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wide range of cell functions'?. There is substantial

evidence from reconstituted F-actin gels that a regime
exists in which the moduli scale with frequency with a universal
exponent of 3/4. Such behaviour is entropic in origin and is
attributable to fluctuations in semiflexible polymers driven by
thermal forces*”, but it is not obvious a priori that such entropic
effects are responsible for the elasticity of the CSK. Here we
demonstrate the existence of such a regime in the living cell,
but only at high frequencies. Fast events scaled with frequency
in a manner comparable to semiflexible-polymer dynamics, but
slow events scaled with a non-universal exponent that was
systematically smaller than 3/4 and probably more consistent
with a soft-glass regime®’. These findings strongly suggest that
at smaller timescales elasticity arises from entropic fluctuations
of a semiflexible-filament network, whereas on longer timescales
slow (soft-glass-like) dynamics of a different origin prevail. The
transition between these two regimes occurred on timescales
of the order of 0.01 s, thus setting within the slow glassy
regime cellular events such as spreading, crawling, contracting,
and invading.

A major constituent of the CSK is F-actin. Reconstituted
F-actin gels in vitro show clear evidence of semiflexible-polymer
network dynamics®”'>!'. At lower frequencies, f, network elasticity
is frequency-independent, but at higher frequencies the elasticity
approaches a regime where it increases as f*/*, consistent with the
theoretical prediction®'*'¢

Material moduli of the cytoskeleton (CSK) influence a

G*(f) ~ (pkl,/15) (4ignf /1)’ (1)

where G*(f) is the complex modulus, p, «, ¢, and [, are the density,
bending stiffness, lateral drag coefficient, and persistence length of
actin filaments in the gel, respectively, and i* = —1; here we have
suppressed a small newtonian viscosity that contributes little except
at very high frequencies. Equation (1) is a consequence of filament
entropy wherein elasticity at high frequencies becomes dominated

by lateral bending fluctuations of semiflexible filaments (F-actin)
driven by thermal perturbations®**'>'®. This behaviour has been
found to hold in a variety of F-actin solutions over wide ranges of
actin concentration, extent of entanglement, and gel crosslinking'.

Dynamics of this type have yet to be observed in the living
cell™”. Moreover, in the highly crosslinked and short-filament
networks of the cell, and under the appreciable pre-stress to which
the cell is subjected, it is not obvious that entropic effects can
be responsible for the elasticity. Indeed, in a variety of cell types,
as well as in F-actin gels that are pre-stressed and crosslinked
by filamin, dynamics of a rather different type have recently
been reported®*'*2.

To fill this gap and to assess the existence of a regime
comparable to that suggested by equation (1), here we report
rheological properties of the freshly isolated living airway smooth
muscle (ASM) cell. Compared with the CSK of the smooth
muscle cell passaged in culture, that of the freshly isolated smooth
muscle cell has substantially more organization®, higher density of
contractile filaments, more smooth-muscle-specific actin-binding
proteins (h-caldesmon, h-1 calponin, and sm22) and myofilament
bundles, but fewer microtubules (K.M., personal communication).
In addition, the freshly dissociated ASM cell has a long worm-
like shape that more closely approximates the morphology of the
ASM cell in situ? (Fig. 1a). In these cells, we measured G*
as described in the Methods section. Collectively, data spanned
baseline, relaxation, and contraction conditions, and spanned four
orders of magnitude in frequency.

Variability of G" (the real part of G*) from bead-to-bead was
extensive and approximated a log-normal distribution, as is found
in other cell preparations'®*. Nonetheless, from bead-to-bead the
frequency dependence of G’ was highly consistent (Fig. 2a). G” (the
imaginary part of G*) exhibited a comparable degree of variability
and increased systematically with frequency (Fig.2b). Although
both G’ and G” were highly variable across cells, the variability of
their ratio (loss tangent, 1) was slight (Fig. 2b, inset). Pooled data
for G’ (geometric mean and geometric standard error) increased
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Figure 1 Freshly isolated bovine trachea smooth muscle cells, with bound beads, and the twisting cytometry method. a, Photomicrograph of freshly isolated bovine
trachea smooth muscle cells (typically 150 to 200 micrometres long) adhered to a poly-L-lysine substrate. Note the typical long worm-like appearance. 4-5 h after first
settling on the substrate, healthy cells usually established firm attachment with various contact points. b, Bovine trachea smooth muscle cells with beads attached.
RGD-coated ferrimagnetic beads were introduced and allowed to bind to the integrin receptors on the surface of the adherent cells (20 min). A charge-coupled device camera
was used to identify each bead, which was then marked with a cross-hair determined by the centre position of its image. ¢, Schematic diagram of the magnetic twisting
cytometry method in which the bead was oscillated at a frequency, £, from 0.09 to 1,000 Hz by a torque, T, caused by a sinusoidal magnetic field, B, of 20 G magnitude at f.
The resultant sinusoidal displacement, D, of the bead was measured from the recorded bead positions during the oscillation.

slowly with frequency at frequencies below 100 Hz, but much more
rapidly at frequencies greater than 100 Hz (Fig. 3). Compared with
the frequency dependence of G/, that of G” was smaller at lower
frequencies but higher at higher frequencies.

On a cell-by-cell basis, we fitted these data in the complex
plane (see the Methods section) to the relationship G*(f) =
A(f)” + B(if)?. G' data were well represented by the best fit,
but G” data at lower frequencies fell systematically above and had
weaker frequency dependence than indicated by the best fit (Fig. 3,
solid lines); similar discrepancies have been reported in bronchial
epithelial cells, macrophages and neutrophils®, and are a signature
of soft glassy materials that are ageing?®.

Although our technology is limited to frequencies below 1 kHz,
our data were sufficient to resolve the exponents @ and B and
put relatively narrow bounds on their values (see the additional
comments on statistical tests in the Supplementary Information).
Across the cell population (N = 64), the distributions of & and 8
were approximately normal (Fig. 4). The mean of o was 0.05 (95%
confidence interval 0.04-0.06) and was different from zero (p <
0.00001); as described below, this implies that at low frequencies
the system did not approach a hookean limit. The mean of 8
was 0.75, (95% confidence interval 0.69-0.79) and was different
from unity (p < 0.00001); as described below, this implies that at
high frequencies the system did not approach a newtonian limit.
Indeed, setting § to unity degraded the fit and adding a newtonian
viscous term led to a result that was physically unrealizable (see the
Supplementary Information).

Distinct values of & and 8 imply that the rheology in these cells
was characterized by two distinct regimes. In excess of 100 Hz, the
complex modulus approached f°7°, a scaling behaviour consistent

4,12,15,16

with that predicted by the theory of semiflexible polymers
Such high-frequency dynamics have not been noted previously in
the living cell although, in retrospect, a hint of such behaviour
is evident in cells passaged in culture*. In contrast, at lower
frequencies semiflexible-polymer dynamics became subdominant,
with the complex modulus scaling as f*%. This exponent was non-
universal, as shown below, and was systematically smaller than
that observed in ASM cells passaged in culture, where, typically,
0.1 <o < 0.3 (refs 8,17,24,29), but is comparable to that found
in intact activated ASM strips (data not shown).

G* increased with contractile activation (KCl, 80 mM)
and decreased with relaxation (dibutyryl cAMP, 1mM)
(Supplementary Information, Fig. S1). The exponent B was not
influenced by relaxation, but decreased during contraction from
0.75 to 0.64 (95% confidence interval 0.57 to 0.71) (Supplementary
Information Fig. S2, top), suggesting that contraction altered
the qualitative nature of the high-frequency behaviour, whereas
relaxation did not. Values of 8 smaller than 3/4 are consistent
with behaviour observed in pre-stressed F-actin gels'. Indeed,
pre-stress in cells'* and in filamin-crosslinked gels* is known
to be a major determinant of dynamics in the slow glassy
regime, but the role of pre-stress in the fast regime could not
be addressed in the experiments described here and remains a
major open question. The exponent « decreased slightly during
cell contraction, but during cell relaxation it increased from 0.05
to 0.08 (95% confidence interval 0.06 to 0.09) (Supplementary
Information, Fig. S2, bottom).

Why should material moduli at low frequencies scale with a
weak non-universal exponent? When taken together with other
observations, such behaviour has been taken as strong evidence
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Figure 2 Storage modulus (G’) and loss modulus (G”) as a function of
frequency for all beads measured (V=64). a,b, G’ (a) and G” (b) varied broadly
across beads, approximately log-normally. However, the hysteresivity or loss tangent
n = G"/ G’ varied little across beads, and only weakly with frequency (inset,

mean =+ standard deviation).

for non-equilibrium behaviour and, in particular, a glassy regime
of CSK dynamics has been suggested®’. The ability of a liquid to
form a glass is related to slowly relaxing degrees of freedom which,
under certain conditions, may persist out of equilibrium®. By the
term ‘slow’, here we mean processes that decay more slowly than
any exponential, such as logarithmic or weak power-law decay. In
various inert glassy systems, slow degrees of freedom have been
attributed to a variety of possibilities, including slow motions of
polymer chains constrained by chemical crosslinks, entanglements
or loops, slow turnover of covalent or non-covalent bonds
connecting constituent structures to form a bond network, slow
relaxation towards energetically favourable configurations, and
slow structural rearrangements arising from crowding, caging, and
jamming®. Despite this variety, traditional glassy systems share
one feature in common: slow localized inelastic rearrangements,
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Figure 3 Pooled data of G’ (red, filled circles) and G” (blue, open circles) from
all individual beads, together with the average two-term power-law fit (solid
lines). The data presented are the geometric mean, and the corresponding error
bars represent the geometric standard error defined as the standard error of the
data set in logarithmic space. The solid lines represent the two-term power-law fit
with geometric means of A and B, and arithmetic means of « and 8. This graph
clearly demonstrates the two regimes of frequency dependence measured in the
freshly isolated ASM cell. At lower frequencies, the moduli increased with frequency
as a weak power law with exponent 0.05. At higher frequencies, the moduli
increased as a stronger power law with exponent 0.75. The transition occurred at
about 100 Hz. The straight grey lines denote slopes of 0.05 and 0.75.

and the applicability of such a point of view is justified by the
universality of the phenomenology®?'. In the living cell, none of
the above can be ruled out and, as we suggested previously, ATP-
dependent rearrangements might modify CSK microconfigurations
and thereby provide an alternate means of exploring new network
configurations’. ATP hydrolysis can drive both conformational
changes and polymerization/depolymerization cycles of CSK
proteins, either or both of which could conceivably resolve
constraints and drive structural rearrangements.

Consistent with that physical picture®?*, but in contrast with
equation (1), the complex modulus of the ASM cell passaged in
culture has been shown to go as®*

G*(f) ~ GoI'(1 —a){i2nf / D}, (2)

where I'() is the gamma function, and G, and @, are scale
factors for stiffness and frequency, respectively, and again we have
suppressed a small newtonian viscosity.

We suggest that equations (1) and (2) describe the high-
frequency [B(if)**] and low-frequency [A(if)*] terms of the
best fit, respectively. As regards low-frequency behaviour of the
CSK®1819242 and equation (2), the non-universal exponent «
becomes a continuous measure of proximity of the CSK to solid-
like (¢ = 0; G” = 0) versus fluid-like (¢ = 1; G' = 0) behaviours.
In contrast, the observation of G* approaching f** at higher
frequencies suggests the emergence of entropic dynamics associated
with semiflexible polymers and in this report it is identified for
the first time in living cells. Despite uncertainties in the values of
the various factors in equation (1), values found in the literature
yield a prefactor, B, that is within an order of magnitude of that
which was observed experimentally; this correspondence represents
independent evidence that the fast regime indeed arises from
dynamics of semiflexible polymers.

Therefore, we conclude that in the living cell the dynamics of
semiflexible polymers and soft glasses coexist, but each dominates
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Figure 4 Distributions of the two exponents, « and g, that characterize the two distinct regimes of CSK dynamics. These were both approximately normal. The mean
and standard deviation of o were 0.05 and 0.036, respectively (95% confidence interval 0.04—0.06). The mean and standard deviation of 8 were 0.75 and 0.19 (95%
confidence interval 0.69-0.79). A Student’s #-test verified that o was significantly different from zero (p < 0.00001), and B was significantly different from unity

(p < 0.00001), but not different from 0.75 (p > 0.5).

on different timescales. On shorter timescales (higher frequencies),
there is insufficient time for inelastic structural rearrangements
and, as such, relatively fast thermal fluctuations drive bending of
semiflexible CSK filaments and determine material properties of
the CSK. In this fast regime, as crosslink density increases, entropic
contributions to the elasticity diminish relative to the enthalpic
contributions'. However, on longer timescales (lower frequencies)
slow inelastic rearrangements of the CSK prevail®®, and the effects
of thermally driven filament bending become subdominant. Such
an interpretation implies sustained departure from thermodynamic
equilibrium and is consistent with the finding that in the living
ASM cell on longer timescales the generalized Stokes—Einstein
relationship breaks down’.

It was not obvious a priori that entropic effects could be
responsible for cell elasticity. The results presented here are the first
evidence to suggest that they are. As these results resemble so clearly
what is seen in simple reconstituted but crosslinked actin networks,
they also strongly support the idea that the bead-twisting probe we
used is most sensitive to the cytoskeletal actin network. All prior
measurements in other cell systems show power-law responses with
non-universal exponents in the range 0.1-0.3 (refs 8,17-19,24,29),
and it was not clear from those measurements if a distinct high-
frequency regime might exist. The results presented here show that
such a regime does exist and that its exponent is 3/4.

As such, data reported here unify within the same cell these two
distinct schools of thought, and suggest that the transition between
regimes occurs on timescales of the order of 107>s. Accordingly,
these data set within the slow glassy regime timescales typical of
integrated mechanical events of the cell such as spreading, crawling,
contracting, and invading.

METHODS

All chemical reagents, standard buffer solutions, and media were purchased
from Sigma unless stated otherwise.

PREPARATION QF INTACT LIVING CELLS

Single ASM cells were freshly isolated from bovine trachea by enzymatic
digestion, which was adopted from a previously described method®. Briefly, a

bovine trachea was obtained from an abattoir and transported to the laboratory
within 2 h of excision. Before use, the tissue was maintained at 4 °C in an
oxygenated (95% O, and 5% CO;) buffer containing 1:1 Hank’s balanced salt
solution and Dulbecco’s modified Eagle’s medium, and 1,000 Unit ml~! of
penicillin and streptomycin. Subsequently, in constantly oxygenated Krebs
solution (120 mM NacCl, 5.9 mM KCl, 1.2 mM NaH,POy,, 25 mM NaHCOs3,
11.5 mM dextrose, 1 mM CaCl,, and 1.4 mM MgCl, ), 50 mg wet weight of
ASM was dissected from the trachea and cut into 2 X 3 mm pieces. The tissue
was then transferred into a siliconized, that is, coated with SigmaCote, flask
containing an enzymatic digestion solution. The digestion solution consisted of
182 Unit ml~! Type 2 collagenase (Worthington), 3.0 Unit mI~! Grade II
elastase (Roche Diagnostics), and 5,000 Unit ml~! Type II-S soybean trypsin
inhibitor in a Ca’* and Mg?" free buffer consisting of 137 mM NaCl,

5.4 mM KCl, 5.6 mM dextrose, 4.2 mM NaHCOj3, 0.42 mM Na,HPOy,,

0.44 mM KH, POy, and 0.075% bovine serum albumin. The tissue was
incubated in this digestion solution in a shaking water bath (9.6 cycles min™")
at 34 °C and oxygenated atmosphere for 40 min. The dissociated cells were
filtered through nylon gauze (526 (um mesh size) and rinsed with 10 ml of the
Ca’* and Mg?" free buffer. More cells may be harvested by repeatedly
incubating the remaining tissue in the digestion solution, but in a progressively
reduced concentration of collagenase.

Dissociated cells were poured over glass coverslips or 96 wells coated with
poly L-lysine and incubated for 40 min on ice. Cell viability was verified by
KCl-induced contraction of sample cells in each batch of harvested cells.

Because these cells were adherent on a rigid substrate at the time of
measurement, all contractions were isometric. Although we did not use
traction microscopy to measure contractile stresses, as we have in our previous
work!”%, these cells probably do maintain appreciable axial tension.

MEASUREMENT OF THE DYNAMIC MODULUS

To probe the microrheology of CSK, ferrimagnetic beads (4.5 um diameter)
were coated with a synthetic peptide containing the Arg-Gly—Asp (RGD;
Peptite 2000, Integra Life Sciences) sequence and allowed to adhere to the
apical cell surface. These beads become tightly tethered to the F-actin CSK
through transmembrane integrin receptors, mostly o5 8;; these receptors bind
to the RGD ligand in the extracellular domain and the focal adhesion and actin
filaments in the intracellular domain!#2*2%-3 (Fig. 1b). We then measured
the complex modulus as a function of frequency by applying an oscillatory
magnetic field and measuring the resultant oscillatory bead motions with light
microscopy®**” (Fig. 1c). When the oscillatory magnetic field of frequency f
was applied to the bead, it resulted in an oscillatory torque T, where the tilde
overbar denotes the Fourier domain. The induced lateral displacement of the
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bead, D, was measured using a charge-coupled device camera attached to an
inverted optical microscope (Leica Microsystems). The complex modulus is
then simply

G*(f)=T/D.

G* measured in this way has units of torque per unit bead volume per unit bead
displacement, or Panm ™. This can be converted to familiar material moduli
with the use of a length scale derived from a model of cell deformation®’, but to

avoid model-dependent assumptions here we report all data in primary

measurement units of Panm™1.

DATA ANALYSIS AND FITTING

Denote the complex modulus of the nth bead at frequency f,, by G (f,,). For
each bead (that is, for each 1), the two-term power-law model,

G*(f) = A(if)® + B(if )? was fitted to these data by minimizing

Y me1.u 108G* (fin) —10g G}s (fn) I* with respect to the parameters A, B, a, 8.
M is the number of frequencies used, typically 9, spanning 0.1 Hz to 1 kHz in
half log increments. The distributions of the parameters obtained from this
bead-by-bead fit were examined statistically. R project, a freely available
statistical software package (www.r-project.org), was used to fit the model to
the data and for statistical analysis. One-way analysis of variance, and Student’s
t-test were used to examine the differences in the parameters when compared
among multiple conditions or between two conditions, respectively. Differences
with p < 0.05 were considered statistically significant.
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