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Cells are dynamic systems capable of spontaneously switching
among stable states. One striking example of this is spontaneous
symmetry breaking and motility initiation in fish epithelial kerato-
cytes. Although the biochemical and mechanical mechanisms that
control steady-state migration in these cells have been well
characterized, the mechanisms underlying symmetry breaking are
less well understood. In this work, we have combined experimental
manipulations of cell−substrate adhesion strength and myosin ac-
tivity, traction force measurements, and mathematical modeling to
develop a comprehensive mechanical model for symmetry breaking
and motility initiation in fish epithelial keratocytes. Our results sug-
gest that stochastic fluctuations in adhesion strength and myosin
localization drive actin network flow rates in the prospective cell
rear above a critical threshold. Above this threshold, high actin flow
rates induce a nonlinear switch in adhesion strength, locally switch-
ing adhesions from gripping to slipping and further accelerating
actin flow in the prospective cell rear, resulting in rear retraction
and motility initiation. We further show, both experimentally and
with model simulations, that the global levels of adhesion strength
and myosin activity control the stability of the stationary state: The
frequency of symmetry breaking decreases with increasing adhe-
sion strength and increases with increasing myosin contraction.
Thus, the relative strengths of two opposing mechanical forces—
contractility and cell−substrate adhesion—determine the likelihood
of spontaneous symmetry breaking and motility initiation.
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Stationary adherent cells are symmetric systems, in which all
forces generated by and acting on the cell are balanced,

allowing the cell to maintain a consistent shape and position. In
order for a stationary cell to initiate motility, the symmetry of the
system must first be broken by external or internal cues. Mech-
anisms of symmetry breaking have been extensively studied in
chemotactic cells, such as neutrophils and Dictyostelium, which
break symmetry and migrate in the direction of chemoattractant
gradients (1). However, stationary neutrophils also break sym-
metry and initiate motility in uniform baths of chemoattractant
(2, 3), indicating that a directional cue is not required. In addi-
tion, nonchemotactic cells, including fish epithelial keratocytes
and keratocyte fragments, are able to break symmetry and ini-
tiate motility in the absence of external cues (4, 5). Thus, while
external cues may confer a preferred directionality, intrinsic cel-
lular instabilities can be sufficient for symmetry breaking.
Spontaneous symmetry breaking requires nonlinear amplifi-

cation of stochastic fluctuations in chemical or mechanical sig-
nals (6). To understand how cellular systems break symmetry, it
is necessary to answer three questions. First, what are the rele-
vant fluctuations that drive symmetry breaking? Second, how are
those fluctuations amplified in time and space? Finally, what sets
the instability threshold—i.e., what determines the magnitude of
the initial fluctuations that are required before the system breaks
symmetry? Feedback between diffusible chemical activators and

inhibitors can trigger biochemical instabilities (often called “Turing
instabilities”) that result in symmetry breaking (7); notable cellular
examples include Min protein oscillations in Escherichia coli (8)
and polarization and symmetry breaking in budding yeast (9).
Mechanical instabilities can also drive symmetry breaking and have
been shown to be particularly relevant for force-generating cyto-
skeletal systems (10–12). Stochastic fluctuations in actin filament
densities and mechanical feedback between motor proteins and
cytoskeletal elements can drive symmetry breaking, as in recon-
stituted actin-based rocketing motility of bacterial pathogens (13–
15) and during asymmetric division of the Caenorhabditis elegans
embryo (16, 17). Synthetic biology experiments have shown that
both positive feedback and mutual inhibition are sufficient for
symmetry breaking under limited conditions; combining multiple
feedback loops promotes symmetry breaking under broader sets of
conditions (18).
Feedback among multiple mechanical systems is likely to

contribute to symmetry breaking and initiation of cell migration
(5). Symmetry breaking is associated with rearrangement of actin
polymerization and actin network flow patterns (5), and sto-
chastic fluctuations in the mechanical systems that govern either
actin polymerization or flow could, in principle, trigger symmetry
breaking. Previous work has shown that increased myosin activity
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in the prospective cell rear of stationary fish keratocytes results
in increased centripetal flow of the actin network, rear re-
traction, and motility initiation (5), and myosin contraction has
been shown to contribute to symmetry breaking by defining the
cell rear in other cell types as well (19, 20). Moreover, myosin II
minifilaments bind and move with the actin network, resulting in
positive feedback between myosin localization and actin network
flow: Myosin activity drives actin flow, resulting in the accumu-
lation of more actin-bound myosin. This positive feedback be-
tween myosin and actin flow is thought to be required for
symmetry breaking in fish keratocytes (5).
The forces generated by myosin-dependent actin flow are

transmitted to the substrate by adhesion complexes, but the
manner in which adhesions contribute to symmetry breaking
is not well understood. Cell−substrate adhesions are dynamic
structures, composed of molecules that link the actin network to
adhesion receptors on the cell surface, which, in turn, bind to
ligands on the substrate (21). The dynamic coupling of the actin
network with the underlying substrate, via populations of ad-
hesion molecules, generates a frictional slippage interface be-
tween the cell and the surface (22). Forces generated by myosin-
dependent actin flow are transmitted to the substrate via this
frictional interface, resulting in traction force generation. We
have previously found that alterations in cell−substrate adhesion
change the magnitude of myosin-driven actin network flow in
motile keratocytes (23), raising the question of how variations in
cell−substrate adhesion might contribute to changes in the spa-
tial pattern of actin network flow during the process of symmetry
breaking and motility initiation for stationary cells.
In this work, we have combined traction force measurements

with experimental manipulations of cell−substrate adhesion and
myosin activity and mathematical modeling to understand the
contribution of adhesion- and myosin-dependent feedback loops
to symmetry breaking and motility initiation in fish keratocytes.
Our model simulations and experimental evidence suggest that
stochastic fluctuations in adhesion strength and myosin activity
trigger an actin flow-dependent, nonlinear switch in adhesion
strength that results in symmetry breaking and persistent motility.

Results
Stationary Cells Have Stronger Adhesions Than Motile Cells. Sta-
tionary, radially symmetric keratocytes exhibit slow centripetal
actin network flow (5). Slow actin network flow can be associated
with either weak traction force generation or strong traction
force generation, depending on the state of the adhesions (24).
To determine whether stationary keratocytes are in a low-trac-
tion or high-traction regime, we first set out to characterize the
spatial organization of the adhesion−contraction force balance
system in stationary and motile keratocytes under comparable
conditions. To do this, we directly measured traction force and
actin flow patterns for cells in both configurations, as well as the
distribution of myosin II and adhesion-related proteins (Fig. 1).
To measure traction forces in stationary and motile cells, we
plated keratocytes on polyacrylamide (PAA) gels with fluores-
cent beads embedded in the top layer of the gel and measured
traction stress fields from cell-induced bead displacements (25).
We found that motile keratocytes primarily exert traction forces
perpendicular to the direction of cell movement, with slight
rearward traction forces at the cell front (Fig. 1A), consistent
with previous work (26, 27). Stationary cells, in contrast, display
centripetal traction force patterns (Fig. 1A). Stationary cells
generate substantially higher traction forces (average traction
force = 46.2 Pa, n = 10 cells) compared with motile cells (28.8 Pa
at the leading edge, and 7.7 Pa in the rear, n = 9 cells; Fig. 1F).
Adhesions in stationary cells are also larger and more elongated
than adhesions in motile cells (Fig. 1C).
Next, we used quantitative actin speckle microscopy (5, 28) to

measure actin network flow (Fig. 1 B and G). We found, as

previously described (5, 28), that whereas stationary keratocytes
were characterized by slow, centripetal flow of the actin network
(average flow rate = 37 ± 4 nm/s, n = 3 cells), motile keratocytes
were characterized by rapid inward flow of the actin network in
the cell rear (267 ± 43 nm/s, n = 3 cells) and slow retrograde flow
at the leading edge (65 ± 3 nm/s). In both stationary and motile
cells, myosin was enriched in regions of the cell that exhibit the
most retrograde flow (Fig. 1 D and I)—to a ring around the cell
body in stationary cells and to either side of the cell body in the
cell rear in motile cells—consistent with the well-established idea
that there is positive feedback between local myosin concentra-
tion or activity and actin network flow (5, 23, 28).
These results also suggest a second form of nonlinear feedback—

in addition to positive feedback between myosin activity and actin
network flow—that could contribute to symmetry breaking in
keratocytes. Specifically, we observe that the relationship be-
tween actin network flow and traction force generation is different
in stationary and motile cells (Fig. 1 A, B, F, andG). Stationary cells
generate large traction forces and exhibit slow actin network flow,
whereas motile cells generate relatively small traction forces despite
much faster flow rates. This indicates that the adhesive coupling
between the actin network and the underlying surface is lower in the
rear of motile cells than in stationary cells, suggesting that adhesions
in the prospective cell rear must weaken or break during symmetry
breaking in stationary cells. An actin flow-dependent nonlinear
switch in adhesion strength has been previously observed in mam-
malian epithelial cells, with the adhesive coupling between the
substrate and the actin network decreasing at a critical actin flow
rate (24). We therefore hypothesize that, in keratocytes, negative
feedback between actin flow and adhesions in the prospective cell
rear in the form of a nonlinear switch in their coupling, as well as
positive feedback between flow and myosin, may drive retraction of
the cell rear and motility initiation (Fig. 2 A and B).

A Nonlinear Switch in Adhesion Strength Is Required for Motility
Initiation. To understand how these two distinct feedback loops
might contribute to symmetry breaking, we set out to develop a
general computational model for the balance between myosin

Fig. 1. Traction force, actin flow, adhesion, and myosin distributions in
motile and stationary cells. (A and B) Traction stress maps (A) and actin flow
maps (B) for motile (Top) and stationary (Bottom) keratocytes. Arrows in-
dicate the direction and magnitude of the traction forces (A) and actin
network movement with respect the underlying substrate (B); hot colors
indicate faster flow. (C−E) Images of motile (Top) and stationary (Bottom)
keratocytes immunolabeled for the adhesion protein vinculin (C, total internal
reflection fluorescence images) or myosin (D, epifluorescence images) or la-
beled for actin with fluorescent phalloidin (E, epifluorescence images). (F−I)
Average traction force (F), actin flow (G), vinculin (H), and myosin (I) distri-
butions in motile (black line) and stationary (red line) cells are plotted versus
cell boundary position. Fluorescent intensities were normalized for each cell by
subtracting the mean intensity and dividing by the SD. Error bars are SEM. The
images of motile cells in A−E are oriented with the leading edge pointed
toward the top of the page.
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contraction and adhesion forces applicable to both motile and
stationary cells. Our model builds on a recently published model
for myosin-driven retrograde flow of the actin network in motile
keratocytes (23, 29), described in detail in SI Text and Tables S1
and S2. In the context of this model, populations of dynamic
adhesion bonds create a frictional slippage interface between the
actin network and the underlying surface, generating traction
force (21, 22). We assume, therefore, that traction force mag-
nitudes depend on the effective friction coefficient between the
cell and the substrate—determined by the number and strength
of adhesion bonds—and the rate of actin network flow, relative
to the underlying substrate: ~T = ζ~U.

~T is the traction force exerted
by the cell on the underlying substrate through adhesions, ζ is the
effective adhesion friction coefficient, and ~U is the rate of actin
network flow. Based on our observations of the difference in
coupling between actin network flow and traction force between
stationary cells (with slow flow and high traction) and at the rear
in motile cells (with rapid flow and weak traction), we postulate an
actin flow-dependent, nonlinear switch in adhesion strength, as
previously observed in mammalian epithelial cells (24), such that
the adhesion drag coefficient ζ decreases dramatically when actin
flow rates reach a critical threshold (Fig. 2B). Based on our actin
flow measurements (Fig. 1 B and G), realistic values for this
critical flow rate range from 100 nm/s (greater than the flow rate
in stationary cells and at the front in motile cells) to 200 nm/s (less
than the flow rate at the rear in motile cells); for our model, we set
the critical flow rate to 150 nm/s.
To couple adhesion and traction to myosin activity, we note that,

generally, myosin-generated contractile forces are balanced by
traction forces: k∇m=~T. In this equation, m is the myosin density,
k is a proportionality coefficient describing the amount of force
produced per myosin unit, and k∇m is the gradient of the isotropic
myosin-generated stress proportional to the myosin density. In our
full model, myosin contraction is also balanced by passive viscous
resistance from actin network deformations (see SI Text).
In this model, the spatiotemporal distribution of contractile

forces, actin network flow, and traction forces depends on the
spatiotemporal regulation of the myosin density (m), the amount
of force produced by myosin (k), the adhesion friction coefficient
(ζ), and the actin network viscosity (η; see SI Text). For sim-
plicity, we assume that k and η are constant in space and time,
although these are not necessary assumptions. To model the myosin
density distribution, we assume, based on previous work (23, 29),
that myosin minifilaments bind and move with the actin network
(SI Text), resulting in positive feedback between myosin localization
and actin network flow: As myosin molecules accumulate on
the actin network, increased myosin contraction results in in-
creased actin flow and the delivery of additional actin-bound
myosin minifilaments.
To determine whether this model, which incorporates negative

feedback between actin network flow and adhesion strength in the
form of a nonlinear switch, can account for symmetry breaking
and motility initiation in response to local up-regulation of my-
osin activity or local inhibition of adhesion strength, we per-
formed free-boundary model simulations. In these simulations,
the cell boundary evolves over time in response to the balance of
actin polymerization and inward flow rates. Specifically, the cell
boundary remains stationary when actin polymerization and flow
rates are equal, protrudes when polymerization is greater than
inward flow, and retracts when flow is greater than polymerization
(SI Text). For simplicity, actin polymerization is maintained at a
constant rate in our stimulations (although this is not a necessary
assumption), whereas actin flow rates increase with increasing
myosin activity and decreasing adhesion strength, in accordance
with the model described above. We simulated the effects of either
a transient reduction of the adhesion drag coefficient ζ on one
side of a stationary cell (Fig. 2C) or a transient increase in the
myosin concentration (Fig. 2D). In these simulations, reduced

Fig. 2. Simulated traction force, actin flow, adhesion, and myosin distri-
butions in response to transient asymmetries in adhesion strength or myosin
density. (A) Model simulations incorporate two feedback loops: positive
feedback between actin network flow and myosin density and negative
feedback between actin flow and adhesion strength. (B) Negative feedback
between actin flow and adhesion strength is modeled as an actin flow-
dependent, nonlinear switch in adhesion strength. Adhesion strength de-
creases from ζ0 to ζ1 when actin flow rates exceed a critical threshold, u*.
(C and D) Simulated adhesion, myosin, actin flow, and traction force distribu-
tions after transient perturbation of adhesion (C) or myosin (D). The details
of the model simulations are described in SI Text. In brief, the model simu-
lations were initiated with a circular cell with a fixed boundary and uniform
adhesion (ζ = ζ0) and myosin densities. The cell boundary was fixed for the
first 2 min of the simulation to allow myosin densities and actin flow pat-
terns to equilibrate. Then, the strength of adhesion was reduced (C) or the
myosin density was increased (D) on one side of the cell (t = 0 s). Adhesion,
myosin, and actin flow patterns were then allowed to evolve according the
rules governing feedback among actin flow, adhesion strength, and myosin
density for 1 min. The external adhesion and myosin asymmetries were re-
moved, and the cell boundary was released and allowed to move according
to the simulated actin flow patterns (t = 60 s). Transient perturbation of
either adhesion strength or myosin density resulted in persistent, rapid
movement of fan-shaped cells (t = 350 s).
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adhesion strength and increased myosin activity both resulted in
increased actin flow in the cell rear, followed by symmetry
breaking and the initiation of persistent motility. Reduced adhe-
sion resulted in immediate and persistent reduction of traction
forces in the cell rear, whereas increased myosin caused traction
forces in the prospective cell rear to briefly increase before de-
creasing. Additional model simulations that did not incorporate
the actin flow-dependent nonlinear switch in adhesion strength
failed to produce realistic symmetry breaking (Figs. S1 and S2; see
SI Text), suggesting that negative feedback between adhesion and
actin flow is required for motility initiation.

A Reduction in Adhesion Strength Immediately Precedes Spontaneous
Symmetry Breaking. Our model simulations thus far suggest that
transient asymmetries in either myosin density or adhesion strength
can trigger symmetry breaking. These predictions, however, are
based on simulations in which relatively large and long-lasting
asymmetries in adhesion and myosin density are added as exter-
nal triggers to the model. To determine whether stochastic local
fluctuations in either adhesion strength or myosin activity could
be amplified by the feedback loops intrinsic to our model to
trigger whole-cell symmetry breaking, we added fluctuations to our
free-boundary simulations (SI Text). In brief, we added spatial−
temporal fluctuations of the actin flow to the equations that de-
scribe the dynamics of the adhesion drag coefficient, the myosin
density, or both. We found that stochastic fluctuations in actin flow
rates can trigger spontaneous symmetry breaking and persistent
motility (Fig. 3A and Fig. S3). The simulated distributions of traction
force, actin flow, and myosin density following symmetry breaking
were consistent with experimental measurements of these distribu-
tions in motile cells (compare Fig. S4 A−C and Fig. 1 F,G, and I). A
switch in the relationship between traction force and actin flow in the
cell rear compared with the cell sides and front was likewise con-
sistent with experimental measurements: Traction forces increased
with increasing actin flow rates from the center of the leading edge
around the cell perimeter to the sides of the rear but decreased in
the center of the rear where flow rates are highest (Fig. S5).
In our simulations, symmetry breaking occurred when local

fluctuations persisted for a few tens of seconds and were corre-
lated in space over a few microns (SI Text), and model cells that
exhibited more variability in traction forces were more likely to
break symmetry (Fig. S6). We also found that while the precise
time course for the evolution of traction forces during symmetry
breaking was variable—either increasing or decreasing in the
5 min before motility initiation, depending on the source of the

stochastic fluctuations (see SI Text)—in all cases, traction forces
and adhesion strength significantly increased and actin flow
significantly decreased in the minute before motility initiation
(Fig. 3B and Fig. S4 D and E).
These model simulations generated two testable predictions:

First, cells that break symmetry should be characterized by more
variable traction forces before symmetry breaking compared with
cells that remain stationary. Second, traction forces should de-
crease in the prospective rear immediately before the onset of
persistent cell motility. To test these predictions, we measured
traction forces generated by nine stationary keratocytes for up to
1 h to determine how traction forces evolve over the course of
symmetry breaking (Fig. 3 C and D). Four of the nine cells ini-
tiated motility, and two remained stationary. The remaining
three cells exhibited persistent, fluctuating shape changes in the
absence of persistent movement; these “shape-shifters” were
excluded from subsequent analysis. Cells that remained station-
ary and those that initiated motility displayed the same average
traction force magnitudes, but the SD in forces was significantly
higher in cells that initiated motility (Fig. S6 B−D), consistent
with our first model prediction. Finally, traction forces in the
prospective rear decreased in the minute before motility initia-
tion in all four cells, consistent with our second model prediction
(Fig. 3D, P = 0.02, paired t test).
Taken together, the model simulations and traction force

measurements described above suggest that an actin flow-depen-
dent reduction in adhesion strength triggers motility initiation. If
this is the case, then local inhibition of cell−substrate adhesion
should drive symmetry breaking and motility initiation in sta-
tionary cells. To test this, we inhibited adhesion on one side of a
stationary keratocyte by local application of soluble peptides
containing the RGD (Arg-Gly-Asp) integrin-binding motif (30)
with a micropipet (Fig. 4 A and C). Consistent with our prediction,
we found that 31% of cells initiated motility, 62% retracted away
from the needle, and 7% remained stationary (n = 13 cells). Cells
that initiated motility continued to move even after the micropipet
was removed. Local application of fluorescent dextrans did not
induce motility initiation or retraction (n = 5 cells). Moreover, we
found that local application of soluble RGD peptides to cells that
were pretreated with the myosin II inhibitor blebbistatin also in-
duced symmetry breaking and initiated motility (Fig. 4 B and C):
50% of the cells initiated motility, 33% retracted from the needle,
and 17% remained stationary (n = 6 cells). Thus, reduced adhe-
sion strength is sufficient for motility initiation even when myosin
contraction is inhibited.

The Frequency of Motility Initiation Depends on the Balance Between
Adhesion and Contractile Forces. In our model, the critical flow
rate at which adhesions switch from sticking to slipping (u* =
150 nm/s) represents an instability threshold: Fluctuations that drive
the actin flow rate above this threshold trigger negative feedback
between actin flow and adhesion strength, eventually causing
retraction of the cell rear and motility initiation. We have shown
that local inhibition of adhesion triggers motility initiation (Fig. 4);
we also predict that global levels of adhesion strength should
have an effect on symmetry breaking. Specifically, when adhesion
strength is high, the global actin flow rate is low, and vice versa
(Fig. S7). As adhesion strength increases, relatively larger fluctu-
ations in actin flow should be required to drive flow rates above
the instability threshold, and the frequency of motility initiation
should decrease. To test this idea, we plated keratocytes plated on
surfaces coated with low, intermediate, or high densities of RGD
peptides and measured the fraction of stationary cells that initi-
ated motility after a temperature shift (5). As expected, we found
that the frequency of motility initiation increased as adhesion
strength decreased (Fig. 5A). In addition, since the relative levels
of myosin activity and adhesion strength control actin flow rates
(23), increasing or decreasing myosin activity should increase or

Fig. 3. Traction forces decrease in the prospective rear before motility ini-
tiation. (A and C) Simulated (A) and experimental (C) traction force maps;
arrows indicate direction and magnitude of traction forces. (B and D) Trac-
tion force measurements from six simulations (B) and four real cells (D).
Traction forces in the prospective cell rear and sides are plotted for the start of
the simulation or the first imaging frame (S) and 5 min and 1 min before the
onset of stable motility (−5 and −1, respectively). For the simulations, stochastic
fluctuations were added to actin flow in the dynamic equations for myosin
localization (blue lines), adhesion strength (orange lines), or both (black lines).
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decrease the frequency of motility initiation in our temperature
shift experiments on all substrates. To test this, we treated cells
plated on low, medium, or high RGD densities with either
blebbistatin, a myosin II inhibitor (31), or calcyculin A, a phos-
phatase inhibitor that promotes myosin activity (23, 32).
Blebbistatin decreased the fraction of cells that initiated motility
on all substrates, whereas calyculin A treatment increased the
frequency of motility initiation (d).
Finally, we performed dynamic boundary simulations with

stochastic fluctuations around various average myosin and ad-
hesion strengths and, for each parameter set, observed whether
the symmetric nonmotile shape remained stable or broke sym-
metry and initiated motility. These simulations recapitulate our
experimental results: When adhesion strength is lowered or
myosin is strengthened, the stability of the nonmotile state de-
creases, resulting in motility initiation (Fig. 5B). Altogether, our
experimental results and model simulations are consistent with
the idea that global adhesion- and myosin-dependent actin flow
rates control symmetry breaking by determining how much actin
flow fluctuations must be amplified before reaching the critical
flow rate at which adhesions switch from gripping to slipping.

Discussion
The initiation of cell migration requires dramatic reorganization
of multiple force-generating systems. Here we have presented a
mechanical model for symmetry breaking and motility initiation
in fish epithelial keratocytes in which stochastic fluctuations in
adhesion- and myosin-dependent actin flow are amplified by a
nonlinear, flow-dependent switch in adhesion strength. In this
model, the critical actin flow rate at which adhesions switch from
sticking to slipping sets an instability threshold. Local, stochastic
fluctuations in actin flow, myosin localization, or adhesion strength
that increase actin network flow above this critical threshold trigger

negative feedback between flow and adhesion strength, thereby
reducing adhesion strength and further increasing actin flow and
myosin accumulation. Amplification of these initial fluctuations
eventually results in levels of actin flow high enough to cause re-
traction of the cell rear and motility initiation.
This model depends on the existence of a nonlinear, flow-

dependent switch in adhesion strength. Adhesions are both
mechanical structures that transmit forces to the underlying
substrate and signaling platforms that localize components of
numerous biochemical signaling pathways (21). Rac and Rho
GTPase, in particular, have been shown to control adhesion
strength and cytoskeletal dynamics (33), and feedback between
Rac and Rho signaling networks could, in principle, trigger an
actin flow-dependent switch in adhesion strength. However, the
critical flow rate for switching adhesions from sticking to slipping
in mammalian epithelial cells is impervious to pharmacological
perturbation of Rac and Rho GTPase (24), suggesting that sig-
naling is not required for the switch. Instead, a purely mechanical
mechanism may be sufficient. Cell−substrate adhesion is medi-
ated by populations of adhesion molecules that link the actin
network, through various molecular interactions, to the un-
derlying surface (21). When the actin network moves relative to
the underlying surface, these adhesion molecules stretch and
detach from the surface with extension-dependent kinetics (34),
thereby establishing a frictional slippage interface through which
force is exerted on the underlying surface (22). Since adhesion is
mediated by a population of adhesion molecules, when actin
network flow is slow, a relatively large proportion of adhesion
molecules remain bound to the underlying surface at any point in
time, and the amount of force transmitted across an individual
bond is relatively low. As actin network flow increases, however,
fewer and fewer adhesion molecules remain bound to the surface
at any point in time, and the amount of force transmitted across
an individual bond increases. Eventually, the amount of force
transmitted across each individual adhesion bond in the pop-
ulation becomes too great, resulting in detachment of these
remaining bonds, and switching the adhesion as a whole from
sticking to slipping. Thus, extension-dependent detachment of
adhesion molecules, on its own, may be sufficient for an actin-
flow-dependent switch in adhesion strength.
Our model for symmetry breaking incorporates two feedback

loops: negative feedback between actin flow and adhesion and
positive feedback between myosin contraction and actin flow. A
recent synthetic biology study (18) suggests that cell polarization

Fig. 4. Local inhibition of cell−substrate adhesion can drive motility initia-
tion. (A and B) Soluble RGD peptides were applied near stationary cells using
a micropipette. The cell in B was pretreated with 25 μM blebbistatin for
20 min before RGD application. The cells broke symmetry after RGD appli-
cation (at t = 0 s) and migrated away from the microneedle; both cells
maintained polarization and continued to migrate after the RGD peptides
were removed (at 500 s in A and 275 s in B). Red pseudocolor indicates the
flow of the RGD peptides away from the pipette. (C) The fraction of sta-
tionary cells that remained stationary (red), broke symmetry and then lost
polarity (yellow), or initiated stable motility (green) after application of
Texas Red (TR) dextran alone or TR dextran plus RGD peptides.

Fig. 5. The balance between myosin contraction and adhesion strength
determines the frequency of motility initiation. (A) The stability of the
symmetric, stationary state was assessed experimentally by measuring the
fraction of stationary cells that initiated motility following a temperature
shift. (B) Numerical simulations of cell boundary dynamics were carried out
at the indicated values for ζ0 (adhesion friction coefficient at low actin flow)
and M (myosin concentration). At low adhesion or high myosin strength, the
symmetric state is unstable (green circles—cells initiate motility instantly in
simulations due to very small fluctuations), whereas at high adhesion or low
myosin strength, the symmetric state is stable (red crosses). Open green
circles indicate the adhesion and myosin strengths at which symmetry
breaking requires finite-amplitude fluctuations and takes tens of minutes.
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can be achieved by minimal motifs—i.e., positive feedback, or
mutual inhibition—under limited conditions, but that circuits
combining two or more motifs are significantly more robust.
Consistent with this, our results suggest that a single feedback loop
may be sufficient for symmetry breaking in stationary keratocytes
under extreme conditions. Specifically, positive feedback between
actin flow and myosin contraction may be sufficient for symmetry
breaking when cell−substrate adhesion strength is low. The rate of
actin flow in stationary keratocytes plated on surfaces coated with
low densities of adhesion ligands is higher than the critical flow
rate at which adhesions switch from sticking to slipping (Fig. S7).
This suggests that adhesions in these stationary cells are all slip-
ping, in which case, negative feedback between adhesion and actin
flow would not contribute to symmetry breaking. However, these
cells break symmetry much more readily than cells plated on
surfaces coated with higher densities of adhesion ligands (Fig. 5A),
suggesting that negative feedback between adhesion and actin flow
is not required for symmetry breaking in keratocytes in a low-
adhesion state. Our model simulations demonstrate that positive
feedback between myosin and actin flow is sufficient for symmetry
breaking, with motile cells assuming a nearly round morphology
and slow migration speeds following symmetry breaking (Fig. S1),
and motile keratocytes plated on surfaces coated with low-adhe-
sion ligand densities are indeed round and slow moving (23).
Therefore, it may be that positive feedback between myosin and
actin flow is sufficient for symmetry breaking when cell−substrate
adhesion strength is low, and that negative feedback between
adhesion and flow becomes necessary when adhesion strength
increases. Moreover, additional feedback loops, including signal-
ing mechanisms as well as mechanical feedback, may be required
for robust motility initiation in other cell types. On the whole, our
mechanical model for motility initiation in the relatively simple

keratocyte model system provides a framework for understanding
symmetry breaking and self-organization phenomena in larger,
more complex systems.

Experimental Methods
Keratocyte Culture. Keratocytes were cultured from the scales of the Central
American cichlid Hypsophrys nicaraguensis as previously described (5).

Traction Force Measurements. RGD-functionalized PAA gels with fluorescent
beads embedded near the surface were generated using a modified version
of previously published protocols (SI Text). Traction forces were measured
from cell-induced bead displacements using the Fourier transform traction
cytometry method (25).

Actin Speckle Microscopy. The F-actin network in keratocytes was sparsely
labeled by electroporation of AlexaFluor546 phalloidin (AF546-phalloidin;
Invitrogen), and movement of the actin network relative to the underlying
surface was measured using a previously published multiframe correlation
algorithm (5, 28) (SI Text).

Computational Modeling. Themodel consists of coupled submodels for viscous
flow of the actomyosin network, myosin transport, and adhesion density and
strength. We solved the equations of these submodels (described in detail in
SI Text) using the general public-licensed software FreeFem (available for
download at www.freefem.org) designed to solve partial difference equations
using finite element methods. The equations were solved on the free-boundary
domain as described in SI Text.

Additional experimental methods are described in SI Text.
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