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Many cells crawl by extending an actin-rich pseudopod. We have
devised a simulation that describes how the polymerization ki-
netics of a branched actin filament network, coupledwith excluded
volume effects, powers the motility of crawling cells such as amoe-
bae and fish keratocytes. Our stochastic simulation is based on
the key fundamental properties of actin polymerization, namely
growth, shrinkage, capping, branching, and nucleation, and also
includes contributions from the creation and breaking of adhesive
contacts with the substrate together with excluded volume effects
related to filament packing. When reasonable values for appropri-
ate constants were employed, this simulation generated a force–
velocity relationship that resembled closely that observed experi-
mentally. Our simulations indicated that excluded volume effects
associated with actin filament branching lead to a decreased pack-
ing efficiency and resultant swelling of the cytoskeleton gel that
contributes substantially to lamellipod protrusion.

cell movement ∣ force generation ∣ retrograde flow ∣ Arp2/3

The motility of crawling cells is important in a range of central
biological functions including chemotaxis, cancer metastasis,

and development. Although the precise mechanisms by which lo-
comotion is generated remain somewhat controversial, there is a
general consensus that this crawling is mediated by the dynamics
of the actin cytoskeleton, which itself is regulated by a host of
accessory proteins (reviewed in refs. 1 and 2). Crawling cells have
a characteristic thin leading edge or lamellipod that is packed
with actin filaments arranged in a dendritic meshwork (2, 3). Cells
crawl by protruding this lamellipod while drawing the cell body
forward. Direct observation of moving cells has indicated that ac-
tin polymerization is concentrated at their leading edge, after
which the cytoskeleton flows rearward (retrograde motion) as
the lamellipod advances. Within the lamellipod, actin filament
density initially increases with distance from the leading edge, be-
fore reaching a plateau and then decreasing toward the rear of
the lamellipod (3, 4). Although most of the central players in this
process are thought to have been identified, the precise manner
in which they interact to generate locomotion is less clear. For
example, although there is a general consensus that actin poly-
merization makes a major contribution to lamellipod protrusion
through an elastic Brownian ratchet mechanism (2, 5, 6), current
models have not simulated closely the force–velocity behavior of
motile cells observed experimentally. This force–velocity relation
of crawling cells is somewhat counterintuitive, in that small re-
straining forces do not produce a significant reduction in the ve-
locity, whereas when the force is increased above a threshold,
velocity decreases dramatically (7).

The actin cytoskeleton is constructed from a dendritic array
of F-actin filaments, the polymerization dynamics of which is
orchestrated by a range of actin-binding proteins that can facil-
itate polymerization, sever filaments, or prevent polymerization
by capping filament ends. Filament branching is generated by the
Arp2/3 complex that binds to the sides of actin filaments and nu-
cleates the formation of a new daughter filament angled at ∼68°

to the original filament. At the leading edge of the lamellipod,
recurrent branching generates a dendritic array of intermeshed
filaments that can be observed directly by electron micro-
scopy (3).

There have been a number of attempts to model the motility of
crawling cells (reviewed in refs. 2 and 8). Models of a network of
elongating noninteracting rod-like actin filaments have been pro-
duced (9, 10), from which the expansion speed of the resultant gel
can be estimated. Theoretical attempts to describe actin-based
motility using a mean field approach have also been made (11).
However, these models describe the cytoskeleton only in terms of
its bulk mechanical properties. The pioneering work of Mogilner
and Oster (5, 6) identified the importance of a Brownian ratchet
mechanism for the generation of a protrusive force in both crawl-
ing cells and Listeria. This model explains how protrusion can be
generated by thermal motion and diffusion enabling actin sub-
units to be inserted between the ends of growing filaments and
the cell’s leading edge. Thermal motion causes fluctuations in the
position of the membrane and, when a gap opens up, actin sub-
units can be added to the end of the filament, preventing the
membrane from returning to its original position. Thus, actin
polymerization generates a forward motion of the leading edge
of the cell by rectifying Brownian motion. A refined version of
this model includes contributions from the elastic properties
and fluctuations of the filaments to produce an elastic Brownian
ratchet model that more closely reproduces observed behavior.
However, this model treats the cytoskeleton as a rigid sup-
port for the growing filament network which contrasts with the
retrograde flow observed experimentally. Recently, the actin
cytoskeleton has been modeled as a two-dimensional network
of growing noninteracting rods which move by an externally im-
posed retrograde velocity (12). Other workers (13) have studied
two-dimensional models of lamellipod formation and have been
able to reproduce the filament orientation observed experimen-
tally. Three-dimensional Brownian dynamics simulations of
branched networks have also been conducted, but in a geom-
etry more relevant to Listeria propulsion than lamellipod protru-
sion (14).

We have extended this work and describe here a three-
dimensional model of actin-based cell motility that includes
the microscopic properties of actin (such as growth, shrinkage,
branching, capping, nucleation, and formation of adhesions to
the substrate) and, crucially, excluded volume effects. Excluded
volume effects assume major importance in filament packing
when the filaments are relatively rigid and when their aspect ratio
(length/diameter) becomes large. In this context, it is important
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to realize that the structure of gels formed from actin filaments
that are substantially shorter than their persistence length [10–
15 μm (15, 16)] differs from that seen with flexible polymers
in which the gel properties are dominated by polymer chain en-
tropy (17, 18). A range of experimental and theoretical studies
have shown that the volume fraction occupied by randomly or-
iented filaments varies approximately as the inverse of the aspect
ratio (19–21), and so maximum packing density decreases drama-
tically as filaments lengthen. For example, the volume fraction
occupied by filaments is only 0.1 for an aspect ratio of 50 (cor-
responding to 400-nm-long filaments, as is typical within the
lamellipod). These excluded volume effects arise because two ob-
jects cannot occupy the same space and so filaments cannot in-
tersect. As filaments lengthen, it becomes progressively more
difficult to arrange them so they do not intersect. Although
the random way in which growing rods pack is metastable relative
to the liquid-crystal phase, entanglement effects (17) make diffu-
sion so slow as to prevent the system reverting to the denser
liquid-crystal packing. Excluded volume effects have been shown
experimentally to make a substantial contribution to protrusion
in the simple motile apparatus of nematode sperm that is based
on polymerization dynamics of unbranched filaments of major
sperm protein (22), but its importance in actin-based dendritic
filament meshworks in lamellipods has not been investigated
in detail. Although intuitively branched filaments would be antici-
pated to pack even less closely than unbranched filaments, it is
unclear precisely how the restrictions on filament movement
(both of rotation and translation) might contribute to these ex-
cluded volume effects. The simulations we have generated from
our more comprehensive model indicate that these excluded
volume effects are indeed important for actin-based motility and
that, in addition to their contributing to lamellipodial protrusion,
the mainly uniform retrograde flow of the actin cytoskeleton re-
lative to the substrate can only be reproduced when these effects
are incorporated. In addition, we find that filament–substrate in-
teractions are important in simulating a force–velocity relation
that matches closely that observed experimentally.

Overview and Biological Background of the Simulation
General Architecture of theModel. In our simulation, the lamellipod
was modeled as a three-dimensional box of adjustable dimensions
(see Fig. 1). A hard wall at the base (y ¼ 0) corresponded to the
substrate on which the cell moves. We modeled the cell mem-
brane, within which the filament network is contained, by means
of two movable hard walls: a “front” wall at z ¼ zF represented
the leading edge of the lamellipod, and a “top” wall at y ¼ yT
represented its upper surface. Because lamellipods have an

approximately uniform thickness of 100–200 nm (23), this is likely
to be a close approximation except at the very tip of the lamelli-
pod where the membrane is curved. A vertical force, FT ¼
Oð10 pNÞ, was applied to the top wall to model the containing
effect of the cell membrane surface tension. This force was small
compared to the external load Fext applied to the front wall when
evaluating the force–velocity behavior of the simulation. We in-
corporated periodic boundary conditions along the x axis so that
the motion of F-actin was not limited parallel to the leading edge.
No constraint was imposed in the positive z direction, toward the
interior of the cell.

We treat F-actin as branched rigid rods that we call dendrals to
distinguish them from unbranched filaments. Individual actin fi-
laments have a persistence length lp ≈ 10–15 μm (15, 16) and dia-
meter b ¼ 8 μm. Because filaments in both cells and our model
have typical lengths ∼1 μm ≪ lp, treating them as rigid rods is
reasonable. We can therefore describe the system by a set of state
variables: In our simulation, each filament i is described at time t
by its center of mass riðtÞ, a unit vector niðtÞ describing its orienta-
tion, its length liðtÞ, the barbed and pointed end capping states,
and the identity K of the dendral to which it belongs (defined
below).

The state of the system was evolved iteratively with each step
corresponding to a constant time interval, dt, during which each
filament moves in space and could also undergo various kinetic
processes. Throughout the simulation, a random number genera-
tor was employed to simulate stochastic events. If the average
rate of occurrence for an event is k, the probability p of the event
was taken as p ¼ kdt. A random number r ∈ ½0; 1� was then gen-
erated to determine whether the event occurs: If r ≤ p, the event
was allowed.

Actin Polymerization Kinetics. Actin polymerization is controlled
at several levels, most importantly by nucleation, branching,
capping, and depolymerization. The barbed and pointed ends of
actin filaments behave differently. Growth occurs predominantly
at the barbed end by addition of actin monomers. We modeled
uncapped barbed-end growth by incrementing the filament
length li by lmon ¼ 2.7 nm, the size of an actin monomer, at a rate
kþðziÞ given by

kþðziÞ ¼ k0þ

�
1 − exp

�
−
zi − zF − lmon

lmon

��
; [1]

where zi is the z coordinate of the barbed end. This dependence
ensured that a filament cannot grow beyond the wall correspond-
ing to the leading edge. Assuming that the force experienced by
filaments in a dendral is a function of distance from the leading
edge, a distance-dependent growth speed corresponds to a force-
dependent growth speed, as established by Mogilner and Oster
(5, 6).

Actin filament depolymerization is dominated by proteins such
as ADF/cofilin and depends on the age of the filament. Within
seconds of their incorporation into a filament, actin monomers
hydrolyze their bound ATP; after τ ≈ 3 min, phosphate is re-
leased generating actin-ADP (24–26), enhancing the probability
that ADF/cofilin will bind, and so increasing depolymerization.
We therefore used an age-dependent pointed-end depolymeriza-
tion rate in our model, given by knew− if the pointed end is younger
than τ, and kold− otherwise. For depolymerization, the filament
length li was decreased by lmon and, if a branching point was
passed, the branch was released to create two new dendrals from
the original one. Filaments can also be severed at any point along
their length at rate ksever per subunit.

Both filament growth and shortening can be arrested by cap-
ping filament ends by, for example, proteins such as capZ that
caps barbed ends. We modeled barbed-end capping as having
a constant rate per end, kcap. We considered capping irreversible

Fext

Fext

FT

z=z

y=yT

F

z

y
x

A

B

Fig. 1. Model lamellipod. (A) Schematic drawing of a lamellipod, illustrating
the basic physical assumptions of ourmodel. The slight curvature of themem-
brane on the upper surface of the lamellipod generates forces (arrows) due
to surface tension that constrain the actin gel. The Arp2/3 complex mediates
filament branching when it is in the proximity of the highly curved section on
membrane at the base of the leading edge, marked in black. Filaments close
to the substrate can form transient adhesions (⦁). (B) Simplified geometry of
the model. A small vertical force FT mimics the forces due to membrane sur-
face tension. Filament branching can occur in the cuboid region marked in
black. An external force Fext applied to the leading edge is balanced by the
reactive force due to adhesions (which are represented as springs).
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because of the slow off-rate (27). Pointed-end capping was
treated by assuming each branch of a dendral is capped at its
pointed end. There is thus only one filament per dendral whose
pointed end is uncapped (the “trunk” of the tree), and this fila-
ment may be used to identify the dendral K to which the trunk
and all the branches belong.

New filaments are created predominantly by branching from
existing filaments, which is mediated by the Arp2/3 complex
(28–30). Arp2/3 is activated byWiskott-Aldrich syndrome protein
(WASp)/suppressor of camp receptor/WASP family verprolin
homologous protein, which are themselves potentiated by inter-
action with proteins containing Bin/amphiphysin/Rvs (BAR) do-
mains that bind to highly curved regions of the cell membrane
(31). We propose, therefore, that nucleation of new branches oc-
curs only in a very localized region at the base of the leading edge,
where the cell curves up from the substrate. Thus in our simpli-
fied model, branching takes place within a volume of width Δz ¼
10 nm and height Δy ¼ 50 nm (the typical radius of curvature re-
cognized by BAR domains), although the results were not criti-
cally dependent on the precise way in which Arp2/3 activation was
modeled (SI Text). New branches are created on any section of a
dendral within this volume at rate kbr per actin subunit and make
an angle of 68° with the existing filament (30). Filaments can also
be nucleated de novo, although this is generally considered to be
less important. However, to initiate our simulation in an empty
box, we nucleated filaments stochastically at the front edge of the
box at rate per unit area ρnuc. Their initial length was five actin
subunits and their orientation was random.

Actin Motion.Dendrals experience stochastic Brownian forces due
to the cytosolic fluid and may also interact with other dendrals,
adhesion complexes, and the boundaries of the lamellipod. In
response, dendrals move as overdamped rigid bodies and their
motion is described by a Langevin equation. In the SI Text, we
describe in detail how the translational and rotational motion
of each dendral was computed during each time step, from a
knowledge of the forces acing on it.

Determining Forces. For filament–filament interactions, we de-
fined an effective hard-core interaction potential that forbade
rods intersecting. Iterative steps in the simulation that generated
an intersection were discarded. We also introduced an effective
hard-rod potential between rods to enable them to exert force on
one another. For any two rods i and j, the shortest possible vector
rij linking the surfaces of the two rods was found. The total force
f ij has magnitude jf ijj ¼ f 0ðδ − jrijjÞ∕δ if jrijj < δ, 0 otherwise with
a range δ ¼ 1 nm. The force f 0 was chosen to avoid rejecting
iterative steps due to intersections in more than 0.1% of the total
steps. We found that a force in the piconewton range worked well.
The direction of the force f ij was along the vector rij with the sign
chosen as to keep the rods away from each other.

Cells must exert a force on a substrate to move on it, which
they do by forming adhesion complexes. Although the precise
molecular details of adhesion complexes are unclear (32), their
key feature is that they produce a retarding force that acts against
the motion of the filament to which they are attached. They were
therefore modeled as elastic springs, with one end attached to the
substrate (the base of the box) and the other adhering to the fila-
ment. We permitted adhesions to form in the region y < Δadh,
with Δadh ¼ 10 nm (a typical protein size); for those sections
of any dendral that protrudes into this region, there is a constant
rate per actin subunit kon of attaching to the substrate. The force
exerted by the spring was modeled as f ¼ −κx, with x being
the vector linking the two ends of the adhesion. Detachment
of an adhesion complex from a filament was modeled as strain-
dependent using Bell’s equation (33),

koff ¼ k0off exp
�
κajxj
kBT

�
[2]

with a molecular length scale a which describes the typical
stretching of an adhesion before breaking. This equation has been
found phenomenologically to describe adhesion and detachment
well (33).

Finally, the force exerted by the leading edge of the lamellipod
on the filaments was modeled using the same effective hard-wall
potential employed for filament–filament interactions. We as-
sume a rapid mechanical equilibration of the leading edge; thus
at each time step, its location zF is changed to ensure that the
total force exerted by the filaments on the leading edge exactly
balances a fixed external load Fext on the lamellipod. By varying
Fext, the force–velocity relation of the model lamellipod can be
investigated.

Choice of Parameters. The choice of parameters is summarized in
Table 1. The values of most of these parameters have been de-
termined experimentally, with the notable exception of the para-
meters describing adhesion, kon, k0off and a; the choice of values of
these adhesion parameters is described in the SI Text.

Limitations of theModel.As in all simulations of biological systems,
it was necessary to make several simplifications of the extremely
complex molecular detail involved. Thus, filaments were consid-
ered to be rigid rods, which is a reasonable approximation be-
cause l̄ ≪ lp. Moreover, even if filament bending was included,
its influence on the overall density of the gel should be small.
A contribution due to the strengthening of adhesions under strain
observed experimentally (40) was also not included. Despite the
current lack of detailed knowledge about the kinetics of adhesion
formation and of their mechanics, our description of the adhesion
complexes as springs seems a good starting point that captures
the key points of adhesion formation and its mechanics. Finally
(see SI Text), we did not include a contribution from hydrody-
namics when obtaining the mobility matrix in the Langevin equa-
tion, because these effects would not be expected to be important
due to screening by the actin network.

Results and Discussion
Simulating Cell Crawling. Provided contributions from polymeriza-
tion, branching, excluded volume effects, and adhesions were in-
cluded, our model was able to replicate the basic features
observed in crawling cells (see Movie S1). It was possible to simu-
late the characteristic force–velocity relation, a retrograde flow at
a speed vR, the concentration of the filaments with respect to the

Table 1. Default parameter values used in the simulations

Symbol Description Value Ref.

k0þ Polymerization rate 100∕s (34, 35)
knew
− Depoly. rate (new) 1∕s (4)

kold
− Depoly. rate (old) 30∕s (4)

kbr Branching rate 1.4 × 10−3∕ðs:u: sÞ (9)
kcap Capping rate 0.2∕s est. in (36)
kon Adhesion on-rate 0.07∕ðs:u: sÞ est. from (37)
k0
off Adhesion off-rate 4 × 10−4∕s est. from (38)

ksever Severing rate 0∕ðs:u: sÞ N/A
κ Adhesion spring const. 10−3 N∕m (38)
a Molecular scale 3 nm N/A (est.)
ρnuc Nucleation rate density 20∕ðμm2 sÞ N/A
Δz Branching region 10 nm N/A (est.)
Δy Branching region 50 nm N/A (est.)
Δadh Adhesion region 10 nm N/A (est.)
η Viscosity 0.02 Pa s (39)
dt Simulation time step 10−5 s N/A
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leading edge and a protrusion speed vF that had the appropriate
order of magnitude.

In total, 443 simulations were run, both to test the model and
to explore the influence of key parameters such as k0þ, kbr, etc.
The robust nature of the model was demonstrated by varying
these parameters over a range of one-quarter of their default
value to four times their default value to verify that the overall
behavior, i.e., persistent motion of a crawling cell, was retained.
We repeated these simulations in the presence of a significant
external retarding force and found that the qualitative form of
the force–velocity relation was also robust to parameter variation.
Results that could not be shown in the main article are included
in Robustness to choice of Arp2/3 activation model and Robustness
to variation of parameters in SI Text. To explore the significance of
the branched geometry of actin in lamellipods, we also conducted
simulations with purely linear filaments (i.e., kbr ¼ 0) and com-
pared them with the simulations with dendrals.

Network Structure and Concentration Profiles. Fig. 2 shows snap-
shots from typical simulations, for both branched and un-
branched networks, when motion of the model lamellipod was
unopposed. Initially, filaments close to the leading edge are very
short because they have just been created. The filaments then ex-
perience a period of growth after which they are capped. During
this period of growth, excluded volume effects cause the network
formed to expand considerably, because long rods pack less effi-
ciently in a random assembly than short rods (19–21). Packing
difficulties were exacerbated in the case of growing branched net-
works, and consequently these expanded more rapidly, compared
to simulations in which unbranched filaments were employed.
This difference is reflected in the concentration profiles of F-
actin, shown in Fig. 3, where branched networks are clearly less
dense. These profiles exhibited a broad peak 1.5–3 μm from the
leading edge, as observed experimentally (3). It is within this re-
gion that the network becomes overcrowded, and so excluded vo-
lume effects cause the gel to expand. In the absence of an external
opposing force, this expansion mostly pushes the leading edge
forward relative to the substrate, while the filaments move rear-
ward relative to the leading edge. Further from the leading edge
(5–10 μm), the filaments are old enough for depolymerization to
become significant and the F-actin concentration consequently
drops toward zero, marking the rear boundary of the lamellipod.
Fig. 4 illustrates how dendrals first grow, and are then dismantled,
as they move rearward.

Retrograde Flow. The simulation indicates that protrusive force is
generated throughout a region of the cell close to the leading
edge—a consequence of increasing excluded volume effects as
polymerization takes place. The resultant motion of the network

in response to these protrusive forces depends on external forces,
principally, the adhesive force exerted by the substrate and any
external load that might be applied to the leading edge. Because
these external forces oppose one another, it follows that, at high-
er loads, the adhesions must be more strained. Such stretching of
the adhesions will occur if network expansion drives dendrals
both away from the leading edge and also rearward relative to the
substrate, i.e., if this expansion causes retrograde flow. To investi-
gate this mechanism in more detail, we applied various opposing
loads to the leading edge and measured both the retrograde flow
speed vR (defined as the mean velocity of individual actin fila-
ments in the region 3–4 μm from the front) and the velocity of
the leading edge vF (Fig. S1). For branched networks at low
values of the external load, there is an almost linear dependence
of vR on vF , indicative of a constant expansion speed vexp ¼ vR þ
vF of the actin gel along the z axis. At high values of the external
load, however, the retrograde flow approaches a limiting speed
whose magnitude vR ∼ 3 μm∕min is in broad agreement with that
seen in moving keratocytes (41).

Lamellipod Height. As well as swelling along the z axis, the gel of
growing dendrals also expands in the vertical direction. Because
expansion occurs only in the region close to the leading edge, the
thickness of the remainder of the lamellipod stays essentially

Fig. 2. Typical networks obtained in the simulation, viewed from above the
substrate: (Top) unbranched rods; (Middle) branched rods (two individual
dendrals, which are also shown below, have been colored in dark gray to
improve their visibility); and (Bottom) individual dendrals from the branched
network.
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Fig. 4. Size of dendrals (○) and average length of rods within dendrals (⦁),
as a function of distance z − zF from the leading edge. Also illustrated are the
forms of representative dendrals at various locations behind the leading
edge.

9144 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1002538107 Schreiber et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002538107/-/DCSupplemental/pnas.1002538107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002538107/-/DCSupplemental/pnas.1002538107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002538107/-/DCSupplemental/pnas.1002538107_SI.pdf?targetid=SF1


constant. Thus the extent of the expansion determines the height
yT of the lamellipod. As shown in Fig. S2, for small exter-
nal loads and physiological values of the key parameters,
yT ∼ 200 nm, which agrees well with measurements made on
crawling cells (23). At high values of the retarding force, a greater
part of the gel expansion occurs in the vertical direction—a con-
sequence of the compressive forces acting in the z direction that
also limit the speed of the retrograde flow. As a result, the lamel-
lipod becomes thicker, a prediction of our model that could be
tested experimentally.

Force–Velocity Relation.Amajor goal of our model was to simulate
a relationship between the speed of locomotion and opposing
load that agreed with experimental observations. Fig. 5 shows
the simulated force–velocity curves for both branched and un-
branched networks. For branched dendrals, the data display
the characteristic feature observed experimentally that the speed
of locomotion is little affected at modest loads, but then falls to
zero fairly abruptly as the load is raised further. Motion of the
leading edge is halted at a “stall force,” the value of which was
found to be Fstall ≈ 14 nN∕μm per unit length of perimeter of the
lamellipod. For loads exceeding Fstall, the leading edge was
pushed rearward.

Overall, the agreement between the simulations of branched
networks and experimental data (7), which is included in Fig. 5
for comparison, was remarkably close. Crucially, in our simula-
tions, the velocity of a moving cell did indeed go to zero for some
stall force Fstall, which contrasts with the purely Brownian ratchet
model that predicts an asymptotic approach to zero velocity
(5, 6). This difference probably derives from the models used to
explore the ratchet mechanism treating the cytoskeleton as a rigid
support against which the polymerizing filaments push the lead-
ing edge of the lamellipod forward. By contrast, our model incor-
porates a retrograde sliding of the cytoskeleton, which is slowed
down by adhesions. Therefore, in models based solely on rectified
Brownian motion, the contribution of the filaments pushing
against the leading edge dominates the force–velocity relation.
By contrast, the force–velocity relation in our model contains im-
portant contributions from excluded volume-related swelling and
adhesion to the substrate. Although our simulations used only a
very simplified model of the formation of adhesions and their me-
chanical properties, the assumptions made are robust and capture
the principal features of the motility of crawling cells.

Influence of Varying the Parameters. The values for the parameters
in our model were chosen to be within the physiological range

established experimentally and also to generate a physiological
behavior in the model. Although overall the model appeared
to be robust and retained all the key aspects of crawling cells over
a range of different parameter values (see Figs. S3, S4, and S5),
we observed that different parameters influenced the behavior of
the different aspects of the system differentially. Thus, increasing
the capping rate leads to a decreased protrusion speed (Fig. S6A),
whereas increasing the branching rate leads to an increased pro-
trusion speed (Fig. S6B). Increasing the rate of growth (Fig. S6C)
leads, as expected, to an increased protrusion speed. Increasing
the rate of attachment formation (Fig. S6D) initially increased
the rate of protrusion, but above a certain value, its influence di-
minished, most likely because most filaments that can be fixed to
the surface had already formed sufficient attachments to impede
sliding, and so further adhesions would not be expected to change
the adhesion behavior greatly for the forces employed in the
model. Parameter variation that enhances protrusion speed also
augments lamellipod height, as might be expected from consid-
eration of the mechanism of propulsion through gel swelling.

Significance of Branching. A key feature of actin networks is that
they consist, in the presence of Arp2/3, of dendrals, i.e., branched
actin filaments. Our simulations are consistent with filament
branching playing an important role in actin-based cell motility.
As is clear in Figs. 2–5, dendrals pack less efficiently than un-
branched filaments. Thus, the speed at which the cytoskeletal gel
expands when composed of growing branched dendrals is signif-
icantly greater than that seen with unbranched filaments. We
speculate that a principal advantage of branching is that it greatly
hinders the rotation of individual filaments within the network,
thereby ensuring that the orientation of filaments remain dis-
ordered and that excluded volume interactions remain large,
even in the presence of internal and external forces that could
otherwise align filaments. Details of filament orientation in
branched and unbranched networks are provided in Filament
orientation in SI Text.

Importance of Excluded Volume Effects. Excluded volume effects
result from packing constraints that derive from not allowing
the filaments to intersect with each other or to cross over one
another. We assessed the importance of these effects by run-
ning simulations in which these constraints were not included.
Although removing these constraints is somewhat artificial, it
provided an easy means to assess the importance of excluded
volume effects. Compared with simulations in which excluded
volume effects were included, the protrusion speed at zero load
was reduced to 60% of that seen when they were included, and
the stall force was reduced by 78%. This significant diminution of
motility occurs because only those dendrals that are attached to
the substrate and in contact with the leading edge contribute to
the generation of force and motion. Moreover, significant retro-
grade motion of the network could only be simulated by not al-
lowing the filaments to intersect with each other or to cross, which
is equivalent to taking into account excluded volume effects
(Fig. S7).

Role of Adhesions. The importance of adhesions in producing the
force–velocity relation was confirmed using a simplified model of
force generation by a swelling gel of growing dendrals that is de-
scribed explicitly in the SI Text. The model assumed that (i) grow-
ing filaments pack together as tightly as possible while remaining
orientated randomly; (ii) as the filaments in a region close to the
leading edge elongate, that region of the network expands; (iii)
the expansion leads to both forward propulsion of the leading
edge and retrograde flow of the network; (iv) the total number
of adhesions that the network makes with the substrate is inde-
pendent of the external load opposing the advancement of the
leading edge; (v) the external load is balanced by the elastic force
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of the adhesions, which get stretched as a result of the retrograde
flow; and (vi) detachment of the adhesions is strain-dependent,
following Bell’s law, Eq. 2. Quantitative predictions of this model
shown in Fig. S8 provide a reasonable first approximation to the
simulation data. In particular, the model points to the strain-
dependent detachment of adhesions as the origin of the distinc-
tive nonlinearity in the force–velocity relation of locomoting cells.

Concluding Remarks
We have developed a simulation to evaluate the influence of fila-
ment branching on the swelling of actin gels induced by molecular
crowding and show that branching leads to an enhanced rate of
swelling. In the context of actin-based motility, filament branch-
ing leads to a higher rate of protrusion. Furthermore, it was only
possible to simulate cell motility closely by supplementing Brow-
nian ratchet and other mechanisms related purely to filament

growth with a model that also included excluded volume effects,
consistent with both mechanisms contributing to locomotion.
Such a model also accounts for the retrograde flow observed
in lamellipodial motion and suggests a plausible physical mecha-
nism that gives rise to the uniform height of a protruding
lamellipod.

ACKNOWLEDGMENTS. We would like to thank Tom Roberts, Anders Carlsson,
Frank Jülicher, Alan Weeds, Daan Frenkel, and Jacques Prost for helpful dis-
cussions. We thank Jochen Guck and Adam Corrigan for a critical reading of
this manuscript. C.H.S. was supported by a research studentship of the Engi-
neering and Physical Sciences Research Council and acknowledges the hospi-
tality of the Max-Planck-Institut für Physik komplexer Systeme. Support by
the University of Cambridge’s CamGrid computer grid is also gratefully
acknowledged. Supported in part by National Institutes of Health Grant
R37 GM29994.

1. Rafelski SM, Theriot JA (2004) Crawling toward a unified model of cell motility: Spatial
and temporal regulation of actin dynamics. Annu Rev Biochem 73:209–239.

2. Pollard TD, Berro J (2008) Mathematical models and simulations of cellular processes
based on actin filaments. J Biol Chem 284:5433–5437.

3. Svitkina TM, Borisy GG (1999) Arp2/3 complex and actin depolymerizing factor/cofilin
in dendritic organization and treadmilling of actin filament array in lamellipodia.
J Cell Biol 145:1009–1026.

4. Watanabe N, Mitchison TJ (2002) Single-molecule speckle analysis of actin filament
turnover in lamellipodia. Science 295:1083–1086.

5. Mogilner A, Oster G (2003) Force generation by actin polymerization II: The elastic
ratchet and tethered filaments. Biophys J 84:1591–1605.

6. Mogilner A, Oster G (1996) Cell motility driven by actin polymerization. Biophys
J 71:3030–3045.

7. Prass M, Jacobson K, Mogilner A, Radmacher M (2006) Direct measurement of the
lamellipodial protrusive force in a migrating cell. J Cell Biol 174:767–772.

8. Mogilner A (2009) Mathematics of cell motility: Have we got its number?. J Math Biol
58:105–134.

9. Carlsson AE,WearMA, Cooper JA (2004) End versus side branching by Arp2/3 complex.
Biophys J 86:1074–1081.

10. Carlsson AE (2003) Growth velocities of branched actin networks. Biophys J
84:2907–2918.

11. Joanny JF, Jülicher F, Prost J (2003) Motion of an adhesive gel in a swelling gradient: A
mechanism for cell locomotion. Phys Rev Lett 90:168102.

12. Huber F, Käs J, Stuhrmann B (2008) Growing actin networks from lamellipodium and
lamellum by self-assembly. Biophys J 95:5508–5523.

13. Schaus TE, Taylor EW, Borisy GG (2007) Self-organization of actin filament orientation
in the dendritic-nucleation/array-treadmilling model. Proc Natl Acad Sci USA
104:7086–7091.

14. Lee KC, Liu AJ (2009) Force-velocity relation for actin-polymerization-driven motility
from Brownian dynamics simulations. Biophys J 97:1295–1304.

15. Gittes F, Mickey B, Nettleton J, Howard J (1993) Flexural rigidity of microtubules and
actin filaments measured from thermal fluctuations in shape. J Cell Biol 120:923–934.

16. Isambert H, et al. (1995) Flexibility of actin filaments derived from thermal fluctua-
tions. Effect of bound nucleotide, phalloidin, and muscle regulatory proteins. J Biol
Chem 270:11437–11444.

17. Doi M, Edwards SF (1986) The Theory of Polymer Dynamics (Oxford Univ Press, Oxford,
UK), pp 324–380.

18. Fletcher DA, Mullins RD (2010) Cell mechanics and the cytoskeleton. Nature
463:485–492.

19. Philipse AP (1996) The Random contact equation and its implications for (colloidal)
rods in packings, suspensions, and anisotropic powders. Langmuir 12:1127–1133.

20. Williams SR, Philipse AP (2003) Random packings of spheres and spherocylinders
simulated by mechanical contraction. Phys Rev E 67:051301.

21. Rodney D, Fivel M, Dendievel R (2005) Discrete modelling of entangled materials. Phys
Rev Lett 95:108004.

22. Miao L, et al. (2008) The role of filament-packing dynamics in powering amoeboid cell
motility. Proc Natl Acad Sci USA 105:5390–5395.

23. Laurent VM, et al. (2005) Gradient of rigidity in the lamellipodia of migrating cells
revealed by atomic force microscopy. Biophys J 89:667–675.

24. Carlier MF (1991) Actin: Protein structure and filament dynamics. J Biol Chem 266:1–4.
25. Carlier MF, et al. (1997) Actin depolymerizing factor (ADF/cofilin) enhances the rate of

filament turnover: Implication in actin-based motility. J Cell Biol 136:1307–1323.
26. Bamburg JR, McGough A, Ono S (1999) Putting a new twist on actin: ADF/cofilins mod-

ulate actin dynamics. Trends Cell Biol 9:364–370.
27. Schafer DA, Jennings PB, Cooper CA (1996) Dynamics of capping protein and actin

assembly in vitro: Uncapping barbed ends by polyphosphoinositides. J Cell Biol
135:169–179.

28. Machesky LM, et al. (1999) Scar, a WASp-related protein, activates nucleation of actin
filaments by the Arp2/3 complex. Proc Natl Acad Sci USA 96:3739–3744.

29. Mullins RD, Heuser JA, Pollard TD (1998) The interaction of Arp2/3 complex with actin:
Nucleation, high affinity pointed end capping, and formation of branching networks
of filaments. Proc Natl Acad Sci USA 95:6181–6186.

30. Rouiller I, et al. (2008) The structural basis of actin filament branching by the Arp2/3
complex. J Cell Biol 180:887–895.

31. Takenawa T, Suetsugu S (2007) The WASP-WAVE protein network: Connecting the
membrane to the cytoskeleton. Nat Rev Mol Cell Bio 8:37–48.

32. Zamir E, Geiger B (2001) Molecular complexity and dynamics of cell-matrix adhesions.
J Cell Sci 114:3583–3590.

33. Bell GI (1978) Models for specific adhesion of cells to cells. Science 200:618–627.
34. Pollard TD (1986) Rate constants for the reactions of ATP- and ADP-actin with the ends

of actin filaments. J Cell Biol 103:2747–2754.
35. Pollard TD, Blanchoin L, Mullins RD (2000) Molecular mechanisms controlling actin

filament dynamics in nonmuscle cells. Annu Rev Biophys Biomol Struct 29:545–576.
36. Schaub S, Meister JJ, Verkhosvky AB (2007) Analysis of actin filament network

organization in lamellipodia by comparing experimental and simulated images. J Cell
Sci 120:1491–1500.

37. Oliver T, Dembo M, Jacobson K (1999) Separation of Propulsive and Adhesive Traction
Stresses in Locomoting Keratocytes. J Cell Biol 145:589–604.

38. Matthews BD, et al. (2004) Mechanical properties of individual focal adhesions probed
with a magnetic microneedle. Biochem Biophys Res Commun 313:758–764.

39. Luby-Phelps K, Taylor DL, Lanni F (1986) Probing the structure of cytoplasm. J Cell Biol
102:2015–2022.

40. Bershadsky AD, Balaban NQ, Geiger B (2003) Adhesion-dependent cell mechanosen-
sitivity. Annu Rev Cell Dev Biol 19:677–695.

41. Vallotton P, Danuser G, Bohnet S,Meister JJ, Verkhovsky AB (2005) Tracking retrograde
flow in keratocytes: News from the leading edge. Mol Biol Cell 16:1223–1231.

9146 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1002538107 Schreiber et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002538107/-/DCSupplemental/pnas.1002538107_SI.pdf?targetid=SF8

