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Cells communicate with their external environment via focal adhesions and generate
activation signals that in turn trigger the activity of the intracellular contractile machin-
ery. These signals can be triggered by mechanical loading that gives rise to a cooperative
feedback loop among signaling, focal adhesion formation, and cytoskeletal contractility,
which in turn equilibrates with the applied mechanical loads. We devise a signaling
model that couples stress fiber contractility and mechano-sensitive focal adhesion models
to complete this above mentioned feedback loop. The signaling model is based on a
biochemical pathway where IP; molecules are generated when focal adhesions grow.
These IP; molecules diffuse through the cytosol leading to the opening of ion channels
that disgorge Ca’* from the endoplasmic reticulum leading to the activation of the
actin/myosin contractile machinery. A simple numerical example is presented where a
one-dimensional cell adhered to a rigid substrate is pulled at one end, and the evolution
of the stress fiber activation signal, stress fiber concentrations, and focal adhesion dis-
tributions are investigated. We demonstrate that while it is sufficient to approximate the
activation signal as spatially uniform due to the rapid diffusion of the IP; through the
cytosol, the level of the activation signal is sensitive to the rate of application of the
mechanical loads. This suggests that ad hoc signaling models may not be able to capture
the mechanical response of cells to a wide range of mechanical loading events.
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1 Introduction

It is well known that living cells can sense mechanical stimuli.
Forces applied to a cell or physical cues from the extracellular
environment can elicit a wide range of biochemical responses that
affect the cell’s phenotype in health and disease (see, for example,
reviews by Refs. [1-4]). Various mechanisms have been proposed
to explain this phenomenon under different circumstances. These
include changes in membrane fluidity that acts to increase recep-
tor mobility and lead to enhanced receptor clustering and signal
initiation [5,6], stretch-activated ion channels [7], mechanical dis-
ruption of microtubules [8], and forced deformations within the
nucleus [9]. The most prevalent mechanism of mechano-
transduction involves conformational changes in intracellular pro-
teins along the force transmission pathway, connecting the extra-
cellular matrix (ECM) with the cytoskeleton through focal
adhesions [6,10,11]. For example, certain proteins that reside in
“closed” conformation can be mechanically triggered to reveal
their cryptic binding clefts upon the application of forces.

Force transmission from the extracellular matrix to the cell in-
terior occurs through a chain of proteins called focal adhesions.
These focal adhesions comprised an integrin-extracellular matrix
protein bond (primarily vitronectin and fibronectin), integrin-
associated proteins on the intracellular side (paxillin, talin, vincu-
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lin, etc.), and proteins linking the focal adhesion complex to the
cytoskeleton. Stresses transmitted through adhesion receptors and
distributed throughout the cell are thought to cause conforma-
tional changes in individual force transmitting proteins, any of
which would be a candidate for force transduction into a bio-
chemical signal. The process by which changes in protein confor-
mation give rise to protein clustering at a focal adhesion or initia-
tion of intracellular signaling, however, remains a current research
area [12]. This active research has to date isolated a range of
signaling pathways.

There is growing direct experimental evidence that mechanical
loading triggers signaling cascades. For example, mechanical per-
turbation of the myocyte with an atomic force microscope (AFM)
[13] results in IP3-induced calcium release from intracellular
stores and the propagation of a Ca>* wave, as indicated by high
speed video microscopy using fluorescent indicators of intracellu-
lar Ca®* (see Fig. 1). Similar measurements have also been re-
ported for Src waves induced by mechanical forces [14]. Indepen-
dent measurements have also indicated that similar mechanical
perturbations induce the formation and growth of focal adhesion
complexes [15] and actin/myosin stress fiber arrangements [16]
focused at or near the location of the application of the mechani-
cal forces. These three phenomena, viz., signaling, focal adhesion
formation, and cytoskeletal contractility, are closely linked in a
cooperative feedback loop via a four step chain, as illustrated in
Fig. 2.

Step 1. A mechanical perturbation of the cell membrane results
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Fig. 1
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A sequence of images showing the progression of a Ca%* wave ini-

tiated by the mechanical perturbation of a cardiac myocyte by an AFM tip.
The location of the AFM tip is indicated by the arrow. Adapted from Ref. [13].

in the formation and growth of focal adhesion complexes at highly
stressed locations within the cell.

Step 2. The aggregation of proteins within the focal adhesion
complexes triggers the signaling cascades of a range of signaling
proteins and ions such as Rho, Src, and Ca®*.

Step 3. These signaling molecules stimulate cytoskeletal con-
tractility via the formation of actin/myosin stress fibers.

Step 4. The contractile forces generated by stress fibers apply
forces on focal adhesions, which induces further aggregation of
integrins in focal adhesions resulting in further signaling cascades
and consequent cytoskeletal rearrangements.

The main focus of this paper is to lay out a framework that is
capable of consistently modeling this cooperative loop among sig-
naling, focal adhesion formation, and cytoskeletal contractility. In
order to do so, we build on existing mechano-sensitive focal ad-
hesion [17] and cell contractility models [18,19] to include the
feedback loop involving intracellular signaling discussed above.

Stress fiber formation
Intracellular contractile force

A

Contractility model }
s

IP, diffusion

Release of Ca** ions
Activation signal

Focal Adhesion model
Force equilibrium
Thermodynamic equilibrium
High affinity integrin concentration

extracellular conditions,
external force application

Fig. 2 Schematic illustrating the cooperative feedback loop
between signaling, focal adhesion formation, and stress fiber
contractility initiated by an external mechanical perturbation
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The outcome will be a modeling approach capable of predicting
the development of focal adhesion formation/dissociation, cytosk-
eletal remodeling involving actin/myosin stress fibers, and associ-
ated signaling cascades in response to the mechanical environ-
ment of a cell. Such a model would then be capable of modeling
the response of cells to a range of mechanical perturbations, in-
cluding stretching of cells via optical traps [20,21], poking by
AFM tips, and micropipette aspiration [15,16].

2 Model for Signal Initiation and Transduction

A general review of the key biochemical processes governing
focal adhesion formation, signaling (Fig. 3), and contractility is
given in Appendix A. Based on the mechanisms described therein,
the main aspects of the signal activation and transduction phe-
nomena in the cell are (i) production of IP; due to the clustering of
high affinity integrins, (ii) diffusion of IP; molecules through the
cell, (iii) release of Ca®* from endoplasmic reticulum (ER), and
finally (iv) the activation of the intracellular contractile machinery,
which in turn can instigate additional focal adhesion formation. In
this section, we devise a signaling model that can be readily
coupled with the stress fiber model of Refs. [18,19] and the asso-
ciated focal adhesion model [17] in order to produce a compre-
hensive model for cellular contractility. Cartesian tensor notation
is adopted throughout.

We emphasize here that details regarding the precise proteins
involved in signaling are not crucial to the mathematical model
detailed below. Rather, the structure of the reaction-diffusion
scheme outlined below to propagate the signal from the focal
adhesions to the intracellular contractile proteins is similar to that
proposed for contractility mediated by Rho GTPase [22] and other
signaling pathways involving ATP (adenosine-5’-triphosphate)
and NO (nitric oxide)—the novelty of the treatment lies in the
coupling of focal adhesion formation/dissociation with cellular
contractility.

2.1 Model for IP; Production and Diffusion. The clustering
of high affinity integrins initiates the production of IP;, which
diffuses through the cell. Simultaneously, IP; is being de-
phosphorylated by specific phosphatases to form IP, and IP,. De-
noting the concentration of IP5 at a spatial coordinate x; within the
cytosol by S, these processes are described by the reaction-
diffusion equation
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Fig. 3 A sketch illustrating the key biochemical processes involved in the signal-
ing pathways induced by focal adhesion formation and resulting in the activation
of the stress fiber contractile machinery
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(2.1)

where the overdot denotes differentiation with respect to time.
The flux boundary condition

as ;
mkT| n,— | =— a max(0,&) (2.2)

ox;
over the cell membrane I" with outward normal n; along with the
distribution S(x;) at time =0 completes the specification of the
reaction-diffusion equation. The variables and material properties
in Egs. (2.1) and (2.2) are described subsequently. The rationale of
the three terms on the right hand side of Eq. (2.1) is as follows.

(i) The first term describes the diffusion of IP; through the
cytosol, with S denoting the concentration of IP; in mol-
ecules per unit volume, my as the mobility of IP; mol-
ecules in the cytosol, k as Boltzmann’s constant, and 7 as
the absolute temperature.

(ii) We assume the de-phosphorylation of IP; into IP,, and IP,

is described by a first order reaction with a forward rate

constant k; and a negligible reverse reaction rate. This is

modeled by the second term in Eq. (2.1).

The final term describes the change in the concentration of

IP5 due to the change in the volume of the cytosol, with

&, denoting the volumetric strain rate at the location x;.

(iii)

The boundary condition (2.2) prescribes the rate of production
of IP5 at locations on the cell membrane where high affinity inte-
grins cluster. The rate of change of the concentration of high af-

finity integrins per unit cell membrane area is denoted by &. An
increase in &y results in the production of IP; with a nondimen-
sional proportionality constant «. Thus, « is interpreted as the
number of IP; molecules produced when one low affinity integrin
molecule is converted to its high affinity configuration. Note that
the transformation of integrins from the high affinity to the low

affinity state (resulting in a negative &) does not contribute to-
ward IP; production or de-phosphorylation, as guaranteed by Eq.

(2.2). The rate &, is an input to Eq. (2.2) and is specified by a
separate focal adhesion model, e.g., Deshpande et al. [17].

Journal of Applied Mechanics

2.2 Signal Generation From the Release of Ca** Ions. The
concentration of IP; molecules in the cell at any location x; and
time ¢ is calculated using Egs. (2.1) and (2.2). Recall that IP;
induces an opening of the gated channels of the Ca’* stores in the
ER, while Ca®* is actively pumped back into the ER by molecular
pumps on the walls of the ER. We express these kinetics in terms
of the normalized Ca?* concentration C(0=<C=1), where C is the
ratio of the Ca* concentration to the maximum allowable concen-
tration. Assuming first order kinetics, the rate of change of C at
any location in the cytosol is given as

ac S
== (1-C)=\,C
So

o (2.3)

where A, is the rate constant governing the rate of release of Ca>*
from the IP;-gated ER stores, and S is a reference concentration
of IP5. Equation (2.3) guarantees that the release rate of Ca>* ions
is zero when S=0 (gated channels on the ER are closed) and
increases with increasing S. The rate constant A, governs the rate
at which Ca®* is pumped back into the ER. The kinetic relation
provides the value of the signal C at any location in the cytosol to
initiate cytoskeletal stress fiber rearrangement; i.e., this is the in-
put to a stress fiber model like that of Refs. [18,19]. The first order
kinetics assumed in Eq. (2.3) means that the maximum (and
steady-state) value of the cystolic Ca>* is given by Eq. (3.10)
(discussed subsequently). Thus, in general, the steady-state cys-
tolic Ca®* concentration is not equal to concentration of Ca>* in
the ER and set by the ratio of the rate constants Ar and \,,.

2.3 Coupling With the Stress Fiber and Focal Adhesion
Models. The concentration of Ca>* in the cytosol as parametrized
by C results in the initiation of stress fiber formation. In this
section, we specify how this is coupled with stress fiber and focal
adhesion models using examples of the stress fiber models [18,19]
and focal adhesion models [17]. In the stress fiber model of Refs.
[18,19], they specify a kinetic equation for the formation and dis-
sociation of stress fibers as

. o

n=[1- ﬂ]Ckf—<1 —_>7]kb (2.4)
0

where 7(0= 7=1) is defined as the ratio of the concentration of

the polymerized actin and phosphorylated myosin within a stress
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fiber bundle, at a particular orientation, to the maximum concen-
trations permitted by biochemistry. In Eq. (2.4), o is the tension in
the stress fiber bundle, while o, = 70, is the corresponding iso-
metric stress at the activation level 7. The rate constants k¢ and k;
are the stress fiber formation and dissociation rate constants. In
the original model of Refs. [18,19], the signal C was specified in
an ad hoc manner as an exponentially decaying signal of the form

C=exp(—1/6) (2.5)

where 6 is the decay constant; i.e., the signal was not coupled to
the formation of stress fibers or focal adhesions. As per the intra-
cellular signaling analysis presented above, we replace Eq. (2.5)
with C given by Egs. (2.1)=(2.3). Thus, the signal resulting in the
formation of stress fibers is directly coupled to the formation of
focal adhesions.

The signal starts the formation of stress fibers and consequently
results in stress generation within the cell. These stresses apply
tractions 7; to the focal adhesions on the cell membrane to which
they are attached. This lowers the chemical potential of the high
affinity integrins, as discussed in Refs. [17,23]. The forces gener-
ated in the focal adhesions by their distortion, in turn, balance the
stresses generated by the stress fibers, and thus the stress fiber
organization controls the spatial and temporal development of the
focal adhesions, as parametrized through the high affinity integrin
concentration &y over the cell membrane. The rate of increase in

the focal adhesions, i.e., max(£;,0), feeds back by generating the
stress fiber activation signal C. Thus, it is the mechanical equilib-
rium of the cell that couples together signaling, stress fiber con-
tractility, and focal adhesion formation. Specifically, the mechani-
cal equilibrium of the cell is specified in terms of the stress ;; as

(9_2,[ =0 (2.6)
(9xj

with traction boundary conditions 7;=3;n;=&,F;. Here, F; is the

force in a single high affinity integrin molecule, with the stress 2.;;

within the cytosol specified via the stress fiber contractility. On

the other hand, the evolution of 7;=&yF; is given by the focal

adhesion model.

We note that the generation of the contractility signal in this
model is via the formation of focal adhesions, as described via
Egs. (2.1) and (2.2). Focal adhesions in turn can form due to
mechanical perturbations (which lower the free energy of the high
affinity integrins) or via a chemical stimulus such as the addition
of serum into a cell culture. Thus, the model is capable of han-
dling the contractile responses of cells to both mechanical or
chemical stimuli.

3 Simulation of the Response of a Cell Under External
Loading

In order to illustrate the capabilities of the model, here we
present a simple numerical example of predictions of signaling
cascades (and associated cell contractility) generated by mechani-
cal perturbation in cells lying on stiff substrates. This choice of
problem is motivated by numerous experimental data for such a
scenario (see, for example, Ref. [13] (Fig. 1) and Ref. [14]). In
future studies, the model will be exercised to predict the responses
of cells for more complex (and physiologically relevant) boundary
conditions such as the response of cells to substrate stretching and
luminal fluid shear stress.

3.1 Formulation. Here, we illustrate the applicability of the
model developed above in a simple one-dimensional setting. Con-
sider a one-dimensional cell of thickness b, length L (along the
x-direction), and unit thickness into the plane of the paper, bound
to a long rigid substrate coated with an extracellular matrix (Fig.
4(a)). With x, the coordinate of a material point in the cell in the
current configuration, and X, the corresponding coordinate in the
undeformed configuration, a prescribed displacement rate i,y is

041001-4 / Vol. 78, JULY 2011
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Fig. 4 (a) Sketch of the one-dimensional cell adhered to a rigid
substrate. A prescribed displacement versus time history is im-
posed on one end of the cell. (b) The time history of the dis-
placement u,,, imposed on the cell in (a). The sketch defines
the key loading parameters: the maximum applied u,,, and the
time t, at which this displacement is reached.

applied to the right hand end (X/L=1.0). Using the model of Refs.
[18,19] for describing the response of the cell interior (including
the stress fibers) and the mechano-sensitive focal adhesion model
of Ref. [17], the coupled signaling, adhesion, and contractile re-
sponse of the one-dimensional cell is completely described by the
following set of differential equations.

(i) The one-dimensional mechanical equilibrium equation is

bg =&yF (3.1)
ox

where F' is the force exerted by the cell on the integrin-
ligand complex and Y, is the stress in the cell, as specified
in Appendix A via constitutive equations (B1)—(B3). These
stresses follow from the stress fiber concentrations 7. The
boundary conditions for Eq. (3.1) are 2 =0 at X=0 with an
applied displacement rate #i=1i,p, at X=L.

(ii) The strain-rate & in the cell is related to the displacement
rates # of cell material points through the compatibility
equation

(3.2)

)
Il
SR
=S

(iii)

The integrin-ligand bond stretch rate A is related to the
cell displacement rate via

b .
. i JAl=A, or | 7=A<0

A J|A| 3.3)

0 otherwise
where ®(A) is the stretch energy stored in the integrin-

ligand complex and A, is the stretch at maximum force.
Assuming a quadratic form for ®, the bond force F fol-

lows as
s |8 |Al=4,
F= A 2k, sgn(A) — kA A, <|A]=2A,  (3.4)
0 |A| > 24,

where «, is the stiffness of the integrin-ligand complex.
The one-dimensional trafficking equations for the concen-
tration &y of the high affinity integrins are

(iv)
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w_ o, ),
&t_m&x<§L(9x) & (3-5)

where §=§;+ &y is the total integrin concentration given
by the sum of the concentrations of the low affinity inte-
grins (&;) and the high affinity integrins (&y). Here, m is
the mobility of the low affinity integrins along the cell
membrane, while y; is the chemical potential of a single
low affinity integrin molecule. The thermodynamic equi-
librium between the low and high affinity integrins dictates
that [17]
_ & &
Xo=pp+kTIn===py+kTIn=—"+DP(A)-FA (3.6)
&R &r
where & is a reference binder concentration, while u; and
wmy are the reference potentials of the low and high affinity
integrins, respectively. We solve these trafficking equa-
tions with the flux boundary condition j=-mé&; (Ix./dx)
=0 at X=0,L.
(v) The signal C is specified via one-dimensional versions of
Egs. (2.1)—(2.3); viz., the spatio-temporal evolution of the
IP; concentration is given by

. P’S o . )

S =mkT— - k,S + —max(0,&y) — Sé (3.7)
ox b

with the flux boundary condition dS/dx=0 at X=0,L,

while the evolution of the stress fiber activation signal C is

calculated from Eq. (2.3), with S obtained from the solu-
tion of Eq. (3.7).

For simplicity, we assume that the cell is stress and stress fiber
free at time r=0; thus, u=7=6=C=5=3=0 throughout the cell at
t=0. Moreover, since the cells are initially stress free, the high
affinity integrin-ligand complexes are unstretched such that A=0
everywhere on the cell surface. Then, Eq. (3.6) gives a uniform
concentration of high and low affinity integrins over the cell sur-
face at time #=0, with §; and & given by

§()
= 3.8
& 1+ &/é, (3.8a)
and
&
= 3.8b
‘L L+ &yl ( )
respectively, where
§n Mu— ML
== -— 3.9
g ~ P T (3.9)

and &, is the total integrin concentration per unit cell membrane
area in an isolated cell.

An updated-Lagrangian finite element solution technique is
used to solve these one-dimensional partial differential equations
coupled together using a staggered approach similar to that de-
scribed in Ref. [17]. All calculations use a mesh comprising 1000
two-node elements with linear interpolation functions. The mesh
is refined near the edges, X=0,L, in order to accurately capture
large parameter gradients occurring there.

3.2 Material Parameters. We illustrate the features of the
model by considering a one-dimensional cell, with thickness b
=1 pm and length L=10 wm, adhered to a rigid substrate (Fig.
4(a)) at an ambient temperature 7=310 K. Unless otherwise
stated, the relevant properties of the cell are as follows. The prop-
erties for the stress fibers and focal adhesion models have been
chosen with guidance from previous assessments [17-19,23-25]
and are consistent with a wide range of independent experimental
measurements. The passive Young’s modulus of the cell is E
=0.08 kPa and the Poisson’s ratio is v=0.3. The stress fiber

Journal of Applied Mechanics

formation/dissociation rate constants are k;=1.4X 1073 s7! and
k,=0.1k;. The constants in the Hill-like equation relating the

stress fiber stress to the strain rate are k,=6, with &,=2.8
X107 57!, while the maximum tension exerted by the stress fi-
bers is 0y,,x=3.9 kPa. The concentration of integrins &, over the
cell membrane of an isolated cell is taken to be 3000 ,um‘z, while
the mobility of the low affinity binders is m=10 s mg~'. The
difference in the chemical potential of the low and high affinity
integrins is wy—u;=5kT, and the stiffness of the integrin-ligand
complex is chosen to be k,=0.015 nN um~!. The maximum bond
force that this complex can sustain is approximately 2 pN, and
hence it follows that A,=130 nm.

While the parameters for the stress fiber and focal adhesion
models follow from previous studies, calibration assessments need
to be conducted to establish appropriate ranges for the parameters
of the signaling model. Here, we use the following values to dem-
onstrate the capabilities of the model. Where possible, these pa-
rameters have been chosen to be consistent with experimental
observations [26-28].

The reference IP; concentration is S,=1000 molecules um™>
(i.e., =2 uM), while the forward and backward rate constants
governing the release of Ca’* are taken as A=1 s™! and \,
=0.5 s7!, consistent with values employed in Ref. [27]. We
present parametric studies to show the effect of the following
parameters: (i) the constant of proportionality & governing the rate
of IP; production, (ii) the de-phosphorylation rate constant k4, and
(iii) the mobility m, of the IP5. Unless otherwise specified, we
take the following parametric values as references: k;=5
X107 57!, @=1, and the mobility of the IP5, m,=10* s mg~'.

We note that based on the parameter values stated above, the
rate constants governing the release and capture of Ca>* are sig-
nificantly larger than the other rate relevant rate constants (e.g.,
the stress fiber formation/dissociation and IP; de-
phosphorylation). Given this, we expect the stress fiber activation
signal to be temporally in phase with the IP; concentration and
given by setting dC/dr=0 in Eq. (2.3) to provide

1

1+—==2
A S

C= (3.10)

3.3 A Simple Numerical Example. A displacement i, is
applied to the cell with a displacement versus time history, as
sketched in Fig. 4(b). From time =0 to time 7,=1000 s, a con-
stant displacement rate l,p,=0.1 nm s”! in the positive
X-direction (i.e., pulling of the cell) is applied, and subsequently
(£>1000 s), the cell edge X=L is held fixed at the displacement
Umax =100 nm with ii,,,=0. As no external biochemical signal is
specified, the applied mechanical perturbation produces the acti-
vation signal that initiates the formation and growth of stress fi-
bers and focal adhesions. The spatio-temporal evolution of the
stress fiber activation signal C is shown in Fig. 5 for five selected
values of time 7 (note that the distribution of C is plotted in terms
of the undeformed cell coordinate X). The signal C tends to re-
main more localized near the displaced end of the cell, while
Uypp=>0 (see the distribution of C at r=5 min in Fig. 5) due to
signal production near the location of applied load. Thereafter, the
signal spreads uniformly throughout the cell shortly after time ¢
=1, (see =17 min in Fig. 5) and subsequently gradually decays
to zero in a spatially uniform manner. The signal is virtually non-
existent approximately 17 h after the initiation of the mechanical
perturbation. As discussed in Sec. 3.2, the IP; is temporally in
phase with the stress fiber activation signal, and thus the concen-
tration S(X,7) can be extracted from Fig. 5 using the relation Eq.
(3.10).

The spatio-temporal distribution of the stress fiber concentra-
tion 7 and the focal adhesions as parametrized by &/ &, are plot-
ted in Figs. 6(a) and 6(b), respectively. Early in the deformation
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Fig. 5 The spatio-temporal evolution of the stress fiber activa-
tion signal C in the cell (reference properties) subjected up,.x
=100 nm at a displacement rate u,,,=0.1 nm s~'. The spatial
distributions are plotted in terms of the undeformed cell coor-
dinate X at five selected times t after the initiation of the me-
chanical perturbation.

(=17 min), both the stress fiber and focal adhesions are concen-
trated near the cell edge being pulled (i.e., X=L). Subsequently, 7
acquires approximately a uniform spatial distribution over the
range X/L>0.1 and rises steadily with increasing time before
reaching its final value of 7=0.8. Near the free edge X=0, 7
drops sharply as the %,=0 boundary condition at that edge implies
that the stress fiber concentration has to drop to zero as the strain
rate € —0 as the cell approaches a steady-state limit. By contrast,
at times t>17 min, focal adhesions start to form near the free
edge of the cell as mechanical equilibrium dictates that high trac-
tions are developed by the stress fibers near the free edges of a
cell, as discussed in Ref. [17]. Moreover, the diffuse focal adhe-
sions near X=L dissociate and concentrate in the immediate vi-
cinity of the load application point X=L. This prediction is con-
sistent with experimental observations [29], which show that focal
adhesions, as measured by the vinculin concentration, form near
the site of force application. Moreover, focal adhesions are seen to
form over the region X/L<<0.1, where the stress fiber concentra-
tion is rather low but has a strong gradient. This strong gradient in
stress fiber concentration implies that the cell exerts large tractions
on the substrate via focal adhesions. Given that the focal adhe-
sions are mechano-sensitive, this results in the formation of focal
adhesions in this region.

The spatial distributions of C, 7, &y/&,, and the low affinity
integrins &;/&, at t=17 h are plotted in Fig. 6(c). The spatial
distribution of the mobile (low affinity) integrins is approximately
uniform, indicating that the cell has nearly attained its steady-state
configuration by this time whereupon there is no further focal
adhesion and stress fiber formation. Removal of the applied dis-
placement (and hence the applied end force) will result in the
dissociation of the focal adhesions and stress fibers and the cell
returning to its resting (initial) state. This result is not included
here for the sake of brevity.

3.4 Significance of Diffusion of the Signal. Experimental
measurements [26,28] suggest that the diffusivity of IP3 is in the
range D,=mkT=200-400 um”s~' at T=310 K. Assuming a
value of D,=400 um?s~!, we anticipate that the IP; will diffuse
over the cell of length L=10 um for times t>L?/(4D,)
~(0.06 s. All other time scales in the coupled stress fiber/focal
adhesion equations are significantly longer (e.g., the time for the
diffusion of the low affinity binders over the entire cell length is
about 17 h, while the loading is applied over 1000 s). It thus
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Fig. 6 The spatio-temporal distribution of the (a) stress fiber
concentration 7 and (b) focal adhesions as parametrized by
éulé, in the cell (reference properties) subjected Upax
=100 nm at a displacement rate 0,,,=0.1 nm s~'. The spatial
distributions are plotted in terms of the undeformed cell coor-
dinate X at five selected times t after the initiation of the me-
chanical perturbation. (¢) The corresponding spatial distribu-
tions of C, 7, &4/&, and the low affinity integrins §,/&, at
approximately steady-state (i=17 h).

seems appropriate to assume that over time scales of interest, the
IP; concentration is spatially uniform. The model equations out-
lined in Sec. 4.1 are then modified as follows. The evolution equa-

tion for a spatially uniform IP; concentration S is given by an
equation analogous to Eq. (3.7) as

= = rL L
B 153 cax+ & 0,&)dX  (3.11)
- =- - & - maxi(u, .
a L), bL), B

This definition ensures global consistency between S and § such

that
oS 1 ("os
Z=—| Zux

gt L), ot

(3.12)

for a given distribution of &y and € with zero flux boundary con-
ditions at X=0,L. We replace S in Eq. (2.3) with S to give a
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Fig. 7 (a) Comparison of temporal evolution of the signals Cand Cin a
cell (reference properties) subjected u,,,=100 nm at a displacement
rate U,,,=0.1 nm s~'. The corresponding spatio-temporal evolution of
the (a) stress fiber concentration » and (b) focal adhesions as param-
etrized by &,/&, in the cell with infinitely rapid IP; diffusion (i.e., cell
subjected to the signal C). The spatial distributions are plotted in terms
of the undeformed cell coordinate X at five selected times t after the
initiation of the mechanical perturbation.

spatially uniform stress fiber activation signal denoted by C.
The mechanical perturbation simulation described in Sec. 3.3 is
repeated with this new formulation for a spatially uniform signal.

The resulting temporal evolution of c (which by definition is
spatially uniform) is plotted in Fig. 7(a). Recall that in the simu-
lation presented in Sec. 3.3, we had taken D; as 0.043 um? s~/ (at
a temperature 7=310 K). It is instructive to compare the temporal
evolution of the signal with this rather low diffusivity value with
predictions where the diffusivity is taken to be infinitely large. In
order to make this comparison, we define a spatial average of C as

1 L
—f cdx
L 0

so that C=C if and only if S is spatially uniform. The temporal

C

(3.13)

evolution of C is included in Fig. 7(a) (with the inset showing the

early time evolution of both é’): With C nearly equal to C, our
simulations suggest that the spatially uniform signal approxima-
tion is appropriate over all realistic values of the IP5 diffusivity.
Consistent with this finding, we observe that spatio-temporal evo-
lutions of 7 and &/&, in Figs. 7(b) and 7(c), respectively, using C
as the stress fiber activation signal, are almost identical to the
corresponding distributions plotted in Fig. 6, where diffusion of
IP; was accounted for and C was used as the stress fiber activation
signal.

We conclude that for purposes of modeling the stress fiber and
focal adhesion evolution in response to a mechanical perturbation,
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it suffices to neglect the diffusion of IP; and employ a spatially
uniform stress fiber activation signal. In all the simulations, pre-

sented subsequently, we employ the spatially uniform signal C.

3.5 Sensitivity to the Parameters Governing the Produc-
tion and De-Phosphorylation of IP;. We now investigate the
sensitivity of the stress fiber and focal adhesion response to the
IP; production and de-phosphorylation parameters « and k,, re-
spectively. Unless otherwise specified, all cell and applied loading
parameters are the same as in Sec. 3.4, i.e., the spatially uniform

signal C with the mechanical perturbation applied, as specified in

Sec. 3.3. The temporal variation of C for three choices of the 1P;
production proportionality constant e is shown in Fig. 8(a): With

increasing «, both the peak value of C and the decay time of the
signal increase. Consequently, both 7 and &y/§, increase with
increasing a, as illustrated by the steady-state (=17 h) distribu-
tions of these quantities plotted in Figs. 8(b) and 8(c),
respectively.

The effect of k, is very similar to «a except that in this case the

signal c (as well as 7 and &/ ¢,) increases with decreasing k, as
this reduces the rate of de-phosphorylation of IP5. For the sake of
brevity, these results are not shown explicitly.

4 Can We Decouple the Signaling Cascade From the
Stress Fiber and Focal Adhesion Responses?

A key question is whether models such as those of Refs.
[18,19], which prescribe a signal independent of the applied me-
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Fig. 8 (a) The temporal evolution of C in a cell subjected uy,,
=100 nm at a displacement rate (,,,=0.1 nm s~' for three selected val-
ues of the IP; production constant a. All other values of the cell proper-
ties are fixed at their reference values. The corresponding steady-state
(t=17 h) distributions of (b) stress fiber concentration 7 and (c) focal
adhesions as parametrized by £,/ £,. The spatial distributions are plotted
in terms of the undeformed cell coordinate X.

chanical perturbations, are capable of capturing the resulting
stress fiber and focal adhesion distributions. In order to address
this question, we now report simulations where we investigate the
influence of (i) the loading rate and (ii) the net applied displace-
ment on the cellular response, including the generated stress fiber
activation signal and the resulting stress fiber and focal adhesion
distributions. All results are presented for a cell of length L
=10 um and an infinitely fast IP; diffusion rate, i.e., a spatially

uniform activation signal C. All other material parameters are kept
fixed at their reference values, as specified in Sec. 3.2.

4.1 Effect of Loading Rate. A displacement schedule, as
sketched in Fig. 4(b), was applied to the cell at X=L. Keeping the
maximum displacement u,,,, fixed at 100 nm, the applied dis-
placement rate during the initial loading period was varied from
ligpp=0.02 nm s7!to 0.5 nms7!; i.e., time 7, was reduced from
5000 s to 200 s. The resulting temporal variation of C is included
in Fig. 9(a) for three selected values of Uypp- Clearly, the maxi-
mum value of C increases with increasing iy, while the time for
C to attain this maximum value decreases. We note that the rise
time for C scales with the time over which the applied displace-
ment increases; i.e., the rise time scales with #, and hence in-
creases with decreasing ii,,,. However, the decay time for the
signal to fade away is mainly characterized by the de-
phosphorylation time constant k; and hence is reasonably inde-
pendent of the applied loading rate. A consequence of the higher
signal levels with increasing i,,, means that the steady-state G
=17 h) stress fiber concentrations are higher over the majority of

041001-8 / Vol. 78, JULY 2011

the cell length for the higher values of applied u,,, (Fig. 9(b)), but
these increased signal levels have a negligible effect on the
steady-state focal adhesion distributions (Fig. 9(c)), which satu-
rate based on the maximum force that an integrin-ligand bond can
sustain. We emphasize here that the results indicate that the con-
centration of stress fibers is not very sensitive to the loading rate.
However, consistent with observations [30], the stress exerted by
the fibers depends strongly on the rate of deformation, as charac-
terized by Eq. (B2).

4.2 Effect of the Applied Net Displacement. Now, we keep
the initial loading rate fixed at i,,,=0.1 nm s™! and increase i,y
from 100 nm to 500 nm by increasing ¢,. The resulting temporal

variation of the stress fiber activation signal Cis plotted in Fig. 10
for three selected values of u,,,,. The activation signal and, con-
sequently, the distributions of 7 and &/ &, (not shown) are seen to
be insensitive to u,,, over the range investigated here.

These findings seem to suggest that in order to make accurate
predictions over a wide range of applied mechanical perturba-
tions, the signaling model needs to be coupled to the stress fiber
and focal adhesion model. Further, two- and three-dimensional
investigations with more realistic cell geometries are required to
judge under what circumstances it might be appropriate to de-
couple the signaling response of the cell as in Refs. [18,19].

5 Concluding Remarks

We have developed a model for mechano-sensitive signaling
pathways in cells that give rise to a cooperative feedback loop
between signaling, focal adhesion formation, and cytoskeletal
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Fig. 9 (a) The temporal evolution of C in a cell (reference properties)
subjected u,,,,=100 nm at three selected values of the applied displace-
ment rate dapp. The corresponding steady-state (=17 h) distributions of
(b) stress fiber concentration » and (c) focal adhesions as parametrized
by &4/ €,. The spatial distributions are plotted in terms of the undeformed

cell coordinate X.

contractility. The signaling model is based on a biochemical path-
way where IP; molecules are generated when focal adhesions
grow. These IP; molecules diffuse through the cytosol leading to
the opening of ion channels that disgorge Ca>* from the endoplas-
mic reticulum leading to the activation of the actin/myosin con-
tractile machinery. The signal pathway thus conceptualized has

02F

0.15F

<0
0.1F

05F

t (hrs)

Fig. 10 The temporal evolution of Cin a cell (reference prop-
erties) subjected to a displacement rate u,,,=0.1 nm s~ for
three selected values of the maximum displacement u,,,

Journal of Applied Mechanics

been coupled with the mechano-sensitive stress fiber and focal
adhesion models of Refs. 18, 19, and 17 in order to give an overall
model for predicting the stress fiber and focal adhesion responses
of cells subjected to mechanical perturbations. A simple numerical
example is analyzed where a one-dimensional cell adhered to a
rigid substrate is pulled at one end. These simulations indicate that
for a realistic range of IP; diffusivities, the diffusion of IP; is
significantly faster than the other cellular processes modeled here,
and thus it suffices to model the stress fiber activation signal as
spatially uniform. However, the signal levels are sensitive to the
nature of the mechanical perturbations (e.g., the rate of loading),
and hence the ad hoc signaling models as utilized in our previous
studies [17-19,23-25] require careful calibration to specific load-
ing events.

Previously, the combined stress fiber and focal adhesion models
of Refs. [17-19] have been used with a simplified signaling model
to simulate successfully a variety of cell responses, including (a)
the scaling of the forces exerted by cells on a bed of microneedles
[24], (b) the influence of cell shape and boundary conditions on
the development of structural anisotropy [19], (c) the high con-
centration of stress fibers at focal adhesions [19], (d) the forma-
tion of stress fibers perpendicular to the direction of cyclic stretch
[25], and (e) stress fiber and focal adhesion development on pat-
terned substrates [23]. The signaling model proposed here builds
on these results and provides a significant advance toward devel-
oping a more comprehensive computational toolbox for simulat-
ing the interaction of cells with their mechanical environment.
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Appendix A: A Review of Key Biochemical Processes

Here, we describe the key biochemical processes governing (i)
cytoskeleton dynamics that generate contractile forces, (ii) focal
adhesion dynamics, and (iii) signaling pathways. The focus will
be on the relation of the biochemical processes to the mechanical
behavior. An overview of the key biochemical processes involved
is sketched in Fig. 3, and some of the details given here may be
found in general cell biology references such as Ref. [31].

1 Cytoskeletal and Focal Adhesion Dynamics

In the suspended or resting state, the binding proteins or inte-
grins are dispersed over the cell surface (and may be attached to
some actin filaments). The short actin filaments in the cytoplasm
are surrounded by a pool of actin monomers bound to profilin.
Myosin II exists in the bent state in which the tail domain interacts
with the motor head. The formation of stress fibers in the cell is
triggered by an activation signal in the form of either a nervous
impulse or an external signal that triggers an intracellular signal-
ing cascade. Several parallel intracellular pathways are involved.
For example, adhesion to the extracellular matrix triggers a sig-
naling pathway that induces the activity of profilin, cofilin, and
gelsolin. In turn, this activates phospholipase C (PLC), which hy-
drolyzes PIP, (phosphatidylinositol 4,5-bisphosphate) and stimu-
lates the release of Ca®* from the endoplasmic reticulum. The
influx of Ca®* activates gelsolin, which cleaves the capped actin
filaments into tiny fragments. The large numbers of free ends
generated in this manner are rapidly elongated by the monomeric
actin pool, forming many long filaments, some cross-linked with
filamin and some bundled by a-actinin. Phosphorylation triggered
by Ca®* causes myosin II to preferentially assume its extended
state. This promotes the assembly of myosin II into bipolar fila-
ments that enter into the a-actinin bound actin filament bundles,
resulting in the formation of stress fibers. These fibers generate
tension by cross-bridge cycling between the actin and myosin fila-
ments. When the tension is allowed to relax, the actin filaments
are no longer held in place by the bipolar myosin filaments and
the stress fibers disassemble. The biochemomechanical model of
Refs. [18,19] captures the essence of the processes described
above within a mathematical framework.

The integrin proteins enable a bidirectional control of cell ad-
hesion by dynamically coupling the immobilized matrix and its
associated ligands outside the cell with its internal “skeleton” in-
cluding the stress fibers. Recent studies [32] have elucidated that
integrins exist in two conformational states: (i) a low affinity (or
bent) state and (ii) an active or a “straight” state with a high
affinity to the appropriate ligand. The high affinity integrins inter-
act with the ligand molecules on the ECM and form complexes or
bonds, while the “bent” geometry of the low affinity integrins
implies that they do not interact with ligand molecules on the
ECM [33]. Numerous recent observations suggest that the cluster-
ing of the integrins to form focal adhesions is driven by the con-
tractile apparatus within the cell, and not from interactions with
the ECM on the outside [34]. These observations include that the
clustering of integrins is weak or nonexistent if (i) the protein that
signals the formation of the contractile stress fibers (Rho) is inac-
tive [35], or (ii) 2,3-butanedione monoxime (BDM) is added to
the cell to restrict the actin-myosin activity [36]. The model in
Ref. [17] proposes a biochemical-mechanical basis for this
mechano-sensitivity of the binders coupled to the actin/myosin
stress fiber model developed in Refs. [18,19].
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2 Biochemical Aspects of Common Signaling Path-
ways in Cells

Here, we discuss the critical mechanically activated signaling
pathways in nonexcitable cells such as endothelial cells, blood
cells, and fibroblasts. The aim is not to provide a critical review of
all the pathways, but rather to give the overall picture of the
critical elements that are involved in order to inform the develop-
ment of a relatively simple modeling approach.

2.1 Focal Adhesions Activate Intracellular Signaling
Pathways. Focal adhesions are formed when low affinity mobile
integrins in the plasma membrane convert to high affinity inte-
grins and bind with extracellular ligands. When high affinity inte-
grins cluster at focal contacts, the cytoplasmic tyrosine kinase,
focal adhesion kinase (FAK), is recruited to focal adhesions by
intracellular anchor proteins such as talin, which binds to the in-
tegrin SB-subunit, or paxillin, which binds to the integrin
a-subunit. The clustered FAK molecules cross-phosphorylate each
other, creating phosphotyrosine docking sites where Src kinase
can bind. Src and FAK now phosphorylate each other and other
proteins that assemble in the junction, including many signaling
proteins used by receptor tyrosine kinases.

2.2 Receptor Tyrosine Kinases. The phosphorylated ty-
rosines form docking sites for the PLCy SH2 domains, bringing
PLCv into proximity with phosphatidylinositol 4,5-biphosphate
(PIP,). The activated 7y cleaves PIP, to generate two products:
inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). At this
step, the signaling pathway splits into two branches: (i) the 1P
that triggers a release of Ca®* from the ER and (ii) DAG that
activates protein kinase C (PKC). We shall focus on the first path-
way. Note that the binding of an extracellular signaling molecule
to its G-protein linked receptor activates PLCS. In general, ty-
rosine kinase activated PLCy increases Ca’>* more slowly and for
longer durations that do G-mediated PLCSs [31,37,38].

2.3 1P; Diffusion Causes Release of Ca*>* Tons From Endo-
plasmic Reticulum. Inositol 1,4,5-triphosphate (IP;) is a small
water soluble molecule that leaves the plasma membrane and dif-
fuses rapidly through the cytosol. The IP; releases Ca>* from the
ER by binding to and opening IP;-gated Ca**-release channels in
the ER membrane. The large electrochemical gradient for Ca>*
across this membrane causes Ca”* to escape into the cytosol. The
Ca?* concentration in the cytosol is one of the key signals for the
initiation of cytoskeletal reorganization, including the formation
of stress fibers. The number, affinity, and specificity of
Ca*-binding proteins means that Ca’* is a very localized messen-
ger and diffuses much more slowly than implied by its ionic or
hydrated radii; i.e., Ca?* action is local in the cell [37]. Thus, the
Ca?* ions are typically associated with the diffusion of IP; and can
be considered to be supplied at rates determined by the presence
of IP3

2.4 Restoring Mechanisms. Two key mechanisms operate to
bring the Ca?* concentration in the cytosol back to its resting
state: (i) IP; is de-phosphorylated by specific phosphatases to
form IP, and IP,, which closes the Ca>* gates on the ER mem-
brane; (i) the concentration of Ca2* is brought back to its resting
state by Ca** pumps on the ER membrane that use the energy of
ATP hydrolysis to transfer Ca’* from the cytosol into the ER.

2.5 Summary of the Biochemical Signaling Processes Ini-
tiated by Mechanical Forces. The application of a mechanical
force to the plasma membrane results in the activation of integrins
from their low to high affinity states [17]. The biasing of the
integrins to their high affinity state generates the signaling cascade
described above, generating a Ca>* wave as follows.

(a)  IP3is produced at the plasma membrane at the location of
force application. This IP5 diffuses through the cytosol.
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(b)  The rate of calcium release from the ER is proportional to
the concentration of IP5. The resulting locally high con-
centration of Ca* in the cytosol reduces further release at
those locations, and the pumping of Ca®* back into the
ER starts to reduce the local Ca>* concentration.

(c)  The high Ca?* concentration initiates the formation of
contractile stress fibers that in turn are capable of gener-
ating forces on focal adhesions.

(d) This process is repeated at different locations within the
cell as the IP; wave propagates.

(e)  The production of IP; at the plasma membrane is termi-
nated when the clustering of integrins is halted.

(f)  Closing of the IP;-gated channels due to the de-
phosphorylation of IP; and the pumping of Ca?* back
into the ER refills their stores and reduces the cytoplas-
mic Ca”* levels back to the resting state.

Appendix B: The One-Dimensional Cytoskeletal Model
Accounting for Stress Fiber Contractility

A biochemomechanical model has been devised in Refs.
[18,19], which captures the formation and dissociation of stress
fibers, as well as the associated generation of tension and contrac-
tility. The formation of stress fibers is parametrized by an activa-
tion level, designated as 7(0=n=1), defined as the ratio of the
concentration of the polymerized actin, and phosphorylated myo-
sin within a stress fiber bundle to the maximum concentrations
permitted by biochemistry. The evolution of the stress fibers is
characterized by a first order kinetic equation,

ﬁ=[b—ﬂcb—<1—3)nm (B1)
0o

where the overdot denotes time differentiation, while kf
and k;, are the forward and backward rate constants, re-
spectively. In this formula, o is the tension in the stress
fiber bundle, while o,= 70, 1s the corresponding iso-
metric stress at the activation level », with o, being the
tensile stress at full activation (7=1). The stress fiber
formation is initiated by a signaling cascade within the
cell. This signal C(0=C=1) (defined as the nondimen-
sional concentration of Ca®*) is the stress fiber activation
signal defined in the main body of the paper. The stress o
is related to the fiber contraction/extension strain rate &
by the cross-bridge cycling between the actin and myosin
filaments. A simplified (but adequate) version of the Hill-
like [39] equation is employed to model these dynamics
and is speciﬁedras

0 =<7
€o k,
— B
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where the rate sensitivity coefficient, k,, is the fractional
reduction in fiber stress upon increasing the shortening
rate by &. Thus, the model treats stress fiber assembly
and contractility in a coupled manner via Egs. (B1) and
(B2), respectively.

The constitutive description for the cell is completed by includ-
ing contributions from passive elasticity, attributed to intermediate
filaments and microtubules of the cytoskeleton attached to the
nuclear and plasma membranes. These act in parallel with the
active elements, whereupon additive decomposition gives the total
stress as

Journal of Applied Mechanics

S=0+Es (B3)

for an assumed linear passive response, with E being the
Young’s modulus and &= [{&dt.
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