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Contractile Torque as a Steering Mechanism for Orientation of Adherent Cells

Dimitrije Stamenovié¢

Abstract: It is well established that adherent cells
change their orientation in response to non-uniform sub-
strate stretching. Most observations indicate that cells
orient away from the direction of the maximal substrate
strain, whereas in some cases cells also align with the di-
rection of the maximal strain. Previous studies suggest
that orientation and steering of the cell may be closely
tied to cytoskeletal contractile stress but they could not
explain the mechanisms that direct cell reorientation.
This led us to develop a simple, mechanistic theoreti-
cal model that could predict a direction of cell orien-
tation in response to mechanical nonuniformities of the
substrate. The model leads to a simple physical mech-
anism — namely the contractile torque — that directs the
cell toward a new orientation in response to anisotropic
substrate stretching or substrate material anisotropy. A
direction of the torque is determined by a dependence of
the contractile stress on substrate strain. Model predic-
tions are tested in the case of simple elongation of the
substrate and found to be consistent with experimental
data from the literature.

keyword: contractile dipole, mechanosensing, trac-
tion, contractile stress, strain, substrate.

1 Introduction

It is well documented in a variety of adherent cell types
that cell orientation changes in response to nonuniform
substrate stretching (Dartsch and Himmerle,1986; East-
wood et al., 1998; Iba and Sumpio,1991; Ignatius et
al. 2004; Neidlinger-Wilke et al., 2001; Sipkema et al.,
2003; Takemasa et al., 1997; Wang et al., 2001; Wille et
al., 2004). Much is known about the effect of stretch on
cells, especially with regard to induced changes in gene
expression. However, the upstream mechanisms, espe-
cially those by which mechanical stretching drives the
cell to a new orientation, are largely unknown. Gener-
ally, cells tend to orient transverse to the direction of the
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maximal substrate strain (Dartsch and Hammerle,1986;
Iba and Sumpio,1991; Neidlinger-Wilke et al., 2001; Sip-
kema et al., 2003; Takemasa et al., 1997; Wang et al.,
2001; Wille et al., 2004), but some observations have in-
dicated that cells sometimes align with the direction of
the maximal strain (Eastwood et al., 1998; Ignatius et
al. 2004). It was also found that cell orientation is re-
lated to the magnitude of applied strain and on the state
of cell contractility; the greater the magnitude of the
applied strain, the greater the departure of cell orienta-
tion from the direction of strain (Neidlinger-Wilke et al.,
2001; Takemasa et al., 1997) whereas reduced contractil-
ity leads to closer alignment with the direction of applied
strain (Wang et al., 2001). Cells that are cultured in three-
dimensional collagen gels tend to align in the direction
of greatest strain (Bates and Martin, 1990; Eastwood et
al., 1998). It is evident from these published reports that
we do not understand why some cells in some conditions
align away from the direction of external strain whereas
some cells align with the direction of strain. Importantly,
underlying mechanisms of cell reorientation in response
to external mechanical perturbation are largely unknown.

Bischofs and co-workers (2003, 2004) have proposed a
theoretical model to describe how an adherent cell may
use its contractile apparatus in order to orient itself on
the substrate. A key premise of their model is that the
cell favors the orientation entailing the smallest mechan-
ical work invested by the cell’s contractile apparatus to
build up a certain contractile force. However, it is not
clear from their model how the cell sense what position
leads to a minimal work. An implicit assumption is that
the cell probes its physical environment randomly until it
senses the optimal position and then aligns accordingly.
However, there is no experimental evidence to back up
this assumption. For example, their model predicts that a
cell aligns with the direction of substrate stretching, but
in many experimental circumstances observations con-
tradict this prediction (Dartsch and Hammerle,1986; Iba
and Sumpio,1991; Neidlinger-Wilke et al., 2001; Sip-
kema et al., 2003; Takemasa et al., 1997; Wang et al.,
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2001; Wille et al., 2004). Therefore, a new conceptual
model and physical principles are needed to resolve this
apparent contradiction and to elucidate mechanisms.

In this study, we proposed a theoretical model that could
explain how cells might change their orientation in re-
sponse to substrate mechanical nonuniformities, includ-
ing nonuniform stretching and material anisotropy. A key
mechanism embodied in the model that steers the cell to-
ward a new orientation is a contractile torque that arises
at the cell-substrate interface as a result of altered bal-
ance of contractile forces within the cell in response to
mechanical disturbances from the substrate. Model pre-
dictions are compared with experimental data from the
literature.

2 Model

When the cell adheres to its substrate via integrin-
extracelluar matrix ligation, interfacial stresses (traction)
arise as a result of endogenous contractile stresses gener-
ated via myosin-actin interactions. It has been shown that
cells use this contractile stresses to probe rigidity of their
substrate by “pinching” the substrate and then use this
information to regulate their adhesion, magnitude and di-
rectionality of locomotion, growth and apoptosis (Lo et
al., 2000; Pelham and Wang, 1997; Wang et al., 2000).
The simplest metric of this cell pinching is known as the
contractile dipole (Butler et al., 2002; Wang et al., 2002).
It is a tensorial quantity whose magnitude, the contractile
moment (M), can be computed directly from the spatial,
two-dimensional distribution of tractions; M is a scalar
quantity equivalent to a pair of imaginary point forces of
equal magnitude (F') and opposite sense, separated by a
distance (d) (i.e., dipole), M =d - F (Fig. 1).
Mathematically, the contractile dipole tensor M is given
as follows [Betler, et al.(2002)]
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where F; and F, are the x and y (in plane) components
of the contractile dipole force vector F and d, and d,
are the corresponding components of the length d of the
dipole (Fig. 1). (Here and in the further text the inter-
facial surface between the cell and the substrate is as-
sumed to be in the xy-plane.) The arrows on the right-
hand side of Eq. (1) are the schematic representation of
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Figure 1 : Traction field that arises at the cell-substrate
interface (gray area) in response to cell contraction can be
replaced by a pair of point forces (¥') separated by a dis-
tance (d). Together, they form a dipole whose strength,
the contractile moment (M) equals the product M =d - F.
The x and y components of the contractile dipole; F, and
F, are the x and y components of F and d, and d,, are the
corresponding components of d.

the mechanical actions of M: the diagonal terms d, F; and
d,F, represent contractions in the x— and y-directions,
respectively; the off-diagonal terms d.F, and d,F; rep-
resent contractile torques in the counterclockwise and
clockwise directions, respectively. Since the net torque
produced by the dipole is zero, then the net torque pro-
duced by the x and y components of the dipole is also
zero, i.e., dF, — d,F, = 0. However, under mechanical
disturbances of the substrate, a finite net torque may be
generated. We hypothesize that it is this torque that di-
rects the cell toward a new orientation. Two cases are
considered: a) nonuniform (anisotropic) stretching of the
substrate and b) material anisotropy of the substrate.
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Figure 2 : In response to a biaxial stretch along x— and
y-axes (thick gray arrows), x and y components of the
contractile dipole from Fig. 1 change; d, and d, change
by Ad, and Ad,, and F, and F, change by AF, and AF;,
respectively. The corresponding substrate x and y strains
equal Ad,/d, and Ad,/d,, respectively.

2.1 Nonuniform stretching

Suppose that the substrate is stretched biaxially, in the x—
and y— directions, such that the strain in the x-direction
is greater than in the y-direction. Then the x component
of the dipole length, d, will increase by Ad, and the y
component, dy, will increase by Ad, such that Ad,/d, >
Ady/d, (Fig. 2). The corresponding changes in F; and
F, are AF, and AF,, respectively (Fig. 2). Then the net
contractile torque (7") equals

T = (do+Ady) (Fy+AFy) — (dy+Ady) (F+AF) ()

Taking into account that prior to stretching d.F, —d, F, =
0, it follows from Eq. (2) that

A Ad, AF, A
T = Fd, Ad; _ Ady Y el Fr
d.  d, F, F

Ady AF,  Ady AF,
de F, d, F
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The sign of the expression on the right-hand side of Eq.
(3) determines the direction of cell reorientation; 7 > 0

indicates orientation toward the x-direction, i.e., the di-
rection of the larger strain, whereas 7' < 0 indicates ori-
entation away from the direction of the larger strain. It
is clear from Eq. (3) that for Ad,/d, > Ad,/d, only
the second and the third terms may have negative con-
tributions to 7" and that these contributions depend on if
and how F, and F, change during stretching. To illus-
trate this, while maintaining mathematical simplicity and
transparency, we assume thatF, and F;, change propor-

tionally to dE and dE , respectively, where B is a constant.
The rationale for this assumption is that the a given value
of B determines a type of dependence of F, and F; on d,
and dy; B greater, less or equal to unity implies that Fy
and F, change faster than linearly, slower than linearly or
proportionally to the applied substrate x and y strains, re-
spectively. Taking into account this assumption, Eq. (3)
becomes

rera ()]

If B > 1, then it follows from Eq. (4) that T < 0 and
the cell would steer away from the x-direction (Fig. 3A),
whereas if B < 1, then T > 0 and the cell would steer
toward the x-direction (Fig. 3B). If B=1,then T =0
and the cell would not change its orientation (Fig. 3C).

“

The following special cases also are noteworthy. One is
equibiaxial (uniform) stretching when Ad, /d, = Ad,/d,
and AF, /F, = AF,/F,. Then, it follows from Eq. (3) that
T = 0 and therefore that cell would not alter its orienta-
tion, independent of particular relationships between F;
and F, and the substrate strains (Fig. 3D). The second
one is substrate compression. For simplicity, consider
the case of pure uniaxial compression in the x-direction
(i.e., Ady/d, < 0;Ad,/d, = 0). Then Eq. (4) becomes

Ad,

d

T= _Fydx (1 - B) (5)

In this case, B > 1 implies 7 > 0 (Fig. 3E)and < 1, T <
0 (Fig. 3F), which is opposite from the directions that
would be predicted in the case of pure uniaxial substrate
stretching in the x-direction (i.e., Ad,/d, > 0; Ad,/d\, =
0).

According to the model (Egs. 3-5), the cell will stop
changing its orientation once it attains a position where
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Figure 3 : A schematic representation of the direction of cell orientation during biaxial stretching based on predic-
tions of Eq. (4). Here F denotes the contractile force and 7' the contractile torque, Ad,/d, > Ad,/d, are substrate
strains in the x- and y-directions, respectively. A) T < 0 and the cell steers away from the x-direction when the x and
y components of F' change faster than linearly with the corresponding substrate strains ( > 1). B) T > 0 and the cell
steers in the x-direction when the x and y components of F' change slower than linearly with the corresponding sub-
strate strains (B < 1). C) T = 0 and the cell does not change its orientation when the x and y components of F change
directly proportionally with the corresponding substrate strains (§ = 1). D) During equibiaxial (uniform) stretching
(Ad,/d; = Ady/dy = Ad/d), T =0 and the cell does not change its orientation. During pure uniaxial compression
in the x-direction (Ad,/d, < 0,Ad,/d, = 0) (Eq. 5), E) T < 0 and the cell steers away from the x-direction when
the x and y components of F' change slower than linearly with the corresponding substrate strains (§ < 1), and F)
T > 0 and the cell steers toward the x-direction when the x and y components of F change faster than linearly with
the corresponding substrate strains (f > 1).

T = 0. This position is either the orientation with the x- tation (cf. Takemasa et al., 1997; Wang et al., 2001;
direction (i.e., F;, = 0) or with the direction transverse to Wille et al., 2004). During simple elongation in the
it, the y-direction (i.e., d, = 0). No other orientations are x-direction the substrate shrinks in the y-direction, i.e.,
possible. Ady/d, = —vAd,/d,, where 0 <v < 0.5 is Poisson’s Ra-
To compare model predictions with experimental data tio of the substrate, while the contractile stress increases
from the literature, we considered a special case of sub- 1N the x-direction and does not change in the y-direction,
strate stretching — simple elongation — that has been 1-€., AF, ©/F: > 0 and AF; /F; = 0 Thus, Eq. (3) becomes
used previously in experimental studies of cell reorien-
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Since stretchable substrates are usually made of elas-
tomeric membranes that change little their volumes dur-
ing cell stretching, it follows that v ~ 0.5. Taking this
value into account, we predict from Eq. (6) values
of AF,/F, for which T > 0 and T < 0, for substrate
strains Ad,/d, ranging from 0-14% (Fig. 4). These
results are then compared with published experimen-
tal data for changes of contractile stress in response to
substrate stretching obtained from living airway smooth
muscle cells (Rosenblatt et al., 2004) and endothelial
cells (Pourati et al., 1998). It is found that these experi-
mental values fall in the range where the model predicts
that 7 < 0, suggesting that the cells would orient away
from the direction of stretching (Fig. 4). This finding is
consistent with observed changes in orientation of living
smooth muscle and endothelial cells during simple elon-
gation of the substrate reported previously (cf. Dartsch
and Himmerle, 1986; Takemasa et al., 1997; Wang et al.,
2001).

Model predictions for equbiaxial stretching are also com-
pared with experimental data from the literature. The
model predicts that during equibiaxial substrate stretch-
ing cells do not develop contractile torque and therefore
they will not reorient. This prediction is consistent with
previous observations that living endothelial cells do not
exhibit preferential orientation during equibiaxial sub-
strate stretching (Wang et al., 2001).

2.2  Material anisotropy

Our model can be applied to the case of material
anisotropy of the substrate. Suppose that the substrate
is stiffer in the x— than in the y-direction. Then in re-
sponse to cell contraction, the fractional decrease of d,
will be smaller than of dy, i.e., |Ad,/d,| < |Ad,/d,|. For
simplicity, let assume that the contractile force remains
constant during contraction (isotonic contraction). In that
case the net torque 7' = Fyd,(|Ady/dy| — |Ady/d,|) > 0
and the cell will tend to align with the x-axis, i.e., the
direction of the greater stiffness. The same result was
obtained by Bischofs et al. (2003, 2004). Note that in the
case of an isotropic substrate, |Ad,/d,| = |Ad,/dy| and
hence T = 0 and the cell will not change its orientation
during contraction. We could also consider the possibil-
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Figure 4 : Fractional change in contractile force
(AF,/F;) vs. substrate strain (Ad,/d,) during simple
elongation of the substrate in the x-direction. The gray
area indicates the region where the contractile torque is
positive (T' > 0) and the white region where it is negative
(T < 0), as predicted by Eq. (6). Dots are experimental
data from the literature for cultured airway smooth mus-
cle cells (Rosenblatt et al., 2004) and endothelial cells
(Pourati et al., 1998). The data lay in the region where
T < 0 suggesting that those cells will orient away from
the stretching direction.

ity that during cell contraction F; and F; change as well,
and thus would obtain an expression for 7" similar to the
one given by Eq. (3). However, there are no experimental
data in the literature about the effect of substrate material
anisotropy on cell orientation that can be compared with
the model predictions. Thus, we do not consider the ef-
fect of material anisotropy in more detail.

3 Discussion

During the past decade, a number of studies have shown
that contractile stress borne by the cytoskeleton plays a
central role in mechanobiology of adherent cells. It con-
fers shape stability to the cell which is important for ad-
hesion, growth, locomotion, mechanosensing and apop-
tosis (cf. Bischofs and Schwarz, 2003; Ingber, 2003; Sta-
menovié, 2005; Wang et al., 2000). It determines the rhe-
ological behavior of the cell via cytoskeletal remodeling
(Bursac et al., 2005). It may also regulate nuclear func-
tions through mechanical distension that it exerts on the
nucleus (Hu et al., 2005). In this paper, we studied the
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influence of cytoskeletal contractile stress on cell orien-
tation. We developed a model which showed how cells
might use this stress to sense mechanical signals from
their microenvironment and reorient themselves accord-
ingly. The most significant aspect of the proposed model
is that it reveals a simple physical mechanism — namely
the contractile torque — that directs the cell toward a new
orientation in response to mechanical nonuniformities of
the substrate. The model predicts that in the case of non-
uniform, biaxial stretching the cell would align either
with or transverse to the direction of the greater substrate
strain, or would not change its initial orientation, depend-
ing on how contractile force changes during stretching.
This is, to our knowledge, a first mechanistic explanation
of why adherent cells sometimes orient away from the
direction of substrate stretching and other times with the
direction of substrate stretching. The model also predicts
that on an anisotropic substrate the cell will align with
the direction of greatest stiffness.

It is important to clarify that we do not consider the con-
tractile torque as sole mechanism that propels the cell to
a new orientation; i.e., it is not analogous to the dynamic
torque like, for example, the one that causes a propeller
of an airplane to rotate. Other, non-mechanical mecha-
nisms are also likely to play important roles in cell reori-
entation. For example, it is well documented that during
cell reorientation remodelings of the cytoskeleton and fo-
cal adhesions take place (Nicolas et al., 2001; Sipkema
et al., 2003; Takemasa et al., 1997; Wang et al., 2004;
Wille et al., 2004). It is also known that stretch-activated
ion channels play important role in mechanosensing and
that they may influence stretch-induced cell reorientation
(Hayakawa et al., 2001). However, for all these non-
mechanical events to occur, mechanical signaling from
the cell microenvironment is required which, in conjunc-
tion with cytoskeletal contractile stress, generate the con-
tractile torque that directs the cell toward a new orien-
tation, as described in our model. Thus, the contrac-
tile torque may be viewed as a mechanism that initiates
and directs a cascade of biochemical events that together
drive the cell toward a new orientation. Since the con-
tractile torque is directly measurable using the existing
techniques (Bulter et al., 2002; Wang et al., 2002), it
should not be difficult to experimentally verify whether
this torque is closely associated with cytoskelatal and fo-
cal adhesion remodelings.

In the model, a nonlinear dependence of the contractile

MCB, vol.2, no.2, pp.69-76, 2005

force on the substrate strain is critical for determining
the direction of cell reorientation. This nonlinear behav-
ior is likely to come from biopolymers of the cytoskele-
ton, including actin stress fibers (Sato et al., 2004) and
intermediate filaments (vimentin) (Janmey et al., 1991;
Wang and Stamenovié, 2000) which have been shown to
exhibit a marked, faster than linear dependence on tensile
stress.

The model predicts that at the end of reorientation the cell
would align either with or transverse to the direction of
the maximal substrate strain, whereas experimental data
show that cells may orient at some acute angle, between
0° and 90 °, with respect to the maximal strain direction,
depending on the state of cell contractility, magnitude
of the substrate strain and other factors (cf. Neidlinger-
Wilke et al., 2001; Takemasa et al., 1997; Wille et al.,
2004). This is a limitation of the model and it possi-
bly reflects model assumptions including the following:
that contractile forces are elastic, whereas in reality they
are non-elastic; that there is only one contractile dipole
whereas in reality there are two principal dipoles (i.e.,
quadrupole) that correspond to the eigenvalues and the
eigenvectors of the contractile matrix M (Eq. 1) (see
Bischofs and Schwarz, 2003, Bischofs et al., 2004, But-
ler et al., 2002); that the cell is a two-dimensional sys-
tem, whereas it is a three-dimensional system. Introduc-
ing all these factors into the model would most likely
influence the model prediction and make mathematical
relationships more complex and less transparent than in
the present model. Nevertheless, the basic concept of
the contractile torque as a steering mechanism of cell re-
orientation, as described in this study, would remain the
same.

The experimental data that we used to compare with the
model predictions for cell orientation during simple elon-
gation of the substrate (Fig. 4) were not obtained from
the direct measurements of contractile force during sub-
strate stretching. Instead, we used data for changes in
cell stiffness measured during uniform cell stretching.
However, we showed previously that the cell stiffness
increases in direct proportion with the contractile mo-
ment (Wang et al., 2002), and therefore changes in the
cell stiffness may be used as an index of corresponding
changes in the contractile force.

What can we learn by knowing what dictates orientation
of adherent cells? Various studies have shown that ori-
entation of adherent cells is important for physiological



Contractile Torque as a Steering Mechanism for Orientation of Adherent Cells

75

functions of organs and tissues. For example, the orienta-
tion of the smooth muscle in the airway is very important
in determining airway responsiveness (Bates and Martin,
1990). Importantly, this orientation in the airway might
be altered in abnormal conditions such as asthma or in-
flammation in which the mechanical stretches/stresses
might be altered through alterations of the mechanical
properties of the extracellular matrix. This could further
alter the effect of airway smooth muscle cell contraction
on the degree of airway lumen narrowing.

4 Summary

The model proposed in this study reveals a simple phys-
ical mechanism, the contractile torque, that directs the
cell toward a new orientation in response to mechanical
nonuniformities of the substrate. It shows that the di-
rection of the torque, and thereby the direction of cell
orientation, is determined by a dependence of contractile
stress on the applied substrate strain. The model predic-
tions obtained for a simple elongation of the substrate
are found to be consistent with experimental data from
the literature.
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