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Signaling Network Triggers and Membrane Physical Properties Control
the Actin Cytoskeleton-Driven Isotropic Phase of Cell Spreading
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ABSTRACT Cell spreading is regulated by signaling from the integrin receptors that activate intracellular signaling pathways to
control actin filament regulatory proteins. We developed a hybrid model of whole-cell spreading in which we modeled the integrin
signalingnetworkasordinarydifferential equations inmultiple compartments, andcell spreadingasa three-dimensional stochastic
model. The computed activity of the signaling network, represented as time-dependent activity levels of the actin filament regula-
tory proteins, is used to drive the filament dynamics. We analyzed the hybrid model to understand the role of signaling during the
isotropic phase of fibroblasts spreading on fibronectin-coated surfaces. Simulations showed that the isotropic phase of spreading
depends on integrin signaling to initiate spreading but not to maintain the spreading dynamics. Simulations predicted that signal
flow in the absence of Cdc42 or WASP would reduce the spreading rate but would not affect the shape evolution of the spreading
cell. These predictions were verified experimentally. Computational analyses showed that the rate of spreading and the evolution
of cell shape are largely controlled by the membrane surface load and membrane bending rigidity, and changing information flow
through the integrin signaling network has little effect. Overall, the plasmamembrane acts as a damper such that only ~5% of the
actin dynamics capability is needed for isotropic spreading. Thus, the biophysical properties of the plasma membrane can
condense varying levels of signaling network activities into a single cohesive macroscopic cellular behavior.
INTRODUCTION
Cell motility is a complex process that involves multiple
levels of regulation (1). On a two-dimensional substrate,
motility is usually described as being composed of separate
steps of protrusion, adhesion, traction at the front, and retrac-
tion/deadhesion at the rear (2). Spreading of fibroblasts on
substrate-coated surfaces allows us to quantitatively study
each of these steps (3,4). In phase 0 of spreading, which lasts
~1 min, the cell makes its initial contacts with the substrate
and focal contacts are formed. These contact sites are based
on binding of the integrin receptors to extracellular matrix
components, such as fibronectin. Integrin interaction with
fibronectin triggers the assembly and activation of tyrosine
kinases and then Rho-GTPases to control the activity of actin
cytoskeleton modulating proteins (3,4). In phase 1, the fast
isotropic spreading phase, which lasts 5–10 min, the fibro-
blasts start protrusion of their actin filament-rich lamellipo-
dial region and spread in a mostly circular shape, with
leading-edge velocities reaching up to 15 mm$min�1 (5,6).
During this phase, the adhesion dynamics and myosin do
not appear to play a significant role (7,8). The cell then stops
the rapid spreading and enters phase 2, where a contractile
process involving myosin motors accompanies further
spreading. During phase 2, protrusion slows down and the
cell shape becomes critically dependent on the adhesion
contacts (4). The second phase lasts 15–25 min. Together,
the different spreading processes take ~30 min.
Submitted July 19, 2010, and accepted for publication December 20, 2010.

*Correspondence: ravi.iyengar@mssm.edu

Editor: Leah Edelstein-Keshet.

� 2011 by the Biophysical Society

0006-3495/11/02/0845/13 $2.00
Computational models of cell motility can help us under-
stand the mechanisms of actin remodeling and the interac-
tion of biochemical reactions and physical forces.
Previous studies using the Brownian ratchet model and the
elastic Brownian ratchet model identified the relationships
between the elongating actin filament and the load offered
by the plasma membrane (9,10). The models developed by
Schaus et al. (11,12) provided insights into the steady-state
patterns of actin filament networks in the presence of
membrane load and bending rigidity using stochastic simu-
lations. Building on those previous studies, we developed
a stochastic three-dimensional model of isotropic spreading
of the whole cell based on quantitative macroscopic param-
eters from spreading experiments using total internal reflec-
tion fluorescence microscopy (13). From these simulations,
we found that a balance between the biochemical reactions
that underlie actin cytoskeleton remodeling and the
biophysical properties of the plasma membrane is required
for regulating the size and shape of the spreading cell during
the isotropic phase (13). Most computational models of cell
motility, including ours, focus on the actin polymerization
machinery, assuming that the actin filament modulators,
such as Arp2/3, and capping protein are present in sufficient
amounts to enable branching and growing of filaments (10–
16). Signaling proteins regulate the activity of Arp2/3 and
capping protein (17,18). Integrins binding to substrate,
such as fibronectin, leads to the activation of numerous
signaling proteins, including tyrosine kinases and phospha-
tases, and RhoGTPases. This leads to several downstream
events, including the stimulation of phospholipid synthesis
doi: 10.1016/j.bpj.2010.12.3732
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(19–21). Integrins can interact with the actin cytoskeleton in
two ways: by activating the polymerization machinery, and
by physically linking actin to the adhesion sites (17). A
complex signaling network emanates from integrins.
Many components of this network, such as FAK, Src, and
Cdc42, regulate but are not critical for cell spreading (see
the Supporting Material).

The experimental observations raise several questions:
Does the isotropic phase of cell spreading require the integrin
signaling network, and does the integrin signaling network
control the dynamics of the isotropic spreading phase?
How are the dynamics of the signaling network integrated
with the physical forces at the plasma membrane to control
the spreadingprocess?Toaddress thesequestions at a systems
level, where signaling network function is considered in the
context ofwhole-cell spreading,we need to construct compu-
tational models that can simulate and analyze both the
signaling network dynamics and cytoskeletal dynamics. To
that end, we developed a hybrid deterministic-stochastic
model. We used this model to determine whether the
dynamics of the integrin signaling network can affect the
spreading behavior of a cell by controlling the activity levels
of regulators for the reactions that underlie spreading.
MATERIALS AND METHODS

Construction of the signaling network

We constructed an integrin-signaling network from known components and

interactions from the experimental literature, as described in detail in Table

S1. The network was then used to construct a dynamical model. A multi-

compartmental ordinary differential equation model of the integrin

signaling network was constructed in Virtual Cell (22). The rate constants

and initial conditions are described in the Supporting Material.
Assumptions in the development of the hybrid
model

To develop a hybrid model that would be computationally tractable, we had

to make several assumptions, as listed below. The assumptions were made

with the proviso that if the output from the integrated model did not agree

with experimental observations of spreading, the assumption would be re-

examined and the model modified.

1. Integrin clustering, mechanotransduction, and formation of nascent

adhesions were not included in the signaling model. Instead, integrins

were treated as receptors for signal transduction from fibronectin to

the actin filament modulatory proteins.

2. The concentration of the biochemical species was assumed to be spatially

uniform in the spreading model becausewe are only tracking the changes

at the nanometer scale in the lamellipodium width (~200 nm).

3. The hybrid model is unidirectional, in that there is no effect of the

spreading dynamics on the signaling model. It is likely that the

membrane-imposed load can affect the integrin signaling. In building

a unidirectional model, we made the assumption that the changes to

the signaling dynamics caused by the changing cell size and shape are

not likely to be critically important. As we conducted the numerical

simulations, tests of the experimental predictions and comparisons

between experiments and simulations indicated that our simplifying

assumption was valid.
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Detailed explanations for the basis of these assumptions are provided in

the Supporting Material.
Development of the hybrid integrated model

The compartmental ordinary differential equation model of the integrin

signaling network was coupled with a three-dimensional stochastic model

of cell spreading (13) to obtain an integrated model of whole-cell spreading

regulated by signaling (Fig. 1 C).

The whole-cell spreading model is a stochastic spatiotemporal model of

cell spreading that consists of actin filament elongation, branching, and

capping reactions. The plasma membrane physical properties are repre-

sented by the surface load (p, pN$mm�2) and bending rigidity (Kb, pN$mm).

The net energy required to move an area dA of the membrane forward by

a distance d, where d is the length of an actin monomer, is the sum of energy

changes associated with the membrane surface being pushed forward

(DEsurface) and the energy required to change the local curvature of the

membrane (DEbending; Eq. 1). The elastic Brownian ratchet model (23) is

used to describe the relationship between kinetic parameters and the

membrane energy requirements (Eq. 2). The detailed calculations are

described in the Supporting Material.

DE ¼ DEbending þ DEsurface (1)

k0 ¼ ke
�DE
kBT : (2)

The model is implemented in Cþþ with the use of discrete differential

geometry methods (24).

The output from the integrin signaling network ODE model is saved as

a text file with concentrations of activated Arp2/3, gelsolin, and G-ATP-

actin as a function of time (Fig. 1 C). The stochastic whole-cell spreading

model takes in model parameters, reactions, and concentrations as input

files and runs the Gillespie algorithm for the filament actin, branching,

and capping reactions. This stochastic model was modified to access

a look-up table that was generated by the text file containing the dynamics

of activated Arp2/3, gelsolin, and G-ATP-actin at every time step of the

computation (using linear interpolation when necessary). The flowchart

for the process is outlined in Fig. 1 B. When the spreading model is initial-

ized, it uses the parameters file to initialize the number of filaments (4000),

the allowed reactions, the kinetic parameters, and the membrane parameters

(Table S3). Once this is initialized, the model uses the Gillespie algorithm

to compute the reaction rates and corresponding wait times. As the itera-

tions proceed, the main modification to the spreading model is that at the

end of every iteration, the concentrations of the actin filament regulatory

proteins are updated on the basis of the text file (Fig. 1 B and Fig. S5).

The spreading model interpolates the concentrations linearly to obtain the

concentration at the exact time step for the Gillespie algorithm. Details

of the model development and implementation are presented in the Support-

ing Material.
Cell-spreading experiments

For the spreading assays, we used immortalized mouse embryonic fibro-

blasts RPTP aþ/þ on fibronectin-coated coverslips. Details of the

culture conditions and preparation of the coverglass can be found in

Giannone et al. (25). We tested the dependence of spreading on

Arp2/3 concentration by using wiskostatin (Calbiochem) (26). We also

used Cdc42 dominant negative obtained through electroporation in

a wild-type background (n ¼ 5–7). For experiments using wiskostatin,

we used a concentration of 20 mM (n ¼ 6). To measure cell spreading,

we used a differential interference contrast microscope with a 20� air

objective. We recorded the spreading state every 5 s with a charge-

coupled device camera.
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FIGURE 1 Hybridmodelof cell spreading regulatedby integrin signaling. (A)Thesignalingnetwork shows theflowof biochemical information from thebinding

of fibronectin to integrin to the activation ofArp2/3, gelsolin, andG-ATP-actin. (B) The algorithm from the stochastic spatiotemporal spreadingmodelwasmodified

toaccept a textfilewith the temporal concentrationprofile as input.At every timestep in the iteration, the concentration isupdated from the text file. Inmost cases, the

time step calculated from the Gillespie’s algorithm is not a direct match with the regular intervals in the concentration profile, so the algorithm interpolates the

concentration ofArp2/3, gelsolin, andG-ATP-actin at that time step. (C) Concentration profiles ofArp2/3,G-ATP-actin, and gelsolin from the compartmental deter-

ministic signalingmodel. These profiles are used as input to the stochastic spatiotemporal spreadingmodel. The concentration ofArp2/3 affects the filament branch-

ing reaction,G-ATP-actin affects the elongation reaction, and gelsolin concentration affects the capping reaction. (D) Evolution of the actinfilament networkand the

resultant shape profiles at different times ina single simulation in response to dynamic input of thevarying levels of actin regulatoryproteins profiles computedby the

signaling network. (i) Three-dimensional view of the full network at 1min. (ii–iv)Magnified view of the 200 nm thick region at (ii) 1min, (iii) 3min, and (iv) 8min.

The surface z ¼ 0 is shown by the tan color. Note that the filaments that protrude from outside the radius are not on the surface z¼ 0.
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RESULTS

Comparing the hybrid model with whole-cell
spreading experiments

The dynamics of Arp2/3, gelsolin activation, and G-ATP-
actin levels are shown in Fig. 1 C. As expected, in response
to a stimulus from integrins binding fibronectin, Arp2/3 acti-
vation increased. There is an early burst followed by two
different slopes of activation. The initial activity comes
from the early Cdc42 activation and the PI(4,5)P2 that is
already present in the system activating WASP and therefore
Arp2/3. The Rac/WAVE pathway also contributes to the
Biophysical Journal 100(4) 845–857
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early activation of Arp2/3. As more PI(4,5)P2 is synthesized
and Cdc42 is activated over the course of the signaling
events, the concentration of Arp2/3 increases. The concen-
tration of Arp2/3 active is in the range of 0.2–0.3 mM.
Gelsolin activation is slower because it depends on the
calcium release from the endoplasmic reticulum. The
concentration of gelsolin active plateaus to ~0.08 mM.
G-actin is present in large quantities in the cell (~10–
100 mM), and in the dynamic model the initial concentration
of G-ADP-actin is 10 mM (Table S2). In response to activa-
tion by profilin, the G-ADP-actin is converted to G-ATP-
actin at a fast rate and plateaus at ~19 mM (Fig. 1 C). The
instantaneous concentrations of Arp2/3, gelsolin, and
G-ATP-actin were used as inputs to the stochastic spreading
model. The evolution of the actin filament network from
a single simulation is shown in Fig. 1 D for different times.
In response to the dynamic concentrations of the regulators,
the actin filament network evolves over time. The radius of
the spreading cell is traced from the filaments that are
changing at the surface (z ¼ 0; Fig. 1 D).

The average spreading behavior from the integrated
model shows that the simulations are able to capture
isotropic spreading behavior (Fig. 2). At early times, the
radius of the spreading cell is uniform, indicating circular
spreading (Fig. 2 A ii). At later times, toward the end of
phase 1 spreading, the simulated cell starts exhibiting
finger-like projections along the periphery. These projec-
tions correspond to the change in spreading velocity, which
goes from being uniform along the periphery to regions of
zero spreading velocity at later times (Fig. 2 A iii). The
radius and velocity maps capture the essential characteris-
tics of isotropic cell spreading observed experimentally
(5,13). The total number of filaments increases during
isotropic spreading (Fig. 2 A i). To make a direct comparison
between experiments and simulations, we calculated the
fold change in the radius and the circularity of the spreading
cell. The comparison of the fold change in radius shows
a reasonable agreement between experiment and simulation
(Fig. 2 B). In the simulations, the evolution of the fold
change in radius shows a sharp increase at the onset of
spreading for approximately the first minute, and then the
rate of spreading decreases. This can be explained by the
initially high rate of polymerization and high compliance
factor. As the number of filaments increases, the rates of
spreading and polymerization slow down. In experiments,
the circularity is a relatively constant value during spreading
in the isotropic phase (Fig. 2 B ii). Note that the overall level
of circularity is lower in the experiments due to the fragmen-
tation algorithm that extracts the cell contour. This noise is
inherent to the resolution of the images of the experimental
Arp2=3þ 2G� ATP� actinþ F� actinn

Rbranching ¼ kbranching½F� actinn�½G� ATP�
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assays (13,27). From the simulations, we see that starting
from a circle, we are able to maintain the circular shape
for the 8 min of phase 1 spreading. These results indicate
that in response to the dynamic signal input, we were able
to obtain isotropic cell spreading from our model.
Effects of Cdc42 and WASP

Cdc42 is a direct activator of N-WASP. When no Cdc42 is
present, Arp2/3 activation is limited (Fig. S6). Arp2/3 acti-
vation also occurs by Rac activation of WAVE, which is
unaffected by the absence of Cdc42. Gelsolin and G-ATP-
actin dynamics are not affected. The absence of Cdc42
results in a decrease in Arp2/3 activation by ~10-fold
compared with control; however, this is residual activation
due to the Rac pathway (Fig. S6).

In the simulation, the dynamics of Cdc42 knockout or
WASP inhibition are similar and the net effect on Arp2/3 is
the same. In the absence of Cdc42, the spreading size is
decreased but circularity does not change. Experiments
with Cdc42DN or wiskostatin-mediated inhibition of
WASP showed similar results, in that isotropic spreading
was not affected (Fig. 3 A i). The change in spreading radius
was small in theCdc42DNandwiskostatin treatment, and the
decrease was not statistically significant (Fig. 3 A ii). The
cell-shape evolution did not change in the simulations in
response to removal of Cdc42 or WASP (Fig. 3 B i), and
this observation was verified experimentally (Fig. 3 B ii).
Membrane control of the polymerization rate:
analysis of the rate of polymerization and
signaling dynamics

We analyzed the effect of the active concentrations of the
actin filament regulatory proteins on the rate of polymeriza-
tion, which is a direct measure of F-actin concentration in
the system and an indirect measure of the spread cell area
and hence the cell size. In this model, the actin reactions
are treated as irreversible and the reaction rates are written
as mass-action laws.

The elongation reaction and the corresponding reaction
rate are given by

G� ATP� actinþ F� actinn/
kelongation F� actinnþ1

Relongation ¼ kelongation½F� actinn�½G� ATP� actin� :
The branching reaction results in the addition of a new fila-
ment along the side of an existing filament. Two G-ATP-
actin monomers and one Arp2/3 molecule participate in
this reaction:
/
kbranching F� actinn þ F� actin2

actin�2½Arp2=3�:



0 50 100 150 200 250 300 350 400 450

100

200

300
0.7

0.8

0.9

1

A
n

g
le

 (d
eg

re
es

)

A
n

g
le

 (d
eg

re
es

)

Time (s) Time (s)

0 50 100 150 200 250 300 350 400 450
1

1.2

1.4

1.6

1.8

2

0 50 100 150 200 250 300 350 400 450
0.2

0.4

0.6

0.8

1

simulation
experiment

(i) Fold change in radius

Fo
ld

 c
ha

ng
e 

in
 ra

di
us

(ii) Circularity

Ci
rc

ul
ar

ity

Time (s)

Time (s)

A Spreading behavior from integrated model

0 100 200 300 400

50

100

150

200

250

300

350
0

0.5

1

1.5
µm µm/s(iii) Velocity Map(ii) Radius Map

B Comparison with experimentally observed spreading behavior

0 50 100 150 200 250 300 350 400 450
4000

4050

4100

4150

4200

4250

4300

4350

4400

4450

Time (s)

To
ta

l N
um

be
r o

f F
ila

m
en

ts

(i) Total number of filaments

FIGURE 2 Comparison of the simulated and

experimental spreading behaviors based on the

dynamic profile of actin modulators. The output

from the signaling model from the control case is

used as input for the spreading model. (A)

Spreading behavior averaged over 24 simulations.

(i) Total number of filaments. (ii) Radius map.

(iii) Velocity map. (B) Comparison with experi-

mental data using the (i) fold change in radius

and (ii) circularity. The experiments were con-

ducted with fibroblasts spreading on fibronectin-

coated surfaces (see Materials and Methods).

Membrane Properties Control Spreading 849
The capping reaction results in the capping of a filament,
and only existing filaments and the capping protein partici-
pate in this reaction:

Gelsolinþ F� actinn/
kcapping F� actinn � capped

Rcapping ¼ kcapping½F� actinn�½Gelsolin�:

The net rate of polymerization is now given by

Rpolymerization ¼ d½F�actin�
dt

¼ Relongation þ Rbranching � Rcapping

d½F� actin�
dt

¼ kelongation½G� ATP� actin�½F� actinn�
þkbranching½F� actinn�½G� ATP� actin�2½Arp2=3�
�kcapping½F� actinn�½Gelsolin�:

This can be written as
dðln½F� actin�Þ
dt

¼ kelongation½G� ATP� actin�
þ kbranching½G� ATP� actin�2½Arp2=3�
� kcapping½Gelsolin�

¼ Rfree:

The above relationships hold in an environment where no
resistance is imposed by the plasma membrane on the
growing filaments, and the system can be assumed to be
well-mixed and spatially uniform, and represents the
average rate of polymerization. We denote the above rate
as Rfree.

In the presence of the plasma membrane, each reaction
experiences resistance offered by the plasma membrane
by a combination of surface load and bending rigidity
(Eqs. 1 and 2) (13). The observed average rate of polymer-
ization is now given by
Biophysical Journal 100(4) 845–857
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dðln½F� actin�Þ
dt

¼ �
kelongation½G� ATP� actin�
þ kbranching½G� ATP� actin�2½Arp2=3�

� kcapping½Gelsolin�
�
e

�
�DE
kBT

�

¼ Robserved:

The first observation is that the concentration of F-actin is
influenced mainly by the amount of G-ATP-actin present.
The sensitivity of the time evolution of F-actin to Arp2/3
concentration (FF-actin/Arp2/3¼d(ln[F-actin])/d[Arp2/3]) is
independent of Arp2/3 concentration and depends on
G-actin concentration alone. The sensitivity coefficient is
defined as (28):

dFF�actin=Arp2=3

dt
¼ kbranching½G� ATP� actin�2e�DE

kBT :

Similarly, the sensitivity of the temporal evolution of F-actin
to gelsolin concentration (FF-actin/Gelsolin ¼ d(ln[F-actin])/
d[gelsolin]) is a constant:

dFF�actin=Gelsolin

dt
¼ �kcappinge

�DE
kBT :

These relationships highlight the fact that although Arp2/3
and gelsolin are required for the maintenance of filament
branching and polymerization, within a reasonable concen-
tration range, the actual value of Arp2/3 and gelsolin are less
important than the amount of monomeric actin present for
Biophysical Journal 100(4) 845–857
polymerization to proceed. The results of varying kcapping
and the initial concentration of G-ATP-actin on F-actin
concentration are shown in Fig. S7 and Fig. S8, respectively.
The size of the spreading cell is directly proportional to the
amount of G-ATP-actin present (Fig. S8) and inversely
proportional to the capping rate (Fig. S7). Cell shape does
not show a strong dependence on either of these parameters.

The exponential term e�DE=kBT is called the compliance
factor. The ratio of Robserved/Rfree is a measure of the average
compliance factor. The evolving filament network needs to
overcome the energy barrier imposed by the plasma
membrane (DE (13)) to push the membrane forward.
When no membrane resistance is imposed on the system
of growing filaments, this term has a value of one, allowing
Rfree ¼ Robserved. When the membrane opposes free growth
of the filament network, the compliance factor is <1
(Fig. 4 A). In a well-mixed system with no spatial depen-
dence, every filament will experience the same resistance
and therefore, Robserved will still be spatially uniform. This
means that the imposition of membrane properties will
decrease the rate of spreading, but the spreading shape
will not deviate from a circle.

However, actin filament reactions are stochastic and not
spatially uniform. Therefore, we need to consider the effect
of spatial deviation in reaction rates’ impact on spreading
dynamics. From the simulations, we get the average rate
of polymerization over the spreading space. This is
compared with the average rate of polymerization from
the deterministic model. The ratio of these two rates is the
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The compliance factor from the simulations is

compared with the ratio of Rfree/Robserved. At early

times, there is a good match, but as the cell begins

to deviate from a circular shape, the ratio of Rfree/

Robserved and the actual compliance factor deviate

from each other. (C) The changing shape over

time (1-circularity) correlates well with the differ-

ence in the actual compliance factor calculated

from the spreading model and the ratio of the

observed to free polymerization rates. The color

map on the plot shows the time point.

Membrane Properties Control Spreading 851
average compliance factor. At early times, we see that the
ratio of observed to free rates correlates very well with the
observed compliance factor. At later times, the calculated
and actual compliance factors deviate from each other
(Fig. 4 B). This deviation corresponds to the changing shape
of the cell. Fig. 4 C shows that over time, as the cell deviates
from a perfect circle (1-circularity), the difference between
the calculated and observed compliance factors deviates
accordingly. Thus, the deviation at later times is indicative
of the changing shape. Correlating the circularity of the
spreading cell with the differences in the two rates shows
a strong positive correlation over time.
Effect of varying the surface load and bending
rigidity

Using various combinations of surface load and bending
rigidity coefficients, we sought to determine what role the
biophysical properties of the plasma membrane play in
spreading behavior.

p ¼ 0 pN : mm�2; Kb ¼ 0 pN :mm

In the absence of any membrane control, the spreading
behavior is that of a system of free filaments with no resis-
tance imposed on them. The resulting spreading behavior
shows a large deviation from observed experimental
behavior in terms of both the spreading size and the shape
dynamics. The rate of polymerization is high and the
compliance factor is equal to one at all times. Initially, the
observed rate of polymerization is the same as the free
rate of polymerization. The deviation at later times is indic-
ative of the noncircular spreading model (Fig. 5).

p ¼ 10 0 pN :mm�2; Kb ¼ 0 pN :mm

When we introduce the surface load alone, the membrane is
modeled as an infinitely flexible surface. The spreading rate
Biophysical Journal 100(4) 845–857
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decreases and the spreading is more circular than in the case
with no membrane control. The compliance factor is higher
than that of the control, but lower than the case with no
membrane control (Fig. 5). However, the presence of
membrane surface resistance alone is not sufficient to
correct the spreading shape dynamics.

p ¼ 0 pN :mm�2; Kb ¼ 0:08 pN :mm

This condition represents the case of a bendable plasma
membrane that does not offer any resistance to being pushed
forward. When the bending rigidity term is used without the
membrane resistance, the spreading behavior is closer to
control spreading (Fig. 5). However, the spreading size
and compliance factor are lower than control. When we
compare the F-actin and filament evolution, we see that
the bending rigidity contribution is larger than the surface
resistance contribution toward maintaining the cell shape.
However, p is necessary to maintain the rate of
polymerization.

p ¼ 100 pN :mm�2; Kb ¼ 0:08 pN :mm

As shown in Fig. 2 B, the spreading behavior generated in
this case matches both the size and the shape evolution
observed in experiments. The cell shape is the closest to
Biophysical Journal 100(4) 845–857
a circle in this case (Fig. 5 B), indicating that both surface
load and membrane bending rigidity are necessary to main-
tain the shape evolution that is experimentally observed.
The number of filament reactions per second is slightly
larger than the case in which only Kb is present, indicating
that having surface load is important for maintaining a favor-
able rate of polymerization (Fig. 5 C).
Varying signaling input to the spreading model

To computationally test the roles played by various
signaling components in isotropic spreading, we generated
signaling outputs from the multicompartment model by
setting the initial condition of the various components to
zero. The components studied included FAK, Src, PIP
kinase type I g, and PLC-g , among others (Fig. S9,
Fig. S10, Fig. S11, Fig. S12, Fig. S13, Fig. S14, Fig. S15,
Fig. S16, and Fig. S17; see Supporting Material for
complete details). The resulting rates of polymerization
show that the various components of the signaling network
are important for maintaining the rate of the filament reac-
tions (Fig. 6 A). However, when these various dynamic
concentration profiles are input to the spreading model,
the resulting spreading behavior is similar in terms of
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spreading size (Fig. 6 B) and spreading shape (Fig. 6 C).
Thus, although the lack of certain components in the
signaling network can affect the dynamics of the actin regu-
latory proteins, these changes have no observable effect on
the spreading dynamics at the whole-cell level.

Because the dynamics of the actin remodeling events are
limited by the membrane-imposed load, in the absence of
any membrane parameters there should be a correspondence
between the different signaling dynamics and the size and
shape evolution of freely polymerizing actin filaments. We
repeated the simulations with the conditions p ¼ 0 and
Kb ¼ 0 and compared the spreading behavior. This situation
is comparable to that of a freely polymerizing population of
actin filaments rather than the cellular environment.

The simulations (Fig. 6,D and E) show that in the absence
of membrane parameter controls, different knockouts of the
signaling components exhibit different dynamics of size
evolution. Because there is no control for shape, the circu-
larity comparisons show that the filaments are growing in
a spatially unregulated pattern in an extremely noncircular
manner. This result supports our hypothesis that the effec-
tive rate of polymerization is controlled by the biophysical
properties of the plasma membrane. Therefore, the plasma
membrane controls shape evolution and also acts as
a damper by taking a wide range of possible regulatory
behaviors of the signaling network and condensing them
to a single type of spreading dynamics (Fig. 6).

We varied the membrane parameters (p ¼ 0, 100, and
500 pN$mm�2) and bending rigidity (Kb ¼ 0, 0.08,
0.2 pN$mm), and followed the spreading dynamics for
different signaling dynamics. In Fig. S18, we show the
fold change in radius and circularity at 8 min, toward
the end of isotropic spreading from the simulations. In the
absence of membrane bending (Fig. S18 A), the response to
different signaling dynamics results in noncircular
spreading. Increasing p compensates for the absence of Kb

to some extent, but the spreading shape is never circular in
the absence of Kb. When Kb is included in the model, the
spreading shape is almost always circular (Fig. S18 B).
Increasing Kb to 0.2 pN$mmmakes the cells spread in a circle
and at the same time reduces the spreading size (Fig. S18 C).
DISCUSSION

Biophysical properties of the plasma membrane
control isotropic cell spreading

The actin filament motility machinery is complex and regu-
lated by multiple cell signaling components (1). Many of
these components are also important for cell survival and
proliferation, and share their information processing capa-
bility with other signaling pathways. The focus of this study
was to elucidate the role of the integrin signaling network in
isotropic spreading at the whole-cell level. We found that the
spreading that occurs during the isotropic phase is robust
and not influenced by the changes in the dynamics of the
signaling network. This is surprising, until we look at the
balance between the biochemical reactions and biophysical
properties in controlling isotropic spreading. The physical
properties of the plasma membrane reduced the actual rate
of polymerization to ~5% of the maximum achievable rate
of polymerization if the biochemical reactions were uncon-
strained by the plasma membrane-derived physical forces.
This result suggests that activation of small fractions of
the actin cytoskeleton regulatory proteins are sufficient to
drive isotropic cell spreading. Nolen et al. (29) found that
the use of an inhibitor of Arp2/3 did not stop keratocyte
motility, and suggested that a small quantity of Arp2/3
(~500 nM) might be sufficient to maintain motility behavior
at the leading edge. The actin cytoskeletal system has been
studied in vitro in the absence of signaling components, and
the essential dynamics of filament polymerization and force
generation to push the leading edge forward can be observed
in such minimally reconstituted systems (30). Taken
together, our observations from the simulations and the
in vitro reconstitution experiments suggest that the actin
cytoskeleton is a self-organizing system that may only
require a triggering event to start the process.

In a recent study using electron tomography, Urban et al.
(31) showed that the actin filaments at the leading edge may
also be unbranched. This suggests that there may be
multiple mechanisms of actin remodeling at the leading
edge, resulting in different configurations of actin filaments
and possibly generating robust isotropic spreading. How-
ever, further experimental work in this area is needed before
we can develop useful computational models.
Role of the integrin signaling network in isotropic
cell spreading

Previous in vitro reconstitution experiments in which fila-
ment polymerization was studied in the absence of
membrane constraints showed that the polymerization
kinetics of actin filaments correlated with the levels of
Cdc42-GTP, WASP, Arp2/3 complex, or capping protein
added to the system (32–35). We were able to mimic those
experiments in our simulations by setting the plasma
membrane biophysical parameters to zero. Other experi-
ments on cell spreading behavior indicated that although
PLC-g, Talin, Src, FAK, RPTP regulate spreading (8,36–
38), none of these components are essential for spreading.
Knocking out signaling components modifies spreading
behavior, but the term ‘‘modified spreading behavior’’ has
not been quantified in a dynamic sense. Because the final
spread area is often measured 30 min to 1 h after initiation
of spreading, it is not possible to compare the dynamics of
isotropic spreading, which lasts for 5–10 min, with these
longer-term effects. Presumably, during this longer time
range the cells undergo multiple stages of spreading,
including contractile phase and then retraction.
Biophysical Journal 100(4) 845–857
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Our prediction that the absence of Cdc42 and WASP
would not affect spreading during the isotropic phase was
confirmed by experiments using Cdc42 dominant negative
and wiskostatin inhibition of WASP. In a previous study,
Cuvelier et al. (39) analyzed the dynamics of cell spreading
using hydrodynamic models and found that cells with
Cdc42DN showed the same spreading dynamics as wild-
type cells. These researchers concluded that cell spreading
in the early stages is driven more by effective filament poly-
merization and filament network-membrane interaction than
by signaling. We arrived at the same conclusion in our
model and identified the mechanisms by which the physical
properties of the plasma membrane control the effects of the
signaling network in regulating the actin cytoskeleton
dynamics. Our simulations predicted that disrupting the
physical properties of the plasma membrane would affect
the isotropic spreading behavior. A comparison of p ¼
500 pN$mm�2, Kb ¼ 0.2 pN$mm with p ¼ 100 pN$mm�2,
Kb ¼ 0.08 pN$mm shows that fluidizing the membrane or
reducing the load offered by the membrane increases the
spreading rate (Fig. S18, green bars versus red bars). This
phenomenon was previously observed in studies in which
deoxycholate was used to increase membrane fluidity, re-
sulting in a decrease in membrane tension and hence an
increase in spreading velocity (40,41).

Our hybrid model shows that isotropic spreading is robust
against changes in signaling and depends on the signaling
network only for the initiation of spreading. The mechanism
for this robustness arises from membrane-imposed control
of the rate of polymerization of the growing actin network.
The physical forces from the plasma membrane reduce the
rate of polymerization to ~5% of what is possible in a free
system of actin filaments. Therefore, to obtain robust
spreading behavior, small amounts of Arp2/3 and gelsolin
are sufficient. The plasma membrane acts as a filter to distill
a large range of possible Arp2/3 and gelsolin dynamics into
a cohesive spreading behavior.
Assumptions and simplifications

In this work, we assume spatially homogeneous concentra-
tions of the components at the leading edge. The spatial
distribution of the actin regulatory proteins need not be
uniform throughout the cell. However, since the cell-
spreading experiments are done with total internal reflection
fluorescence microscopy, we explicitly model only 200 nm
of the juxtamembrane region, and within this space this
assumption appears valid. Future models will have to
consider the dynamic inhomogeneities of signaling compo-
nents and G-actin in transitioning from the isotropic phase
to the later phases of cell spreading. We also assume that
conditions shows a narrow range of spreading behaviors for a wide range of sign

Panels D and E show the spreading behavior for the case with no membrane, und

radius is different for different signaling profiles. (E) The cell shape is extreme
the membrane mechanical parameters are not varying in
time. A recent study confirmed the validity of this assump-
tion for the isotropic phase (N. C. Gauthier, M. A. Fardin,
P. Roca-Cusachs, and M. P. Sheetz, unpublished), but sug-
gested that this might not be the case at the transition to
the contractile phase. Such changes in membrane mechan-
ical parameters could be introduced in future computational
models of the multiple phases of cell spreading.

We also have a simplification in our hybrid model. Infor-
mation flows one way from the signaling network ODE
model to the actin filament dynamics stochastic model.
The forces calculated in the cytoskeleton dynamics model
do not affect the integrin signaling network. However,
within the stochastic cell-spreading model, the change in
membrane forces in dynamically estimated, and these forces
regulate the three actin filament remodeling reactions. The
simplification of one-way coupling between the ODE and
stochastic model appears valid because only ~5% of the
regulatory capability is required to drive isotropic cell
spreading. The parameter variation simulations show that
even if the membrane forces were to double or triple the
activity of the signaling network, this would have a minimal
effect on the observed whole-cell behavior.
Perspective

The phenomena described in this study on the influence of
the signaling network dynamics on cell spreading are
limited to the isotropic phase alone. These results should
not be construed as an implication that the actin cytoskel-
eton machinery acts independently of the cell signaling
components. The role of the integrin signaling network in
the initiation of the isotropic spreading process, a spatially
stochastic event (5), and the later contractile phase (Rho-
kinase and MLCK regulation of myosin motors) is well es-
tablished (43–45). It is very likely that the signaling
network, including the adhesome (20), is responsible for
transitions during the multiple phases of spreading and
serves as a bookend to the isotropic phase.

Despite its limitations, our integrated computational
model highlights the role of the plasma membrane as a feed-
back controller of actin filament biochemistry. Signaling
from integrin’s interaction with fibronectin is critical for
the initiation of spreading. Because Arp2/3 and actin are
present in large micromolar concentrations in cells (46),
there is a large spare capacity for regulation. In some
ways, this finding is akin to the spare receptor theory for
G-protein-coupled receptors, which holds that 10% occu-
pancy of the receptor will yield a full biochemical or phys-
iological response. In both cases, the effectors turn out to be
efficient filters or dampers of the cellular responses.
aling profiles, suggesting that the plasma membrane acts as a low-pass filter.

er the 17 conditions for signaling shown in panel A. (D) The fold change in

ly noncircular.

Biophysical Journal 100(4) 845–857



856 Rangamani et al.
In the case of cell spreading, the physical properties of the
plasma membrane control the rate of polymerization and are
important for generating robust isotropic spreading
behavior. Before it can deform the membrane and push it
forward, the actin filament network has to overcome the
energy barrier imposed by the plasma membrane. This
energy barrier reduces the effective rate of reactions and
polymerization for actin filaments, resulting in a slower
growth of the filament network and a smaller deformation
of the local membrane. Conventional analyses of feedback
loops have focused on the signaling network architecture.
In this work, however, we identify the role of biophysical
properties as negative feedback regulators of biochemical
events. It appears that during isotropic spreading, the nega-
tive feedback biophysical properties predominate over the
positive stimulus from the integrin signaling network.
Such a balance at the systems level provides an initial
insight into how cohesive macroscopic behaviors can arise
from multiple microscopic biochemical events.
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