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Cell migration relies on traction forces in order to propel a cell. Several computational models have been developed that help
explain the trajectory that cells take during migration, but little attention has been placed on traction forces during this
process. Here, we investigated the spatiotemporal dynamics of cell migration by using a bio-chemical–mechanical
contractility model that incorporates the first steps of cell migration on an array of posts. In the model, formation of a new
adhesion causes a reactivation of stress fibre assembly within a cell. The model was able to predict the spatial distribution of
traction forces observed with previous experiments. Moreover, the model found that the strain energy exerted by the traction
forces of a migrating cell underwent a cyclic relationship that rose with the formation of a new adhesion and fell with the
release of an adhesion at its rear.
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1. Introduction

Cell migration plays an essential role in wound healing,

vascular remodelling, immune response and cancer

metastasis (Bray 2001; Chicurel 2002). To better understand

how each of these biological events occurs, a wide range of

mathematical and computational models were developed

(Tranquillo et al. 1988; Chaplain 2000; Gerisch and

Chaplain 2008; Thackham et al. 2009). Cell migration in

these models was commonly simulated using a partial

differential equation based on diffusion physics, because

importance was placed on the number of cells that were

guided to a spatial point chemotactically. On the cellular

level, however, migration involves the integration of

dynamic changes in focal adhesions, cytoskeletal structures,

and chemical and mechanical signals from the extracellular

matrix. These changes are incorporated into a cyclic

progress where a cell extends its leading edge, forms new

adhesions at the front, contracts its cytoskeleton and releases

adhesions at the rear (Lauffenburger and Horwitz 1996;

Sheetz et al. 1999).

Although mechanical and/or chemical gradients in the

environment can affect the direction that a cell migrates

(Carter 1967; Devreotes and Zigmond 1988; Lo et al. 2000;

Li et al. 2002; Giannone and Sheetz 2006), it is the traction

forces that actually drive the migration. Myosin-based

traction forces are transmitted to a substrate via focal

adhesions to pull a cell in the direction of its polarised

leading edge. The adhesions at the rear need to detach in

order to allow a cell to move forward. Although adhesion

release depends on interactions among actin, actin-binding

proteins, signalling molecules and enzymes (Kirfel et al.

2004; Rigort et al. 2004), traction forces may also contribute

to the release by breaking adhesive bonds at the rear

(Lauffenburger and Horwitz 1996; Sheetz et al. 1999).

Whole cell models were developed which incorporate the

signalling and mechanics in actin polymerisation, myosin

contraction and adhesion dynamics (DiMilla et al. 1991;

Gracheva and Othmer 2004; Maree et al. 2006;

Dokukina and Gracheva 2010). These models have provided

significant insights into trajectory of cells during directed

cell migration, e.g. chemotaxis, haptotaxis and durotaxis.

However, modelling of cell migration would be more

accurate if it could describe the traction forces that cells

generate in addition to locomotion.

Several kinds of assays have recently been developed to

measure and characterise traction forces of cells (Harris et al.

1980; Galbraith and Sheetz 1997; Dembo and Wang 1999;

Munevar et al. 2001; Tan et al. 2003; Mitrossilis et al. 2009).

In particular, arrays of microfabricated posts were used to

study single cell contractility (Tan et al. 2003; Saez et al.

2005; Ghibaudo et al. 2008), cell-cell adhesion strength

(Liu et al. 2010), platelet contractile forces (Liang et al.

2010) and traction forces during the migration of cell

monolayers (du Roure et al. 2005). Even though the

topology of the post arrays is not continuous, cells are not

restricted from spreading and migrating (du Roure et al.

2005; Lemmon et al. 2005). A typical traction force vector

map of a single cell is demonstrated in Figure 1. It is

generally noted that a cell exerts traction forces in the

centripetal direction due to the arrangement of stress fibres,

which are bundles of actin filaments cross-linked with

myosin and a-actinin.
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The post arrays have yielded many interesting findings

about a cell’s contractile response to mechanical changes

in the substrate, and in turn, these findings have helped

to generate new ideas in modelling cell mechanics.

In particular, a bio-chemical–mechanical model was

developed and used to explain the findings from post array

studies (Deshpande et al. 2006, 2007; McGarry et al.

2009). The model consists of an activation signal that

elicits actin polymerisation and myosin light chain

phosphorylation, the degree of assembly of actin and

myosin into a stress fibre and a force–velocity relationship

between contraction rate and cytoskeletal tension that is

akin to Hill’s muscle model.

Our goal in this paper is to evaluate the appropriate-

ness of the bio-chemical–mechanical model in quantitat-

ively predicting the migration of cells on arrays of posts in

both one- and two-dimensions. The model takes into

account a fundamental feature of cell migration: traction

force generation. In addition, the role that adhesion

dynamics has in regulating cytoskeletal tension was added

to the model. These properties are expressed during three

main steps in cell migration: initial contraction up to a

steady state, a second activation of contractility after new

adhesion formation and release of adhesion at the trailing

edge of the cell. This model predicts key spatial and

temporal features of cellular contractility during

migration, which includes large traction force at the

leading and trailing edges, movement of the force

equilibrium point during the steps of migration and a

contractility drop during the release phase. Some of the

results match with findings from experimental studies,

whereas others provide new insights for consideration.

2. Mathematical model

This section discusses the modelling of contractility-based

migration model with each component in the contractility

model, its biological relevance and assumptions being

discussed. The computational methods that incorporate the

contractility model into cell migration are described for

1D and 2D simulations.

2.1 Contractility model

The contractility model used in this study is based on the

bio-chemical–mechanical model previously developed

(Deshpande et al. 2007). For the purpose of our study,

however, the model was adapted to suit cell migration

mechanics by adding a few more assumptions, which

are to be discussed in the following section. Briefly,

the contractility model consists of three components:

a time-decaying activation signal, actin–myosin assembly

level and a linearised version of the force–velocity

equation for actin–myosin force production.

2.1.1 Activation signal

An activation signal C that subsequently triggers actin

polymerisation and myosin phosphorylation starts the

contractile activity within a cell. This signal represents

signalling activities of Rho GTPases, which are one of

the main regulators of the cytoskeleton (Li et al. 2005).

The strength of the activation signal is mathematically

given by

C ¼ exp
2ti

u

� �
; ð1Þ

where u is the decay constant of the signal and ti is the time

measured after the onset of an activation signal. This

equation is based on the assumption that once an activation

signal is received, the strength of the signal suddenly rises to

a fully activated state ðC ¼ 1Þ and then decays exponen-

tially as the activating molecules start to dissociate from the

receptors to which they are bound ðC ! 0Þ.

2.1.2 Stress fibre assembly level

The assembly level h represents the degree to which the

filamentous actin and phosphorylated myosin are incor-

porated into a stress fibre, which is fundamental to the

contractile performance of a migrating cell. As used here,

h is the ratio of the amount of assembly for a stress fibre

compared to its maximum possible level ð0 # h # 1Þ.

The rate of assembly level, which depends on the activation

signal and the amount of local tension, is represented by

_h ¼ ð1 2 hÞ
Ckf

u

� �
2 1 2

T

T0

� �
h
kb

u

� �
; ð2Þ

where T is the local tension in the fibre, T0 is the isometric

tension, and kf and kb are the forward and backward rate

Figure 1. Human pulmonary artery endothelial cell on an array
of posts (green: actin, red: post, blue: nucleus). Vectors denote
the traction forces produced by the cell’s deflection of the posts.

S.J. Han and N.J. Sniadecki460

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
N
e
v
a
d
a
 
R
e
n
o
]
 
A
t
:
 
1
6
:
1
1
 
6
 
M
a
y
 
2
0
1
1



constants for assembly and disassembly of a stress fibre,

respectively. The isometric tension T0 is defined to be

proportional to the assembly level of the stress fibre,

T0 ¼ hTmax, where Tmax is the maximum isometric tension

possible in a stress fibre. Lastly, the over-dot denotes

differentiation with respect to time.

As defined in the first term in Equation (2), the rate of

stress fibre assembly decreases with current assembly level

h due to a limited number of free monomers of actin and

unphosphorylated myosin within the cell. With the same

reasoning, the second term in Equation (2) describes the

rate of stress fibre disassembly and increases with current

assembly level h. If Equation (2) was set up as a simple

first-order kinetic equation where _h ¼ ð1 2 hÞkf=
u2 hkb=u, then the assembly level h would increase

with increasing time until it reached an equilibrium state

that is determined by the values of kf and kb (Figure 2, blue

line). Likewise, if Equation (2) only incorporated the role

of Rho GTPases in stress fibre assembly, then the rate

would be given by _h ¼ Cð1 2 hÞkf=u2 hkb=u. In this

case, the exponential decay in the activation signal would

cause the first term to converge to zero, and as such, the

disassembly rate would dominate until there was no longer

a stress fibre (Figure 2, green line). Finally, incorporating

the role of tension into the second term encompasses the

findings that tension can promote stress fibre formation

(Chaudhuri et al. 2009) and myosin catch bonds (Guo and

Guilford 2006), and that compression can inhibit actin

polymerisation (Parekh et al. 2005; Prass and Jacobson

2006). The assembly level in Equation (2) is seen to rise

and drop because of the decay in the activation signal, but

then stabilises at a particular steady-state level. This

response is because isometric tension that developed in the

stress fibre causes the disassembly term to go to zero,

whereas the assembly term also goes to zero because of the

activation signal (Figure 2, red line). In this simulation, the

forward and backward rate constants were fixed at

kf ¼ kb ¼ 5, and the decay constant was set to u ¼ 1.

The stabilising effect of tension on stress fibre assembly is

a simplification of a complex set of different processes

(Pellegrin and Mellor 2007). In fact, it is reasonable to

consider that high levels of tension can rupture stress

fibres, but the intracellular tensions associated with

migration are considered here to be far lower than the

forces that would cause a cell to pull itself apart.

2.1.3 Linearised Hill force–velocity relationship

Stress fibres in non-muscle cells are assumed here to have a

similar isotonic relationship as myofibrils in skeletal

muscle due to similarities between non-muscle myosin II

and muscle myosin II. Hill’s model states that contractile

tension of tenanised muscle is inversely related to its

shortening velocity (McMahon 1984). Here, this hyper-

bolic relationship is linearised for the relationship between

cytoskeletal tension and shortening velocity of a stress

fibre,

T

T0

¼ 1 2
kvv

hv0

; ð3Þ

where v is the rate of change in length of a stress fibre, v0 is

the maximum rate of change and kv is a velocity constant that

relates the reduction in tension due to the shortening velocity

ðv=v0Þ. A plot of tension T with respect to the contraction

rate v shows that tension decreases as shortening velocity

increases (Figure 3). Here, it is noteworthy that the isotonic

velocity, which is the shortening velocity at zero tension, is

limited by the assembly level and the velocity constant.

Since assembly level changes during contractile activity, the

isotonic shortening velocity changes in accordance. This is

Figure 2. Simulation results of assembly level for three
illustrative cases. Forward and backward kinetic rate constants
kf ¼ kb ¼ 5 are used for all simulations.

Figure 3. Normalised force–velocity relationship used in the
migration model (shown in black) is linearised from Hill’s
muscle model (Hill 1938) (shown in grey).
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reasonable because if there were no stress fibres assembled

ðh ¼ 0Þ, then it would be impossible for a cell to contract,

and likewise, there is maximum isotonic velocity when all

stress fibres are fully assembled ðh ¼ 1Þ.

2.2 Migration mechanics

On the basis of this contractility model, several key events

were incorporated into the time-course of the migration

model. First, a relaxed, stationary cell was activated to

contract until it reached a steady-state condition. Second, a

new adhesion to a post was formed during the extension

phase which triggered the reactivation of C, causing whole

cell contraction until a new steady state. Lastly, in order to

complete the first steps of migration, mechanical release of

an adhesion at the rear of a cell was conducted. These

settings are designed to illuminate how each step affects

cellular contractility in a spatial and temporal fashion.

2.2.1 1D simulation

In this study, we consider a cell lying on an array of posts,

in which the spacing between posts and their spring

stiffness ks were equal. The force equilibrium equation

about the nth post is given by

Tnþ1 2 Tn 2 ksDxn ¼ 0; ð4Þ

where Dxn is the deflection of the post, Tn is a tension at the

nth stress fibre segment which is defined to be to the left of

the nth post and M is the total number of posts underneath

a cell. Since there is no stress fibre attached to the left of

the first post, by definition the tension in this stress fibre

segment is zero ðT1 ¼ 0Þ. The relationship between the

rate of deflection of the ith post and the rate of change in

length of a stress fibre can be written as

_xi ¼ _xi21 þ vi: ð5Þ

In order to solve Equations (1)–(5), the tension in the nth

stress fibre is rewritten from Equation (3) as

Tn ¼ T0 1 2
kvvn

hnv0

� �
: ð6Þ

By substituting Equation (5) into (6), tension Tn becomes

Tn ¼ T0 1 2
kv

hnv0

_xn 2 _xn21ð Þ

� �
: ð7Þ

Subsequently, substituting this equation into Equation

(4) yields the following first-order differential equations

that describe the deflection of the posts:

kv

v0

Tmax _xnþ1 2 _xn
� �

þ ksxn ¼ hnþ1Tmax; n ¼ 1; ð8aÞ

kvTmax

v0

_xnþ1 2 2_xn þ _xn21

� �
þ ksxn ¼ hnþ1 2 hn

� �
Tmax;

1 , n , M;

ð8bÞ

kvTmax

v0

2_xn þ _xn21ð Þ þ ksxn ¼ 2hnTmax; n ¼ M: ð8cÞ

This set of equations leads to a matrix form of equations

expressed as

A_xþ ksIx ¼ T; ð9Þ

where I is the identity matrix and,

A ¼

2 kvTmax

v0

kvTmax

v0
0 0 0

kvTmax

v0
2 2kvTmax

v0

kvTmax

v0
0 0

0 . .
. . .

. . .
.

0

0 0 kvTmax

v0
2 2kvTmax

v0

kvTmax

v0

0 0 0 kvTmax

v0
2 kvTmax

v0

2
666666666664

3
777777777775

;

T ¼

h2Tmax

ðh3 2 h2ÞTmax

..

.

ðhnþ1 2 hnÞTmax

..

.

ðhM 2 hM21ÞTmax

2hMTmax

2
66666666666666664

3
77777777777777775

; _x ¼

_x1

_x2

..

.

_xn

..

.

_xM21

_xM

2
6666666666666664

3
7777777777777775

and

x ¼

x1

x2

..

.

xn

..

.

xM21

xM

2
6666666666666664

3
7777777777777775

:

In the matrix form of equations, A is singular and so the

deflections x are solved for using Matlab function ode15,

which is specialised in solving differential algebraic

equations.

For assembly level, Equation (2) was used to determine

the level of assembly in each stress fibre segment.
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To express this in indicial notation, the equation for the

assembly level can be written as

_hi ¼ ð1 2 hiÞ
Ckf

u

� �
2 1 2

Ti

T0

� �
hi

kb

u

� �
;

1 # i # M:

ð10Þ

These equations were solved with explicit Euler’s method

with initial conditions of hi ¼ Ti ¼ xi ¼ 0 at t ¼ 0. Steady

state during the initial contraction phase was defined as the

time after which the change in post deflections reached

zero. Once at steady state, the extension phase was begun

where the number of total posts was increased by one.

Simultaneously, a new activation signal C was begun in the

whole cell. Once a new steady state was reached, the rear

adhesion to post 1 was removed by setting the tension in

the stress fibre T2 to zero. The simulation was run until a

new steady state in contractility was reached. Model

parameters regarding 1D simulation are listed in Table 1.

2.2.2 2D simulation

A 2D computational model of the migrating cell was

constructed using the finite element method. In the model,

a cell was assumed as an isotropic, continuous material in

which the stress fibre formation at any nodal point depends

on the stresses at the position. As before as in the 1D

simulation, Equation (1) is used to describe the activation

signal. However, the assembly level in 2D was generalised

as

_h ¼ ð1 2 hÞ
Ckf

u

� �
2 1 2

sI

s0

� �
h
kb

u

� �
; ð11Þ

where s0 is the isometric stress, s0 ¼ hsmax. The stress

smax is the maximum that a stress fibre can bear. Here, sI is

the average first stress invariant, sI ¼ ðsx;active þ sy;activeÞ=
2, where sx;active and sy;active are the active normal stresses

in the x- and y-direction, respectively. The first stress

invariant was chosen as a parameter representing the

tensional state at a certain node because it depicts the level

of total stress in a cell and is independent of orientation or

coordinate system. In 2D simulations, the constitutive

equation for stresses sx and sy incorporates components of

passive elasticity from the cytoskeleton and cytoplasmic

structures and components of active stress derived from

the Hill-like force–velocity relationship

si ¼ si;active þ si;passive; ð12Þ

where

si;active ¼ hsmax 1 þ
kv _1i

h _10

� �
; ð13Þ

si;passive ¼ E
ð1 2 nÞ1i þ nð1j þ 1kÞ

1 þ nð Þ 1 2 2nð Þ
: ð14Þ

Here, i is either the x- or y-direction where a state of plane

stress is assumed, _1i is the strain rate in the ith direction, _10

is the maximum strain rate that a stress fibre can bear, s0 is

the isometric stress in a stress fibre, n is Poisson’s ratio of a

cell, E is its elastic modulus and j and k are the other two

Cartesian directions. A linear isotropic stress–strain

relationship is assumed for the passive elasticity of the

cell. The structural analysis for stress–strain evaluation

was combined with a weak-form-based partial differential

equation (PDE) solver for the stress fibre assembly level as

a module in Comsol Multiphysics 3.5a (Comsol, Inc.,

Burlington, MA). A cell supported between four bracket-

shaped posts was chosen for its simplified dimensional

constraints.

To simulate cell migration, the model was solved

transiently for each step of the process – contraction,

extension and release – and the simulation did not

progress into the next stage until the stress in the cell

reached steady state. To start the contraction phase, the

cell was bound to three posts at its corners (Figure 6, left).

The steady-state values for assembly level, deformation,

stresses and strains were used as initial conditions for the

following extension phase. At the start of the extension

phase, a new adhesion to a fourth post was created and a

new activation signal C was applied to the entire cell

(Figure 6, middle). As before, the steady-state values were

subsequently used as the initial condition for the simulation

during the release phase. Here, the post at the trailing edge

(upper-right) was removed, and the simulation was run to

find a new contractile state (Figure 6, right). Quadratic

Lagrange elements in Comsol were used in the simulation.

The side length of the square-shaped cell was drawn to

9mm, whereas the thickness was set to be 1mm. The model

parameters used in 2D simulation are listed in Table 2. In

the simulation, the cell begins to contract from completely

unassembled state, i.e. h ¼ 0 at t ¼ 0.

3. Results

As was previously discussed in the model’s description, a

cell was simulated to undergo a contraction, extension and

release phase over the course of the simulations on posts

(Figure 4, Top). The first steps in migration of a cell on 1D

Table 1. Model parameters for 1D simulation.

Parameters Description Values

ks Spring constant of a post 3
kv Force reduction coefficient

with respect to strain rate
1.5

_v0 Maximum extension rate
of a stress fibre

0.4

Tmax Maximum stress of a cell 1
kf Assembly rate constant 3
kb Disassembly rate constant 2
u Time decay constant 1

Computer Methods in Biomechanics and Biomedical Engineering 463
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posts are predicted to cause post deflections that are

spatially and temporally different from each other

(Figure 4). In the contraction phase, post deflections

increased until they reached a steady state where the

activation signal decayed to a negligible level and tension

developed in the stress fibres kept the assembly level from

returning to zero. Spatially during the contraction phase,

the largest deflections were observed at the edge posts

(posts 1 and 6). Contrarily, the inner posts experienced

smaller deflections because tensions in the stress fibres

attached to the post were mostly counterbalancing with

each other and left only small resultant forces to be

supported by the posts. The result at the initial contraction

phase shows the validity in our model because similar

patterns of post deflections were observed in previous

efforts of the bio-chemical–mechanical model (Deshpande

et al. 2007).

At the beginning of the extension phase, the new post

(post 7 in Figure 4) started to deflect towards a cell centre.

The previous edge post (post 6) also deflected inward due

to the influence of the new activation signal. But shortly

thereafter, the deflection of post 6 decreased along with the

remaining inner posts (post 2 to post 5) in order to

counterbalance the new deflection at post 7. Interestingly

enough, the post on the trailing edge (post 1) deflected

more noticeably in the centripetal direction, which

resulted in its force being largest among all posts. This

finding agrees with direct measurements of traction forces,

where the highest forces were observed at the tail region of

a migrating cell (Galbraith and Sheetz 1997).

Table 2. Model parameters for 2D simulation.

Parameters Description Values References

Ecell Young’s modulus of a cell 250 Pa Guilak et al. (2000)
vcell Poisson’s ratio of a cell 0.36 Trickey et al. (2006)
Esub Young’s modulus of a substrate 1000 Pa –
vsub Poisson’s ratio of a substrate 0.49 –
kv Force reduction coefficient with respect to strain rate 1.5 Same as 1D
_10 Maximum extension rate of a stress fibre 0.2 s21 Deshpande et al. (2007)
smax Maximum stress of a cell 25 Pa –
kf Assembly rate constant 5 –
kb Disassembly rate constant 3 –
u Time decay constant 1 s Same as 1D

Figure 4. 1D simulation of cell migration on an array of posts. (Top) Schematic illustration depicts a cell during each phase of migration.
The deflection of the posts by the cell’s traction forces has been added as a visual aid and are not drawn to scale. The black arrowheads
denote the point of force equilibrium, where the sums of the forces on either side of the cell are equal. (Bottom) Results of post deflections
from the 1D simulation show that there are spatial and temporal changes in traction forces in each phase of migration.
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When the adhesion to the post at the tail was released, a

sudden rearrangement of forces occurred to satisfy force

equilibrium. Post 2, which had previously been adjacent to

the tail, deflected further inward due to the loss of

counterbalancing force from the released stress fibre.

Likewise, the rest of posts also deflected towards the

leading edge in a transient fashion as the stress fibres

within the cell adjusted to the new levels of tensions. The

resulting steady-state deflections were no longer sym-

metric about the geometric centre of the cell as had been

previously seen in the contraction phase.

During the migration process, the force equilibrium

point was identified to denote the forward progression of

the cell. The point of force equilibrium is where the sum of

the magnitudes of forces on either side of the cell is equal.

In the contraction phase, the equilibrium point laid between

posts 3 and 4, which coincided with the geometric centre of

the cell, because there was a lack of polarisation within the

cell. Subsequently, the equilibrium point advanced to post

4 in the extension phase and also coincided with the new

geometric centre of the cell. During release, the

equilibrium point resided at post 5, which was not the

geometric centre and signified that the cell had reached a

polarised state. The steady advancement of the equilibrium

point implicates that the contractility model is capable of

predicting the translocation of the cell body as well as the

onset of a polarised contractile cytoskeleton.

To quantify the contractility of the whole cell over

time, the strain energy stored in the posts was calculated

(Figure 5, solid line). As expected, the strain energy rose

rapidly during the contraction phase until it reached a

steady state. The strain energy increased again following

the second activation signal during the extension phase.

Interestingly, contractility dropped upon adhesion release

to a level that was lower than the steady state during the

contraction phase. This response during the release phase

was due to the sudden loss in tension at post 1 which

subsequently caused disassembly of stress fibres until a

new assembly level and corresponding tensional state were

reached. What is surprising is that the model indicates that

a large amount of energy is lost during a migration cycle.

Furthermore, simulating multiple migration cycles can

cause the overall contractility to significantly decrease.

Indeed, previous experimental studies have reported that

adhesion detachment in a cell causes a remarkable loss of

tension (Burton et al. 1999; Roy et al. 1999), strain energy

(Del Alamo et al. 2007) and phosphorylated myosin light

chain (Ren et al. 2004). This result necessitated us to

hypothesise a means for a cell to recover its state of

contractility to a steady level. We speculated that another

activation signal may occur upon release to compensate

the loss of contractility. Performing a new simulation of a

complete migration cycle with this third activation signal

revealed that a cell can recover its loss in strain energy in

order to maintain a constant degree of contractility during

migration (Figure 5, dashed line).

To check and compare the 1D simulation to what is

observed in vitro, we constructed a 2D simulation of

migration (Figure 6). A spatial plot of the assembly level

during the contraction phase showed a high concentration

of stress fibres in the vicinity of the adhesions to the three

supporting posts, which is in agreement with a previous

model of cells contracting on posts in 2D (Figure 7(A))

(Deshpande et al. 2006). These focal-like concentrations of

stress fibres are also shown in the extension and release

phases, although their degrees of magnitude are different.

In the extension phase, all four of the adhesions have highly

concentrated stress fibres, whereas the adhesions lose their

stress fibre assembly levels upon the release of an adhesion.

To quantify the overall contractility of the cell, the

strain energy of the posts was obtained by integrating the

strain energy density over the area of each support (Figure

7(B)). The contractility showed a remarkably similar

behaviour as observed in the simulation of 1D cell

migration. Contractility was shown to increase upon new

adhesion formation, but dropped upon release (black line).

After release, an oscillation in strain energy occurs which

quickly dampens and reaches steady state (dotted line). It

is noteworthy that the steady-state level after the release is,

again, below the steady-state level in the contraction

phase. As before, we applied a third activation signal at the

time of release and found it was essential to maintaining

cytoskeletal tension during migration (grey line). There-

fore, the results from both our 1D and 2D migration

simulations strongly suggest that cells use biochemical

activation to supplement the loss in cytoskeletal tension

upon adhesion release.

Figure 5. Strain energy in the posts by a cell’s contraction in the
1D simulation. Strain energy increases during the extension
phase, but drops during the release phase to a level below steady-
state contraction (solid line). If another activation signal is
initiated at the start of the release phase (dotted line), then strain
energy can be restored to levels that are close to steady-state
contraction.
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4. Discussion

We have described a computational model to address how

cellular contractility is coordinated as a cell migrates across

an array of posts. The model simulated the traction forces

generated during one complete cycle of migration by

incorporating activation signals that occurred during initial

contraction and new adhesion formation, kinetic models of

stress fibre assembly and biomechanical relationships

between traction stress and shortening velocity. Thus, this

approach is fundamentally different from the diffusion-

based models or the lumped parameter models for cell

migration because it allowed for a close comparison

between the results of the model and the measurements of

traction forces seen with post arrays and deformable

substrates. Although the simulations focused on cell

migration on post arrays, the framework of the model can

be applied to analyzing the contractile process of cell

migration in a variety of cell assays or environments.

A cell migrating on a 1D post array had several

spatiotemporal features commonly seen in cell migration:

large forces at the trailing and leading edge and the forward

progression of the cell body. Interestingly, the large forces

at the two edges of the cell were predicted solely by the

condition of force equilibrium. This feature was in

agreement with the finding that the tail of a cell and the

leading edge have the largest forces (Galbraith and Sheetz

1997; Munevar et al. 2001). Several studies have shown

that cell retraction is closely related to increased levels of

Figure 6. Schematic illustration of cell migration for 2D simulations performed in Comsol. Initially, the cell contracts against posts 1–3
and then migrates by extending towards post 4 and releasing from post 2.

Figure 7. Simulation results from the 2D migration model. (A) Spatial map depicting the assembly level at the end of each phase of
migration. (B) Strain energy in the posts increases during the contraction phase, increases further in the extension phase and drops
significantly during the release phase (black line). If an activation signal is added at the start of the release phase (grey line), contractility
is restored to levels similar to those in the contraction phase.
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phosphorylated myosin that coordinates with tyrosine

phosphorylation and calpain activity to release the

adhesions at the rear (Crowley and Horwitz 1995; Palecek

et al. 1998; Zeng et al. 2000; Huang et al. 2008; Sen et al.

2009; Wildt et al. 2009). Together with weakened adhesion

strength, the high force at the tail during the extension

phase can contribute to rear detachment by overcoming the

adhesion strength of focal adhesion (Parsons et al. 2010).

Quantification of strain energy in both 1D and 2D

simulations showed that there was a drop in cell

contractility upon release. A loss of contractility was

observed in migration studies where tail retractions led to

a dramatic reduction in deformation of the substrate (Burton

et al. 1999; Roy et al. 1999). Moreover, strain energy

exerted by migrating cells was seen to have cyclic nature,

where strain energy in a substrate increases upon a new

adhesion formation and decreases upon adhesion release

(Del Alamo et al. 2007). In addition, cell detachment with

trypsin can significantly reduce the amount of phosphory-

lated myosin, although the result was obtained from whole

cell detachment (Ren et al. 2004). Taken together, it is

likely that new adhesions cause an increase in contractility

and tail retraction causes a loss, but it is uncertain whether

contractility falls below steady-state levels seen in

stationary cells.

Ultimately, our simulations raise an important ques-

tion: How can a cell maintain its contractility after it takes

its first step? When another activation signal was added to

the release phase in both models, overall cell contractility

could be maintained at levels similar to those in stationary

cells. A study that performed a simultaneous visualisation

of Rho GTPase activity showed that Cdc42 and

Rac1maintain a high activity level during the release

phase and continue until the next protrusion cycle

(Machacek et al. 2009). Considering that Cdc42, like

RhoA, can affect cytoskeletal contractility via myotonic

dystrophy kinase-related Cdc42-binding kinase which

phosphorylates myosin to regulate cell retraction

(Groeger and Nobes 2007), our simulations suggest that

a cell might regulate another signalling pathway to

maintain its tensional homeostasis during migration.

The bio-chemical–mechanical model for migration

can be used to examine a wider range of mechanical factors

that affect cell migration such as durotaxis, haptotaxis

and topotaxis (Harris 1973; Lo et al. 2000; Kim et al. 2009).

The model can also include the cytoskeletal aspects that

regulate adhesion maturation because they are driven by

the balance of actin polymerisation and actin–myosin

contraction (Parsons et al. 2010). Eventually, these efforts

will need to incorporate the nature of cytoskeletal

protrusions in order to adequately simulate a cell’s

advancement to a new adhesion spot and thereby provide

important motility properties such as velocity and

orientation in addition to the traction forces predicted

thus far.
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