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The ability of animal cells to crawl, change their shape, and
respond to applied force is due to their cytoskeleton: A dynamic,
cross-linked network of actin protein filaments and myosin
motors. How these building blocks assemble to give rise to cells’
mechanics and behavior remains poorly understood. Using active
micropost array detectors containing magnetic actuators, we have
characterized the mechanics and fluctuations of cells’ actomyosin
cortex and stress fiber network in detail. Here, we find that both
structures display remarkably consistent power law viscoelastic
behavior along with highly intermittent fluctuations with
fat-tailed distributions of amplitudes. Notably, this motion in the
cortex is dominated by occasional large, step-like displacement
events, with a spatial extent of several micrometers. Overall, our
findings for the cortex appear contrary to the predictions of a
recent active gel model, while suggesting that different actomyo-
sin contractile units act in a highly collective and cooperative man-
ner. We hypothesize that cells’ actomyosin components robustly
self-organize into marginally stable, plastic networks that give
cells’ their unique biomechanical properties.

cytoskeleton | cell mechanics | cortex | dynamics | active matter

he cytoskeleton has long been recognized as a remarkable

active material (1-3) with unusual viscoelastic behavior (4-6),
and the seeming ability to change rapidly from fluid to solid
and to adjust its stiffness over a wide range. Early attempts to
explain these phenomena drew on analogies with other systems,
such as the sol—gel transition (7, 8), tensegrity architecture (9,
10), and the soft glassy rheology model of materials such as
foams and emulsions (11, 12), but none of these approaches were
able to capture the essential phenomena completely. In the last
few years, a new approach has sought to derive the cytoskeleton’s
mechanics from the physics of polymer networks (13) and the
activity of embedded molecular motors. In this view, the cyto-
skeleton is an active gel (14, 15) of filamentary biopolymers and
protein cross-links, stiffened by an internal “prestress” generated
by myosin motors (9, 10), and fluctuating due to myosin mini-
filaments’ uncorrelated, random binding and unbinding (16-19).
Despite its successes, however, the active gel model does not
correctly predict the observed viscoelasticity of cells, which dis-
plays a power law dependence on frequency (4, 5, 20-22), and
does not naturally account for the observed highly heteroge-
neous nature of intracellular fluctuations.

Here we report extensive micromechanical measurements of
NIH 3T3 fibroblasts using active micropost array detectors
(AMPADs). These microfabricated supports provide a closely
spaced array of deformable microposts directly coupled to the
cells” actomyosin machinery (23-28). The posts’ motion can be
tracked at high speed with nanometer precision, and they also
include embedded magnetic nanowires that can be used to
measure the cytoskeleton’s mechanical response to applied
force. We find that most posts under the cell are adhered to the
basal actomyosin cortex, while a subset of peripheral posts are
adhered to contractile actomyosin stress fibers; the 2 can be
readily distinguished by mean traction force. The motion of
cortical posts resembles weakly polarized, 2D random walks with
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intermittent large steps, while stress fiber posts display motion
that is both highly and persistently anisotropic. Both populations
of posts report power law viscoelasticity resembling earlier
studies (4, 5, 20, 21, 29), and superdiffusive position fluctuations
that superficially resemble those in studies of cytoplasmic tracers
(16, 19, 20, 30-33). Closer examination of the data, however,
reveals that the mean-squared displacements (MSDs) of both
types of posts display broadly distributed amplitudes and
superdiffusive behavior that is not naturally explained by the
active gel model. We find that the amplitude distribution is fat-
tailed, due to intermittent, large step-like displacements re-
sembling avalanches and earthquakes in physical systems (34).
Our regular array of detectors also allows us to determine the
spatial extent and symmetry of the largest avalanche-like rear-
rangements in the cortex (35, 36), which are both spatially and
temporally complex, resembling those in plastic solids (37, 38). A
recent simulation study of soft glassy materials (38) suggests a
physical interpretation of our cell data wherein myosin contractile
units (CUs) (27) self-organize into marginally stable tensile and
plastic networks, whose physics gives rise to cells’ avalanches,
superdiffusive motion and power law rheology (35, 38, 39).

Results

AMPAD Arrays Probe Cellular Motion at the Nanoscale. Micropost
arrays are an increasingly important approach for quantifying
cellular mechanics (23-28). A schematic of a micropost array with

Significance

The cytoskeleton is a remarkable example of an active bio-
material and is at the heart of critically important problems in
biology and medicine related to animal cells’ mechanical
sensing and function. A satisfying physical understanding of
the actomyosin cortex’s complex biophysics and mechanical
properties has, however, proven elusive. We measure cyto-
skeletal motion, forces, and rheology using substrates con-
taining arrays of flexible microscopic posts with high precision
and statistical power. Surprisingly, the cytoskeletal networks
display highly intermittent fluctuations whose energy content
is dominated by rare large events, similar to what is seen in
earthquakes or physical systems with avalanches. Our findings
suggest that future cytoskeletal models must contain elements
that self-organize onto a mechanically marginal state prone
to avalanches.

Author contributions: Y.S., J.C.C., and D.H.R. designed research; Y.S. and C.L.P. performed
research; Y.S., J.C.C,, and D.H.R. analyzed data; Y.S., J.C.C,, and D.H.R. wrote the paper;
and Y.S. and C.L.P. carried out simulations to model the data.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

"To whom correspondence may be addressed. Email: jcrocker@seas.upenn.edu or reich@
jhu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1900963116/-/DCSupplemental.

Published online June 25, 2019.

PNAS | July 9,2019 | vol. 116 | no.28 | 13839-13846

=
o
9
£
<m
o
Y=
GZ
£2
g
@2
=
[=]
L



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1900963116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:jcrocker@seas.upenn.edu
mailto:reich@jhu.edu
mailto:reich@jhu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900963116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900963116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1900963116

L T

/

1\

BN AS  PNAS D)

a cell attached is shown in Fig. 14. The arrays contain flexible
poly(dimethylsiloxane) (PDMS) microposts that deflect in re-
sponse to an adherent cell’s fluctuating forces and/or strains. The
microposts’ tips were coated with fibronectin to enable cells to
form integrin-based focal adhesion linkages to the posts (23, 25,
28), which, in turn, mechanically coupled the microposts directly
to the cells’ actomyosin network. Magnetic nickel nanowires em-
bedded in ~1% of the microposts enabled actuation of those posts
with an external magnetic field B(f) (25, 40) to probe the cells’
rheology via forces Fiag(f) applied by the “magnetic” posts to the
cell. Fig. 1B shows a confocal image of NIH 3T3 cells attached to a
micropost array composed of 1.8-pym-diameter posts with 4-pm
spacing in a hexagonal pattern. Brightfield movies of the micro-
posts were recorded at up to 100 frames per s, and a centroid
particle-tracking algorithm (41) was used to track the positions of
the microposts with spatial resolution of <2 nm. As shown in Fig.
1C, microposts coupled to a cell showed dynamic fluctuations
significantly larger than the noise observed on “background” posts
that were not engaged with a cell. These fluctuations were ob-
servable over a wide range of timescales, from 100 ms to 1,800 s
(the duration of data collection for each cell) (SI Appendix, Fig.
S1). While many research groups use fluorescence microscopy to
facilitate image analysis of micropost motion against the back-
ground of the cell, we favor brightfield imaging for its much higher
signal to noise and resulting spatial and temporal resolution.
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Fig. 1. Microposts can be used to measure cytoskeletal dynamics and vis-
coelasticity. (A) Cell on a flexible micropost array; micropost tips are coupled
to the actomyosin cytoskeleton (green) via fibronectin (red). Posts with
magnetic nanowires (orange) exert a double-sinusoidal force Fn.q(t). (B)
Composite white-light image of post array with fluorescence of 3T3 fibroblasts
immunostained for actin (green) and nuclei (blue). Actin stress fibers are
concentrated near the cells’ peripheries. (C) Typical displacements of a cell-
adhered (red) and a nonadhered (blue) post. (D) Deflection of a cortex-
adhered magnetic post, driven at 1 Hz and 7 Hz. (E) The computed local cel-
lular rheology is a weak power law function of frequency (symbols); peripheral
posts are in red, interior posts are in blue. As shown in Fig. 2, peripheral posts
are associated with stress fibers, and interior posts are associated with the
cortex. Error bars were determined as described in S/ Appendix, Methods. Solid
lines are fits of the form |kcen(w)| = Ao’ With interior = 0.13 + 0.02 (n = 6) and
Pperipheral = 0.12 £ 0.02 (n = 4) (+SE for each case). Fits for additional magnetic
microposts (data points omitted for clarity) are shown as pale lines. See S/
Appendix, Fig. S2 for full dataset.
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While motion of refractile objects within the cell can, in princi-
ple, contribute to the observed motion of nearby posts, control
measurements reveal that contributions from such -effects
are detectable but contribute only ~3 nm of RMS deflection over
60-s timescales (SI Appendix).

Spatially Resolved Measurements of Cellular Power Law Rheology.
Characterizing an active matter system like the cytoskeleton re-
quires that one probe both the fluctuations and the mechanical
response to applied stress, or rheology (1). We drove the mag-
netic microposts with sinusoidal magnetic fields from a dual
magnetic tweezer system (42), and used digital lock-in tech-
niques (43) to measure the amplitude and phase of the posts’
resulting time-dependent motion to <0.2 nm in amplitude. These
measurements showed significant amplitude fluctuations over
long timescales (SI Appendix, Fig. S2A4), an effect previously at-
tributed to time dependence in the cell’s coupling to the probe
(44). To remove such confounding effects, we applied 2 sinusoi-
dal signals simultaneously, one at a frequency that was scanned
over a wide range, and another which served as a constant fre-
quency reference (Fig. 1D). Measurements of the ratio of the
2 signals’ amplitudes (44) gave significant reduction in un-
certainty for the frequency dependence of the microposts’ me-
chanical response (SI Appendix, Fig. S2B).

Since both the microposts and the attached cell contribute to
the response to magnetic actuation, the system effectively be-
haves as 2 viscoelastic units connected in parallel (SI Appendix,
Fig. S2C), one of which contains the cellular contribution and
other that of the post. To extract the cellular stiffness, we mea-
sured the viscoelastic response of magnetic microposts while
coupled to cells, and then measured each magnetic micropost’s
stiffness separately after removing the cells from the AMPAD
arrays via treatment with trypsin/ethylenediaminetetraacetic acid
(81 Appendix, Fig. S2D). The cellular stiffness was computed from
the difference between the 2 measurements. Control measure-
ments showed no measurable difference in background post
stiffness before and after trypsinization (S Appendix, Fig. S2E).

The resulting measurements of the frequency-dependent cel-
lular stiffness kcen(w) are shown in Fig. 1E. We found a weak
power law response, |[ke.n(w)| = AP, extending over at least the
frequency range 0.1 Hz to 20 Hz. The magnitude of the cellular
stiffness, 4, varied by over an order of magnitude, while the value
of the power law exponent $ was found to be independent of the
stiffness magnitude. Notably, the exponent of the observed
power laws for posts at the cell periphery and in the cell interior
were indistinguishable, with Bperipheral = 0.12 + 0.02 and Sinierior =
0.13 + 0.02. This near-elastic response is consistent with previous
measurements of cells (4, 19-21, 31, 45). As we discuss below,
the peripheral posts were largely associated with actin stress fibers,
while interior posts were coupled to the actin cortex. We also
observed some additional stiffness (4, 20, 31, 46-49) at the highest
frequencies probed; such effects have been hypothesized by sev-
eral authors to be due to actin filament fluctuations (46-48).

Cellular Fluctuations Are Superdiffusive and Associated with
Different Cytoskeletal Structures. We characterized the motion
of the microposts in response to internally generated cellular
forces via the posts’ MSDs <Ar*(z)> = <(r(t+7) — r(t))*>, where
7 is the lag time. Fig. 24 shows a representative set of MSD
traces from posts whose locations underneath a cell are indicated
in Fig. 2B. For a range of lag times, roughly 1 s < 7 < 20 s to
100 s, the MSD curves rise above the short-time noise floor that
arises from measurement error, and display power law be-
havior, <Ar*()> « 7% with the exponent a typically being
greater than 1. There is a large dispersion of both power law
exponents and MSD amplitudes, which does not appear to be
due to statistical undersampling, as each MSD is computed from
18,000 measurements. Such superdiffusive behavior in a mostly
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Fig. 2. Cell fluctuations show spatial variation of amplitude and superdiffusive exponent. (4) MSD vs. lag time 7 for individual microposts typically show
superdiffusive behavior (~z% with a > 1). Red and black dashed lines show 7 ranges discussed below. The black trace is the MSD for a post not coupled to a cell,
and the red trace shows the background due to fluctuations in cellular optical density (S/ Appendix). (B and C) Heat maps of (B), MSD exponent a (for 5s <7 <
10's), and (C), MSD amplitude at z = 10 s for cell-adhered posts. Gray hexagons show posts not engaged with the cell for the full measurement interval. Gray
circles indicate background posts. Posts with MSD traces in A are outlined in red in B. (D) Classification of microposts according to traction force: maximum
traction force of <2 nN (“cortical” posts with low traction force) in green; average traction force of >5 nN (“stress fiber” posts with high traction force) in
blue; remainder of posts in yellow. (E) Scatter plot of MSD magnitude at z = 10 s vs. average traction force. (F) MSD magnitude at z = 10 s vs. MSD exponent «
for cortical and stress fiber posts (omitting middle case open circles in E). SEs for points in E and F are smaller than the symbol sizes. (G) Myosin inhibition
reduces displacement fluctuations in cortical posts. Error bars in G show +SD. Average MSD magnitude at z = 10 s for control cells (25 cells), and for cells
following treatment with blebbistatin (10 cells), Y27632 (11 cells), or ATP depletion (4 cells); significance via unpaired t test. **P < 0.01; ***P < 0.001.

elastic material indicates the presence of internal nonthermal
driving sources (16, 19). The values of the MSD exponent & cor-
relate with micropost position within the cell, as shown in Fig. 2B,
with the largest MSD exponents typically located at the cell pe-
riphery. The corresponding map of the MSD amplitude variations
is shown in Fig. 2C, where, again, posts with larger MSD ampli-
tude were more likely to be peripherally located. These trends
were replicated over all untreated cells studied; additional exam-
ples are shown in SI Appendix, Fig. S3. Due to the length of the
observation period (30 min), it was necessary to account for the
effects of cell motility. Only microposts that were engaged
mechanically with the cells for the full observation period are shown
in the color maps in Fig. 2 and SI Appendix, Fig. S3, and were in-
cluded in the subsequent analysis. The specific signatures used to
identify post engagement with cells are described in SI Appendix,
Methods and are illustrated in SI Appendix, Fig. S4. Finally, we es-
timated the extent to which refraction by different moving cell
structures [lipid granules, organelles, actin waves (50-52)] could
contribute to the apparent post motions (Fig. 24, red curve and
SI Appendix). While detectably above the noise floor, this was
found to be negligibly small so as not to affect our conclusions.

Given the range of actomyosin structures present in a cell, to
analyze our cellular fluctuation data, it is important to identify
which cytoskeletal components individual microposts were
probing. We found that average traction force magnitude pro-
vided a reliable, independent parameter with which to bifurcate
our micropost dataset into 2 groups, those coupled to stress fi-
bers and those coupled to the cortex, and that the fluctuation
metrics (MSD amplitude and exponent) showed strong correla-
tion with this bifurcation. This procedure is illustrated in Fig. 2
D-F. We segmented the microposts for each cell into a sub-
population with average traction forces larger than 5 nN and a
subpopulation with maximum traction force less than 2 nN. The
high-traction force posts were concentrated at the cell edges, and
the low-traction force posts were more centrally located (Fig. 2D
and ST Appendix, Figs. S3 E and F and S5), as is typically seen for
contractile cells on such substrates (23, 25, 26, 28). The corre-
lations of the fluctuation metrics with the traction force-based
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discriminator are illustrated in Fig. 2 E and F. We also note that
“caging” effects on the MSDs due to the elastic restoring force of
the posts appear to be small on the timescales we consider, at
least for the low-traction force posts (SI Appendix).

Chemical interventions confirmed the biophysically distinct
character of the 2 micropost subpopulations, and also confirmed
that the fluctuations we observed were actomyosin-driven. Fol-
lowing adenosine 5’-triphosphate (ATP) depletion or treatment
with the myosin inhibitor blebbistatin or the Rho-associated ki-
nase inhibitor Y27632, microposts in the high-traction force cat-
egory were no longer found (SI Appendix, Fig. S6), consistent with
the known ablation of stress fibers under these conditions (21, 53).
The amplitudes of the low-traction force (cortical) posts’ MSDs
were reduced by all 3 treatments (Fig. 2G and SI Appendix, Fig.
S6), although the fluctuations were not fully ablated. Confocal
microscopy of the distribution of subcellular actin structures fur-
ther supported the identification of the stress fiber-associated and
cortically associated micropost groups, as the cells’ peripheries
typically showed densely stained actin bundles (Fig. 1B), consistent
with the presence of actin stress fibers, while the central regions
showed more diffuse actin staining, characteristic of the actin
cortex. The peripheral high-density actin bundles were not visible
following each of the chemical interventions (SI Appendix, Fig.
S6). Overall, these observations confirm that our experiments
probed active cytoskeletal dynamics, and that we can separate the
posts into biophysically distinct stress fiber-associated and corti-
cally associated cytoskeletal categories (discarding posts having an
intermediate traction force).

Micropost MSDs Are Highly Variable. Typical MSDs for both cor-
tical and stress fiber adhered microposts are displayed in Fig. 3 4
and B. As seen by other authors for cytoplasmic tracers (19), the
MSDs of different posts show striking variations in amplitude
and time dependence. Power law fits reveal that the MSD ex-
ponents for both cortical- and stress fiber-associated posts, a.
and oy, showed significant dispersion both within a given cell and
from cell to cell. Fig. 3C shows the distributions for o, and oy for
4 representative cells. (The full dataset and accompanying statistical
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analysis are summarized in SI Appendix, Statistics and Table S1.)
The exponents for the stress fibers are systematically higher than
those for the cortex. The observed dispersion in o, and o is not an
experimental artifact arising simply from undersampling. To illus-
trate this, we show, in Fig. 3C, the dispersion of exponents around
a = 1 for a simulated Gaussian random walk that has the same
number (18,000) of samples as the experimental trajectories, and
which shows a very tight convergence compared with the data.
While a simple random walk is not the correct physical model for
the cortex, this comparison highlights the anomalous statistics and
resulting poor convergence of the post displacement data.

In the active gel model (16-19), such active fluctuations are
the result of myosin minifilaments binding, sliding, and un-
binding randomly in space, time, and orientation. Making simple
assumptions for the myosin activity, the resulting MSD exponent
is predicted to have a value equal to a = 1 + 2§, even when the
motion is the result of a small number of actomyosin binding
events. Based on our measured values of 4, one would therefore
expect . = 1.26 + 0.09 (mean = SD). This range for «, is shown
as dashed lines in Fig. 3C and corresponds to the observed cell-
to-cell variations in g. The cell-averaged value of the cortical
exponents @, = 1.17 + 0.02 (SE, Nceys = 14) is consistent with the
a = 1 + 2p prediction to within experimental uncertainty. In
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Fig. 3. (A and B) Spread of MSDs for (A) cortical and (B) stress fiber-
associated microposts for a single cell (cell 2 in C). Traces are only shown
for one-third of the cortical posts for cell 2 in A for clarity. (C) Dispersion in
MSD exponents « for 4 different cells, showing variation both within and
between cells. Green crosses (blue circles) show MSD exponents for cortical
(stress fiber) microposts. The dashed gray lines show the range a. = 1.26 +
0.09 (mean + SD) expected if a = 1 + 2, given our measured values and cell-
to-cell variation of . Red crosses show data for the dispersion in a for a
simulated Gaussian random walk (RW). Boxes show SEs, and vertical bars
show SDs. See S/ Appendix, Table S1 for information on full dataset, and see
SI Appendix, Statistics for details on significance of results quoted in the text.
(D and E) Histograms of MSD magnitude at z = 100 s (black dashed line in
Fig. 2A) in (D) cortical posts and (E) stress fiber posts. Solid lines are power
laws with exponent —3. Error bars were estimated as 1/+v/N for each bin in D
and E.
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contrast, the stress fiber exponent values for individual cells
differ from the expected range ay = 1.24 + 0.09 (mean + SD), as
does the value averaged across all cells, ay = 1.47 + 0.02 (SE,
Ncens = 13, P < 0.001). Notably, the SD of the cortical MSD
exponents, da, = 0.2, is significantly larger than expected given
the small SD of g values (254 = 0.09). This appears to be in-
compatible with the predictions of the active gel model with a
simple picture of temporally and spatially uncorrelated actomyo-
sin filaments deforming a network with power law viscoelasticity.

In addition to the exponent, we can analyze the distribution of
MSD amplitudes at 7 = 100 s, L0o> = MSD(z = 100 s), as shown
in Fig. 3 D and E. For both the cortical and stress fiber posts, the
distributions of L o> are highly non-Gaussian with a “fat tail” at
large amplitudes, with a form that is comparable to an eye guide
having a power law form with an exponent of —2. Power law tails
can lead to poor convergence to the mean when averaging data
together; formally, the mean <x> of power law distributed
numbers diverges (54) in the case of a power law tail where
P(x) ~x, for a < 2. The fat tails that we observe in Fig. 3 D and E
are, notably, comparable to that threshold, suggesting that the
dispersion of MSD amplitudes may be a consequence of non-
Gaussian statistics (54) in the microposts’ fluctuations.

Microposts Display Rare Large Displacements and Non-Gaussian
Random Motion. The extreme variability of different cellular
tracer MSDs is often attributed to cell “heterogeneity.” That is,
the fat tails of large MSD amplitudes in Fig. 3 D and E are
typically supposed to be due to a population of microposts that
sample parts of the cytoskeleton that are correspondingly softer
or have higher amplitudes of myosin activity. In what follows, we
analyze the fluctuations of single post trajectories, and find clear
evidence in the cortex, at least, that anomalous statistics, and not
heterogeneity, are responsible for the large dispersion observed
in micropost MSDs.

First, we compute a dimensionless anisotropy index of the 2D
trajectories of each post via a principal component analysis (as a
dimensionless measure, this is, in principle, insensitive to the
heterogeneous amplitudes of different MSDs). Each post’s
1,800-s trajectory was broken into 20 segments of 90-s duration,
and the 2D moment of inertia tensor / of the trajectory (55) for
each segment was computed. As illustrated in Fig. 44, the ellipse
defined by the 2 eigenvalues 4; and A, of I yields an anisotropy
index 41/4, > 1 for a post’s motion during that interval. Fig. 4B
shows the probability distribution for the anisotropy index of the
cortical micropost trajectories. The distribution shows that most
trajectories are essentially isotropic (compared with a simulated
isotropic random walk), but that there is a highly anisotropic
subset forming a power law tail at large 4,/4,, with an exponent of
roughly —3. To understand the nature of the highly anisotropic
trajectories in Fig. 4B, we display typical post trajectories with
different anisotropies in Fig. 4C. These typically show random
and isotropic motion, with amplitude of a few nanometers
(corresponding to 1,), superimposed on a large unidirectional
displacement (corresponding to ;) that spans several tens of
seconds of time. The major axis of the trajectory (and the large
displacement) is only weakly aligned with the mean traction di-
rection, as shown in Fig. 4D, suggesting that it is not due, for
example, to the abrupt release of traction from a micropost. To
assess whether these large displacements are concentrated among
a subset of posts, or are clustered in time, we show, in Fig. 4F, the
probability distribution for the fraction of time when a single post’s
motion displays highly anisotropic motion (1;/4, > 5); overall,
9.5% of the 90-s-long micropost trajectories satisfied the criterion.
The experimental distribution in Fig. 4E closely resembles a
Poisson distribution with an expectation value of 0.095, indicating
that the large displacement events occur randomly over time
and among different cortex-associated posts. The corresponding
analysis of stress fiber-associated posts (SI Appendix, Fig. S7), in
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Fig. 4. Cortical cell fluctuations showed anisotropy. (A) An example of a
displacement trajectory of a micropost over a 90-s interval. The red ellipse
with semimajor axis Aq and semiminor axis 1, illustrates the computation of
the anisotropy index 1./4, for this trajectory via principal component analysis
(21/22 = 1.91 in this case.). (B) Probability distribution of the anisotropy index
J1/2,. Eyeguide highlights a power law tail for highly anisotropic trajectories.
(C) Examples of posts with a range of 11/4,. (D) Probability distribution of the
angle between the major axis of the fitted ellipse’s long axis and the di-
rection of the micropost’s average traction force F. The solid line is a fit with
full width 26 = 107°. See SI Appendix, Methods for details. (E) Probability
distribution of the fraction of a post’s fluctuations with 14/4, > 5, measured
over 1,800 s in 90-s intervals. Error bars were estimated as 1/\/Nfor each bin
in the probability distributions.

contrast, shows that their motion is highly anisotropic, persistent
in direction and aligned with the same posts’ mean traction
direction.

We next examined the time dependence, if any, of the am-
plitudes of the fluctuations of individual cortical microposts (Fig.
5). Specifically, to understand the statistical fluctuations in a
single trajectory, we divided each 1,800-s trajectory into 6 tra-
jectories of 300 s each, and computed the MSD for each (Fig.
5A). Notably, the resulting MSDs show a significant spread in
amplitude and power law exponent, even when drawn from a
single micropost trajectory, compared with the MSD of a simu-
lated Gaussian random walk with the same number of steps (Fig.
5B). The MSD amplitudes were strongly time-dependent, an
effect which is more pronounced at r = 100 s than at z = 20 s
(Fig. 5C), compared with the Gaussian random walk (Fig. 5D). A
standard way of characterizing such intermittent or “bursty” data
is via a non-Gaussian parameter, a,, computed by comparing the
second and fourth moments of a probability distribution (56) (S7
Appendix). The distribution of non-Gaussian parameters for each
cortical micropost for N s = 14 untreated 3T3 cells is shown in Fig.
SE, and shows a fat tail compared with that expected for a Gaussian
process, presumably due to the contribution of the aforementioned
large displacements. Corresponding data for the stress fiber
microposts, which show qualitatively similar behavior, are shown in
SI Appendix, Fig. S8. We note that, as with the dimensionless an-
isotropy index, the non-Gaussian parameter would not be affected
by static post-to-post variations in fluctuation amplitude.

In summary, detailed analysis of single post trajectories reveals
the signature of large displacement events, occurring randomly
in time and space. The largest displacements, according to the
anisotropy analysis, as implied in Fig. 4B, have a power law
distribution of amplitudes, 4;, with a form roughly varying as
P(24) ~ 2,7°, (the marginal case leading to a nonconvergent
second moment). This distribution corresponds mathematically
to the power law tail seen in the MSD amplitudes, and leads to
both the observed intermittency and large dispersion of MSD

Shi et al.

amplitudes and exponents. Combined with the superdiffusive
character of the MSD time dependence, these findings are sug-
gestive of a highly non-Gaussian process consisting of random
large jumps in time having a fat-tailed distribution of amplitudes
(54, 55, 57); here perhaps superimposed upon a background of
normal Gaussian fluctuations.

The Cortex Displays Avalanche-like Displacements or “Cytoquakes.”
In physical systems, intermittent and collective motions of par-
ticles, having a power law distribution of sizes, are generically
called avalanches, like their namesakes in snow or sand. In this
context, “size” might refer to different measures of the event,
including its amplitude, its spatial extent, or the energy released,
as these measures are typically found to be correlated. Were the
cortical cytoskeleton prone to such avalanche-like instabilities,
e.g., due to intermittent reconfigurations of tensile stress within
the network, it would naturally explain the origin of the large
displacement events we observe. In this picture, the energy re-
leased by the avalanches would scale as the work done on the
posts and on the cortex [i.e., AE = (kcey + kpost)(le)2 . We have
already seen that the probability distribution P((L09)”) has a fat
tail approximating a power law with an exponent of —2. In
earthquakes (one example of avalanche-like dynamics), energy
release follows a similar power law distribution, termed the
Gutenberg—Richter law (58, 59). Indeed, the largest post dis-
placement events we observe are comparable in frequency and
amplitude to those seen in a study of the temporal dynamics of
individual membrane-bound tracer beads on human airway
smooth muscle cells, by Alencar et al. (34), who coined the term
“cytoquakes” to describe them. Alencar et al. also showed that

A 3

A10 - T T —~ 3 T T

e Cortical D 10° | Random wallgZ5

107 S -

3, 1 Q1

=10 . . 1=10 . . N
01 1 10 100 01 1 10 100

40_—.—T=205

Lmsp (A

Lmsp (nm) O
u.)
N
IS

20 . 10+ i
L ] |y B 8
0 Pl S 0 P I R
0 600 1200 1800 0 600 1200 1800
Time (s) Time (s)
E 0 ) T T T T
10 | 7
- . —1=20s
=R — 1 =100s
% 10 - == Random walk b
8102} -
o
10-3 | e B
-1 0 1 2 3 4 5
Non-Gaussian parameter
Fig. 5. Spread of MSDs calculated for (A) a single cortical post over each of

the 6 300-s intervals in the 1,800-s measurement window. (B) Simulation
showing spread in 6 MSDs for a Gaussian random walk over the same time
interval. (C and D) Lysp = [MSD()]"2 for = 20 s and 100 s for the data
shown in A and B. (E) Distribution of the non-Gaussian parameter, ay,
computed over the full 1,800-s interval for cortical posts for Neejs = 14 cells.
The distribution at = = 20 s (black dashed line) for an 18,000-step Gaussian
random walk is shown for comparison. Error bars were estimated as 1/vN
for each bin in the probability distributions.

PNAS | July9,2019 | vol. 116 | no.28 | 13843

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900963116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900963116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900963116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900963116/-/DCSupplemental

L T

/

1\

=y

the cytoquakes have power law temporal correlations (Omori’s
law) resembling those in earthquakes.

To explore this picture further, we must examine whether the
displacements we observe correspond to spatially extended
reconfigurations (which we will henceforth call avalanches), and
analyze their temporal behavior in greater detail. The parallel
and spatially organized high-resolution measurements of cyto-
skeletal fluctuations enabled by the AMPAD arrays are ideally
suited to such analysis. We searched for and isolated the largest
spatially extended avalanche events in our dataset by cross-
correlating the motions of pairs of nearest-neighbor posts (sep-
arated by 4 pm). Specifically, we screened the cortical post de-
flection dataset, divided into 90-s intervals, for occurrences of
large deflections that were antiparallel to each other and aligned
with the 2 posts’ line of centers, and which were nearly co-
incident in time (details in SI Appendix, Methods). As a statistical
control, we screened for similar events on cortical posts that were
not nearest neighbors. Over our set of 14 cells with 1,800-s data
ensembles and 25 additional cells with single 90-s data ensem-
bles, we observed 4,848 nearest-neighbor cortical micropost
pairs. Within this dataset, we found 68 avalanche events that
were large enough to span across 2 posts, while, on a matched
control ensemble, we found only 2 (P < 107°). (Unfortunately,
the much smaller set of stress fiber-associated microposts did not
contain enough near-neighbor pairs to give sufficient statistical
power for a similar analysis.) Two typical avalanche events are
shown in Fig. 6 4 and B. We did not observe any temporal
correlation between pairs of events, such as expected if con-
tractile events were followed by expanding events on the same
pair of posts. Significantly, cells with myosin inhibited by bleb-
bistatin or Y27632 yielded no avalanches (P < 107°). Similar
coincidence detection schemes that looked for correlated (same
direction) post motion, or coincident motion transverse to the
line of centers, found no events. This statistical analysis provides
an independent verification of large-scale reconfiguration of the
cortex, in addition to the power law distribution of single-post
displacements discussed earlier. The motion of the post trajec-
tories in a single avalanche is quite irregular (as opposed to being
linear and directed), consistent with their being driven by mul-
tiple microscopic rearrangements of the cytoskeleton that are
distributed over space and time (rather than a single rear-
rangement). The observation that avalanches only display anti-
correlated motion parallel to the line of centers is consistent with
our expectations that the displacement field should nonetheless
display roughly quadrupolar symmetry (16, 60) at the longest
length scales (as expected for a 2D viscoelastic sheet), and also
rules out several possible confounding explanations, like cortical
deadhesion, or out-of-plane motion (e.g., endocytosis or micro-
villus formation). See SI Appendix, Fig. S9 for details. We also
note that waves of actin polymerization (46-48) would be
expected to give correlated, parallel transverse displacements of
pairs of posts, which we do not observe, suggesting that they are
not responsible for our step-like displacements.

To parameterize the avalanches, we fit each post’s deflection
along the line of centers with an error function (Fig. 6 C and D)
to extract the amplitude, mean occurrence time, and duration of
the avalanche on each post. Surprisingly, the average amplitude
and functional form of expanding and contracting events are
indistinguishable (Fig. 6E), and both types were seen with
roughly equal probabilities. This is unexpected, as the activity of
myosin filaments is strictly contractile; experiments with in vitro
actomyosin gels (17) show contractile events in the network due
to myosin binding and sliding activity on actin filaments, fol-
lowed by abrupt network expansion events when the myosin
unbinds the actin. Notably, the shape of these events is qualita-
tively different from that expected for the response to a single
step in stress, which can be computed from the measured power
law rheology (dashed line in Fig. 6E) (61, 62), and is inconsistent
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Fig. 6. Antiparallel micropost motions reveal cortical avalanche dynamics.
(A and B) Examples of strongly anticorrelated steps in the 2D trajectories of
nearest-neighbor micropost pairs. The black arrows indicate each post’s
overall direction of motion. The trajectories are color-coded to indicate time.
Circles indicate the posts’ resting positions. The relative positions of the posts
in the pair and the 2 adjacent posts are shown, but their separations are not
to scale. (C and D) Displacements for the posts in the pairs in A and B pro-
jected onto the line of centers; experiment (red curves) and error function fit
(blue curve). The time t = 0 was set at the peak of the first derivative for the
bottom trace. (E) Step profiles averaged over 12 contracting (blue) and
19 expanding (red) pairs. Dashed red and blue lines show fits to error
functions to extract average step durations tcontract = 9.5 + 0.2's and texpand =
8.8 + 0.1 s, and average step heights hcontract = 8.2 = 0.1 nm and hexpand =
8.8 + 0.2 nm. The ratio of step sizes was restricted to the range 0.7 < hy/h; <
1.4, with both h; and h, > 6 nm. Dashed black line shows calculated visco-
elastic creep response to a step stress at t = 0, with deflection « t*, based on
measured cell rheology (Fig. 1E). (F) Scatter plot of step durations for pairs of
posts, pooling the contracting and expanding pairs. Determination of error
bars on individual points is described in S/ Appendix. The blue and green
squares correspond to the data in C and D, respectively. The lack of close
correlation (Pearson coefficient = 0.4) suggests that avalanches proceed
through multiple, nonsynchronous events.

with a single microscopic rearrangement event. Moreover, the
deflection durations for pairs of neighboring posts were only
weakly correlated (Fig. 6F), and the deflection occurrence times
were noncoincident in time by 1 s to 2 s compared with a 0.1-s
uncertainty. Taken together, all these observations strongly
suggest that the avalanches display spatiotemporally complex
evolution, e.g., a series of rearrangement events distributed over
space and time, rather than motion that is abrupt in time, with a
regular quadrupolar form occurring coincidentally in time ev-
erywhere, as seen in gels (17).

Discussion

In this paper, we have shown that AMPAD:s are a versatile tool
to understand the dynamics and rheology of the cytoskeleton.
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This system combines key features comparable to other lead-
ing techniques, with a regular array of probes that can map the
mechanical response, as is possible with atomic force microscopy
(22, 63-65), and measure cellular fluctuations and local rheology
simultaneously with high temporal resolution and ligand speci-
ficity, as with magnetic twisting cytometry (4, 44, 45). In this
study, the use of AMPADs has allowed us to make a detailed
examination of the mechanics of the cell cortex and stress fibers.
We find that the cortex displays both power law rheology and
intermittent fat-tailed fluctuations that are correlated into large
avalanche-like displacements spanning at least 4 pm in spatial
extent. In isolation, it would be difficult to imagine how a system
consisting of simple building blocks could display all these phe-
nomena. However, recent studies describe and explain the origin
of rearrangements having a power law amplitude distribution
(39), superdiffusive motion and power law rheology (38), and
avalanches (35) in gels, emulsions, and sandpiles, respectively,
under deformation. The key features these models have in
common is that these systems self-organize into a state where
many degrees of freedom are near a point of instability, called a
marginal solid, and are capable of plastic rearrangements when
deformed. The resulting behavior is similar to the common no-
tion of avalanches, in which motion along one unstable degree of
freedom can trigger (destabilize) others in a complex chain re-
action to form an avalanche (35). In these solid materials, power
law rheology is due to stress relaxation due to plastic rear-
rangements driven by superdiffusive fluctuations (38).

Our cell results suggest a potentially fruitful way of thinking
about the architecture of cytoskeletal networks, as our observa-
tions could be naturally explained if the cytoskeleton’s constit-
uents self-organize into a mechanically marginal state, akin to
jammed (35, 37, 39) and soft glassy materials (11, 12, 37-39). In
the cortex, single myosin minifilaments have been found to self-
assemble with other proteins into CUs during the cell spreading
process that have complex, nonlinear mechanochemical behavior
(27) that can be modeled by a collection of 2-state molecular
motors (66). In the fully spread cells we studied, we hypothesize
that CUs and actin filaments robustly self-organize into tensile
networks which are plastic and whose steady states are margin-
ally stable (35), where a small local rearrangement can trigger an
avalanche of structural reconfiguration that arrests only when
the network reaches a new marginally stable state. The super-
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diffusive fluctuations that are characteristic of such avalanche
dynamics in turn drive plastic rearrangements (38), which, as in
soft glassy matter, would then lead to the previously unexplained
power law rheology of the cytoskeleton.

As we have shown, high-resolution measurements of cells’
active matter dynamics can offer a powerful window into cellular
biophysics. With its combination of integrated, high-precision,
and spatially correlated measurements of cytoskeletal fluctua-
tions and local, magnetically driven measurements of cellular
rheology, the approach described here has enabled the elucida-
tion of the complex spatial and temporal correlations in the
active dynamics of the actomyosin cortex. These results suggest
that the physics of jammed materials and plastic deformation
may be the origin of cytoskeletal active mechanics, fluctuations,
and rheology, with significant implications for future models of
the cortex, and for efforts to connect molecular-scale machinery
to cellular-scale behavior and dynamics.

Methods

See S/ Appendix, Methods for full method details.

AMPAD devices were fabricated in PDMS using replica molding (23, 28).
Nickel nanowires with low-field magnetic moment of 4 = 0.15 pA-m? were
embedded in ~1% of the posts during fabrication (25, 40). The AMPADs
were functionalized to restrict cell adhesion to the tips of the posts. Ex-
periments were carried out with NIH 3T3 fibroblasts (ATCC). The microposts’
dynamics were measured with brightfield video microscopy, and their po-
sitions vs. time were determined using a centroid-based particle tracking
algorithm (41). AC magnetic actuation in the frequency range 0.1 Hz < f <
135 Hz was carried out with a dual magnetic tweezer system (42), and the
resulting micropost motion was measured via digital lock-in analysis (43).
The MSD exponents a of the microposts’ trajectories were determined from
the MSDs' time derivatives for lag times in the range 5s < 7 < 10 s after
subtracting the MSD noise floor. The condition a < 0.5 was used to identify
background posts not attached to cells. Myosin activity was inhibited by
30-min treatment with either 60 nM blebbistatin or 50 nM Y27632, and ATP
depletion studies followed published methods (19, 44). Fluorescence mi-
croscopy and analysis methods to identify large cortical avalanche-like
events are described in S/ Appendix, Methods.
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