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Lévy-distributed fluctuations in the living cell cortex
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The actomyosin cortex is an active material that provides animal cells with a strong but flexible exterior whose
mechanics, including non-Gaussian fluctuations and occasional large displacements or cytoquakes, have defied
explanation. We study the active fluctuations of the cortex using nanoscale tracking of arrays of flexible micro-
posts adhered to multiple cultured cell types. When the confounding effects of static heterogeneity and tracking
error are removed, the fluctuations are found to be heavy tailed and well described by a truncated Lévy «-stable
distribution over a wide range of timescales, in multiple cell types. The largest random displacements closely
resemble the earlier-reported cytoquakes, but notably, we find these cytoquakes are not due to earthquakelike
cooperative rearrangement of many cytoskeletal elements. Rather, they are indistinguishable from chance large
excursions of a superdiffusive random process driven by heavy-tailed noise. The noncooperative microscopic
events driving these fluctuations need not be larger than the expected elastic energy of single tensed cortical
actin filaments, and the implied distribution of microscopic event energies will need to be accounted for by

future models of the cytoskeleton.

DOI: 10.1103/PhysRevResearch.6.043265

I. INTRODUCTION

The actomyosin cortex is a thin sheet of active matter
formed from actin filaments, crosslinking proteins and myosin
contractile motors existing in a dynamic steady state. After
decades of study both in cells [1-8] and in reconstituted gels
[9,10], the mechanical properties of the actomyosin cortex
are well known; it is a tensed, nearly elastic network that
resists deformations via a dynamic shear modulus, which is
a weak power law of frequency [1,2,4,7,8,11-13]. This sheet
undergoes active fluctuations that are superdiffusive [14—16]
and heavy tailed [8,17,18], but such measurements are often
confounded by heterogeneity effects. These varied phenom-
ena have not yet been reproduced by a physics-based model.
Some models [19-21] predict power-law shear moduli but
do not explain the non-Gaussian fluctuations. While Fredberg
and colleagues [1,17] have long noted similarities between
cytoskeletal networks and soft glassy materials (SGMs) such
as foams and emulsions [22-25], with both displaying power-
law rheology [22-28], superdiffusive dynamics [25-28], and
non-Gaussian displacements [28], how foams and the cy-
toskeleton could obey the same physics remains an open
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question. More recently, the cortex has also been observed to
undergo occasional large displacements in the plane [8,18,29],
termed cytoquakes, which, due to their power-law displace-
ment distribution and large energy scales, are hypothesized
to be the result of earthquakelike cooperative rearrangement
of many cytoskeletal elements. Such cooperative motion sug-
gests the cortex may exist near a mechanical critical point, on
the cusp of instability. Testing of different cytoquake models
[30-32], however, is currently limited by the available data.
Here we report low-noise, high statistical power mea-
surements of the lateral fluctuations and cytoquakes of the
actomyosin cortex of multiple cell types. We used microp-
ost array detectors (mPADs) consisting of dozens of flexible
microposts anchored to cells’ basal cortex. The data from
each micropost was rescaled to correct for post-to-post hetero-
geneity, before being pooled together. While the largest post
displacements resemble the previously reported cytoquakes,
we find that their functional form is consistent with a sta-
tionary random process that is unlike that in earthquakes and
other nonstationary (time-dependent) random processes. We
find that the entire distribution of micropost displacements,
from the nanoscale to the cytoquake scale, is well described
by a Lévy «-stable distribution with an exponential truncation,
resembling a recently described, stationary superdiffusive ran-
dom process termed linear fractional stable motion (LFSM)
[33,34]. Physically, such a process corresponds to a viscoelas-
tic solid driven by non-Gaussian noise having a heavy-tailed
amplitude distribution and naturally explains the previously
reported power-law distribution of cortical displacements.
This finding also provides a potential explanation for the
similarity of the cortex and SGMs [26,27]—both may be
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FIG. 1. (a) Schematic of a cell on a micropost array. Cellular 1075~ A A ; A A Par 10°6

traction forces deflect the posts, which are tracked optically. (b) The
trajectory of a micropost (k = 15.8 nN/um) coupled to the cortex of
a 3T3 cell, over 1800 s, after time-averaging data recorded at 10 fps
to 1 fps. (c) The trajectory of a micropost not coupled to the cell
shows the measurement error.

viscoelastic solids driven by heavy-tailed active noise [28].
Last, we estimate that the maximum energy of the mi-
croscopic processes driving the cortical fluctuations may
be smaller than the energy in single tensed cortical actin
filaments. Known microscopic energy release processes oc-
curring during the rapid turnover of the cortex [35] appear
sufficient to explain our fluctuation measurements and cyto-
quake observations without earthquakelike cooperativity. Our
measurements are likely to be sensitive to cortical details such
as the cortical actin filament energy distribution, related to
filament tension and length, and may be useful to constrain
future physical models of the actomyosin cortex.

II. EXPERIMENTAL METHODS

mPAD arrays are a well-established technique for quanti-
fying cell mechanics and contractility [36—41]. A schematic
of a cell on an mPAD array is shown in Fig. I(a). Re-
cently, we have demonstrated [8,29,42] that mPADs can be
used to quantify cortical fluctuations with subnanometer pre-
cision. Building on this approach, for this study we used
a poly(dimethylsiloxane) (PDMS) mPAD device platform
[8,29,42] consisting of 1.8-um-diameter microposts on hexag-
onal lattices with center-to-center spacing 4 um. Micropost
heights of 9.1, 6.4, and 5.7 um were used, providing effec-
tive spring constants for small lateral deflections k of 5.5,
15.8, and 22.3nN/um [41], corresponding to substrate stiff-
nesses 4.3, 12, and 17 kPa [43]. [We refer to these as “low”
(L), “medium” (M) and “high” (H) stiffness substrates.] The
mPAD devices were functionalized to restrict cell adhesion to
the micropost tops [36] (see Supplemental Material, SM, for
methods [44]).

NIH 3T3 fibroblasts (ATCC), human embryonic kidney
(HEK) cells (ATCC), human bone osteosarcoma epithelial
cells (U20S), and primary neonatal rat cardiac fibroblasts
(CFs) were cultured and seeded on the mPADs as described
previously [29]. Cardiac myofibroblasts (MFs) were produced
from the CFs by treatment with TGF-g1 [29] prior to seeding.
Bright-field videos of individual cells, of duration 30 min,
were recorded at 10 frames per second (fps) or 100 fps (HEK
and U20S cells only) [8,42] (see methods discussed in SM
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FIG. 2. The van Hove displacement distribution is heavy tailed
even after post-to-post heterogeneity is removed. (a) Distribution of
measured displacements P(Ax,,,) for the x component of the post
trajectories at fixed lag time t for an ensemble of 336 posts from
10 3T3 cells. Post stiffness: k = 15.8 nN/um (medium stiffness). To
facilitate comparison with panel (b), only the Ax,,, < 0 half of the
symmetric distribution is shown. (b) Van Hove distributions P(Ax)
following rescaling to remove static heterogeneity as described in the
text. The data in (b) only include steps from posts in the uppermost
quartile of the distribution of the trajectories’ geometric means. Only
the Ax > 0 half of the symmetric distribution is shown. The lines in
(a) and (b) are best-fit Gaussians at T = 1 s and T = 30s.

[44]). A previous study [8] suggests that the cortex is stiffer
than the micropost spring, allowing us to interpret post de-
flections as cortical displacements rather than forces. While
the posts’ spring-restoring force on the cortical displacements
must limit the displacement amplitude, such effects have been
shown to be small on the timescales studied here [8].

The trajectories of the posts r(¢) were determined by a
centroid tracking algorithm [8,42,45]. To improve resolution,
the post centroids were time averaged to 1 fps, yielding a posi-
tional uncertainty of Ax =~ 0.5 nm. To isolate posts coupled to
the cortex, we adapted and refined an approach reported pre-
viously [8,29,42], using the post trajectories’ mean-squared
displacements (MSDs), average traction force, displacement
range, and non-Gaussian parameter to identify posts coupled
to the cell, to distinguish cortically associated posts from
stress-fiber-associated posts, and to screen out data perturbed
by out-of-focus debris (see SM methods and Fig. S1 [44]).

III. MPADs REVEAL NANOMETER-SCALE
MOTION OF THE CORTEX

Microposts attached to the cell cortex showed dynamic
displacements on the 10-nm scale, driven by lateral cortical
fluctuations, while background posts did not [Figs. 1(b) and
1(c)]. To characterize these random post/cortical displace-
ments, we computed the van Hove self-correlation function, or
the probability distribution of displacements P(Ax,w (7)) in a
waiting (or lag) time 7. Figure 2(a) shows the displacement
distribution for an ensemble of 336 posts from nine different
3T3 cells, for 1 s < 7 < 30 s. At all lag times measured,
the distributions were non-Gaussian with pronounced heavy
tails at large | Axaw|. Such measurements, which pool results
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over many posts, are susceptible to confounding effects due
to heterogeneity [11], such as variations in how different
posts/tracers are coupled to the cytoskeleton, or differences
between cells. Prior studies of cells’ cortical displacements
using single tracers [8,18] have yielded similar results to
Fig. 2(a), suggesting that such fluctuations are not due solely
to heterogeneity.

A pooled measurement of displacements can be corrected
for heterogeneity by rescaling. In the case of static hetero-
geneity, each post i reports the time-dependent motion x', ()
of a segment of the cortex multiplied by a different, time-
independent constant. This suggests that each post’s motion
can be rescaled by a single constant so as to have the same
typical amplitude as the entire ensemble, e.g.,

(GM(|Axlyy (T = 108)]))ens |
GM(|Axi (t = 105)]) ] M

raw

AX (1) = Ax;'aw(t)[

where GM(.) designates the geometric mean of a set of num-
bers, a robust measure of the typical value in heavy-tailed
distributions, and (.),s iS an ensemble average over all posts.
The choice to scale by the displacements at T = 10 s mini-
mized the effects of measurement error while retaining good
statistics. The distributions of post rescaling factors for our
set of cell types and substrate stiffnesses are shown in Fig. S2
[44]. A control analysis showed that the rescaling factor was
not significantly time dependent over our 30-min datasets;
cell-to-cell variations were also small [44].

A potential concern with this rescaling procedure is the
amplification of noise contributions from posts with small
GMs. In addition to nonbiological sources of noise, such as
camera noise, which can be quantified using the background
posts, a second noise source can arise from fluctuations in the
local optical density over a post due to internal cellular rear-
rangements [8]. From an assessment of the magnitude of such
contributions (see SM and Fig. S3 [44]), we determined that
these effects do not contribute significantly to the signal from
posts whose GM is in the top quartile of the GM distribution,
and so we used those posts for subsequent analysis.

Figure 2(b) shows the resulting pooled distribution of
cortical displacements for 3T3 cells, corrected for static het-
erogeneity, for a range of lag times. This confirms that cortical
fluctuations are intrinsically non-Gaussian, while our statis-
tical power allows us to observe that such non-Gaussianity
persists to long lag times. At the shortest lag time measured,
T =1 s, we find random displacements that are up to 40
times larger than the geometric mean, similar to reports for
cytoquakes [18]. The results for our other experimental con-
figurations and cell types, shown in Fig. S4 [44], show similar
but somewhat less non-Gaussian behavior.

Visual examination of the trajectories corresponding to
the largest displacements showed two qualitatively different
kinds of events. The majority of the events were isotrop-
ically directed and showed roughly sigmoidal shapes with
typical widths >1 s, while other events were very abrupt,
with typical widths <1 s, and were strongly directed toward
the posts’ resting locations. Examples of such trajectories
and their respective angular probability distributions are
shown in Figs. S5(a)-S5(d) [44]. Given the tendency of the
abrupt events to move toward the post’s resting location, we

hypothesize that they are due to transient loading of the cortex
by stress fibers followed by detachment and/or de-adhesion
events of the micropost from the cell [8]. Given that such
processes are not fluctuations within the cortex itself, as might
occur due to motor activity or remodeling, we screened the
abrupt events out from our analyses below, except where
noted.

IV. CYTOQUAKES DO NOT RESEMBLE
EARTHQUAKELIKE EVENTS

The large displacement events we observe (filtering out
the abrupt events) have both amplitudes and sigmoidlike time
dependence resembling the cytoquakes we and others have
observed previously [8,18,29]. We seek to apply statistical
tests to the cytoquakes’ time-dependent data to determine
if they resemble cooperative processes like earthquakes and
avalanches, perhaps superimposed on a background noise of
other mechanical fluctuations. We begin by averaging short
trajectory segments of many large cytoquake displacements
together (selected from the heavy tails of the van Hove dis-
tribution). The results (x;;(¢)) of scaling and averaging the
200 largest gradual displacements at t = 10 s for four repre-
sentative cell types are shown in Figs. 3(a)-3(d). During this
averaging, the trajectories x;(¢) containing each large displace-
ment were rescaled to pass through the points (z/2, —1/2)
and (+7/2, +1/2) (see SM for calculation details [44]). Fig-
ure 3(e) shows a similar average of 40 abrupt displacements
for comparison. The corresponding data for both gradual and
abrupt events for these and our other cell types and substrate
conditions are shown in Fig. S6 [44].

For a stationary (noncooperative) random process, the av-
erage of short trajectory segments rescaled as in Fig. 3 is
predicted by the interpolation-extrapolation function (IEF)
[46], which gives the conditional expectation value for a
random walk constrained to pass through two points [here
(—1/2,—1/2)and (+7/2, +1/2)]. If the MSD of the station-
ary random process varies as MSD ~ t, then the IEF is given
by

IEF ! ° ° 2
(z)—zta<‘t+2 1= ) @
(see SM for a derivation of this expression [44]).

The cytoquake events are well fit by the IEF form, Eq. (2),
with the exponent as a free parameter, Figs. 3(a)-3(d), while
the abrupt events, Fig. 3(e), are not. This agreement demon-
strates that the cytoquakes’ apparent time dependence is
indistinguishable from what is obtained by merely sampling
and averaging the largest excursions of a stationary superdif-
fusive random process. Were cytoquakes a nonstationary
cooperative process like an earthquake or avalanche, their
time dependence, like the abrupt events, would have no reason
to fit to the IEF model. The agreement of the IEF model across
multiple cell types leads us to conclude that cytoquakes, at
least in our data, are simply statistical mirages. Data for cy-
toquake and abrupt events in other cell types and conditions
reinforce the above conclusions, see Fig. S6 [44].

The exponents for different cell types {ajgr} for the gradual
events agree well with the corresponding exponents {amsp}
for the MSDs of the full trajectory datasets, Fig. 3(f) (see
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FIG. 3. Averaged scaled trajectories (x;,(z)) for large displace-
ments are well described by the interpolation-extrapolation function
(IEF). (a)-(d) (x;s(t)) for the 200 largest gradual displacements at
7 = 10 s, for four different cell types and conditions, as described in
the text. Ten individual scaled trajectories x; ;(¢) are superimposed in
each case (gray). (e) (x; ;(¢)) for the 40 largest abrupt displacements
for the 3T3 cells shown in (a). Solid lines in (a)—(e) are fits to the
IEF, Eq. (2). (f) The exponents aigr from fitting the gradual IEFs
(circles), and the corresponding MSD exponents aysp show close
agreement. Additional datasets and fits to the IEF from Fig. S6 [44]
are included in (f). The micropost stiffnesses were 3T3-L and U20S:
k =5.5nN/um; 3T3-M and HEK: k = 15.8 nN/um; 3T3-H, CF, and
MF: k = 22.3 nN/um. Dashed line: ajgr = amsp. The ajgr exponents
for the abrupt displacements (triangles) differ widely from awmsp.
Error bars are standard errors, estimated from cell-to-cell variations
[44]. The individual trajectories in (a)—(e) were chosen at random
from the 50 largest [panels (a)-(d)] or 20 largest displacements
[panel (e)].

Fig. S7 for MSD fits [44]). The agreement of these expo-
nents confirms that the cytoquakes are driven by the same
microscopic fluctuations and mechanics driving all cortical
fluctuations. In contrast, the exponents for abrupt events dif-
fer significantly from {amsp}, Fig. 3(f), confirming that they
are due to a cellular process distinct from the other cortical
fluctuations, e.g., micropost recoil after detachment from the
cortex.

V. DISPLACEMENT DISTRIBUTIONS HAVE
AN EXPONENTIALLY TRUNCATED STABLE
DISTRIBUTION FORM

Our remaining task is to model the lag-time-dependent
van Hove distribution that describes the cytoskeletal

3T3-M g
k = 15.8 nN/um

00000000

10° 10! 102

FIG. 4. The Van Hove fluctuation distributions for 3T3 cells are
well described by an ETSD model (solid lines) over lag times 7 from
1 to 100 s. The best-fit stable distribution (dashed line) shown at t =
1 s does not capture the behavior near the tail. The best-fit Gaussian is
shown at T = 1 s for reference (dotted line). The distributions for 7 >
1 s are progressively offset by factors of 10" for clarity. Micropost
stiffness: k = 15.8 nm/um (medium stiffness).

fluctuations. To do so, we must first screen out the above-
described abrupt displacements. As the abrupt displacements
were predominantly toward the posts’ resting locations, we
split the displacements into two sets: one with displacements
moving toward the resting location, which we discarded, and
the other for those moving away from it, which we retained
(Fig. S5(e) [44]). Comparing these two sets of data suggests
that the abrupt events (in the “toward” set) are responsible for
about 20% of the total observed fluctuations on a power basis
[44].

The cortical displacement distribution with abrupt events
removed is shown in Fig. 4, plotted in log-log form for 3T3
cells and lag times from 1 to 100 s. Other cell types and
conditions give similar results, shown in Fig. S8 [44]. We find
that the cortical fluctuation distribution is well described by
an exponentially truncated stable distribution (ETSD), given
by

P(Ax) = ALy (Ax; o, y)e 2%, 3)

where L,(Ax;a, y) is the symmetric Lévy «-stable distri-
bution [47] with shape parameter o and scale parameter y,
A is a normalization constant, and A is a truncation length.
The ability to describe the entire distribution with a single
function, as opposed to a sum of different functions, confirms
our conclusion that we are observing the displacements of a
single random process.

The ETSD parameters for our experiments, summarized in
Fig. 5, vary significantly across cell types and post stiffness,
with some displaying consistent trends versus lag time. This
suggests that these measures are not “universal” and instead
are sensitive to the arrangement of the cortical actin and
myosin for different cell types and post stiffnesses. This is
in contrast to the universal rheology of cells [4] and suggests
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FIG. 5. The ETSD fit parameters vs lag time 7. (a) The shape
parameter « varies with substrate stiffness. (b) The shape parameter
o depends on the cell type. (c, d) The scale parameter y follows a
power law with exponent ~0.7, corresponding to a superdiffusive
MSD. The uncertainty in y is smaller than the size of the markers.
(e, f) The truncation parameter A increases with increasing 7. Error
bars are standard deviations of fits to samples drawn from the best-fit
ETSDs to the experimental data.

that future actin and myosin perturbation experiments may
elucidate the parameters’ connections to cortical architecture.

VI. BIOPHYSICAL INTERPRETATION
OF ETSD PARAMETERS

In this section we report the ETSD parameters and put
them into biophysical context. The shape parameter «(7),
Figs. 5(a) and 5(b), describes the exponent of the heavy tail, or
equivalently, how non-Gaussian the displacements are versus
lag time, T (¢ = 2 is Gaussian). Six out of seven conditions
show modestly non-Gaussian behavior, « & 1.8, essentially
independent of lag time. Datasets collected on the high stiff-
ness posts (k =22 nN/um) show the least non-Gaussian
behavior, o ~ 1.9. The 3T3 fibroblasts on medium stiffness
posts (highlighted in previous figures) show very heavy-tailed
displacements having a shape parameter that decreases with
lag time.

Heavy-tailed fluctuations in conventional materials are
caused by two distinct effects [33,34,48]. The first is geo-
metrical due to the spatial decay of strain fields around force
dipoles [32,48]. For the cortical geometry, a thin stiff sheet
over a soft interior, this effect contributes negligible non-
Gaussianity [32] and predicts o &~ 2, inconsistent with our
findings. The second effect is more direct: stable distributed
displacements are the result of microscopic events (e.g., of
forces or energy release) that themselves have a heavy-tailed
distribution. In other words, non-Gaussian displacements are

the result of non-Gaussian “noise” from microscopic pro-
cesses. In this case the tail exponent of the noise amplitude
distribution is connected to the stability parameter « of the
mesoscopic displacement [33,34] via a generalized central
limit theorem [49]. Biophysically, our findings suggest that
the ETSD distribution of cortical displacements is the result of
a heavy-tailed distribution of the random microscopic forces
or energy release events driving the fluctuations of the cortex.

The scale parameter y(t) of the displacement distribu-
tions, Figs. 5(c) and 5(d), is akin to the width or “knee” of
the distribution and grows with t, as is evident in Fig. 4. The
displacement scales are fairly similar across cell types at a
given substrate stiffness, with intuitively larger displacement
scales being observed on softer posts. The scale parameters
increase as power laws of lag time, with exponents in the
range 0.5-0.7. For a truncated distribution, the scale parame-
ter and standard deviation are correlated, so the mean-squared
displacement should scale ~y2. Thus our findings appear
consistent with the well-known [4,8,29] superdiffusive na-
ture of cortical fluctuations, having nonuniversal exponents in
the range 1.0-1.4 [2,8,11,16,29]. A classic model of station-
ary superdiffusive processes is fractional Brownian motion
(FBM) [46], which combines Gaussian noise with a power-
law memory kernel. The FBM model has been extended to
include noise having a stable distribution form, termed lin-
ear fractional stable motion (LFSM) [33,34], a process that
displays both superdiffusion and displacements that follow a
stable distribution at all lag times. Notably, an LFSM pro-
cess creates “power-law” distributed displacements without
an earthquakelike mechanism. Biophysically, a LFSM process
would correspond to the cortex being driven by uncorrelated
heavy-tailed noise, with a power-law memory kernel provided
by the cortex’s power-law creep compliance and/or temporal
correlations in the noise.

The truncation parameter A(t), Figs. 5(e) and 5(f), de-
scribes the effective maximum size of a displacement that
occurs in time t; larger events are exponentially rare. If the
displacements are driven by non-Gaussian noise from mi-
croscopic events having a heavy-tailed distribution, then the
observed truncation simply suggests that these events have a
well-defined maximum size. Such truncation is ubiquitous in
physical systems but not present in existing LFSM models.
We find experimentally that the truncation length increases
with 7, as roughly ~7!/2. We conjecture that such scaling cor-
responds to a diffusionlike process: A(T) = Aga/kmaxT, Where
Mo is the displacement due to a maximum-sized single micro-
scopic event, and ky,,x is the rate at which such events occur.
In this picture, at longer lag times many maximal microscopic
events have contributed to a maximal micropost displace-
ment, whose uncorrelated effects add together as in a random
walk.

The truncation length scale A(t) we measure describes
the displacement of a mesoscopic micropost and not any
structure in the cortex, such as myosin stepping. As such
it is interesting to convert it to the work done on the mi-
cropost by the cortex via the formula for the elastic energy
in a spring AUpes = %ksz. The maximum displacement
Ax =AMt =1s)=3nmand k = 15.8nN/um yields an en-
ergy of AUpose =7 x 1072 J. This energy represents a lower
bound for the largest energy release events driving cortical
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fluctuations, assuming that a single such event is responsible
for a A-sized micropost displacement (see SM for details
[44].) If our displacements at T = 1 s actually correspond to
multiple such maximal events, the microscopic events’ energy
could be even lower. It is useful to compare this energy bound
to the characteristic elastic energy in cortical elements, such
as highly stretched actin filaments [50-52]. Following a recent
computational model for the cortex [53] which suggests that
individual actin filaments are stretched to very high tensions
up to 400 pN (about 2/3 of their breaking tension [54]), we
can estimate the maximal elastic energy stored in a single
cortical actin filament: AU,in = 20 x 10720 J (see SM for
details [44]). Notably, the fact that the estimated lower bound
of the (A-scale) energy release event AUpo is only about
a third of the value of AU,y, implies that even the largest
cortical fluctuations we observe could be readily driven by
single microscopic processes in the cortex.

VII. DISCUSSION

The first paper on cytoquakes [18] as well as our sub-
sequent papers [8,29] hypothesize that they are due to the
collective or cooperative reconfiguration of many microscopic
degrees of freedom, with one microscopic event triggering
many more in the manner of an avalanche or earthquake.
This hypothesis is motivated by the power-law-distributed
displacement distributions that we observe in detail here.
Moreover, the largest reported cytoquakes, often up to 30 nm
in 10 s, correspond to large work done on the micropost,
AUguake = 7 x 10718 J, far larger than the typical energy in
a tensed cortical actin filament (see SM [44]). Such large
cytoquake energies are consistent with the hypothesis of many
cytoskeleton elements cooperatively rupturing or reconfigur-
ing.

In contrast, however, a major finding of this study is that
cytoquakes closely resemble chance large excursions of a
stationary random process driven by non-Gaussian noise (as in
Fig. 3). The time-dependent shape and power-law distribution
of the largest cytoquakes can thus be explained as the chance
result of many statistically uncorrelated microscopic events
having a heavy-tailed distribution of energy, without any
earthquakelike cooperativity. Moreover, analysis of the trun-
cation parameter A suggests that the largest single microscopic
energy release events driving cortical motion are comparable
to the energy in single tensed actin filaments. Rather than
being a mechanical network near some mechanical critical
point subject to “earthquakes,” the cytoskeleton may simply
be a mechanical network with little or no cooperativity driven
by active stresses due to structural changes of single cortical
elements.

Next, we consider possible physical origins of the random
process driving both the observed cortical fluctuations having

an ETSD form and the occasional cytoquakes. It is well ac-
cepted that the mechanical energy in the cortex comes from
myosin II contraction, and molecular stepping has been seen
in cortex-adhered microposts associated with large myosin
contractile units [40]. FRAP experiments [35] show rapid cor-
tical turnover, with the average tensed actin filament lifetime
being only 30 s. The removal of filaments is primarily due to
cofilin severing followed by depolymerization. This severing
process, or similarly, the unbinding of tensed actin filaments
from myosin minifilaments or crosslinking molecules, would
abruptly release the stored elastic energy in the tensed actin
filament and cause the surrounding network to recoil. This
recoil energy would have the correct magnitude to account
for our observed fluctuations, and these events would likely
have a broad distribution of energies related to the expected
broad distribution of filament tensions [53]. A suitably broad
distribution could then lead, potentially, to the heavy-tailed
noise implied by our ETSD fluctuations. Alternatively, the
distribution of microscopic elastic energies may not be heavy
tailed, and the heavy-tailed active noise may be due to cooper-
ativity among energy release events on the microscale, as seen
in recent simulations [31].

Our fluctuation measurements suggest that the actomyosin
cortex is driven by highly non-Gaussian noise due to mi-
croscopic processes releasing energies less than the typical
elastic energy in single cortical actin filaments. While these
microscopic processes may display some cooperativity, such
cooperativity is not required to explain the cytoquake phe-
nomenon. The observed ETSD distribution of the fluctuations
is both a clue to direct the development of new physical
models and a challenge for existing ones to reproduce, for
example, through a broad distribution of elastic energies in
actin filaments or other mechanical elements. The ETSD
distribution closely resembles that seen in soft glassy ma-
terials [28], adding to the curious similarity between the
cytoskeleton and SGMs [1], but this could be explained if
both are simply viscoelastic solids driven by highly non-
Gaussian active noise. Unlike cell rheology curves, which
are parameterized by a single, nearly universal exponent [4],
the measured lag-time-dependent ETSD parameters appear
sensitive to cell-type-specific details of actomyosin assembly.
Further experiments to link these distribution parameters to
actomyosin structure and biochemistry should be useful in
enabling the refinement of future models.
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