging from 0.55 to
infinity [64-67].

If the soft glassy rheology model is applied to the CSK,
then kinetic arrest becomes a key feature of cytoskeletal dy-
namics. As such, the following physical picture emerges
[13]. A cytoskeletal element (presumably a structural protein
or protein complex) finds itself trapped in an energy well,
where trapping might arise from physical interactions such
as molecular crowding, attractive interactions, or weak
chemical bonding. Through a discrete molecular rearrange-
ment, the CSK goes from one configuration to another, and
evolves into configurations that are more and more stable,
i.e., it ages. An externally applied mechanical strain provides
an energy source that drives structural rearrangements, re-
verses aging, and pushes the CSK further away from thermo-
dynamic equilibrium, i.e., the CSK is rejuvenated.

However, an interesting distinction between the CSK and
inert condensed systems is the role played by the additional
mechanical energy provided by ATP hydrolysis. ATP-
dependent rearrangements of the CSK could modify the con-
figurations themselves, providing an alternate means of ex-
ploring new configurations. ATP hydrolysis can drive both
protein conformational changes and polymerization or depo-
lymerization cycles, either of which could conceivably re-
solve constraints and drive structural rearrangements. This is
radically different from traditional glassy systems that re-
main trapped in a configuration for increasingly long times
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because only thermal energy is available to allow the system
to evolve [13].

The analogy between the CSK of the living cell and inert
soft glassy systems, and the physical picture described
above, bring together elastic energy storage, mechanical en-
ergy dissipation, and structural rearrangements within the
living cell, thus tying together the abilities of the CSK to
deform, to flow, and to remodel [11,13,68]. These factors
determine the extent to which the material exhibits fluidlike
versus solidlike behavior, and thus might impact understand-
ing of those integrative cell functions that are dependent
upon mechanical features. The analogy described here is
purely empirical, however, and why the CSK should behave
in a manner comparable to inert soft glassy systems remains
unclear.

F. Rejuvenation and bronchospasm

To conclude, we turn to a more physiological problem,
namely, how rejuvenation could help to understand broncho-
spasm. The mechanical environment of many living cells is
dynamic; with every beat of the heart, inflation of the lung,
or peristalsis of the gut, cells are often subjected to large
mechanical strains. A deep inspiration, for example, is the
most potent of all known bronchodilatory agencies, but this
beneficial effect is abrogated in asthma, and the underlying
mechanism remains unclear [69-74]. The potent bronchod-
ilatory response to a deep inspiration has been attributed
mainly to perturbed binding kinetics of myosin to actin;
small cyclic stretches dramatically reduce the duty cycle of
myosin [75,76]. It has been well recognized, however, that
perturbed myosin binding by itself cannot provide an ad-
equate explanation of this important phenomenon [77,78]. In
response to stretch, airway smooth muscle demonstrates im-
portant cytoskeletal remodeling [79-81] and a time course of
recovery of muscle properties that is anomalous. For ex-
ample, after a transient stretch of the activated smooth
muscle strip, or after a deep inspiration in a bronchocon-
stricted living human subject, the recovery of muscle force
and muscle stiffness [76,77], as well as renarrowing of the
airways [82], seem in some cases to be scale-free and are
certainly far too slow to be accounted for by any straightfor-
ward accounting of myosin-actin binding dynamics [83]. We
suggest, therefore, that myosin binding considered within the
broader context of trapping, rejuvenation, aging, and associ-
ated slow glassy dynamics, might help to provide a more
complete explanation of this basic bronchodilatory phenom-
enon.
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