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Abstract
Cellmotility relies on the continuous reorganization of a dynamic actin–myosin–adhesion network at
the leading edge of the cell, in order to generate protrusion at the leading edge and traction between
the cell and its external environment.We analyze experimentallymeasured spatial distributions of
actinflow, traction force,myosin density, and adhesion density in control and pharmacologically
perturbed epithelial cells in order to develop amechanicalmodel of the actin–adhesion–myosin self-
organization at the leading edge. Amodel inwhich the F-actin network is treated as a viscous gel, and
adhesion clutch engagement is strengthened bymyosin but weakened by actinflow, can explain the
measuredmolecular distributions and correctly predict the spatial distributions of the actin flow and
traction stress.We test themodel by comparing its predictions withmeasurements of the actinflow
and traction stress in cells with fast and slow actin polymerization rates. Themodel predicts how the
location of the lamellipodium–lamellumboundary depends on the actin viscosity and adhesion
strength. Themodel further predicts that the location of the lamellipodium–lamellumboundary is
not very sensitive to the level ofmyosin contraction.

1. Introduction

Cell migration results from a cycle of protrusion,
adhesion, and contraction. The cell leading edge is
protruded by the polymerizing front of a broad and
flat network of F-actin filaments called the lamellipo-
dium [1]. Near the leading edge, the polymerization of
the lamellipodium only partially translates into pro-
trusion, because the network also undergoes retro-
grade motion toward the cell center. The retrograde
flow of actin is slower in the lamellum (actomyosin
network that begins 2–4 μm away from the leading
edge).While the faster retrogradeflownear the leading
edge is driven mainly by growing actin filaments
pushing against the membrane [2], the slower flow in
the lamellum is caused by myosin II-generated con-
traction of the actin network [2] (figure 1). In addition
to driving the actin network backward, actomyosin
contraction pulls the cell rear forward and is also
involved in maturation of adhesion sites [3, 4]. The
adhesion sites are initiated in a myosin force-

independent manner within the lamellipodia as very
dynamic nascent adhesions [5]. The nascent adhesions
become partly stabilized, forming dot-like focal com-
plexes, and then grow, elongate, and become further
stabilized producing elongated mature focal adhe-
sions [6].

Adhesions connect the actin network to the extra-
cellular matrix (ECM) [7] and transmit stresses gener-
ated in the actin network by the actin pushing against
the membrane and by the myosin contraction to the
ECM. These traction stresses generally orient away from
the leading edge, in the same direction as the flow of
actin, allowing the polymerizing actin network to exert
protrusive force on the leading edge membrane [8, 9].
The mechanical role of the adhesions is often likened to
a molecular clutch, which slows actin retrograde flow
and allows the actin polymerization to contribute to
leading edge protrusion [10–12]. Thus, mechanical
properties of the adhesions are crucial for cellmotility.

While the mechanics of single adhesive molecules
is being actively investigated [13], experimental
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understanding of adhesion complex mechanics is very
poor. So far, the only, relatively crude, way to estimate
the adhesive strength is to measure simultaneously the
actin flow and traction stress [14, 15], and to interpret
the ratio of the stress and flow speed as an effective
adhesive viscous drag. To fill this gap in our knowl-
edge, recent modeling studies [16–19] borrowed ideas
from the theories of molecular friction [20] and simu-
lated adhesions as sticky springs dynamically binding
and unbinding to the deformable surfaces that these
springs connect. Even these simple models revealed a
great wealth of mechanics of the dynamic adhesion,
including, among other possibilities, biphasic and
stick–slip force–velocity relations, so that the adhesive
strength can be great at slow actin flow rate and weak
at faster rates. These models focused largely on the
dynamics and mechanics of individual adhesions. On
the other hand, a number of other models considered
coupling of adhesion-generated forces to active con-
tractile forces generated by myosin and passive resis-
tance of the lamellipodial actin network to
deformations [21–23] assuming constant uniform
adhesion strength across the cell. Two recent model-
ing studies [24, 25] went further: in Welf et al [24], a
balance of four sources of stress—originating from
contraction, membrane ‘recoil’, adhesion clutch and
retrograde flow—was considered. Notably, the adhe-
sion force had viscous character—it was proportional
to the product of the density of nascent adhesions and
the retrograde flow rate, and the number of engaged
adhesions was a decreasing functions of the force
applied to them. In addition, positive feedbacks from
protrusion to adhesion, and from tension on the
clutch adhesions to myosin, were introduced. In

another study [25], adhesions were modeled as elastic
springs between the actin network of the cell and the
deformable substrate, which disengage at a critical
force. The focus of these two studies was not on the
spatial self-organization of the adhesions, actin flow,
myosin and traction force. Complex and stochastic
temporal leading edge dynamics was investigated in
[24], while myosin and stresses and flow in actin net-
work were not modeled in [25], besides, the very spe-
cial case of wide and fast keratocyte’s lamellipodium
was addressed in [25].

A recent paper by Shemesh et al [26] considered
the interactions of the F-actin network and force-sen-
sitive adhesion dynamics in a coordinated, spatially
explicit way for the first time. In [26], the actin net-
work ismodeled as an elastic gel. Adhesions detach at a
rate that increases with local force, grow if the force is
above a certain force threshold and shrink if the force
is below another force threshold. These dynamics lead
to separation between the leading edge and a band of
adhesions, because adhesions too close to the front
experience so much local force that the gel momenta-
rily detaches from the adhesion, switching from a
sticking mode (bound to adhesion) to a slip mode. In
the slip mode, the adhesions do not apply traction on
the gel, but they re-stick at some rate. The adhesions
near the leading edge experience more time in the slip
mode, but the average traction forces over time cause
them to grow slowly. At a greater distance, adhesions
grow faster because they share the applied force, which
allows them to grow but rarely induces the stick–slip
transition. At yet greater distance, adhesions are
screened from the elastic forces and decay. Thus, the
model predicted that the band of the stable adhesions

Figure 1. Schematic ofmodel. The viscous actin network undergoes the retrograde flowpushed by themembrane tension and pulled by
themyosin-generated stress balanced by the traction stress. Bothmyosin and adhesion units engage/disengage with/from the actin
network, the latter with the rates affected by theflow rates andmyosin forces.
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develops at some distance from the leading edge, and
the authors of [26] proposed, following experimental
study [27], that this band demarcates the lamellipo-
dium–lamellumboundary.

Simultaneous measurements of the traction stress
and actin flow rate in Ptk1 epithelial cells [14] revealed
that this adhesion band at the lamellipodium–lamel-
lum boundary also is slightly distal to a peak in the
traction stress, which is smaller both at the front, in the
lamellpodium, and at the rear, in the lamellum
(figure 2). On the other hand, the actin flow rate

decreases away from the leading edge (figure 2),
revealing a biphasic spatial relationship between F-
actin retrograde flow speed and traction stress. To
understand this complex spatial organization of the
actin, myosin, and adhesions underlying the adhesion
clutch and the resultant regions of inverse and direct
correlation between actin flow and traction, we build
on the ideas of [24, 26] and develop a continuous
mechanicalmodel for coupled actin flow,myosin con-
tractility, adhesion dynamics and traction stress.

Such a model is necessary for the following rea-
sons: first, [24–26] did not focus on the spatial

Figure 2. Sample experimental data fromPtk1 cells. (a) Left: actin flow vector field overlaid on paxillin intensity image for a control Ptk1
cell. Right: traction vector field overlaid on same image. (b) Actinflow speed and tractionmagnitude as a function of distance from the
leading edge for a sample control cell. (c) Fluorescent images of paxillin intensity (left) andmyosin intensity (right) for sample control
cells. (d) Intensity as a function of distance from the leading edge for the sample cells in (c). Bars, 10microns.
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distribution of the actin flow and traction stress. Sec-
ond, [26] assumed that the actin network is mechani-
cally elastic (studies [24, 25] did not explicitly model
the spatial distribution of stress in the actin network).
However, at characteristic values of the lamellipodial
width and actin flow speed in slow motile epithelial
cells, it would take on the time scale of minutes for an
actin filament to traverse the lamellipodial width,
while actin filaments turn over many times on this
time scale [28]. This turnover makes the elastic defor-
mations dissipate and the actin network becomes
mechanically viscous [29, 30]. (We also demonstrate
in the appendix that amodel based on elastic deforma-
tions predicts an actin flow distribution qualitatively
different from that observed.) Third, [26] did not con-
sidermyosin contraction in their work, which was jus-
tified by the idea that myosin does not influence the
lamellipodial dynamics. Here we explicitly consider
myosin dynamics; its weak (but not negligible) role in
the lamellipodium is one of the predictions of the
model. Finally, the continuous and deterministic
character of our model complements the discrete,
computational and stochastic nature of the study [26],
providing further insight into how key mechanical
parameters determine lamellipodial–lamellar geo-
metry, forces andmovements.

We demonstrate that a model in which adhesion
clutch engagement is strengthened by myosin force
but weakened by actin flow (or traction force) quan-
titatively explains the experimentally observed
biphasic traction force distribution and decreasing
actin flow (figure 2) [14], and also qualitatively
reproduces measured distributions of myosin and
adhesion density (figure 2). The model further pre-
dicts that, for cells with slow uniform retrograde flow
speed across the lamella, the traction peak is located
at the leading edge and the lamellar actin flow speed is
relatively insensitive to myosin-generated stress. We
confirm these predictions by measuring actin flow
and traction stress in U2OS epithelial cells, which
exhibit relatively slow uniform flow in contrast to the
steeply decaying retrograde flow speed distribution
observed in Ptk1 cells.We treated the U2OS cells with
varying concentrations of the Rho-kinase inhibitor
Y-27632 compound, which leads to reduced myosin
forces, and we observe relatively unchanged actin
flow speed in the lamella over a broad range of total
myosin force [31]. The insensitivity of lamellar actin
flow to myosin-generated stress in U2OS cells is
explained in our model by the myosin-dependent
adhesion strengthening: greater myosin pulling
increases the adhesion strength, and so the flow
(which is the ratio of the former and the latter) does
not change. We also discuss the predicted depen-
dence of the lamellipodial width onmechanical para-
meters of the cell.

2.Model

Figure 1 illustrates the physics of our model of the
leading edge adhesion clutch system. Because the
relevant forces and flows are directed radially inward,
we consider a one-dimensional (1D) description of
the system, where the variable x denotes the inward
distance from the cell leading edge. We treat the F-
actin network as an isotropic gel [32], and we assume
that internal network stresses are viscous. There is
evidence in biophysical literature [30, 31] that on time
scales longer than a few seconds, the actin gel, even
cross-linked heavily, is mostly viscous. This is because
actin-binding proteins attach to and detach from actin
filaments on the second scale, and over a few seconds
most of the elastic bending energy dissipates. The
characteristic rate of the actin flow is ten nm per
second, and over a few seconds, the actin displacement
is less than one-hundred nm. This is not only smaller
than the scale of severalmicrons over which character-
istic features of actin flow and traction are observed,
but it is even smaller than the usualfilament size. Thus,
the actin network has to be modeled as a viscous or
viscoelastic fluid (with flowing viscous and elastic
elements in series). Also, in the appendix, we demon-
strate that the assumption of an elastic nature of the
actin network predicts an actin flow profile qualita-
tively different from that observed.

2.1.Model equations
There are three forces that are balanced throughout
the actin network [33]: passive deformation force,
traction force between the cell and the ECM and
myosin contractile force (figure 1). The balance of
these forces (more appropriately, balance of linear
momentum) that assumes the viscous nature of the
actin gel has the form:

⏟
μ

ζ

∂
∂

= −

= = ∂
∂




V

x
T x F x

T x N V F x f
M

x

( ) ( ) ,

( ) , ( ) . (1)

2

2

viscous force
traction force

myo

contractile force

adh myo

Here, μ is the actin gel’s viscosity coefficient and V(x)
is the actin retrograde flow speed. The spatial deriva-
tive of the velocity is the rate of strain. Assuming that
the actin network is a Newtonian fluid, μ V xd /d is the
viscous stress, and the force is proportional to its
derivative. The same assumptions were used before in
many modeling papers including [21, 22]. In the
appendix, we consider the cases of elastic and viscoe-
lastic rheology of the actin network.T(x) is the traction
force between the adhesions and the ECM, and
Fmyo(x) is themyosin contractile force within the actin
network. The second and thirdmodel assumptions are
reflected in the expressions for the traction andmyosin
forces in equation (1). Namely, we assume, following
previous models [19, 21, 22, 24], that the traction
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between the F-actin network and the ECM has a
viscous character and thus is proportional to the actin
flow speed. At relevant slow rates of the actin flow,
representation of adhesions with sticky springs leads
to this model [18, 19]. Furthermore, experiments in
which a single molecule is dragged along a filament or
a surface demonstrate effectively viscous protein
friction [34]. The parameter ζ represents an effective
viscous drag per adhesion unit, andNadh(x) is the local
density of the adhesion units. The expression for Fmyo

is based on the assumption that near the leading edge
most ofmyosin is distributed throughout the isotropic
actin gel, rather than concentrated in the stress fibers
connecting mature adhesions and the actin network.
We further assume that the myosin exerts isotropic
stress, fM, proportional to the local myosin density
M. Effectively, f is the force per myosin motor. Then,
the contractile force is proportional to the local
gradient of the density of myosin in the actin net-
work [22, 35].

Note that the membrane tension in our model is
generated by the force of actin polymerization: pre-
sumably, the rate of actin flow at the leading edge is
less than the free polymerization rate, which means
that the membrane is tensed and loads the growing
actin filaments slowing them down. The membrane

tension (equal to μ− ∣∂
∂ = )V

x x 0 therefore balances the

viscous stress at the very leading edge, because both
myosin and traction forces are negligible at x= 0. As a
result, the implicit assumption of thismodel is that the
membrane tension is equal to μ− ∂ ∂V x/ (0). As we
have the measured value of ∂ ∂V x/ (0), and have esti-
mates of the actin viscosity from the literature (see
below), we can estimate the membrane tension (see
discussion). Finally, if the myosin force is very small
througout the lamellipodium, which the model pre-
dicts (see below), the traction force has to be equal to
the integral of the traction stress across the lamellipo-
dium,which provides another testable prediction.

Based on experimental observations, we choose
the following two boundary conditions for
equation (1): (1) =V V(0) :0 constant leading edge
actin flow speed. We focus on the characteristic case
for slowmotile epithelial cells in which the net protru-
sion is much slower than the retrograde flow at the
front, and so parameter V0 is the polymerization rate.
(2) Another boundary condition is based on the obser-
vation (figure 2) that the actin flow speed becomes
uniform in the lamellum. This likely means that the
traction andmyosin forces equilibrate in the lamellum
and viscous deformation of the actin gel disappears.
Thus, we use the condition ∂ ∂ =V x L/ ( ) 0 at distance

μ=L 8 m from the leading edge—farther than the
observed lamellipodium–lamellum boundary. In fact,
the model then predicts that the flow speed becomes
constant closer to the leading edge than L. Note that
this boundary condition indirectly predicts that the
membrane tension is determined by the integral of the
traction stressminus the integral of themyosin force.

Tomodel the myosin distribution, we assume that
myosin in the cytoplasm attaches to the actin network
with rate mon and detaches from it with rate moff, and
that attached myosin flows inward with actin, such
that the density of attachedmyosin,M(x), is given by:

∂
∂

= − − ∂
∂

M

t
m m M

x
VM( ). (2)on off

Based on fluorescent measurements of myosin density
in Ptk1 cells (figure 2 and [14]), we choose the
boundary condition =M (0) 0. In the appendix, we
discuss mass continuity equation for actin and
demonstrate that the actin dynamics does not expli-
citly affect the dynamics of flow and myosin and
adhesion density distributions.

Similarly, the local density of adhesion units,
Nadh(x), is determined by the rates of assembly (kon)
and disassembly (koff). How forces and actin flow
affect growth of adhesions is still not entirely clear, but
both of these factors do influence the adhesion
dynamics [13]. Here we test the hypothesis that the
adhesion clutch is strengthened by an indirect effect of
localmyosin force butweakened by fast flowof actin:

β
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Here, kon
0 is the adhesion assembly rate in the absence

of myosin, and koff
0 is the disassembly rate in the

absence of actin flow. Based on fluorescent imaging of
paxillin as an indicator of adhesion density in Ptk1
cells (figure 2 and [14]), we choose the boundary
condition =N (0) 0.adh The parameter β characterizes
the effect of adhesion strengthening, and V* is a
characteristic actin flow speed above which adhesions
rapidly detach and disassemble.

The data in [36] show that the adhesion complexes
near the leading edge are first attached to the actin net-
work and slip relative to the substrate, and then at a
critical stress attach to the substrate and slip relative to
the actin network.However, thesemovements are on a
very short, sub-micron spatial scale, and so we do not
include them in the model. Adhesions are multi-com-
ponent protein complexes, whose content and prop-
erties depend onmany factors and on the stage of their
dynamics [5, 36, 37]. However, the detailed morpho-
logical cycle of adhesion maturation and turnover is
beyond the scope of the current study, as there is little
understanding of respective mechanical changes. We
focus simply on the density of the generalized adhe-
sion units and its influence on the forces.

Two key assumptions of the model, which we will
test by comparison to experimental data, are intro-
duced in equation (3): (1) the adhesion disassembly
rate, koff, increases with actin flow speed. This hypo-
thetical property is sometimes referred to as ‘stick–
slip’ behavior [19, 26, 38]. A qualitative microscopic
explanation for this mechanism is that at fast actin
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flow speeds, the bonds between actin and the ECM are
quickly stretched to their breaking point, whereas at
slower sliding speeds weak or broken bonds have time
to reform. The stick–slip mechanism for adhesion
weakening may explain the experimentally observed
biphasic relationship between actin flow and traction
strength. Note also that assuming that the rate of
detachment is a function of the retrograde flow velo-
city is mathematically equivalent to assuming it to be a
function of the traction force. Indeed, the traction
stress is ζ=T N V ,adh so the force per adhesion com-
plex is equal to ζ=T N V/ adh because local stress
imposed on the adhesions in any small area is dis-
tributed, on the average, equally among them. In fact,
the functional form for the detachment dependence

on the force, = =( ) ( )k k V V k f fexp / * exp /
*

,off off
0

off
0

where ζ ζ= =f V f V,
* * is the characteristic force of

breaking an adhesion, is equivalent to the Bell
equation used often to describe the force-dependent
breaking of molecular bonds [24]. (2) The growth rate
of adhesions, kon, increases with a factor proportional
to the local myosin density gradient. It was suggested
in the past that force application at adhesion sites helps
stabilize new adhesive contacts [37, 39] and promotes
adhesion maturation and growth [6, 38–40]. How-
ever, recently it was shown that absolute values of the
intracellular forces do not correlate directly with the
adhesion growth rate [31]. Rather, this study sug-
gested that adhesion growth depends sensitively on
structure and dynamics of the actin network which
adhesions engage with [31]. Besides, while the traction
force is applied to adhesions directly, the local myosin
force is generated by myosin clusters contracting actin
filaments that are part of the actin lamellipodial net-
work. Some of these filaments interact with adhesion
molecules, and so the adhesion complexes are unlikely
to feel the local myosin force directly. What we pro-
pose is that myosin density gradient could induce
structural changes in the actin network leading to
growth of actin templates favorable for adhesion
strengthening. In effect, there is not a direct effect of
themyosin-generated force on the adhesion assembly,
but rather an indirect effect of this force on the actin
network dynamics and structure, which in turn affects
the adhesion assembly.

We also examine the possibility of the assumption
that the adhesion assembly rate is proportional not to
the gradient of the myosin density, but to the myosin
density itself. Consequences of this assumption are
reported in supplemental figure 7 and show that if
adhesion growth is proportional to the myosin den-
sity, the predicted flow and traction distributions are
different from those observed experimentally. On the
other hand, if adhesion growth is proportional to the
myosin density gradient (as in equation (3)), the
model reproduces all experimental observations.

The model equations can be expressed in the fol-
lowing simplified dimensionless form in steady state:

λ ∂
∂

= −V
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T x F x
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k V
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0 and

μ= ≡x L x x˜ (1 m) ˜.0 The steady-state distributions
are defined by the five dimensionless free parameters:

λ ≡ μ( ),
T
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0

0

0
2 ≡ ( )F ,

T

fm

L m

1

0

on

0 off
γ ≡ ,

V

m L
0

off 0
β≡b T ,0

and ≡v* .*V

V0
Note that λ is the measure of actin

viscosity,F is the measure of myosin strength, γ is the
measure of the myosin rate of detachment from the
actin network, b is the measure of myosin force
influence on the adhesion strengthening, and v* is the
measure of howmuch smaller is the flow rate at which
adhesions are weakened by the flow than the polymer-
ization rate at the front.

2.2. Characteristicmodel parameters
In the definition of parameter γ, the ratio L V/0 0 is the
time over which the actin flow carries myosin mole-
cules across a small part of the lamellipodium. The
only way the model reproduces the experimental
observations is if myosin molecules do not detach
before the flow moves them to the lamellum’s
boundary; otherwise, myosin would be distributed
much more evenly between the lamellipodium and
lamellum than observed. Thus, we assume that the rate
of myosin detachment is orders of magnitude smaller
than the ratio L V/ .0 0 Good agreement with the data is
achieved if γ ~ 1000. Note that comparison of the
myosin distribution model with the data in keratocyte
cells earlier led to a similar estimate [22]. To explain
the experimental relationship between flow speed and
traction, the actin flow speed at which the flow no
longer weakens adhesions must be somewhat slower
but on the same order of magnitude as the character-
istic flow speed V .0 Therefore, the parameter v*is less
than 1, but not by an order ofmagnitude.

In the simulations, we use v* ~ 0.3. Note that in
the case of U2OS cells when parameter V0 is much
smaller, parameter v* is much greater (supplemental
figure 1). Parameter b has to be significantly greater
than 1 for adhesions to be sensitive to the indirect
effect of the myosin force, so in the simulations, we
use b ~ 10. Parameter F is the measure of the ratio of
the maximal myosin stress to the characteristic trac-
tion stress. The characteristic traction stress and myo-
sin force are of the same order of magnitude, because
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the myosin stress and membrane tension are two fac-
tors contributing to the traction, and both are either
likely to be of the similar order of magnitude or the
membrane tension ismuch less than themyosin force.
Maximal myosin stress, however, is likely much
greater than the resultingmyosin force because of rela-
tively smooth myosin distribution in space leading to
pulling from neighboring myosin clusters largely can-
celing each other and generating smaller force. Thus,
parameter b is likely significantly greater than 1. Com-
parison of the data and simulations show that they
compare well if F ~ 10. Finally, the order of magni-
tude of the parameter λ can actually be estimated from
the published data. From [14], μ= −T 20 pN m ,0

2

T L V/ ~ 100 0
2

0
3 pN s μm−1. On the other hand, the

reported actin network viscosity is of the order of
×2 103 pN s μm−2 [29]. Parameter μ can be obtained

from the measured viscosity by multiplying the latter
by the lamellipodial thickness of the order of amicron.
Thus, parameter λ ~ 2.This value actually gives a very
good qualitative agreement with the data for PtK1
cells. For U2OS cells, we have to use much greater
values (supplemental figure 1).

We explore the dependence of the model on each
of these parameters in figure 4 and supplemental
figures 2–4. We constrain the model parameters by
determining values that can simultaneously fit the
actin flow and traction distributions for cells under
several different experimental perturbations. We note
that there is a significant amount of cell–cell variation
in the experimental data, and our goal is to illustrate
how the hypothetical clutch mechanism produces the
qualitative spatial organization observed experimen-
tally, rather than to obtain precise numerical values for
each of these parameters.

We obtained numerical solutions to model
equations using MATLAB (The MathWorks, Natick,
MA) codes that were based on finite difference numer-
ical methods. We solved the partial differential
equations of the model using an explicit stepping
method with the first-order upwind scheme for the
advection terms. The spatial domain was divided into
40 equal segments, and the time steps were set suffi-
ciently small to guarantee numerical stability. Compu-
tational time was on the order of several minutes on a
personal computer.

2.3. Experimental data used to test themodel
The experimental data from Ptk1 epithelial cells in
figures 2–3 were originally published in [14], and are
included here for the purpose of illustration and direct
comparison with the predictions of our theoretical
model. Traction and actin flow data in human
osteosarcoma (U2OS) epithelial cells (supplemental
figure 1) used to test the model predictions were
originally published in [31].

3. Results

3.1. Bimodalflow–traction relationship arises from
competingmechanisms of adhesion dynamics
regulation:flow-dependent detachment and
myosin-dependent attachment
As first reported in [14], correlation between actin
dynamics and traction in Ptk1 epithelial cells reveals an
inverse relationship between actin flow speed and
traction magnitude in the lamellipodium and a direct
correlation in the lamellum (figure 2). These cells
exhibit rapid actin flow at the leading edge
(∼20 nm s−1) that decays across the lamellipodia, and
relatively uniform slowflow (∼2 nm s−1) in the lamella.
The corresponding traction stress magnitude increases
with distance across the lamellipodium and decreases
with distance across the lamellum. Interestingly, the
location of the traction peak depends in a non-trivial
way on the strength of myosin contractility (figure 3;
[14]): the peak is closer to the leading edge in
blebbistatin-treated cells (where myosin contractility
has been inhibited) than in control cells. However in
CARho-treated cells, which exhibit increased myosin
contractility, the locationof the tractionpeak shifts back
toward the leading edge relative to control cells. The
actin flow speed corresponding to maximal traction is
relatively similar under each of these conditions [14].

Our model for the adhesion clutch reproduces the
bimodal relationship between actin flow speed and
traction magnitude observed in Ptk1 cells (figure 3).
The spatial distributions for individual cells can be
reproduced by tuning the myosin strength parameter
F to correspond to experimental changes in myosin
contractility (increasing F for blebbistatin, control,
and CARho-treated cells, respectively), and using a
lower effective viscosity λ to fit blebbistatin data
(figure 3). Note that it is reasonable to expect that actin
networks with reduced myosin contractility are less
stiff [41]. Other system parameters were not varied
from one cell to the next. Our model also reproduces
the experimental observations that adhesion andmyo-
sin densities (as identified by microscopic tracking of
fluorescent markers [14]) are relatively small in the
lamellipodia, and dramatically increase near the
lamellipodia/lamella boundary (figures 2 and 3).

The bimodal flow–traction relationship observed
in Ptk1 cells can be explained by considering the inter-
play between velocity-dependent adhesion detach-
ment and myosin-dependent adhesion strengthening
(equation (3)). Near the leading edge, actin poly-
merization against the membrane produces a fast ret-
rograde flow speed, resulting in a low adhesion
density. For a very rigid actin network (high λ), retro-
grade flow is uniform throughout the network. On the
other hand, for a deformable viscous network (lower
λ), the retrograde flow speed decays with distance
from the leading edge (as observed in Ptk1 cells,
figures 2 and 3). As retrograde flow decays, adhesions
detach less frequently, according to the stick-slip
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mechanism in equation (3), leading to an increase in
adhesion density. For the region near the leading edge
where >V v˜

*, the adhesion density increases more
rapidly with distance than the flow speed decays, so
that the traction ( =T N V˜ ˜ ˜)adh increases with distance.
This effect is responsible for the observed trend near
the leading edge for traction to increase as retrograde
flowdecreases.

In the lamella region further from the leading
edge, the trend for traction to decrease with distance
can be explained by the force-dependent adhesion
strengthening mechanism described in equation (3).
Myosin attaches to the actin network and is swept back
with actin retrograde flow, producing a steep increase
in attachedmyosin density where the flow speed levels
off (figure 3). The peak inmyosin force at this location
creates a corresponding peak in adhesion density.
Beyond this peak, traction decreases with distance due
to the decrease in adhesion density, which becomes
smaller due to the decreasing myosin force beyond the
peak, as well as a slight continued decay in retrograde
flow speed (figure 3).

3.2.Myosin contractility regulates traction peak
location bymodulating adhesion distribution
Our model also reproduces the experimental observa-
tion (comparing blebbistatin, control, and CARho-

treated cells) that increasing myosin contractility
initially shifts the traction peak to higher x values, but
further increasing myosin contractility shifts the peak
back toward the leading edge (figures 3 and 4). This is
because, in the absence of myosin force (as in
blebbistatin-treated cells), the traction distribution is

given by = −( )T V v V˜ exp ˜
*

˜ (equation (9)), which is

maximal when =V v˜
*. In this case, the balance of

internal viscous forces and external traction determine
the location of the peak (supplemental figure 2). In the
presence of myosin forces (as in the control and
CARho-treated cells), the traction distribution also
depends on the location of the myosin force peak
(equation (9)). Asmyosin strength F initially increases
from zero, the location of the traction peak shifts in the
+x-direction toward the location where the myosin
gradient is highest (in the region where the flow speed
levels off). Further increasing F shifts the traction peak
back toward the leading edge, because higher adhesion
density causes the flow speed to fall off more steeply
(figure 4).

3.3. Traction is highest at leading edge for cells with
slowuniformflow
As discussed above, the bimodal traction–flow rela-
tionship observed in Ptk1 epithelial cells results

Figure 3.Model fits to sample experimental Ptk1 data. (a)–(c) Actin flow speed (left) and traction (middle) and predictedmyosin
density (whiskers) and adhesion density (squares) (right) for a blebbistatin-treated cell (a), a control cell (b), and aCA-Rho treated
cell (c).
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from the interplay between velocity-dependent adhe-
sion detachment and myosin-dependent adhesion
strengthening.However, in cells with very slow leading
edge polymerization speed and corresponding retro-
grade flow speed ( ≪V V* ),0 adhesion disassembly
is insensitive to actin flow speed and adhesion
density is no longer kept small near the leading edge.
In this case, the predicted traction distribution is

= + ∂
∂( )T bF V˜ 1 ˜M

x

˜

˜
(equation (9)), and we predict

that traction will decay with distance from the leading
edge if the myosin force contribution is relatively
small, and that the traction distribution willmirror the
myosin force distribution for increasing myosin
strength (supplemental figures 1(d) and (e)). For cells
with slow spatially uniform actin flow ( =V x( )

≪V V* ),0 the balance of forces on the actin network

becomes =F T˜ ˜
myo (equation (5)). The steady-state

myosin density predicted by equation (7) is

= −
γ
−( )M̃ 1 exp ,x

V

˜
˜ and the resulting myosin con-

tractile force is =
γ
−( )F F˜ exp ,x

Vmyo
˜
˜ and the traction is

predicted to decay with distance from the leading edge
for all values ofmyosin strength.

This prediction is consistent with our measurements
of actin flow and traction in U2OS epithelial cells
(supplemental figures 1(d) and (e)). These cells exhi-
bit relatively uniform flow (∼2–4 nm s−1) across the
lamellipodia/lamella, with the leading edge speed only
slightly higher than the speed of flow in the lamella.
The corresponding traction profile in these cells is
highest near the cell membrane and decays with dis-
tance from the leading edge.

3.4. Actinflow speed insensitive tomyosin strength
in regions of uniformflow
A second prediction we can make for cells with slow
uniform flow is the dependence of this flow speed on
themagnitude of themyosin force. If myosin turnover
is slow compared to the rate of transport across the
lamellipodia (γ ≫ 1 ), then the myosin force and
corresponding traction in the lamella are approxi-
mately uniform, = ≈T F F˜ ˜ .myo In this case, the
steady-state traction distribution (equation (9)) yields:

=
+

V
F

bF
˜

1
. (10)

An increase in the myosin force driving actin flow is
canceled out by increased traction due to myosin-

Figure 4.Role ofmyosin-dependent and actin-flow-dependent adhesion dynamics. Unless otherwise stated, parameters are: λ= 3, b= 15,
v* = 0.3, and γ= 1000. (a)–(c) Fullmodel withmyosin-dependent adhesion strengthening and flow-dependent adhesionweakening.
(a) and (b) Actin flow speed and traction as a function of distance from the leading edge. (c) Position of traction peak inmm(black
dots) and actin flow speed (in units of v*) corresponding to traction peak (blue exes) as a function of F. (d)–(f) Same as (a)–(c), except
withoutmyosin-dependent adhesion strengthening (by setting b= 0). (g)–(h) Actinflow and traction as a function of distance from
the leading edge, in the absence of actin-flow-dependent adhesionweakening (by setting v*≫1). (i)Balance of forces on actin network
(traction (black),myosin force (blue), internal viscous force (red)), for F= 10, b= 15, v* = 0.3.
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dependent adhesion strengthening. For saturating
levels ofmyosin strength, we predict that the actin flow
speed will be insensitive tomyosin strength. Assuming
that the total traction force between the cell and the
surface is proportional to the local myosin stress
( ∝F F ),tot we can re-express equation (10) as a Hill-
like relationship between total force and lamellar flow
speed,VLM :

=
+

V V
F

F F
. (11)LM

k
max

tot

tot

⎛
⎝⎜

⎞
⎠⎟

We test this prediction by treating U2OS cells with
various concentrations of the Rho-kinase inhibitor Y-
27632 compound [31], which interferes with acto-
myosin-based contractility, allowing us to tune the
magnitude of myosin contractile force. In agreement
with the model, despite significant changes in the
measured total contractile force magnitude, the actin
flow speed in the lamella is relatively unchanged for all
but the highest concentrations of Y-27632 compound
tested (supplemental figure 1).

4.Discussion

We have shown that mechanical feedback between F-
actin flow and focal adhesion dynamics allows the
leading edge of motile cells to self-organize into
distinct regions of inverse and direct correlation
between actin flow and sub-cellular traction, as
observed in epithelial cells [14]. These characteristic
distributions arise from a balance of viscous stress
in the actin network, acto-myosin contraction, mem-
brane tension and adhesive traction. This ability to
self-organize into functionally distinct spatial regions
allows the cell to undergo rapid actin polymerization
near the leading edge while adhering firmly to the
surface near the lamellipodia/lamella boundary.
Althoughwe consider several plausible actin–adhesion
feedback mechanisms (appendix), the model that
reproduces experimental distributions of actin flow
and traction is one in which the adhesion ‘clutch’
engagement is strengthened by an effect of myosin
contractility on actin templates favorable for adhesion
assembly and weakened by actin retrograde flow. The
spatial distributions predicted by our model result
from a balance of internal forces in the actin network
(myosin contraction and internal viscosity) and exter-
nal traction forces exerted on the network. The model
predicts that viscous deformation is the major factor
generating the traction stress near the front, while
myosin force is the main contributor to the traction
stress farther than a few microns from the leading
edge. While there is substantial cell–cell variation, as
expected, we find that our model reliably predicts
characteristic features of the data including the
location of the traction peak, dependence of traction
magnitude on myosin strength, and the spatial dis-
tribution of the actin retrograde flow.

Our model also reproduces qualitative features of
cells that have very different leading edge actin flow
and traction profiles from the Ptk1 epithelial cells dis-
cussed above. We looked at simultaneous actin flow
and traction stress measurements in human osteo-
sarcoma (U2OS) epithelial cells and in contrast to the
Ptk1 cells, and these cells exhibit slow relatively uni-
form retrograde flow across the lamellipodia/lamella
and traction that is highest at the leading edge. The
slower more uniform flow in these cells may be the
result of physiological differences such as a more rigid
actin network, slower actin polymerization due
to lower available G-actin pool, or differences in lead-
ing edge membrane tension. In the framework of
our model, cells with slow uniform flow are effectively
utilizing only one of our hypothetical adhesion regula-
tionmechanisms (myosin-dependent clutch strength-
ening), but are in a physical regime where they do not
experience the other hypothetical mechanism (‘stick–
slip’, or flow-dependent clutch weakening). The myo-
sin-dependent mechanism alone reproduces key
observations in U2OS cells: (1) traction is highest
at the leading edge; and (2) lamellar flow speed is
relatively insensitive to myosin strength. The insensi-
tivity of actin flow speed to perturbations in myosin
contractility may allow the cell to maintain robust
protrusive activity in the presence of fluctuatingmole-
cular concentrations.

Our model makes a very simple prediction for the
lamellipodial width. Our simulations show that this
width is not sensitive tomyosin strength becausemyo-
sin is largely'swept away’ from the leading edge and
starts affecting the flow and traction only close to the
lamellum’s boundary where the flow already slows
down. Near the leading edge, the viscous force largely

balances the traction: μ∂
∂

T~ ¯.V

x

2

2
The boundary condi-

tions at the lamellipodium–lamellum boundary at dis-
tance X from the leading edge are

≈ ≈∂
∂

V X X( ) 0, ( ) 0.V

x
Solving this equation for the

distance-dependent actin flow velocity yields

− +
μ μ

V V x x~ (0) .TV T2 ¯ (0) ¯

2
2 The condition V ~

− +
μ μ

V X X0 ~ (0) TV T2 ¯ (0) ¯

2
2 gives μX ~ .V

T

2 (0)
¯

Furthermore, the traction stress can be estimated as

ζT V¯ ~ ˜ (0) where ζ ζ ( )k k˜ ~ /on
0

off
0 is the character-

istic adhesion strength. Thus, we arrive at the very

simple result: μ
ζ

X ~ ,˜ and we predict that the lamel-

lipodial width is proportional to the square root of
the actin viscosity, and inversely proportional to the
square root of the average adhesion strength at the
leading edge. This is the spatial scale that seems to be
fundamental for cell mechanics: the effect of a force
applied to the actin network at a point dissipates over
this distance [22, 42]. At realistic values of parameters,
the characteristic lamellipodial width is predicted to be
on the order of a few microns, as observed.
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Importantly, this scale is largely insensitive to para-
meters other than the viscosity and adhesion strength.

Another interesting prediction of our model is
that, because the myosin force in the lamellipodium is
small, the membrane tension roughly balances the
average traction stress multiplied by the lamellipodial
width, which in turn is approximately equal to the
actin viscosity multiplied by the flow rate gradient.
The traction stress, lamellipodial width and the flow
rate gradient were measured in [14], which allows us
to predict a viscosity value of μ∼ 103 pN s μm−2 This
agrees with the viscosity measured in [29], and the
membrane tension magnitude (∼60 pN μm−1), which
is also of the same order of magnitude normally mea-
sured in slow-moving cells [30, 43].

Our model is, of course, ignoring many complex-
ities of the cell motile machinery. We did not consider
potentially very complex dynamic feedbacks between
actin, adhesion andmyosin [44]. There aremore com-
plex dynamics of adhesion growth and turnover that
depend not only on force but on signaling [45, 46] as
well as spatial-temporal history [47]. Behind the
steady-state distributions of the cytoskeletal elements,
flows and forces at the cell leading edge, there are
many non-steady processes on various spatial-tem-
poral scales [48].We also did not investigate the effects
of complex kinetics of lamellipodial and lamellum
actin networks and respective actin binding proteins
[49, 50]. We did not consider the discrete character of
the actin networks on the micron scale or the aniso-
tropic nature of the contractile network. All these fac-
tors, however, have to be included only after more
coarse-grained models of the type that we propose
here are sufficiently tested.
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AppendixA. Characterizing each adhesion
regulationmechanism separately

In the main text, we consider a model for adhesion
dynamics regulation that relies on two mechanisms:
(1) flow-dependent adhesion disassembly; and (2)
myosin-dependent adhesion assembly. Here we dis-
cuss each of thesemechanisms separately.

A.1.Myosin-dependent adhesion assembly
(supplemental figure 1)

Here we consider a variation of the model in the main
text in which the assembly rate for adhesions is given

by the myosin-dependent expression in equation (3),
but the disassembly rate is kept constant instead of the
flow-dependent expression in equation (3) (i.e., we set

≫v* 1).
In the absence of flow-dependent adhesion dis-

assembly, the steady-state adhesion density distribu-
tion mirrors the myosin force distribution
( = +N bF˜ 1 ˜ ).adh myo For increasing values of myosin
strength F, the adhesion density and corresponding
tractionmagnitude increase. This causes the actin flow
speed to decay more steeply with distance, which
results in the myosin force peak location moving clo-
ser to the leading edge with increasing F. Becausemyo-
sin is swept away from the leading edge by actin flow,
the adhesion density near the leading edge is uniform
and the resulting traction is directly proportional to
the decaying actin flow speed.

Thismechanism alone creates a spike in traction at
a location that is sensitive to myosin strength, and can
reproduce lamellar flow insensitivity to myosin
strength for high F, similar to experimental observa-
tions. However, the traction and actin flow near the
leading edge are directly proportional, in contrast to
the experimental observation of inverse flow–traction
near the leading edge.

A.2. Actin flow-dependent adhesion
disassembly (supplemental figures 2–3;
and figures 4 (d)–(f) in themain text)

Here we consider a variation of the model in the main
text where the disassembly rate for adhesions is given
by the flow-dependent expression in equation (3), but
the assembly rate is kept constant instead of the
myosin-dependent expression in equation (3) (i.e., we
set b = 0).

In this case, the steady-state traction distribution is

given by = −( )T V v V˜ exp ˜
*

˜ (equation (9)), which is

maximal for =V v˜
* independent of other system

parameters. The location of the traction peak depends
on the internal viscosity of the actin network, λ, which
determines the decay rate of actin flow speed as a func-
tion of distance from the leading edge (supplemental
figure 2).

The myosin distribution is determined by the
parameter γ, which characterizes the time scale
for myosin to stay attached to the actin network (sup-
plemental figure 3). For low γ, such that myosin turn-
over is fast compared to the timescale for actin
retrograde flow across the lamellipodia, the myosin
distribution is spatially uniform. For higher γ, such
that myosin stays attached long enough to be trans-
ported by actin across the length of the leading edge,
the myosin distribution is small near the leading edge
and increases rapidly as the actin flow speed levels off,
in agreement with fluorescent images of myosin
distributions.
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Although this variation of the model can produce
the experimentally observed bimodal relationship
between actin flow and traction, there are some
experimentally observed features it fails to reproduce:
(1) the location of the traction peak increases mono-
tonically with myosin strength (see figure 4(f) in the
main text), in contrast to experimental results com-
paring control, blebbistatin-treated, and CARho-trea-
ted cells (figure 3 in the main text). In these
experiments, the traction peak location initially
increases with increasing myosin strength, but moves
back toward the leading edge for higher myosin
strength. (2) Thismechanism alone cannot explain the
insensitivity of lamellar actin flow speed to myosin
inhibition observed in U2OS cells (supplemental
figure 1).

Appendix B.Model dependence on
strength ofmyosin-dependent assembly
parameter b (supplemental figure 4)

Because the adhesion density simply depends on the
product bF, the model dependence on b is similar to
the dependence on F (see figure 4 in the main text),
with the following exception: for increasing F, the
myosin contractile driving force increases along with
the adhesion density, so the corresponding flow speed
is independent of F at saturating levels (supplemental
figure 4(b)). For increasing b, the adhesion density
increases with no corresponding increase in driving
force, so the actin flow speed at the traction peak
approaches zero for high b.

AppendixC.Model variations and
alternativemodels (supplemental
figures 5–7)

C.1. Uniformmyosin force distribution
(supplemental figure 5)

If we assume that myosin contractile force is spatially
uniform, many of the qualitative features predicted by
the model in the main text are reproduced. In
particular, the bimodal relationship between actin
flow and traction distributions is not dependent on the
particular myosin force distributions predicted by the
dynamic equation for myosin (equation (2)). How-
ever, for uniform myosin force, the location of the
traction peak is relatively insensitive to myosin force
strength F and depends primarily on actin network
viscosity λ. Given this limitation, this form of the
model cannot simultaneously reproduce the actinflow
and traction profiles measured experimentally. If λ is
chosen high enough to produce a traction peak at the
experimentally observed distance from the leading

edge, the corresponding actin flow speed falls off less
steeply than experimentally observed.

C.2. Step functionmyosin distribution
(supplemental figure 6)

If we treat the myosin force as a step function (zero
near the leading edge and constant beyond a threshold
distance), adhesion density is very small near the
leading edge due to a lack of myosin-dependent
assembly in combination with rapid disassembly
resulting from fast flow. For this reason, the traction
peak spikes at the step-function boundary and then
rapidly decays with increasing distance due to con-
tinuing decay in flow speed. As in the case of uniform
myosin force distribution discussed above, this version
of the model does not reproduce experimental flow
and traction distributions as well as the fullmodel with
myosin force calculated based on the predictedmyosin
distribution (equation (7)).

C.3.Myosin force directly proportional to
myosin density (supplemental figure 7)

Here, we consider a variation of the model in which
myosin force is directly proportional to myosin
density, instead of proportional to the gradient of the
myosin density as in the main text (equation (1)). In
this case, adhesion density is close to zero near the
leading edge, and increases in proportion to myosin
density away from the leading edge. The resulting
traction increases with distance from the leading edge,
rather than having a distinct peak as observed in Ptk1
cells and predicted by themodel in themain text.

AppendixD.Note about actin density

Unlike equations (2) and (3) that deal with conserva-
ble densities of myosin and adhesions, respectively,
equation (1) is the force balance equation. The velocity
that this equation describes is the velocity of the actin
network, and the mass conservation law has to be
satisfied for actin. The equation for actin density A has

the form: = − −∂
∂

∂
∂( )r z A z A VA( ) ( ) ( ).A

t x1 2 Here

z A( )1 is the non-dimensionless term describing the
actin assembly rate, which can be dependent on the
actin density, and z A( )2 is the non-dimensionless
term describing the actin disassembly rate, which also
can be dependent on the actin density. Dimensional
parameter r is the dimensional characteristic rate of
actin turnover. The usual rates of actin turnover are
0.1 s−1. Introducing the time scale equal to r1/ and
spatial scale equal to the lamellipodial length L ,0 we
can re-scale and non-dimensionalize the actin density

equation as: ε= − −∂
∂

∂
∂( )z A z A vA( ) ( ) ( ).A

t x˜ 1 2 ˜
Here

ε= = = =( )t rt x x L V rL v V V˜ ; ˜ / ; / ; / .0 0 0 0 Small
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parameter ε μ μ×− −( ) ( )~ 0.02 m s / 0.1 s 2 m ~ 0.11 1

therefore the transport term can be neglected, and

approximately, ≈ −∂
∂ ( )z A z A( ) ( ) .A

t̃ 1 2 Thus, assum-

ing there is a unique stable steady state for the actin
turnover, the model predicts a constant in space actin
density. Figure 1(E) of [14] shows actin fluorescent
signal in the lamellipodium, and other than increasing
patchiness away from the front, the average actin
density is roughly constant, in agreement with the
model. On the relevant time scale of 10 s, the actin
network displacement is but 0.1 μm, orders of magni-
tude less than the lamellipodial width. Therefore, the
actin flow is likely irrelevant for the actin density,
which is determined by the balance of assembly and
disassembly. Therefore, in the model, we did not
include possible assumptions about (a)myosin viscos-
ity being proportional to actin density, (b) attachment
rate for adhesions and/or myosin being proportional
to actin density.

Appendix E. Assumption that actin
network is elastic leads to predicted
distribution of actin flowqualitatively
different from the observed spatialflow
profile

Let us assume that the lamellipodial actin network is
elastic and consider two material points at time

=t 0 —one at the very leading edge, with coordinate
=x 0, another a small distance away from the front,

with coordinate δ=x . We investigate the case when
the retrograde actin flow is steady and its velocity
distribution is given by the function V x( ) where the
velocity is positive and directed to the rear, away from
the leading edge. Over a small time increment, a
material point displacement at =x s would be

=s V s td ( )d , then, ∫ = t ,
x t s

V s0

( ) d

( )
where x t( ) is the

coordinate of the first material point (with coordinate
=x 0 at time =t 0 ). Similarly, for the second

material point (with coordinate δ=x at time =t 0 ),

∫ =
δ

t ,
y t s

V s

( ) d

( )
where y t( ) is the coordinate of

this second material point. Then, ∫ =
x t s

V s0

( ) d

( )

∫ ∫+
δ

δ
s

V s

x t s

V s0

d

( )

( ) d

( )
and ∫ ∫= +

δ δ

y t s

V s

x t s

V s

( ) d

( )

( ) d

( )

∫ .
x t

y t s

V s( )

( ) d

( )
Comparing these two expressions and

considering that ∫ ∫= =
δ

t ,
x t s

V s

y t s

V s0

( ) d

( )

( ) d

( )
we find:

∫ ∫=
δ

.
x t

y t s

V s

s

V s( )

( ) d

( ) 0

d

( )
In the limit of very small values

of δ, we have: ≈ δ−
,

y x

V x V( ) (0)
or δ− ≈y x .V x

V

( )

(0)
At the

very leading edge, the actin network is compressed by
the membrane tension. Let us define the width of the
network between the two considered material points
without this compression as Δ. Then, we can define
the strain ε of the network between the two considered
material as ε = = −Δ

Δ
δ
Δ

− −
1.

y x V x

V

( ) ( )

(0)
If Y is the

Young modulus of the network (which we will
consider constant for simplicity, as well as rescaled for
the 1D problem), and Fmemb is the membrane tension
(similarly rescaled for the 1D problem), then the strain

at the leading edge is: =Δ δ
Δ
− .

F

Y
memb Therefore,

the elastic stress is equal to σ ε= =x Y x( ) ( )

− −( )Y F Y .V x

Vmemb
( )

(0)
On the other hand, the spatial

derivative of this stress (in 1D problem) is equal to the
difference between the traction force and the myosin

force: = −σ T x F x( ) ( ).
x

d

d myo Thus, =−( )Y F

V

V

x(0)

d

d
memb

−T x F x( ) ( ).myo The constant in the bracket,
−( ),

Y F

V (0)
memb is positive because in the framework of the

linear elasticity theory that we use, the force at the
boundary has to be significantly smaller than the
Youngmodulus. In the case of the blebbistatin-treated
case, ≈F x( ) 0,myo and the traction force, >T x( ) 0
(this force is directed to the leading edge, compressing

the network). Therefore, > 0:V

x

d

d
the retrograde flow

velocity should increase toward the rear, contradicting
the experimental measurements showing that the flow
rate decreases toward the rear (figure 2). The explana-
tion of the theoretical result is very simple: at the very
front, the network is compressed maximally by the
membrane tension balanced by the distributed trac-
tion force. As we go away from the leading edge to the
rear, smaller and smaller part of the total traction
compresses the network. This is similarly physically to
the elastic rod standing vertically in the gravitation
field: at the floor, the material is compressed maxi-
mally by the total gravitational force balanced by the
counter-force from the floor. As we go higher, the rod
material is compressed less and less and finally the top
of the rod is uncompressed at all.We conclude that the
elastic rheology of the actin network is incompatible
with the observation that the retrograde velocity
decreases toward the rear.

It is similarly easy to demonstrate that if the net-
work is viscoelastic (Kelvin model with spring and
dashpot in parallel), then the prediction is the same,
and this is not a viable approximation in the sense that
the model prediction would not agree with the data.
However, if the network is described by the Maxwell
viscoelastic model (with spring and dashpot in series),
then equation (1) in the main text has to be modified

as follows [22]: μ α σ− +∂
∂

∂
∂

(1 )
x

V

x ve
⎡⎣ ⎤⎦ = −T x( )

σ τ μα+ + =σ σ∂
∂

∂
∂

∂
∂

F x V( ), ,
t x

V

xmyo ve
ve ve⎡⎣ ⎤⎦ where para-

meter α determines a non-Newtonian fraction of visc-
osity, σve is the viscoelastic part of the stress tensor
(scalar in the 1D case), and τ is the relaxation time. In
the case of the steady actin flow, μ α−(1 )

σ+ = − +σ
T x F x( ) ( ),V

x x

d

d

d

d myo ve
2

2

ve τ μα=σ
V .

x

V

x

d

d

d

d
ve

Let us consider the case when elastic deformations
relax fast compared to the characteristic time of flow
across the lamellipodial domain: τ < < L V/ (0).0

Then, using the rescaled relaxation time
τ τ= V L˜ (0)/ 0 as the small parameter, we can expand
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the velocity and stress into the perturbation series and
retain only linear terms with respect to the small para-
meter: τ σ σ τσ= + = +V v v˜ , ˜ .0 1 ve 0 1 In the zeroth

order, σ μα μ= = −T x F x, ( ) ( ),
v

x

v

x0
d

d

d

d myo
0

2
0

2
and in

the first order: μ α− + =σ
(1 ) 0

v

x x

d

d

d

d

2
1

2

1 and

σ μα+ =σ
v .

x

v

x0
d

d 1
d

d
0 1 From the last equation,

σ μα μα= − v .
v

x

v

x1
d

d 0
d

d

1
2

0

2
Substituting this expression

into the previous equation, we obtain:

α= ( )v .
v

x x

v

x

d

d

d

d 0
d

d

2
1

2

2
0

2 From the observations, we can

approximate the flow rate as decreasing exponentially
on the spatial scale L: = −v V x L(0) exp( / ).0 Then,

α= − +( ) cexp ,
v

x

V

l

x

l

d

d

(0) 21
2

2 and we finally obtain

the approximate formula for the flow rate distribu-

tion: = + − −τα τα( ) ( )V V (0) exp exp
V

l

x

l

V

l

(0)

2

(0)

2

2 2

−( )x

l

2 .

The result is intuitive: the elastic and non-New-
tonian part of the stress in the actin network causes
modest increase of the flow rate everywhere. Simply
speaking, elastic resistance to deformation tends to
diminish the spatial gradient of the flow rate. How-
ever, qualitatively, the velocity still decreases away
from the leading edge, and its spatial profile is qualita-
tively the same as in the viscous Newtonian case. Thus,
the viscoelastic Maxwell model is a possible descrip-
tion of the actin network rheology.
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Supplemental figure 1: U2OS data and model fit for lamella flow speed as a function of force. 
(A) Actin flow speed in the lamella as a function of Y‐compound concentration. 
(B) Total measured traction force as a function of Y‐compound concentration. 
(C) Lamellar flow speed as a function of total force (black dots), fit to model prediction 
(eq. 11, Vmax=6.6nm/s, Fk=23nN). 
(D) Model fit (black line) to experimental data (blue dots) for actin flow speed in a U2OS cell treated with 
2mM Y‐compound. Parameters:  =50, =1000, v*=100, b=1.5, F=300 
(E) Model fit to traction data for same cell as in (d). 



Supplemental figure 2: Model dependence on . 
Unless otherwise stated, parameters are: F=b=0, v*=0.3, =1000.  
(A) Position of traction peak (black dots) and actin flow speed (in units of v*) corresponding to traction peak 
(blue exes) as a function of . 
(B‐E) Actin flow, traction, myosin density, and adhesion density as a function of distance from the leading  
edge. Black dashed line in (b) corresponds to  v=v*.



Supplemental figure 3: Model dependence on . 
Unless otherwise stated, parameters are: F=b=0, v*=3, =1000.  (We set F=0, in order to illustrate the 
dependence of the myosin distribution on for the same flow profile in each case, rather than for 
changing flow profiles that would occur for F>0). 
(A) Actin flow speed (black) and traction (red) as a function of distance from the leading edge. 
(B) Myosin distribution for different values of . 
(C) Myosin gradient for same values of  as in (B). 



Supplemental figure 4: Model dependence on b . 
Unless otherwise stated, parameters are: =3, F=1, v*=0.3 and =1000. 
(A) Position of traction peak in mm (black dots) and actin flow speed (in units of v*) corresponding 
to traction peak (blue exes) as a function of b. 
(B‐F) Actin flow, traction, myosin density, myosin force, and adhesion density as a function of distance 
from the leading edge. Black dashed line in (B) corresponds to v=v*. 
(G‐I) Balance of forces on actin network (traction (black), myosin force (blue), internal viscous force 
(red)), for myosin strength b=10 (G), b=40 (H), and b=100 (I).



Supplemental figure 5: Variation of model with spatially uniform myosin force (Fmyo= F). 
Unless otherwise stated, parameters are: =3, v*=0.3, b=15 and =1000. 
(A‐D) Actin flow, traction, adhesion density, and myosin density as a function of distance from the leading 
edge . Black dashed line in (b) corresponds to v=v*. 
(E‐F) Balance of forces on actin network (traction (black), myosin force (blue), internal viscous force (red)), 
for F=0.2 (E) and F=0.4 (F).



Supplemental figure 6: Variation of model with uniform myosin force in the lamella 
(represented by a step function: Fmyo= F for x>5m, Fmyo=0 for x<5m). 
Unless otherwise stated, parameters are: =3, v*=0.3, b=15 and =1000. 
(A‐D) Actin flow, traction, adhesion density, and myosin density as a function of distance from the leading 
edge . Black dashed line in (B) corresponds to v=v*. 
(E‐F) Balance of forces on actin network (traction (black), myosin force (blue), internal viscous force (red)), 
for F=0.2 (E) and F=0.4 (F).



Supplemental figure 7: Variation of model with myosin force proportional to myosin density (Fmyo=FM). 
Unless otherwise stated, parameters are: =3, v*=0.3, b=15 and =1000. 
(A‐D) Actin flow, traction, adhesion density, and myosin density as a function of distance from the leading 
edge. Black dashed line in (b) corresponds to v=v*. 
(E‐F) Balance of forces on actin network (traction (black), myosin force (blue), internal viscous force (red)), 
for F=2 (E) and F=4 (F).


	1. Introduction
	2. Model
	2.1. Model equations
	2.2. Characteristic model parameters
	2.3. Experimental data used to test the model

	3. Results
	3.1. Bimodal flow-traction relationship arises from competing mechanisms of adhesion dynamics regulation: flow-dependent detachment and myosin-dependent attachment
	3.2. Myosin contractility regulates traction peak location by modulating adhesion distribution
	3.3. Traction is highest at leading edge for cells with slow uniform flow
	3.4. Actin flow speed insensitive to myosin strength in regions of uniform flow

	4. Discussion
	Acknowledgments
	Appendix A.
	A.1.
	A.2.
	Appendix B.
	Appendix C.
	C.1.
	C.2.
	C.3.
	Appendix D.
	Appendix E.
	References



