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Universal physical responses to stretch in the living
cell
Xavier Trepat1, Linhong Deng1,2, Steven S. An1,3, Daniel Navajas4, Daniel J. Tschumperlin1, William T. Gerthoffer5,
James P. Butler1 & Jeffrey J. Fredberg1

With every beat of the heart, inflation of the lung or peristalsis of
the gut, cell types of diverse function are subjected to substantial
stretch. Stretch is a potent stimulus for growth, differentiation,
migration, remodelling and gene expression1,2. Here, we report
that in response to transient stretch the cytoskeleton fluidizes in
such a way as to define a universal response class. This finding
implicates mechanisms mediated not only by specific signalling
intermediates, as is usually assumed, but also by non-specific
actions of a slowly evolving network of physical forces. These
results support the idea that the cell interior is at once a crowded
chemical space3 and a fragile soft material in which the effects of
biochemistry, molecular crowding and physical forces are com-
plex and inseparable, yet conspire nonetheless to yield remarkably
simple phenomenological laws. These laws seem to be both uni-
versal and primitive, and thus comprise a striking intersection
between the worlds of cell biology and soft matter physics.

Soft materials such as tomato ketchup, shaving foam and tooth-
paste tend to fluidize when subjected to shear4–7, as do granular
materials including sugar in a bowl, coffee beans in a chute8 and even
certain geophysical strata during an earthquake9; each transforms
from a solid-like to a fluid-like phase, stiffness falls, and the material
flows. Underlying microscopic stress-bearing elements, or clusters
of elements, interact with neighbours to form a network of force
transmission, but how flow is initiated and the nature of energy
barriers that must be overcome remain the subject of much current
attention5–9.

The response of a living cell to transient stretch would seem to be a
different matter altogether. Very early literature shows that in res-
ponse to application of a physical force the cell acutely softens
(Supplementary Note 4), but more recent literature uniformly
emphasizes stiffening (Supplementary Note 5)1,10. Nevertheless, we
demonstrate here that the living cell promptly fluidizes and then
slowly re-solidifies much as do the inert systems described above.
Moreover, underlying structural rearrangements on the nanometre
scale promptly accelerate and then slowly relax. In addition, in
experiments spanning wide differences in cellular interventions, cell
type and even integrative scale, these physical events conform to
universal relationships.

Shear fluidization of inert matter is usually attributed to the pres-
ence of physical interactions that possess energy barriers that are so
large that thermal energies by themselves are insufficient to drive
microconfigurations to thermodynamic equilibrium. The material
is then unable to explore its configuration space5, and structural
rearrangements become limited by long-lived microconfigurations
in which the system becomes trapped. If these microconfigurations
were metastable, then their longevity could depend upon agitation

energy of some non-thermal origin. In the case of living cells, one
such source of non-thermal agitation is ATP-dependent conforma-
tional changes of proteins11, which release energy of about 20kBT per
event, where kB is Boltzmann’s constant and T is temperature,
whereas another is energy injected into the system by stretch.

To test this last idea, we developed a novel experimental system in
which we could subject the adherent human airway smooth muscle
(HASM) cell to a transient isotropic biaxial stretch–unstretch man-
oeuvre of 4 seconds duration with zero residual macroscale strain.
We could then monitor, on the nanometre scale, cell mechanical
properties, remodelling dynamics and their changes (Methods;
Supplementary Fig. 1; Supplementary Note 2).

Stiffness after stretch relative to stiffness of the same cell immedi-
ately before was denoted G9n. When no stretch was applied, this
fractional stiffness did not change, but immediately after cessation
of a single transient stretch G9n promptly decreased and then slowly
recovered (Fig. 1a). These responses varied systematically with the
amplitude of the imposed stretch, but little with the number of
imposed stretch cycles (Supplementary Fig. 2). Immediately after
stretch cessation, the phase angle d~tan{1(G00=G0) promptly
increased and then slowly recovered (Fig. 1b), where for a hookean
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Figure 1 | A single transient stretch drives fractional stiffness G9n down
and the phase angle d up, indicating fluidization of the cytoskeleton.
a, Evolution of G9n of HASM cells after a single transient stretch of 0% (no
stretch, open circles), 2.5% (green), 5% (blue) and 10% (red). The response
of each bead was normalized to its pre-stretch value. b, Evolution of the
phase angle after stretch application. Compare with Box 1 in Supplementary
Note 7.
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solid d 5 0 and for a newtonian fluid d 5 p/2. In the living cell
0.15 , d , 0.50, thus placing the living cell closer to the solid-like
state, and d is virtually invariant with changes of frequency, thus
setting cytoskeleton rheology within the paradigms of structural
damping and scale-free dynamics12–17. These prompt changes estab-
lish that shear tended to fluidize the cell, and did so in a manner
comparable to the effect of shear on soft materials including colloidal
glasses, emulsions and pastes4,5 (Supplementary Note 7). However,
fluidization in response to transient stretch contrasts with strain-
stiffening behaviour that is observed in response to sustained stretch
of cells15 or reconstituted crosslinked actin gels18,19; in Supplementary
Note 6 we reconcile these seemingly contradictory behaviours.

To assess the robustness of these responses, we pre-treated cells
with an extensive set of mechanistically distinct drugs. These inter-
ventions caused expected changes in baseline material properties
(Supplementary Table 1). Despite wide differences in baseline values,
each cell could serve as its own pre-stretch control. Across the panel
of interventions, fluidization–resolidification responses to stretch
were similar in quality but markedly disparate in magnitude and time
course (Fig. 2a). When F-actin was stabilized with jasplakinolide,
stretch caused the largest fractional decrease in stiffness and displayed
the fastest recovery, whereas when F-actin was depolymerized with

latrunculin A, stretch caused the smallest fractional decrease of stiff-
ness and a relatively slow recovery. Inhibition of the myosin light
chain kinase with ML7 blocked contractile activation as expected
(Supplementary Fig. 3), but the time course of G9n remained almost
unchanged. Similarly, when extracellular calcium was chelated with
EGTA to prevent calcium influx through stretch-activated channels,
the time course of G9n remained largely unchanged. In contrast, ATP
depletion caused stiffness recovery to slow dramatically. In all experi-
mental conditions, the phase angle showed a rapid increase followed
by a slow decrease (Fig. 2b).

To assess the generality of these results, we also evaluated human
lung fibroblasts (HLF), Madin–Darby canine kidney epithelial cells
(MDCK) and human bronchial epithelial cells (HBE). Again, we
found responses that were similar in quality but disparate in mag-
nitude and time course (Fig. 2c, d).

A striking unification of these diverse responses was established
when we focused on the prompt stiffness reduction G9n (assessed at
the earliest measurable time point, t 5 5 s) and its initial rate of
recovery a (assessed from the fit of G9n to ta for the first 30 s of
response). Despite the broad diversity of drug interventions and
cellular systems, when G9n (at t 5 5 s) was plotted against the pre-
stretch value of the phase angle (d0), all data collapsed onto a single
unifying relationship (Fig. 3a). Similarly, when the rate of stiffness
recovery was plotted against d0 another master relationship was
defined, although ATP depletion fell off that relationship (Fig. 3b).
Moreover, at the level of an isolated bovine airway smooth muscle
tissue strip mounted in a muscle bath, maximally activated, and then
stretched using a servo-controller20, data fell onto the very same
relationships as did single cells in culture (Fig. 3).

Although these wide ranges of cellular systems, interventions and
integrative scales might have led to a quagmire of inconsistencies,
they instead unveiled a pattern of consistency (Fig. 3). The closer the
system was to the solid-like state before being subjected to transient
stretch, the greater was the extent of its fluidization and, except in the
case of ATP depletion, the faster was its subsequent resolidification
(Fig. 3). Behaviour of this kind is crudely reminiscent of that
observed in inert soft materials such as hard-sphere colloids and is
predicted by coarse-grained trap models of soft glassy rheology
(Fig. 3c; Supplementary Note 7).

To test this interpretation further, we made direct observations of
molecular-scale structural rearrangements. Cells were subjected to
10% transient stretch–unstretch, but instead of measuring forced
bead motions using optical magnetic twisting cytometry (OMTC),
as above, we measured spontaneous nanoscale bead motions and
used them as a direct index of the rate of molecular-scale structural
rearrangements16. The evolution of mean square bead displacement
(MSD) on the nanometre scale—both before the transient stretch
and at different waiting times (tw) after stretch cessation—showed
that when no stretch was applied the MSD evolved as we have
reported previously16,21 (Fig. 4). But when a transient stretch was
applied, the rate of remodelling kinetics accelerated promptly and
by more than an order of magnitude; comparatively, macromolecu-
lar mobility in unstretched cells was markedly retarded. However,
as tw increased, those kinetics progressively slowed, but relaxed more
slowly than any exponential process5–7 (Fig. 4b). This constellation
of out-of-equilibrium features (Figs 1–4) represents the strongest
evidence yet available to suggest slow relaxation of a glassy phase
(Supplementary Note 7).

The conventional understanding of cytoskeleton dynamics has
been based on the ideas that physical forces act to stiffen the network
through both passive mechanical strain-stiffening18,19 and active sig-
nalling-mediated reinforcement1,10. The results presented here show
this viewpoint to be incomplete. Rather than merely triggering bio-
chemical signalling cascades, as is usually assumed, cell stretch is seen
to set into motion ongoing physical events in cell signalling that are
not limited to the initiating upstream molecular transducers: phys-
ical forces seem to be more than a trigger. The absence of molecular

G
′ n

G
′ n

Time after stretch cessation, t (s)
10 100

t (s)
10 100

δ

t (s)
10 100

δ

0.2

0.3

0.4

0.5

a

c

b

d

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0.2

0.3

0.4

0.5

Figure 2 | A broad variety of cell systems were fluidized by a transient
stretch of 10% amplitude. a, b, G9n (a) and d (b) of pharmacologically
treated HASM cells after application of a single transient stretch of 10%
amplitude (see Methods and Supplementary Table 1 for pre-stretch baseline
values and treatment details). Groups are latrunculin A (orange), DBcAMP
(green), ML7 (10 min incubation, bright pink; 45 min incubation, dark
pink), histamine (yellow), EGTA (grey), jasplakinolide (bright blue), ATP
depletion (open symbols), and untreated cells (red). G9n (c) and d (d) of
MDCK (blue diamonds), HBE (yellow squares), HLF (black triangles) and
HASM (red circles). Compare with Box 1 in Supplementary Note 7.
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specificity in the early events of this process is highlighted by the fact
that over wide ranges of systems and circumstances, the abilities of a
cell to fluidize suddenly in response to stretch and to resolidify sub-
sequently (Figs 3 and 4) seem to be insensitive to molecular details,
and instead depend solely on the proximity of the cell to a solid-like
state before the stretch (d0). This simple result is remarkable, but as
more data accrue the cases in which this universality class is violated
are likely to be most instructive.

These findings of universality and non-specificity, taken together
with the striking analogy to dynamics in inert glassy systems (Fig. 3c;
Supplementary Note 7), imply ongoing actions of a network of slowly
evolving physical forces, but it remains unclear if these observations
can be interpreted in terms of the onset of a non-equilibrium phase
transition controlled by external stress that separates a jammed phase
from a flowing phase5,22. Despite the underlying variety of molecular

mechanisms, all such glassy systems are thought to have one feature
in common—structural rearrangements that are slow, localized and
inelastic—and the applicability of such a point of view is justified by
the universality of the phenomenology, including inert matter4–7,23,
proteins24, cells16,25,26 and integrated tissues20. In the case of physical
interactions between cytoskeletal molecules, such inelastic rearran-
gements might include disruption or unfolding of crosslinking
proteins, resolution of steric constraints, detachment of myosin
crossbridges, rupture of hydrogen bonds or cytoskeleton filaments,
or actions of force-dependent capping proteins controlling filament
polymerization27.

While fluidization of living and inert systems clearly differ (Fig. 3c),
the constellation of out-of-equilibrium features displayed by the
cytoskeleton of the living cell is seen to be rich, nontrivial and unex-
plained, and would appear to describe a glassy matrix close to a glass
transition. We now have firm phenomenological evidence, more-
over, that dynamics in the cytoskeleton of the living adherent cell
revolve around the master parameter d0 (or, equivalently, x; Sup-
plementary Note 7), which sets the power-law rheology exponent12,13,
the rate of nanoscale structural rearrangements and their relaxation
(Fig. 4)16, the extent of fluidization in response to stretch (Figs 2
and 3a) and the rate of subsequent resolidification (Fig. 3b). In turn,
this master parameter d0 is set by cytoskeletal tension (pre-stress)28.
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Figure 4 | Structural relaxation takes place on timescales that grow with
the time elapsed since the application of stretch and is slower than any
exponential process. a, Spontaneous motions of beads bound to HASM
cells at different tw after stretch cessation (n 5 1,062 beads). Waiting times
are 5, 20, 35, 55, 85, 135, 195, 295, 435, 665 and 995 s from top to bottom. The
red line is the MSD before stretch application. The dashed lines indicate
diffusion exponents of 1 and 2. b, To characterize the progressive slowing of
rearrangement kinetics, we defined a time t at which MSD(t)~d2, where d
was taken as an arbitrary threshold and t thus represented the average time
required for a bead to move (diffuse) a distance d. For any value of d, we
found that t increased with tw as a power law t / tw

m with m < 0.3, indicating
that the decay was slower than any exponential process, and that within the
experimental time window no steady state was achieved. Data are shown for
d2 5 100 nm2 and the solid line is a fit to a power law with exponent m 5 0.32.
c, After rescaling the time axis using Dtm~Dt=tm

w with m 5 0.32, all data
collapsed onto a master curve. This indicates that the kinetics at each waiting
time were self-similar. In inert soft glassy materials, such slowing of
rearrangement kinetics as well as the absence of a steady state is referred to as
physical ageing and m is identified as the ageing coefficient. Physical ageing
can be interrupted by injection of mechanical energy through shear; shear
drives inelastic structural rearrangements7,23, in which case it is presumed
that elements can then ‘hop’ out of the deep energy wells in which they are
trapped, erase system memory, and push the system farther from
thermodynamic equilibrium. In inert soft materials these events reset
system evolution to some earlier time and for that reason are called physical
rejuvenation6,7.
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Figure 3 | Two unifying relationships describe the response to stretch of a
broad variety of cell systems. In every case, the closer the system was to the
solid-like state (d0 5 0) before being subjected to transient stretch, the
greater was the extent of its fluidization and, except for the case of ATP
depletion, the faster was its subsequent recovery. Master curves of G9n at the
earliest time point recorded after stretch (a) and of the initial rate of stiffness
recovery a versus the pre-stretch phase angle d0 (b). a was assessed by fitting
a power-law G

0

n!ta to the first 30 s of response after stretch cessation. Error
bars indicate standard errors. When plotted again over the full range
possibilities (c), cells are seen to lie much closer to the solid-like (d0 5 0) than
the fluid-like (d0 5p/2) state. In response to shear of similar magnitude, cells
show a fluidization response comparable to but to the left of hard sphere
colloids (data adapted from ref. 4). Soft glassy rheology theory5

(Supplementary Note 7) captures these trends but substantially
underestimates sensitivity to changes of d0. n values are given in
Supplementary Table 1. Colours are as in Fig. 2 with the addition of HASM
PBS (dark blue), HBE Latrunculin A (orange squares), MDCK cytochalasin
D (brown diamonds) and BASM tissue (green hexagons).
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As such, two major concepts in cytoskeletal biology that are each
understood in its own right to be highly unifying are now seen to
be linked intimately to one another—cytoskeletal tension on the one
hand and glassy dynamics on the other. Although a mechanism
explaining why this might be so is unknown29 (Supplementary
Notes 7, 8), these phenomena, taken together, define the most prim-
itive features of the cytoskeletal phenotype, namely, its abilities to
deform, to contract and to remodel, and might have arisen as early as
the cytoskeleton itself, about two billion years ago30 (Supplementary
Note 9).

We traditionally think about molecular interactions within the
cytoskeleton as being highly specific, whereas in a crowded3 glassy
phase the nature of molecular interactions and their rate of progres-
sion become highly constrained, severely regularized, and non-specific
(Figs 3 and 4; Supplementary Note 8). Conventional descriptions
of physical interactions based upon viscoelasticity, the fluctuation-
dissipation theorem, specific signalling cascades, dilute solution
chemistry, and even emerging notions of protein interaction maps,
fail to account for these dynamics. Because physical interactions are
now seen to play out within a glassy phase, they will have to be
rethought within a rather different conceptual perspective.

METHODS SUMMARY
Cell culture. HASM, HLF, HBE and MDCK cells were grown on collagen

I-coated silastic substrates (Flexcell) for 5–14 days, depending on the cell

type. Cells were allowed to reach confluence before being serum-deprived for

experiments.

Measurement of cell rheology. We measured cell rheology using OMTC12,13

(Supplementary Notes 2). Ferrimagnetic beads (4.5mm) coated with a synthetic
Arg–Gly–Asp (RGD)-containing peptide are allowed to bind integrins on the cell

surface and become tightly anchored to the cytoskeleton through focal contacts.

The beads are permanently magnetized in the horizontal plane of the cell culture

and subsequently twisted in an oscillatory magnetic field with frequency 0.75 Hz.

The twisting field causes each bead to rotate towards alignment with the oscil-

latory field and, as result, a weak mechanical torque is applied to the cell. The

complex modulus of the cells (G�) is computed from the Fourier transform of

the applied mechanical torque (T) and of the resulting lateral bead displacement

(D):

G�~G0zjG00~~TT=~DD ð1Þ
where � denotes a complex number, the tilde overbar denotes the Fourier

domain, and j2 5 21. For each experimental condition, data are reported as

medians of the bead populations (215–719 beads on a similar number of cells

per experimental condition).

Spontaneous bead motions. Spontaneous bead motions were measured by

tracking the position of the centroid of each bead. Data were recorded during

time intervals of 10 s starting at different waiting times tw after stretch cessation.

We computed the MSD of each bead i as:

MSDi(Dt ,tw)~v(xi(tzDt ,tw){xi(t ,tw))2
w ð2Þ

where Dt is the time lag, x is the bead coordinate, and brackets indicate an

average over t. The distribution of the MSD(Dt,tw) from bead to bead was

approximately log-normal. Accordingly, data are reported as the median of

the bead population.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cell culture. HASM cells were provided by R. Panettieri (Univ. Pennsylvania).

Cells were grown on collagen I-coated silastic substrates in Ham’s Nutrient

Mixture F-12 medium supplemented with 10% fetal bovine serum (FBS),

100 U ml21 penicillin, 100 mg ml21 streptomycin, 200mg ml21 amphotericin

B, 12 mM NaOH, 1.6 mM CaCl2, 2 mM L-glutamine and 25 mM HEPES. After

reaching confluence (7–14 days after plating), cells were serum deprived and

supplemented with 5.7mg ml21 insulin and 5 mg ml21 human transferrin. These

conditions have been shown to maximize the expression of smooth-muscle-

specific proteins and restore the contractile phenotype of smooth muscle cells.

Experiments were performed 48 h after serum deprivation. HBE cells (16-HBE-

14o- line) were cultured in minimum essential medium (MEM) with Earle’s salts

supplemented with 10% FBS, 2 mM L-glutamine, 100 U ml21 penicillin, and

100mg ml21 streptomycin. MDCK cells (strain II) were cultured in MEM with

Earle’s salts supplemented with 5% FBS, 2 mM L-glutamine, 100 U ml21 peni-

cillin and 100mg ml21 streptomycin. Adult HLF (LL-24 line) were cultured in

F12K medium supplemented with 15% FBS, 100 U ml21 penicillin and

100 g ml21 streptomycin. The cells were serum deprived on the day of experi-
ments. All experiments were conducted in confluent cell monolayers.

Pharmacological interventions. The following pharmacological interventions

were used to modulate the cytoskeleton; histamine (HASM cell contraction,

50 mM), (dibutyryl cAMP, HASM cell relaxation, 1 mM), ML7 (inhibition of

the myosin light chain kinase, 30 mM), jasplakinolide (F-actin stabilization,

0.1mM), latrunculin-A (disruption of F-actin through sequestration of actin

monomers, 0.1 mM) and cytochalasin D (disruption of F-actin through filament

capping, 0.1 mM). Extracellular calcium was chelated by incubating cells in cal-

cium-free physiological saline solution with 1 mM EGTA. ATP was depleted by

incubating cells in phosphate-buffered saline (PBS) with NaN3 (2 mM) and

deoxyglucose (10 mM) for 45–60 min. ATP concentrations after depletion were

10% of those in control samples.

Microbead and cell preparation. Ferrimagnetic microbeads (4.5mm in dia-

meter), produced in our laboratory, were coated with a peptide containing the

sequence Arg–Gly–Asp (RGD). The ligands were adsorbed onto the bead surface

(50mg ligand per mg beads in 1 ml of carbonate buffer, pH 9.4) by overnight

incubation at 4 uC.

The coated beads were added for 20 min at 37 uC to allow binding to the
receptors on the cell surface. The RGD-coated beads attach to HASM cells

through integrin receptors (mainly b1 integrins) and become strongly anchored

to the cytoskeleton (Supplementary Notes 2). The wells were washed twice with

serum-free medium to remove any unbound beads. 20–40 min later, the well was

mounted on the set-up described below for experiments.

Cell stretching system. Experiments were performed with a custom-built

stretching device that produced uniform biaxial deformations of the flexible

substrate upon which cells were firmly adherent (Supplementary Fig. 1a). The

substrate was placed on a lubricated O-ring positioned over the objective of an

inverted optical microscope. Applying a transient vacuum pressure to the under-

side of the outer region of the substrate stretches the membrane over the O-ring,

and consequently, stretches the attached cells. The rising and falling times of the

transient stretch are set by a resistor–capacitor pneumatic filter inserted between

the sample and a vacuum source. To measure cell mechanics immediately before

and after stretch application, two pairs of coaxial coils were coupled to the

stretching device, one to magnetize the beads and another to twist them.
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Supplement 1. Figures 

Fig. S1: a, schematic description of the stretching device (side view). Cells were cultured onto a flexible 

silastic substrate. The substrate was stretched over a lubricated O-ring by applying negative pressure 

underneath its outer annular region. The resulting strain of the central area of the cell culture was uniform and 

equibiaxial31. The strain waveform was controlled with a first-order pneumatic filter coupled to a three way  

valve that connected the sample holder to a vacuum source or to atmospheric pressure.  Two pairs of coaxial 

coils were coupled to the stretching device to perform optical magnetic twisting cytometry (not shown). The 

white arrows indicate the magnetic moment of the beads after magnetization and the black arrows indicate the 

motion of the beads (not at scale). b, experimental protocol for rheology. Cells were subjected to a single 

transient stretch of 4 seconds duration and returning to zero strain. The complex modulus of the cells was 

computed using optical magnetic twisting cytometry before and after application of the single transient stretch. 

c, experimental protocol for measuring molecular-scale structural rearrangements.  Cells were stretched as in 

b. Spontaneous bead motions were measured over time windows of 10 seconds at different waiting times after 

stretch cessation.  
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Fig. S1, a    

 
 

Fig. S1, b  

 
 

Fig. S1, c      
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Fig. S2: G'n at the earliest time point measured (5 s) after cessation of a single transient stretch (filled circles) 

and after a series of 20 stretch cycles (open circles) for different strain amplitudes. These data show that most 

of the fluidization occurs within the first stretch cycle and with no apparent threshold. 
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Fig. S3: ML7 inhibited cell contraction. Cells were incubated in 30 μM ML7 (n=294) or in control media 

(n=324) for 45 minutes. After this incubation period, cell contractility was assessed using OMTC. The beads 

were continuously twisted (0.75 Hz, 30 G) during 150 s. After 20 s of baseline recording, histamine (50 μM) 

was added to the wells. Control cells displayed a rapid and sustained 2-fold increase in cell stiffness (p<10-10, 

paired Student t-test) indicating cell contraction. By contrast, cells incubated in ML7 did not stiffen in 

response to histamine, indicating that their ability to contract was impaired. (p>0.3, paired Student t-test).  
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Supplement 2.  OMTC and its Methodological Limitations 

Here we used functionalized beads coated with RGD and coupled to the cytoskeleton via integrins32 (Fig. S4). 

To measure cytoskeletal mechanics, functionalized surface-bound probes have become a standard part of an 

armamentarium that now includes optical magnetic twisting cytometry (OMTC) 32-39, optical tweezers40-42, 

magnetic tweezers43-46, and even certain instances of atomic force microscopy47,48. The complex issue of 

coupling of a functionalized probe to the cell is not at all peculiar to OMTC, therefore. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4. Scanning electron microscopy (Carl Zeiss 1450VP SMT) of magnetic microbeads (4.5 on HASM 

cells. Inset: Basal view of a bead (arrow) strongly bound to the actin CSK (stained with phalloidin). 

 

In each of these cases, the cell regards the probe as a part of its extracellular matrix. In the case of beads 

functionalized with RGD, binding between ligands on the bead and integrin receptors on the cell surface 

induces the formation of focal adhesions. These focal adhesion complexes, 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 dish49-53. It is possible, nonetheless, that in all these methods results might be not so much a 

reflection of intrinsic properties of the cytoskeleton but instead attributable to the bead-cell coupling, and, 

especially, to the dynamics of receptor-ligand binding on the cell membrane, or to the dynamics of lipid rafts 

and picket-fence models54-56.  However, multiple lines of evidence argue against this possibility. 

 

While the precise locus and nature of bead attachment remains equivocal32,35,37,38,45,46, mechanical responses 

measured in this way have been shown to be sensitive to manipulations of actin filaments, myosin motors, 
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vinculin, heat shock proteins 20 and 27, cell spreading, cell stretching, cytoskeletal tension, and ATP 

depletion31-33,36,39,57-61 but insensitive to depletion of membrane cholesterol62. 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 indentation with a glass fiber63, scanning force 

microscopy64,65, and measurement of the transit time of cells through capillary pores66. Importantly, since its 

discovery using OMTC33, scale-free rheology has been widely confirmed using diverse experimental 

techniques, among which are optical tweezers42, atomic force microscopy64, microplate stretching42,67,68, two-

point microrheology69, laser-tracking microrheology (LTM) using both surface-bound and internalized 

beads37,70, and micropipette aspiration71.  

 

But perhaps the strongest evidence pertaining to the issue of bead coupling comes from a recent study that 

used OMTC to probe the freshly isolated living ASM cell. Deng et al.72 demonstrated the existence of a high 

frequency regime in which the frequency dependence and even the absolute magnitude of the measured 

complex modulus correspond to a clear internal yardstick, namely, entropic dynamics predicted for 

semiflexible actin filaments driven by thermal forces73. By establishing both qualitatively and quantitatively 

the unmistakable hallmarks of entropic elasticity of a cross-linked actin network, these findings imply that 

although each integrin-RGD bond is weak, the bead-cell surface of contact must be large enough to 

accommodate many such bonds acting mechanically in parallel, and thus provide a collective stiffness that is 

far larger than the cell that is being probed. 

 

In connection with different bead ligands, Puig-de-Morales et al. investigated the extracellular matrix proteins 

vitronectin, activating antibodies, and, importantly, nonactivating antibodies to different integrin subunits35. 

Despite the differences in the signaling cascades that may be activated in each case, scale-free behavior 

prevailed and data collapsed onto the same universal relationships as did RGD-coated beads33. Scale-free 

rheology and universal master curves did not depend on the details of the coupling of the bead to the cell. 

 

Regardless of the probe, mechanical differences between cortical structures versus deeper structures, such as 

stress fibers, are to be expected.  In a previous report we provided evidence suggesting that cortical structures, 

compared with deeper structures, were somewhat more floppy (smaller elastic modulus) but slightly more 

solid-like (smaller loss tangent)34. In recent months, Crocker and colleagues have provided further evidence in 

support of that view37,38. A notable problem with the one-point and two-point microrheology probes that they 

used, however, is that these microrheology methods work only if ATP has first been depleted from the cell, 
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and another concern is that the elastic moduli that they report are 2 orders of magnitude smaller those 

reported by other laboratories. 

 

As with all probes used to drive cell deformation, the resulting state of stress within the cell is complex and 

does not conform to what would be expected in an isotropic continuum, or in any continuum.  In particular, 

Hu et al. used synchronous detection to show that strains applied through RGD-coated microbeads are 

transmitted in a highly focal manner, and to remarkable distances – approaching tens of micrometers – via 

discrete cable-like stress fibers74. Moreover, using traction microscopy to measure the distribution of 

contractile stresses arising at the interface between each cell and its substrate, and using OMTC to measure 

cell stiffness G′, Wang et al. showed a strong correlation between G′ and the level of tensile stress within the 

cytoskeleton58. In addition, the exponent of cell stiffness measured by OMTC is predicted by traction 

microscopy measured at the cell base. 

 

None of these observations is easily explained by ligation or membrane dynamics, and certainly not all of 

them. Rather, these observations, taken together, support the simplest of all possible interpretations, namely, 

that the coupling in question is functionally stiff and that rheology reported therefore reflects predominantly 

the mechanical nature of cytoskeletal structures. The physical picture, therefore, is that the bead binds avidly 

to the cell, which in turn forms associated focal adhesions. And as the bead rotates, the cytoskeleton is 

necessarily deformed. These deformations, in turn, are transmitted via stress fibers deeply into the cell body 

and down to basal adhesions attached at the cell substrate. Via this pathway for stress transmission, stresses 

applied by the probe attached at the cell apex are transmitted through the cell body and to the cell substrate, 

where they are ultimately balanced as is required by Newton’s third law. 
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Supplement  3. Tables 

Table S1: Baseline values of G' and δ prior stretch for all cell types and treatments used in this study. 

Incubation times were set to ensure that G' and δ were stable during time-matched controls (0% strain). The 

values of G'0 can be converted into traditional elastic modulus (with units of Pa) by multiplication by 

geometrical factor that depends on cell size and shape and on the degree of bead embedding75. For a typical 

cell-bead geometry of a HASM cell (10% bead embedment, 5 μm cell height) and assuming homogeneous and 

isotropic elastic properties, finite element analysis estimates this multiplicative factor to be ~6400 nm33,75. 

 

 G'0 (Pa/nm) δ0 N Concentration Incubation 

(min) 

HASM 1.032 0.245 540 - - 

HASM Latrunculin A 0.110 0.328 602 0.1 µM 20 

HASM DBcAMP 0.357 0.312 578 1 mM 20 

HASM ML7 0.496 0.264 262 30 µM 10 

HASM ML7 1.441 0.225 375 30 µM 45 

HASM Histamine 1.902 0.226 381 50 µM 10 

HASM Jasplakinolide 2.237 0.210 215 0.1 µM 10 

HASM ATP depletion 0.573 0.259 410 2 mM NaN3 

10 mM deoxyglucose 

45-60 

HASM PBS 1.047 0.238 330 - 45-60 

HASM EGTA 0.824 0.231 400 1 mM 5 

HLF 0.900 0.271 262 - - 

HBE 0.198 0.307 695 - - 

HBE Latrunculin A 0.028 0.390 302 0.5 µM 20 

MDCK 0.357 0.386 593 - - 

MDCK Cytochalasin D 0.206 0.461 312 1 µM 20 
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Supplement 4.  Cell mechanics and the early controversy  

Well before the discovery of the polymeric cytoskeleton in the 1950s (see Schliwa76 for a review), a 

controversy erupted as to whether the physical nature of the cell interior (or protosplasm) was fibrous, 

granular, or alveolar. At the core of this controversy was the observation that shear altered the mechanical 

properties of the cell. Andrews (1897) and Mathews and Whitcher (1903) were the first to report that 

mechanical agitation caused cell viscosity to increase77,78.  Such observations stood in contrast with those of 

Chambers (1917) who noted that churning a fertilized sand-dollar egg with a micro-needle resulted in 

reversible disappearance of the aster and in a reversible liquefaction of the protoplasm79. Almost a decade 

later, Mast (1926) proposed as the driving mechanism for amoeba migration a similar solid to liquid transition 

between a solid-like cell cortex (the paslmagel) and a liquid-like cell interior (the plasmasol)80.  By observing 

granules suspended in the plasmagel, he was astonished to find that, “…if a given granule in the plasmagel is 

carefully observed, it is found that, while it may move continuously for an apparently indefinite period of 

time, it does not progress beyond the boundaries of a very small area”.  From such observations he concluded 

that the structure of the cell was alveolar rather than fibrous, with each granule trapped inside an alveolus. 

This conclusion was similar to that obtained by Butschli, who proposed in 1894 that the cells derived their 

physical properties from a foam-like structure81.  

 

A major milestone in the history of rheology was the introduction of thixotropy by Freundlich and co-workers 

in 192682. Their findings led several investigators to study whether thixotropy could apply not only to soft 

inert matter but also to soft living matter. As such, in 1928 Abramson proposed that the passage of leucocytes 

through narrow capillaries during inflammation was favored by the ability of the cells of the capillary wall to 

be fluidized by shear83. The first quantitative observations of shear fluidization were not provided until 

Angerer in 1936. Using a “shaking device” coupled to a centrifuge he was able to quantitatively measure a 

drop in the viscosity of the protoplasm of 20-60% as a consequence of high frequency shear followed by a 

slow recovery towards baseline values84.  

 

Thus, the hallmarks of “soft glassy matter” including shear fluidization (thixotropy), crowding, and trapping 

of particles by their neighbors, had already been identified in the living cell – although not without substantial 

controversy – as long ago as the late part of the 19th and early part of the 20th centuries.  But with the 

subsequent discovery of the polymeric cytoskeleton, the emergence of polymer physics, and modern theories 

of semiflexible networks that stiffen with strain instead of being fluidized, these early seminal observations 

were all but forgotten.  
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Supplement 5. The mechanotransduction paradigm 

Physical forces are now known to trigger upstream response elements including adhesion molecules and 

stretch-sensitive ion channels residing within cell membranes85-88, and stress-dependent cryptic binding sites 

residing within key stress-bearing molecules that comprise the cytoskeleton (CSK)89,90 - the network of 

biopolymers that confers mechanical stability and integrity of the cell91. Such response elements have the 

capacity to sense a local change in physical force and transduce that change into a biochemical signal. 

Transduction of the mechanical event can then be thought of as being loosely analogous to transduction of 

receptor-ligand binding in the limited sense that an upstream event is imagined to trigger a downstream 

cascade of biochemical signaling. In the case of stretch, downstream signaling cascades have been shown to 

cause mechanical stiffening and reinforcement 40,46,92,93, and to comprise a negative feedback loop in which 

application of physical force initiates a sequence of signaling events that maintains localized mechanical stress 

at a predetermined set point 87,94. Reinforcement responses such as these have been shown to occur over the 

course of seconds to tens of minutes40,46,92, and over longer time scales similar mechanisms have been 

suggested to explain how physical forces act to control apoptosis, proliferation, and gene expression 46,90,95. 
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Supplement 6.  The CSK stretch paradox: does it soften or does it stiffen? 

In response to a transient stretch-unstretch maneuver with zero residual macroscale strain, the cell promptly 

fluidizes and then slowly resolidifies (Figs. 1-3).  At the same time the rate of spontaneous nano-scale 

structural rearrangements promptly accelerates and then slowly decays in a scale-free manner (Fig. 4).   

Paradoxically, however, we and many others have reported that when it is subjected to a step-like stretch-and-

hold maneuver with a sustained and finite residual macroscale strain, the cell responds not by softening, as 

reported here, but rather by stiffening31,68,96,97, a response that is of the opposite sign.  How, then, might these 

seemingly conflicting and contradictory responses be reconciled?   

 

To address this question, we measured the very same endpoints using the very same methods and with a 

closely similar experimental stretch protocol, the only difference being that the stretch was not reversed but 

rather sustained so as to create a step increase in the residual macroscale strain (10%).  As shown below, 

sustained stretch-and-hold maneuvers elicit complex nonlinear dynamics with evidence of prompt fluidization 

followed by slow resolidification on the one hand, confounded by – and interacting simultaneously with – 

prompt strain-stiffening followed by slow stress relaxation on the other.  By contrast with this rather complex 

situation, the beauty of the rapid stretch-unstretch experimental design, as described in the main text body, is 

its relative simplicity; specifically, when sustained macroscale strain is zero it logically follows that the former 

phenomena (i.e., strain stiffening and stress relaxation) are almost null and the latter (fluidization and 

resolidification) become fully unveiled.  Conversely, and for the very same reason, these observations indicate 

that what had been interpreted previously as being purely a strain-stiffening response is revealed as being a 

gross oversimplification of underlying cytoskeletal dynamics that are in actuality far more complex.          

 

 
Fig. S5: Experimental protocol for measuring rheology in step-strain experiments. HASM cells were 

subjected to a step stretch of 10% strain and 1000 s duration. The complex modulus of the cells was 

computed by twisting the beads before and after imposition of the step strain. 
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We subjected HASM cells to a rapid step increase in macroscale strain (Fig. S5).  As before, G'n was 

defined as the cell stiffness after stretch relative to cell stiffness before.  With a sustained stretch, G'n increased 

promptly and then slowly decayed (Fig. S6).  Both this prompt increase as well as the slow decreases that 

followed were opposite in sign compared with those observed in stretch-unstretch maneuvers (compare Fig. 

1), yet they are entirely consistent with strain stiffening followed by slow stress relaxation.  The phase angle δ 

showed a prompt decrease, indicating a prompt but slight shift to a more solid-like behavior; the value of δ 

before the stretch is indicated by the dashed horizontal line.  
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Fig. S6:  Response of G'n and δ to stretch and hold.  Imposition of a step strain caused a rapid increase 

in cell stiffness followed by a slow relaxation. The time axis indicates time after imposition of strain. 

The dashed line in the inset indicates the baseline value of δ. 

 

To assess the extent, if any, of coexistent fluidization and resolidification that might have been masked by 

immediate strain stiffening and its subsequent relaxation in time, we turned to direct examination of the rate of 

progression of spontaneous nano-scale structural rearrangements and analyzed these rearrangements in the 

same fashion as in stretch-unstretch maneuvers (Fig. 4; Fig. S7).  In response to stretch-and-hold, the MSD at 

short lag times (Δt< 0.2 s) showed a prompt decrease followed by a slow recovery (Fig. S8).  The sign and 

magnitude of this response is entirely consistent with the prompt strain-stiffening increase of G'n that was 

observed and the effect of this stiffness increase on spontaneous motions as would be predicted by the 

generalized Stokes-Einstein relationship (GSER); the stiffer the surrounding matrix the smaller the particle 

dispersion.  At long time lags (Δτ>0.2s), however, stretch caused a prompt and large increase in the MSD 

followed by a slow relaxation, much as in the stretch-unstretch maneuver (compare Fig. 4).   Such a response 

indicates immediate acceleration of CSK dynamics, breakdown of the GSER36, and fluidization of the matrix. 
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 Fig. S7: experimental protocol for measuring molecular-scale structural rearrangements in stretch and 

hold experiments. Cells were stretched as described in Fig. S5. Spontaneous bead motions were 

measured over time windows of 10 seconds under baseline conditions and at different waiting times 

after imposition of stretch. 
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Fig. S8: Imposition of a step-strain accelerates the rate of CSK remodeling. MSD of spontaneous bead 

motions at different tw after stretch cessation. Waiting times are 10, 25, 40, 60, 90, 140, 200, 300, 440, 

670, and 1000 s from black to light grey lines. The red line is the MSD before stretch application. The 

dashed lines indicate diffusion exponents of 1 and 2. 
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Supplement 7. Theory and a priori predictions   

Nonequilibrium systems in general, and glassy systems in particular, are among the greatest unsolved 

problems in all of science98.  In glassy dynamics there is not even a well-accepted equivalent of the Navier-

Stokes equation in fluid dynamics.   Short of that, the theory of soft glassy rheology99,100 (SGR) is a semi-

empirical theory that becomes a useful tool for thought.  As applied to inert glassy systems SGR has many 

well known deficiencies, and as applied to living matter additional concerns come into play.  Nonetheless, as 

described below, SGR makes non-trivial and counter-intuitive a priori testable quantitative predictions.   In 

addition, our empirical knowledge base of inert glassy systems allows us to make other testable extrapolations 

to living systems that, while falling short of the status of ‘predictions’, are important nonetheless.  In that 

connection, condensed matter physicists all seem to agree that to be called ‘glassy’ a system has to show 

anomalous slow dynamics, rejuvenation, and aging101-104.  In Bursac et al36 we have shown strong evidence of 

anomalous slow dynamics and also limited but equivocal evidence suggestive of rejuvenation and aging.  As 

such, the extent to which the CSK may be regarded as being a glassy system remained at this moment far from 

being a settled question.   

 

What does SGR predict?  As shown in detail below and in abbreviated form in Box 1, SGR predicts in 

response to transient stretch a prompt stiffness reduction and slow recovery.  In addition, as we show below, 

SGR predicts a priori that in response to a transient stretch there will be: 1) prompt increase in the overall rate 

of microscale hopping transitions, Γ(t);  2) slow and scale-free decay of Γ(t) back to its steady state value, and 

3) an aging exponent x-1 (i.e., the exponent of the power law decay of Γ(t) in the long time limit), that goes as 

Γ(t) ~ t-(x-1).   Insofar as the energy wells in SGR have no spatial coordinates, SGR in its present form cannot 

be used to predict statistics of measured spontaneous bead displacements, such as evolution of the MSD(t)  as 

a function of waiting time tw after stretch cessation (Fig. 4).  Nonetheless, it is intuitively clear that the SGR 

concept of the overall hopping rate Γ(t) and the measured quantity MSD(t) must be related intimately.  As 

such, it is reasonable to take the latter as a rough proxy of the former.   
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BOX 1 Coarse graining: cell signaling meets soft matter 

The ethos of modern cell biology and that of modern condensed matter physics present a study in contrasts105. The former 

emphasizes molecular detail and specificity of interactions whereas the latter emphasizes a judiciously chosen coarse scale that may 

reveal higher level behaviors that are generic, largely independent of molecular details, and, potentially, inherently unpredictable 

from those very details.  

 

Glassy dynamics is one of the great unsolved problems in all of science98, and soft glassy rheology (SGR) is one of the few theories 

of soft matter that suggests a link between macroscopic rheological responses and localized structural rearrangements99,102. But can a 

coarse grained and generic theory offer mechanistic insights into fluidization and remodeling of the CSK in response to stretch?  

SGR considers stress-bearing elements that are non-specific and follow simple rules for transitions amongst allowable energy states 

in which they can become trapped. These rules follow a Boltzmann-type conservation of differential probability among allowable 

states. Supplement 7 summarizes mathematical foundations and theoretical deficiencies, and gives a number of specific a priori 

testable predictions. One result of particular interest, illustrated below, is the response of G'n(t) to a transient stretch, which shows 

prompt fluidization and slow recovery that are crudely reminiscent of that seen in Figs. 1 and 2, but with obvious discrepancies as 

well, especially at longer times. 
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Quantitative discrepancies between SGR and observations could be attributable either to the effects of specific interactions that fail 

to conform to SGR, or to generic features of CSK dynamics that SGR does not yet address, including spatial statistics, organized 

CSK structures, non-affine deformations, cooperative molecular interactions, CSK tension, and the effects of active (ATP-

dependent) processes (Supplement 8). 

 

Importantly, in SGR the evolution of G'n (t) following full fluidization depends upon only δ0 and an intrinsic time scale.  Results 

depend upon δ0 as shown above, but only weakly upon the time scale.  Despite its remarkably coarse description, SGR predictions 

successfully capture all qualitative aspects evident in Figs. 1-4, and, to within an order of magnitude, quantitative aspects as well. 

This correspondence suggests that generic features such as structural disorder and metastability might be sufficient to account for 

physical responses of the CSK to stretch. 
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SGR:  Sollich and colleagues99,100,106 proposed a generic theory of soft glassy rheology in which the 

material is imagined to comprise numerous discrete particles or elements, in states labeled by a parameter, E , 

interpreted as the depth of an energy well that reflects interactions with neighboring particles.  We examined 

SGR analytically with respect to fluidization by shear, and provide here an outline of that analysis and key 

insights that it provides. 

      

SGR proposes that within each energy well there is a restoring force proportional to the local strain, l .  By 

analogy with Boltzmann transport, conservation of probability then leads to the fundamental equation of SGR, 

given by  

 

)()()(),(// 0 lEtPlEglPtP δργ Γ+Γ−=∂∂+∂∂ &     (s1) 

 

where ),,( tlEPP =  is the differential probability of an element being in a state between E  and dEE + , and 

between l  and dll + , at time t .  The left hand side is the convective derivative, where γ&  is the macroscopic 

strain rate, equal to the local velocity l&  except at the times of state transitions.  The transition rate constant 

),( lEg  out of a given state depends on both the trap depth E  plus the potential energy due to local elastic 

strain l . There are four important consequences.   

 

First, the nonlinear (quadratic) dependence of ),( lEg  on strain is the origin of fluidization secondary to state 

population rearrangements following a large strain.  Second, for the small strains associated with oscillatory 

probes of rheology, ),( lEg  can be approximated by its strain independent behavior at 0=l .  This is the basis 

for the linearized theory in which one can evaluate the evolution or recovery of stiffness.  The transition rate 

into a particular state, given by )()()( lEt δρΓ , is independent of the origin state, and assumes that all 

transitions are made into states of zero strain ( )0=l  (and hence in general the macroscopic strain γ  is not 

equal to the local strain l , despite the common macroscopic and local strain rates).  Third, energy dissipation 

corresponds solely to elastic strain energy that had once been stored but upon transition into states of zero 

strain ( )0=l becomes suddenly and irreversibly lost; this mechanism of energy dissipation is not at all a 

viscous mechanism, and SGR does not rest upon the postulate of a viscosity or a viscous stress.  Energy 

dissipation, therefore, is coupled to the elastic stress, not a viscous stress.  Finally, 1
0
−Γ  is an intrinsic (very 

short) time scale for SGR, but the results and general behaviors noted below are very insensitive to its 
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numerical value.  The overall time dependent scale factor )(tΓ  is included for convenience such that the 

transition function )(Eρ  can be chosen to be a proper density, with unit zeroth moment.   

 

A central assumption of SGR is that both transition rate functions g  and ρ  are broadly distributed over E , 

where, in particular, Sollich takes )exp( E−=ρ  and xg /1ρ= , where x  is a parameter.  It is well established 

that when 21 << x , the power law relation between these two transition rates then leads to a power law 

dependence of the complex stiffness upon frequency, a behavior that is now well established in the CSK of 

living cells33-35,37,64,67,72.  In general, it can be shown that in the Laplace domain (Laplace variable normalized 

by 0Γ ), the quasi-static complex stiffness is given by 

 

>+<= )/()( gsPssG
)

    (s2) 

 

where ∫= ),,(),(ˆ tlEdlPtEP  is the marginal probability density integrated over space, i.e. the zeroth moment 

with respect to displacement, and the brackets >⋅<  denote integration over all E .  For any given P̂ , the 

indicated integral can be approximately evaluated as follows.  One breaks the domain of integration into two 

regions, depending on whether g  is less than or greater than s .  The denominator can then be expanded in 

Taylor series, the integrals performed analytically, and the resulting series either summed or truncated at 

leading terms.  For example, in steady state ><= ggP //)/(ˆ ρρ , which in turn leads to a leading behavior of 

1−∝ xsG  for low frequencies in the case of the specific exponential forms of the transition rates.  If 

)('')(')( ωωω iGGiG += , it follows that )(' ωG  and )('' ωG  both scale as 1−xω . 

   

With the above as background, we now describe the evolution of rheology following full or partial 

fluidization. 

 

Full fluidization and recovery:  The simplest model of full fluidization implies that the shear was sufficiently 

large to force a transition of all elements.  In that case, the marginal population density at += 0t  is given 

simply by )()(ˆ EEP ρ= .  Because we are interested in the evolution of the rheology, we must distinguish two 

separate time scales in relation to 0Γ .  In particular, the very existence of an approximate rheology requires us 

to consider the evolution of the system through a sequence of quasi-steady states; this implies that the 
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frequency ω  of an oscillatory probe must satisfy 0/1 Γ<<<<ωt , where t  is the waiting time since the 

cessation of the fluidizing shear. A multiple time-scale argument then shows that, since P̂  is evolving 

sufficiently slowly in time, it continues to make sense to speak of a complex stiffness at specific frequencies 

by examining only poles on the imaginary axis.  This leads to a mixed complex stiffness 

),(''),('),( tiGtGtG ωωω +=  in the sense of its evolution with t .   

 

Asymptotic analysis of the evolution of P̂ , again in the Laplace domain, leads to a surprising result: the 

marginal population density evolves as a slowly changing linear combination of gP esteadystat /ˆ ρ∝  and 

ρ∝fluidizedP̂ .  This can be appreciated by noting that for fast cycling states (or shallow energy wells), 

compared with inverse evolution time t/1 , they are effectively proportionate to the infinite time, or steady 

state, density.  By contrast, for very slowly cycling states (or deep energy wells), they are effectively still 

proportionate to the initial fluidized density.  The coefficients of this linear combination evolve themselves as 

power laws in time, such that there is a rapid initial recovery from the fluidization insult, followed by a 

progressively slow return to the steady state (slower than any exponential).  With this evolution of the density 

in hand, the relation above can be used to predict the evolution of ),(' tG ω  and ),('' tG ω . 

 

Behavior of ),(' tG ω  as a family in the initial phase angle 0δ  prior to the fluidizing intervention is shown in 

Box 1.  Its general features, both qualitatively and even semiquantitatively, mimic the data seen in Figs. 1 and 

2.  By contrast to the predicted drop in 'G , SGR predicts an increase in the loss modulus ''G , with an 

associated large increase in phase angle δ , both of which then slowly recover to baseline values.  The data 

only partially conform to this behavior; they do show an increased δ  following fluidization (see the inserts to 

Figs. 1 and 2), but ''G  itself actually falls experimentally following fluidization (although not as much as 'G ).  

Thus, most but not all of the features found experimentally conform to SGR.   

 

With the predicted evolution of the rheology both as a function of time and as a function of the material 

property given by x  (equivalently, a given steady state phase angle 0δ ), we may also examine the predicted 

characteristics of the drop in normalized elastic modulus G'n at 5 seconds, and of the log-log slope α  of the 

recovery at that time, both as functions of initial phase angle 0δ .  These are graphed below and can be 

compared directly with the master curves in Figs. 3a and 3b.  It is seen that SGR predicts G'n(5) and α to well 

within an order of magnitude of observations, predicts changes of these variables with δ0 of the correct sign, 
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but predicts dependencies upon δ0 that are weaker than observations.  Quantitatively, therefore, SGR 

captures behavior to first order only.      
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Fig. S9 

Partial fluidization:  As noted above, in full fluidization the asymptotic evolution progresses through an 

evolving linear combination of the original steady state distribution and the fully fluidized distribution.  This 

in turn suggests a potential universality with respect to shears of graded amplitudes that cause only partial 

fluidization.  If we envision this phenomenon as affecting only those elements with well depths up to some 

characteristic E , whereas elements in deeper wells are left unaffected, then the initial P̂  is nothing more than 

an appropriately scaled linear combination of esteadystatP̂  and fluidizedP̂ , which in turn is precisely the case of 

a fully fluidized protocol with a time shift.  This then strongly suggests another, independent, avenue by which 

the SGR theory can be tested; future investigations are called for here, with specific attention to the potential 

for universality among the graded challenges and the temporal evolution of the recovering rheology. 

 

A priori prediction of transition rates and structural relaxation following full fluidization. Just as the 

rheological moduli 'G  and ''G  both evolve in response to a fluidizing strain, the total transition rate )(tΓ  also 

displays a fluidizing shift and recovery, and this in turn is linked in principle to the evolution of the MSD 

behavior of spontaneous nanoscale motions following a large strain.  By conservation of probability, 
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>=<Γ )(ˆ)( tPgt ; as noted above, for full fluidization, we have ρ=fluidizedP̂  and for steady state, 

><= ggPSS //)/(ˆ ρρ .  From this we find that (relative to the intrinsic rate scale 0Γ ), the initial rate 

following fluidization is given by )1/()0( +=Γ + xx , while the steady state value is given by 

xx /)1()( −=∞Γ ; the ratio Γ(0+)/Γ(∞) ~ x2/(x2-1).    For )2,1(∈x , this implies that fluidization necessarily 

increases the total transition rates.  This is consistent with the increased MSD behavior following strain shown 

in Fig. 4.  With respect to the actual time dependence, the evolution of P̂ , and hence of the total transition rate 

)(tΓ  can be computed in the Laplace domain, using the exact same approach as is used for computing the 

frequency dependence of the complex moduli.  The behavior of the solution for small Laplace parameter then 

corresponds to the long time evolution of )(tΓ ; the leading behavior is given by 

)!1(sin
)1(1)(

12

x
t

xx
x

x
xt

x

−
−

−
−

=Γ
−

π
π  

The first term on the right hand side is simply the steady state value noted above; the second term is the 

leading contributor to the evolution of )(tΓ  following fluidization.  It shows that the recovery of the total 

transition rate is scale-free in the sense of decaying as a power law in time, in this case with exponent x−1 .  

Paradoxically, the exponent here implies that as x approaches 1 from above, approaching the solid-like state 

(or the glass transition), the slower is the recovery of the transition rates to their steady state values, even 

though the magnitude of the change in rheological moduli, and their rate of recovery, are larger (Fig. S9; Figs. 

1, 2).   

 

It is worth emphasizing that these predictions from SGR are not at all intuitive.  After stretch cessation, why 

should the transition rate increase?  Why should its decay in time be scale-free as opposed to exponential, 

which is surely the more logical choice?  Why should the aging exponent be related to the passive rheology at 

all, why through the parameter x, and why through the parameter x only and not through other rheological 

parameters?  Intuitive or not, these predictions follow a priori from SGR and are put to the test in Figs. 1-4.   

While SGR is seen to have impressive predictive power, it offers only a clue rather than an answer, as is 

described in Supplement 8. 
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Supplement 8.  Energy barriers, quantitative estimates, and open questions 

Fluidization provides freedom to reorganize contractile units, stress fibers and adhesions in response to 

mechanical stress.  To explain such fluidization, the physical picture developed in the main text and in 

Supplement 7 suggests that energy provided by shear is needed to push the system over energy barriers and, 

thereby, to initiate flow, but that kBT and even free energy available from chemical reactions are not sufficient 

to do so.  Knowing the value of G'o and the amount of stretch, is it possible to estimate the amount of work 

done on the system and then characterize of the nature of individual barriers that need to be overcome to 

enable flow?  This is a deep question, as we will show, and three considerations lead to a question that is 

deeper still.   

 

First, if either kBT or free energy from chemical reactions (e.g., ATPase activity) were sufficient to overcome 

barriers, then the isometric CSK would be found to be close to the fluid-like like state and δo would be close to 

π/2.  But as shown in figure 3, 0.2 < δo< 0.4 and therefore the system is much closer to the solid-like than the 

fluid-like state.  As an observational fact, therefore, neither kBT nor ATPase activity seems to be sufficient to 

fluidize the system. So far so good. 

 

The second consideration is dimensional reasoning and order of magnitude scaling.  Elastic moduli have 

dimensions of force per unit area, or, equivalently, energy per unit volume.  For example, if the energy scale is 

taken as covalent bond energy and the volume scale is taken as that of a carbon atom, one obtains a modulus 

on the order 1012 Pa, or that of diamond.   Instead, if we take the pertinent energy scale to be of order kBT and 

take the pertinent volume scale to be that of a typical globular 100 kD macromolecule, say of order (30 nm)3, 

then the predicted modulus would be of order 101 Pa, which is 2 orders of magnitude smaller than the modulus 

we measure, which is of order 103 Pa.  On the other hand, if we take the pertinent energy scale to be 

comparable to that of ATP hydrolysis, which is roughly 20kBT, then we can account for the modulus almost, 

but not quite.  Once again, so far so good. 

 

Third, and getting closer to the specific question posed above, our previous measurements show that the loss 

tangent is of order 10-1, and that the loss modulus G'', which is the loss tangent times G', is of order 102 Pa.   If 

the strain ε is 0.1, then work per unit volume that is absorbed irreversibly in one stretch, ε2G'', becomes 10-18 

J/μ3.  Assuming globular molecules as described above, on a per molecule basis this becomes irreversible 

work absorbed of 10-23 J/molecule.  This compares with kBT, which is of order 10-21 J/molecule.  This simple 

line of reasoning leads to the conclusion that thermal energy is more than sufficient to overcome all energy 

barriers and, therefore, the further conclusion that the CSK must be a fluid, and an equilibrium fluid at that.      
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Hence a deep paradox.  Experiment shows the CSK to be solid-like, with strong evidence of non-equilibrium 

behaviors including scale-free dynamics, anomalous diffusion, intermittency of structural rearrangements, 

breakdown of the fluctuation-dissipation theorem, and approach to kinetic arrest36, whereas the reasoning 

above suggests that the CSK ought to be a simple fluid.  To reconcile this paradox Sollich’s theory of SGR is 

of no help; although SGR conserves probabilities it fails to conserve energy – another of its notable but little 

appreciated weaknesses. 

 

To reconcile this paradox we can think of only 2 possibilities.  First, in the calculation above we assumed 

independently mobile globular molecules and their typical size. It is possible, however, that CSK dynamics are 

influenced in important ways by molecular aggregates that are several orders of magnitude larger and that 

work in a cooperative manner.  Second, we assumed that these globules worked as would a colloid whereas, to 

the contrary, relevant CSK structures are filamentous assemblies and, importantly, are subjected to tensile 

stresses that are comparable in magnitude to the CSK shear modulus58,60,107.  We know from extensive 

empirical and theoretical evidence, moreover, that it is the tension borne by these filaments that sets CSK 

shear stiffness as well as its loss tangent and x31,60,107,108. Our new question, then, becomes this: Is the CSK 

displaced away from thermodynamic equilibrium mainly through the agency of cytoskeletal tension, which 

sets the depth of energy wells and accounts thereby for non-equilibrium dynamics?  Several groups in soft 

condensed matter and in cell biology are now beginning to creep up to the question of cytoskeletal tension and 

its central regulatory role.   In its failure, however, SGR remains relevant; SGR remains a useful tool for 

thought in connection with generic features that it captures quite well, but in the manner that it fails SGR 

points the way to new theories that are yet to be developed.  

 

Finally, what might account for our findings of nonspecificity and universality?  We reason that if specific 

interactions between proteins had characteristic binding energies in the range of kBT or smaller, then the 

cytoskeleton would have to be fluid-like which, as noted above, it is not.  On the other hand, if the 

characteristic energies were hundreds of kBT or greater, then cytoskeletal structures would have to be solid-

like but would hardly be amenable to the remodeling events that are a requirement of life.  It follows, 

therefore, that all specific protein-protein interactions relevant to structural stability and remodeling in the 

living cell must fall in the range of tens of kBT, and thus become amenable to remodeling through the actions 

of ATP hydrolysis.  If so, it follows necessarily that the CSK as a whole can attain a great many configurations 

each defined by an energy wells of roughly comparable depth - tens of kBT.  The existence of a great many 
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configurations with comparable energy well depths is typical of glassy systems, and might account as well 

for the nonspecific and universal nature of the responses reported here.   

doi: 10.1038/nature05824    SUPPLEMENTARY INFORMATION

www.nature.com/nature 22



 

Supplement 9. Cytoskeleton as a Conserved Core Process 

Kirschner and Gerhart109 identify the cytoskeleton as being among certain core processes that are conserved in 

evolution and development.  They define a conserved core process as one that produces systematic variation in 

phenotype by means of different combinations of processes operating along different parts of their adaptive 

ranges.  A key characteristic of such processes is weak regulatory linkage, meaning phenotypic diversity that 

can arise even in the absence of genetic change and with only minimal external information110.  For example, 

stem cells sharing the same genotype can differentiate into either nerve cells, muscle cells, or bone cells based 

solely upon one simple mechanical cue - substrate stiffness111.  Such weak linkage implies that at some 

intermediate (meso) scale of organization – intermediate between genotype and phenotype – there exist 

between cellular components physical interactions that are not unique, or highly specific, or energetically 

strong, but are error-tolerant and dominant nonetheless.  At that mesoscale the particularities of interactions 

recede into the background while nonspecific interactions stabilize or enable an already complex process, or 

modulate in a generic way the reconfigurability and exploratory behaviors that facilitate generation of new 

morphologies.   

 

Nonspecific universal dynamics shown previously33,36,60 and reported here (Figs. 3-4) reveal 

phenomenological laws that govern the most primitive features of the cytoskeletal phenotype including the 

abilities of the CSK to deform, to contract and to remodel, and by these phenotypic yardsticks we are now 

prepared to ask, Is the CSK a conserved core process after all?  Indeed, these phenomenological laws are seen 

to conform in virtually every regard to the general features described above, and to provide concrete 

illustrations of each.  Evidence that is available would seem to suggest, moreover, that weak linkage and 

glassy dynamics may be different sides of the same cytoskeletal coin, with the former describing CSK from 

the perspective of evolutionary biology and the latter from that of condensed matter physics. An open 

question, however, is the extent to which these manifestations of weak linkage might come about 

mechanistically through the agency of structural relaxation and associated glassy dynamics.         
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