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ABSTRACT In living matter, shape fluctuations induced by acto-myosin are usually studied in vitro via reconstituted gels,
whose properties are controlled by changing the concentrations of actin, myosin, and cross-linkers. Such an approach deliber-
ately avoids consideration of the complexity of biochemical signaling inherent to living systems. Acto-myosin activity inside living
cells is mainly regulated by the Rho signaling pathway, which is composed of multiple layers of coupled activators and inhibitors.
Here, we investigate how such a pathway controls the dynamics of confluent epithelial tissues by tracking the displacements of
the junction points between cells. Using a phenomenological model to analyze the vertex fluctuations, we rationalize the effects
of different Rho signaling targets on the emergent tissue activity by quantifying the effective diffusion coefficient, and the persis-
tence time and length of the fluctuations. Our results reveal an unanticipated correlation between layers of activation/inhibition
and spatial fluctuations within tissues. Overall, this work connects regulation via biochemical signaling with mesoscopic spatial
fluctuations, with potential application to the study of structural rearrangements in epithelial tissues.
INTRODUCTION
Changes in shapes of cells and tissues are mediated by the
acto-myosin cytoskeleton. To reproduce the dynamics of
this network, small systems made of actin filaments, myosin
motors, and cross-linkers are synthetized in vitro (1–5). The
mechanics and dynamics of such active gels are controlled
by varying the concentration of their various components.
The activity of each component is monitored by adding
some inhibitor drugs and/or by tuning the ATP concentra-
tion of the system. Recent experimental evidence has shown
the relevance of this approach to the investigation of the role
of motors and cross-linkers in the emerging properties of
the network (2,6). These studies are based on tracking the
motion of tracers injected in active gels; analyzing the
spontaneous fluctuations of such tracers enables one to
extract information about the activity of internal motors.

In multicellular systems, such as tissues of developing
embryos, acto-myosin drives morphogenesis: dramatic rear-
rangements leading to the formation of distinct organs (7,8).
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This remodeling is mainly under the control of intracellular
activity, which powers spatial fluctuations (9), and intercel-
lular interactions mediated by adhesion between neigh-
boring cells (10,11). In contrast to synthetic gels, the
internal regulation of the cellular acto-myosin activity is
more complex in vivo. Therefore, extending the in vitro
approach, based on externally controlling the activity of
each specific component, to in vivo situations requires
new strategies.

The Rho signaling pathway is known to regulate acto-
myosin activity in living cells (12). It also controls cell-
cell junctions (13) and the elasticity of stress fibers (14).
Such a pathway can be viewed as a series of activators
and inhibitors installing a hierarchy of potential targets
(15,16). Activations and inhibitions controlled by each
target are such that anticipating their net effects on the tissue
fluctuations, powered by acto-myosin activity, remains a
challenge (17,18). In that respect, the inherent complexity
of internal activity in vivo calls for new experiments and
quantitative analysis to bridge the biochemical signaling
of the Rho pathway with the emerging tissue dynamics.

In this study, we explore the regulation of active fluctua-
tions by the Rho pathway in epithelial monolayers.
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We measure these fluctuations by tracking tricellular
junctions or vertices over time. In contrast to active gels,
our analysis of internal fluctuations does not require the
injection of external tracers. Based on a phenomenological
model, we quantify key parameters of junction activity:
their effective diffusion coefficient, as well as the persis-
tence time and length of spatial fluctuations. We report mod-
ifications of these parameters for various targets along the
signaling pathway. These results support the idea that, for
the inhibitions that we have considered, the active fluctua-
tions of the vertices are reduced when the Rho pathway is
inhibited downstream.
MATERIALS AND METHODS

Experiments were performed with Madin Darby Canine Kidney (MDCK)

II cells stably expressing E-cadherin Green Fluorescent Protein (Nelson

Lab). We cultured cells in Dulbecco’s Modified Eagle Medium containing

10% fetal calf serum and antibiotics. We replated them on 25 mm diam-

eter glass cover slips (CS) for live cell imaging. When the cell monolayer

covered 70% of the CS area, we firmly placed the sample at the bottom of

a custom made metallic holder. For acquisition, we changed the medium

to L15, 10% fetal calf serum, and antibiotics. We use the following inhib-

itors from myosin up to Rho at optimal concentrations following the man-

ufacturer’s recommendations: inhibition of acto-myosin by ML-7 (10 mM;

Sigma-Aldrich, St. Louis, MO), inhibition of Rho kinase (ROCK) by

Y-27632 (10 mM; Sigma-Aldrich), and inhibition of Rho by C3 Trans-

ferase (Cytoskeleton, 0.04 mM). Note that the use of blebbistatin to

directly inhibit myosins yielded some detrimental effects, leading us to

use ML-7 instead.

For observation, we use a motorized inverted microscope (Nikon Eclipse

Ti), equipped with a 12 bit charge-coupled device camera (Photometric

CoolSNAP HQ2). The setup was temperature controlled at 37+C (Life

Imaging Services, Basel, Switzerland). We checked that no drift appeared

during 24 h of live imaging after 2 h stabilization with fluorescent beads

(4 mm; TetraSpeck, InvitrogenMolecular Probes) grafted on the CS surface.

We took pictures of the monolayer every 5 min during the next 8 h with

multiple z-stacks 1 mm apart. They spanned 3 mm depth of the cell mono-

layer. We then merged the z-stacks into one image by using the maximum

intensity projection, and extracted vertex positions from the sequence of

merged images by manually clicking in each frame as long as they were

visible. The procedure was also validated in its precision through automated

detection. For each condition, we checked that the average cell area was al-

ways about 180515 mm2, and we considered more than 20 vertices for at

least three biological repeats.
RESULTS

Vertex tracking and inhibitors in the Rho pathway

We use MDCK cells stably transfected with E-cadherin
fused with Green Fluorescent Protein as a paradigm for
epithelial tissues dynamics (19). This allows us to study
live cells, although they are interacting with each other.
We seek to identify spatial points primarily involved in tis-
sue transformations. The meeting points between three cells
are involved in exchanges between neighboring cells, thus
serving as a hallmark of tissue dynamics (11,20). Some
specific proteins, such as tricellulin, are known to accumu-
late at this point in cell culture. Besides, vertices that exhibit
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accumulation of proteins at these specific points have also
attracted the attention of developmental biologists (21).

Vertex dynamics are driven both by thermal fluctuations
and by active fluctuations powered by some internal
nonequilibrium processes such as motor-induced forces,
actin polymerization, and cell-cell adhesion. The myosin-II
motors are localized in dense contractile units present in the
apical surface of the tissue (22,23) Fig. 1, a–c. The active
forces lead to large displacements of the vertices distinct
from the thermal fluctuations of smaller amplitude.
We focus here on large displacements that do not lead to
any topological transitions in the tissue Fig. 1, d and e.
The Rho signaling pathway controls the acto-myosin activ-
ity inside cells, namely the forces induced by myosin and/or
by actin polymerization (see Fig. 9 in (16)). In this study, we
focused on the downstream targets that affect myosin to
establish the principles for the validity and relevance of
our framework. Upstream and downstream targets install a
hierarchy in the activation of myosin. We specifically in-
hibited the following targets: Rho, ROCK, and myosin-II
Fig. 1 f. Each inhibitor is specific to its target and incubation
was conducted at the optimal concentrations for its inhibi-
tion. We used standard concentration values already utilized
in other cell biology studies for many cell types including
MDCK (24–27). Altogether, we probed four conditions on
the same system by considering untreated cells as a control.

To demonstrate that the chosen inhibitors and their
concentrations specifically act on the contractile state of
cells, we investigated their effect on both architecture and
contractile forces within tissues by measuring the single
cell area and myosin cluster area in each condition. The dis-
tribution of single cell area is not strongly affected in the
myosin-II inhibitor case compared with control, as apparent
from the mean value in Fig. 1 g. The distribution gets
modified in the ROCK and Rho inhibitor cases, with mean
values being slightly reduced and increased, respectively.
In contrast, the polygonicity distribution remains approxi-
mately the same for all conditions at different times,
supporting the notion that tissue architecture is barely
affected by external inhibitors (see Fig. S1).

Myosin clusters have been shown to be relevant read-outs
to assess the contractile state of cells (28,29). Along this
line, measurements of cluster characteristics are informa-
tive. In our case, the mean density value of myosin clusters
for the control is larger than in the inhibited cases
(see Fig. S2), suggesting a decrease in force generation
for the same level of myosin per cell. In addition, the area
of each myosin cluster is smaller in the control than in other
conditions Fig. 1 h. Besides, this area increases with
increasing distance downstream of the Rho pathway inhibi-
tion, suggesting a relaxation of the myosin pool in the apical
side, consistent with the notion that myosin-induced
forces are reduced. Altogether, our analysis of clusters
confirms that we are acting on the contractile state of cells.
Since inhibitors are specific and used at their optimal



FIGURE 1 Study of vertex fluctuations. (a) Actin

(red) and myosin (green) structures at the apical

surface of a MDCK cell. Scale bar, 3 mm. The

myosin is concentrated in dense contractile units

(yellow arrow) referred to as myosin clusters. (b)

Actin structure alone. (c) Myosin structure alone.

(d) MDCK cell monolayer shown by Green Fluo-

rescent Protein E-cadherin. Scale bar, 30 mm.

(Inset) The meeting points between three cells are

identified as the privileged point for our analysis.

Scale bar, 4 mm. (e) Extraction of a typical transi-

tion between two locally stable positions in a vertex

trajectory (total time 8 h). (f) Simplified diagram of

the Rho pathway installing an order relation in

myosin activation, as presented in (16); the specific

inhibitors and their targets are shown in red.

(g) Area of individual cells in each condition. C,

Control; My, Myosin inhibitor; Rk, ROCK inhibi-

tor; and R, Rho inhibitor. Number of experiments

� number of cells ¼ C: 4� 235; My: 4� 246;

Rk: 3� 249; R: 3� 148. (h) Area of myosin

clusters. Number of experiments � number of

clusters ¼ C: 2� 312; My: 2� 186; Rk: 2� 197;

R: 2� 257. Statistical analysis with one-way

ANOVA test: ns (nonsignificant),p> 0:05,

*p< 0:05, **p< 0:01, and ***p< 0:001 (see the

Supporting Material). To see this figure in color,

go online.

Vertex Fluctuations in Tissues
concentrations, these measurements support the validity of
our experimental approach.
Statistics of vertex displacement: inhibitors affect
spatial fluctuations

Our goal is to investigate how the emergent fluctuations of the
tissue are regulated by the Rho pathway. To this aim, we first
demonstrated that the inhibitors in the pathway affect these
fluctuations by extracting the statistics of displacements
from the vertex trajectories. This allowed us to assess the ex-
istence of a direct link between biochemical signaling andme-
chanical fluctuations. In our analysis, we considered neither
spatial inhomogeneities nor topological transitions that occur
in the tissues. In that respect, we measured vertex trajectories
in the absence of neighboring cell division by tracking them as
long as they were visible until a maximum of 8 h.

We computed the projected one-dimensional mean square
displacement (MSD) within the four different conditions
Fig. 2 a. For each condition, the short time MSD exhibited a
power-law behavior with exponent close to 0.7 over about
one decade. Interestingly, a subdiffusive behavior was
reported for the dynamics of vertices in the endoplasmic
reticulum (30). The large time MSD depends on conditions
and exhibits a behavior that, for simplicity, we have character-
ized by a power-law. The corresponding exponent was
typically > 1, except for the myosin inhibitor where it was
smaller. The crossover between the two regimes appeared
between 20 and 60 min. Fluctuations were reduced in the
myosin-inhibited case, which had the lowest MSD, and they
were enhanced for the Rho inhibitor, where the long time
MSD was the largest. We also explored the full statistics of
vertex displacement bymeasuring the probability distribution
function (PDF) for each condition, as shown in Fig. 2, b–e. At
short time the PDF is Gaussian, although it exhibits broader
tails at long time. These tails reveal large displacements of
the vertex, and have already been observed for tracer particles
in active gels (31) and living cells (32–36). They are more
pronounced in the Rho inhibitor case as a signature of larger
fluctuations, possibly due to directed motion events.
Biophysical Journal 114, 939–946, February 27, 2018 941



FIGURE 2 Statistics of vertex displacement. (a) Mean square displace-

ment as a function of time in four conditions: control (black),myosin inhibitor

(blue), ROCK inhibitor (orange), and Rho inhibitor (red). The corresponding

best-fitting curves are shown as solid lines. The blue and red dashed lines

report the large time behaviors. (b–e) Distribution of displacement for the

four conditions at three times: 5 (yellow filled circles), 25 (red crosses), and

60 min (unfilled circles). Exponential tails appear at long times as a conse-

quence of directed motion events in vertex dynamics. Results of simulated

dynamics are in solid lines. To see this figure in color, go online.
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Phenomenological model of vertex dynamics:
transient confinements and large displacements

To quantitatively discriminate between the effects of the
different inhibitors, we analyzed our measurements with a
nonequilibrium model previously introduced to describe
tracer fluctuations inside living cells (36). This model is
not aimed at describing any specific process that produces
the active fluctuations, but rather formulates a general
framework that allows one to quantify nonequilibrium
forces and fluctuations. We regard the vertex as a virtual
particle in which dynamics are prescribed by two coupled
equations: 1) an equilibrium diffusion of the vertex in a
cage, modeled as an harmonic potential of stiffness k (the
displacement is driven by a Gaussian white noise of vari-
ance 2gk BT with a drag force of coefficient g), and 2) a
non-Gaussian colored diffusion equation for the center
of the cage, mimicking nonequilibrium activity as a run-
and-tumble dynamic. Inspired by the large ballistic-like
942 Biophysical Journal 114, 939–946, February 27, 2018
displacements that we observe in experimental trajectories,
we modeled this active noise as a two-state Poisson process:
the cage has a constant velocity v in a random, uniformly
sampled two-dimensional direction during a random persis-
tence time of average t, and it remains fixed during a
random quiescence time of mean t0. We understand the
confinement as an elastic mechanical stress resulting from
cells surrounding each vertex, and the nonequilibrium
motion of the cage as an active stress. The effect of this
active stress is to reorganize the structure of the monolayer,
and therefore to spatially redistribute the elastic mechanical
stress.

In the absence of activity, this model predicts a short time
diffusion, and then a large time plateau expressing the
elastic confinement. Such dynamics are entirely under the
control of equilibrium thermal fluctuations. In an active sys-
tem, nonequilibrium processes enhance vertex displacement
via the cage motion, yielding a free diffusion of the vertex
with coefficient DA ¼ ðvtÞ2=½2ðt þ t0Þ�. The large time dy-
namics are fully determined by the active parameters
fv; t; t0g, whereas thermal fluctuations control the short
times via fk;g; Tg. A subdiffusive transient regime appears
between the two diffusions as a crossover toward a plateau,
and a superdiffusive regime can also precede the large time
diffusion as a signature of the ballistic motion involved in
the active noise. In such a case, thermal effects are negli-
gible at times larger than tc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tk BT=ðkDAÞ

p
, a timescale

quantifying the transition from the short time equilibrium-
like dynamics to the large time active diffusion. Simulated
trajectories exhibit clusters of similar size accounting for
the transient confinement of the vertex. Occasionally, large
displacements of order vt appear. The vertices do not only
fluctuate around a local equilibrium position, but also un-
dergo rapid directed jumps (compare Figs. 1 e and 3 a).

In contrast to previous works that describe the many-body
dynamics of cells in the tissue in a more complete frame-
work (37–39), we do not explicitly account for interactions
between neighboring vertices. As a result of such interac-
tions, the cells experience an intermittent dynamic alter-
nating between fluctuations of small amplitude and rapid
large displacements. As in glassy systems, the jumps appear
through collective rearranging regions (40), thus contrib-
uting to the non-Gaussian fluctuations experienced by the
vertices. Even though non-Gaussian fluctuations are present
independently of topological transitions, the existence of a
quantitative connection between collective rearrangements
and such transitions is still an open question (41). Our
approach consists in reducing the dynamics of a large num-
ber of interacting vertices into the dynamics of a single ver-
tex embedded in an effective background, which describes
the mean-field effect of the surrounding system. Within
our model, interactions are embodied by both the elastic
confinement and the active source of fluctuations leading
to large displacements. We argue below that our phenome-
nological approach is sufficient to capture the vertex
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FIGURE 3 Active parameters of vertex fluctua-

tions. (a) Typical trajectory obtained from simula-

tions of the vertex dynamics in control conditions.

Scale bar, 1 mm. Isotropic ‘‘blobs’’ reveal equilib-

rium-like transient confinement during a typical

time tc (dashed blue box), and large displacements

of order vt occur due to nonequilibrium activity

(orange arrows). (b) Best fit values of the active

diffusion coefficient, (c) the persistence time and

the typical confinement time, (d) the persistence

length, and (e) the energy dissipation rate. Statisti-

cal analysis with Student’s t-test: ns (nonsignifi-

cant), p > 0.05, *p < 0.05, **p < 0.01, and

***p < 0.001, (see the Supporting Material). To

see this figure in color, go online.
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dynamics, since it provides a framework to decipher the
effects of Rho pathway inhibition on these dynamics.
Order relation in the active diffusion coefficient
and the persistence time

When we fit the MSD data with our analytic prediction to
estimate the parameters characterizing nonequilibrium
activity, our fits convincingly capture the transition from
subdiffusive to superdiffusive-like behaviors Fig. 2 a.
Within our model, these behaviors correspond to crossover
regimes between the short and large time diffusion. We
extract from the best fits a single set of passive and active
parameters for each condition. Our estimate for tc can be
compared with timescales quantifying the transition
from the elastic to fluid-like behavior of the material (see
Table S1), which is of the same order as the Maxwell
time reported in three-dimensional cell aggregates, i.e.,
�30–40 min (9,42–44). We report clear quantitative varia-
tions of both the active diffusion coefficient D A and the
persistence time t for all conditions Fig. 3, b and c. This
suggests that our model, based on separating purely active
fluctuations from equilibrium thermal ones, is a reliable
framework to capture the effects of our inhibitors on tissue
dynamics. Note that passive parameters, such as the relaxa-
tion time scale tr ¼ g=k reported in Table S1 (see the Sup-
porting Material), also have different values between the
conditions. This reflects the effects of inhibitors on tissue
mechanics, showing that inhibitors also affect the character-
istics of passive fluctuations. In this respect,DA and t are the
parameters that characterize only the active contribution to
vertex fluctuations, which is the main focus of our study.

Strikingly, DA and t are larger for Rho inhibitor than for
ROCK inhibitor and for direct myosin inhibition Fig. 3, b
and c. The more upstream the inhibition along the pathway,
the larger the amplitude of fluctuations and the more persis-
tent the ensuing displacement. Themyosin inhibition leads to
the smallestDA and t values, suggesting that the mesoscopic
activity of vertices is strongly affected. The ROCK target
directly activates the myosin, but it also inhibits the myosin
light chain phosphatase, which in turn inhibits the myosin.
Therefore, the result of ROCK inhibition on myosin cannot
be anticipated a priori. Our analysis shows that the activity
of vertices is less affected than for the myosin inhibitor
Biophysical Journal 114, 939–946, February 27, 2018 943
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case: the corresponding value of DA for the ROCK inhibitor
is close to the one for the control, which suggests a compen-
sation between the activation and deactivation of myosin.
Order relation confirmed by persistence lengths

To gain further insight into the active component of the
dynamics, we compare the displacement PDF extracted
from the simulated trajectories of vertex dynamics with
experimental distributions. The distribution at short time is
Gaussian and entirely controlled by the passive parameters:
the simulations with or without active fluctuations, where
we use passive parameters estimated from fits of MSD
data, give the same results at short times (see yellow curves
in Fig. 2, b–e). Including the active component for the
dynamics leaves us with one remaining free parameter:
the average persistence length vt of large displacements.
The short time Gaussian remains unchanged, whereas expo-
nential tails develop at large times in the simulated PDF. The
tails are more pronounced as time increases, whereas the
central Gaussian part barely changes. We adjust the vt value
by matching the tails appearing in numerical results and
experimental data.

The simulated PDFs compare very well with experiments
at large times, showing that our simulations reproduce the
evolution of experimental distributions at all times Fig. 2,
b–e. This is one of the main successes of our analysis: the
phenomenological model on which the quantification of
internal activity relies is able to capture the strong
non-Gaussian tails of the distribution with only one free
parameter. This supports the underlying picture that vertex
dynamics essentially alternate between transient confine-
ment and directed motions. The order of magnitude of the
extracted mean persistence length vt is consistent with our
measurements Fig. 3 d. We report again the same order rela-
tionship within the Rho pathway, i.e., an increase of vt from
myosin inhibitor to ROCK inhibitor, and from ROCK inhib-
itor to Rho inhibitor, as a signature of enhanced directed
motion.
Dissipation is constant for all inhibitors

A major asset of our model is that it allows us to predict the
mean rate of energy dissipated by the vertex dynamics in its
surrounding environment. It is defined as the difference
between the power injected by the fluctuating thermal force
and the one that the moving vertex dissipates via the drag
force: J ¼ h _xðg _x � ffiffiffiffiffiffiffiffiffiffiffiffiffi

2gkBT
p

xÞi, where _x is the vertex veloc-
ity and x is a zero-mean Gaussian white noise (45,46). It
vanishes for systems in a thermodynamic equilibrium state.
The active nonequilibrium fluctuations lead to a nonzero
dissipation rate: J ¼ kDA=ð1þ t=trÞ (47). This rate of
dissipated energy reflects the excess power injected by
nonequilibrium internal activity driving the large displace-
ments of vertices.
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When computing the dissipation rate in the four condi-
tions, it appears as approximately constant (Fig. 3 e), in
contrast to the order relation found for active parameters
(Fig. 3, b–d). This supports the notion that the same amount
of energy is dissipated by the vertex large displacements,
though the features of such displacements differ between
conditions. Given that J depends both on parameters of active
fluctuations fDA; tg and on parameters of passive mechanics
fg; kg, our result suggests that there may be an underlying
coupling between mechanical properties of the tissue and
its nonequilibrium fluctuations. A possible interpretation is
that the nonequilibrium processes at the origin of active fluc-
tuations, such as forces induced by myosin and by actin poly-
merization, might also affect the tissue mechanics in such a
way that the dissipation rate remains unchanged over all
the conditions. In that respect, we observe that the relaxation
time tr is increased for the case of the Rho inhibitor case with
respect to others (see Table S1), as also observed for the
persistence time t (Fig. 3 c).
DISCUSSION

The parameters of vertex fluctuations reveal a correlation
between the Rho pathway hierarchy and the junction active
fluctuations: the higher up the Rho pathway the inhibition,
the lower the effect on the decreasing fluctuations of the
vertices. Such a relationship highlights the usefulness of
our methodology for quantitatively probing how signaling
pathways control emergent fluctuations. In that respect,
our approach bridges biochemical signaling pathways with
mechanical fluctuations in vivo. It could be used to quanti-
tatively characterize the effect of other inhibitions acting on
different signaling pathways on fluctuations.

Our analysis is based on a phenomenological model,
which deliberately avoids a detailed description of the
many processes operating at the subcellular scale. It is
also distinct from other models that consider explicit inter-
actions between neighboring cells. In that respect, our
results rely neither on the microscopic details of activity-
induced forces nor on the form of interactions within the tis-
sue. Rather, we postulate an effective vertex dynamic by
explicitly distinguishing thermal and active fluctuations.
As a result, any underlying mechanism that could ratio-
nalize the relationship between pathway inhibition and me-
chanical fluctuation is out of the scope of our approach. Yet,
the relationship between biochemical signaling and active
fluctuations that we have quantified in tissues could help
future studies to understand the precise relationship between
subcellular cytoskeleton dynamics and emergent vertex
fluctuations. In that respect, a possible extension of the
model could involve considering more complex activation/
inhibition in the Rho pathway and their connection with
contractile forces in the cell (17,18).

To test the robustness of our model, one could measure
the response of vertices to an external perturbation (48).
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The intracellular mechanics are viscoelastic in a large vari-
ety of living systems. Our phenomenological model has
already been extended to account for a complex rheology
(49). It would be interesting to determine whether the rela-
tionship between fluctuations and pathway inhibition is
similar when viscoelastic effects are included. Moreover,
applying an external potential to confine a vertex, one could
extract work from the vertex fluctuations by varying the
potential parameters in time. Our framework allows one to
predict the details of the extracted work as a function of
the active fluctuation characteristics (47). Confronting
such predictions with experimental results would provide
another test for the validity of our approach.

Responses in living systems are not related to sponta-
neous fluctuations, in contrast to equilibrium, where such
a relationship is given by the fluctuation-dissipation theorem
(FDT). Therefore, by comparing responses with sponta-
neous fluctuations of tissues, one could quantify the depar-
ture from the FDT, namely the deviation of the dynamics
from equilibrium. Moreover, recent progress in nonequilib-
rium statistical mechanics has shed light on the direct
relationship between the rate of energy dissipated by the
internal nonequilibrium processes and the violation of the
FDT (50). This has already led to access to the dissipation
rate in some biological contexts (49,51). In that respect,
comparing responses and fluctuations will allow the propo-
sition of an alternative method for the quantification of
dissipation rates in epithelial tissues.

The Rho pathway is conserved across species, suggesting
that the regulation of activity in epithelial monolayers may
share common pathways in a large variety of tissues and or-
ganisms (12). Our approach, based on a quantitative analysis
of vertex fluctuations, could serve as, to our knowledge, a
novel framework to decipher the complex regulation of
spatial fluctuations by the Rho pathway in other model
systems. In that respect, it could be used to analyze vertex
fluctuations in developing embryos, such as in Drosophila
or in Caenorhabditis elegans, where internal reorganization
is driven by spontaneous topological transition (7,8).
SUPPORTING MATERIAL

Supporting Materials and Methods, two figures, and three tables are available

at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)35130-5.
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