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Mechanical forces play an important role in the regulation of physiological responses which
affect cell structure and function, including local changes of adhesion sites and cytoskeletons, and
alterations in cell motility, proliferation and survival. The traction forces exerted by an adherent

cell on the substrate have been studied with traction force microscopy techniques. However,
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only two dimensional (2D) traction forces tangential to the substrate have been considered in the
previous studies although forces are generally three-dimensional (3D) in nature.

I have developed a novel technique to measure 3D traction forces, including the normal
forces as well as tangential forces, exerted by cultured bovine aortic endothelial cells (BAECs)
based on the image processing techniques and finite element method (FEM).

Using this method, it has been demonstrated that not only tangential but also normal traction
forces are related to the BAEC on the substrate. Upward normal traction force is shown at the
edge of the BAEC while downward normal traction force is dominant under the nucleus.

Combined with green fluorescent protein (GFP) technique to visualize the focal adhesion
(FA) molecules including focal adhesion kinase (FAK) and paxillin, it has been demonstrated that
3D traction force is related to the FA dynamics of BAECs. It has been shown in migrating cells
that upward normal traction force is related to the dynamic FAs (FAs that traverse a long distance
or undergo turnover), and that downward normal traction force is related to the stable FAs (FAs
do not change their position and size).

This 3D traction force microscopy technique applied to BAECs and other types of cells
provides a new way of assessing the full range of biomechanical dynamics of cells in conjunction
with their biochemical activities and can contribute to the understanding of cellular functions in

health and disease.
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I. INTRODUCTION

Cells are constantly exposed to mechanical forces from either their own contractile
machinery or various surrounding factors. These forces mediate the communication between
cells and their surroundings, including neighboring cells and extracellular matrix (ECM).

Recent studies have demonstrated that such mechanical forces play an important role in the
regulation of physiological responses which affect cell structure and function, including local
changes of adhesion sites and cytoskeletons, and alterations in cell motility, proliferation and
survival (Bershadsky, Balaban et al. 2003; Vogel and Sheetz 2006).

Mechanical forces generated by cytoskeletal contraction, as well as the externally applied
forces, can be the cause of cellular responses; the cellular responses, in turn, can generate
mechanical forces, which then become the result. Mechanical forces, including the traction
force generated by cytoskeletal contraction, can be the cause of a variety of cellular responses,
e.g., proliferation (Nelson, Jean et al. 2005). Cells generate stronger traction forces on stiff
substrate than on soft substrate (Shemesh, Geiger et al. 2005), indicating that different contractile
force patterns generated by cells can result from differential responses to the physical aspects of
the surroundings.

Recent developments in traction force microscopy have resulted in several new approaches
for the detection of force generated by cultured cells. Combined with other approaches, such as
green-fluorescent protein (GFP) imaging and gene manipulation, traction force microscopy
proves to be powerful for analyzing the mechanical interplay between the cell and its
environments (Beningo, Lo et al. 2002).

To date, however, only traction forces tangential to the substrate have been studied, although
forces are generated in all three-dimensions (3D). Therefore, there is a need to investigate the

traction forces generated by the cell in 3D, i.e., including the Z-drection. In this thesis, a novel



approach has been developed to determine traction force in the Z-direction, and the results have

been correlated with cellular behaviors such as cell migration and focal adhesion (FA) dynamics.

1.1. Vascular Endothelial Cells

Vascular endothelial cells (ECs) are squamous layer of cells which form the inner lining of
blood vessels (Fig. 1-1). In addition to serving as a permeability barrier, ECs perform many
important functions, e.g., cell migration, remodeling, proliferation, apoptosis, and the production,
secretion, and metabolism of biochemical substances, as well as the regulation of contractility of
vascular smooth muscle cells. Besides their modulation by chemical ligands (e.g., growth
factors and hormones), ECs also respond to mechanical factors, including the normal stress that
result from the action of pressure and the shear stress due to flow. The control of intracellular
mechanics and signaling in response to the external physical and chemical stimuli serves to
maintain homeostasis at the cellular level, which is required for normal endothelial functions and
protection against pathophysiological changes such as atherosclerosis (Chien 2007). ECs play a
crucial role in vascular remodeling during angiogenesis and wound healing of vessel wall after

denudation of ECs by balloon angioplasty or bypass surgery.
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Fig. 1-1. Anatomy of the arterial wall
(http://en.wikipedia.org/wiki/Image)

The major aim of this study is to elucidate the role of the 3-D traction forces in the migration



of vascular ECs and relate the mechanical forces to dynamical changes in focal adhesion proteins

during migration.

1.2. Focal Adhesions

The focal adhesions (FAs) or focal contacts are the subcellular sites where cytoskeletal and
external forces act between cells and ECM. FAs are large, multiple intracellular anchor protein
complex, including a-actinin, filamin, vinculin, talin, paxillin, and focal adhesion kinase (FAK),
etc. (more than 50 different proteins).

In these regions, the cytoskeletons are connected to the ECM via the heterodimeric
transmembrane receptors, i.e., integrins. The stress fibers (actin+myosin II filaments) terminate
at these FAs sites (Fig. 1-2). The distance between the bottom of the adherent cell and the top of
the substrate is about 10~15 pum at FAs, as compared with about 50 pum for non-FA sites (Alberts,

2002).

Fig. 1-2. Immunofluorescence microscopy of FA structure
Red=FAs, Green=Actin, Bar = 3um (Zaidel-Bar, Cohen et al. 2004)

FAs provide mechanical links between the intracellular stress fibers with the ECM, and are
major sites of force bearing (Fig. 1-3). Hence, FAs should be considered in investigating the

transmission of traction forces from the cell to the ECM.
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Fig. 1-3. Schematic representation of FAs
(Nicolas, Geiger et al. 2004)

FAs not only serve as mechanical anchors for the cell, but also relay signals between the cell
and the ECM to modulate cellular responses. Integrins function as transducers for inside-out as
well as outside-in signaling, and regulate cell motility through multiple signaling molecules.
Phosphorylation and other signaling events are executed in the adhesion sites (Balaban, Schwarz

et al. 2001; Li, Guan et al. 2005).

1.3. Previous Work on Measuring Forces Generated by Cells

The methods to measure the traction forces generated by cells can be categorized as the
flexible substrate methods and the cantilever methods. The former involves the use of various
forms of transparent flexible substrate, and the displacements of markers due to the deformation
of the substrate are used to compute the traction forces. The latter uses deflection of cantilever to

determine the traction forces.

1.3.1. Deformable Substrate Method



A. Wrinkling Silicone Substrate Method

Measurement of subcellular traction force was started more than 20 years ago by A.K. Harris
et al. (Harris, Wild et al., 1980). Chick heart fibroblasts were cultured on thin silicone (Fig. 1-4)
rubber film that had been polymerized with flame, and the contractile forces exerted by the cell
caused the surface to wrinkle which could be visualized under the optical microscopy. Later,
this approach was improved by replacing the flame with ultraviolet (UV) light (Burton and Taylor
1997), which provides optimal stiffness control of the substrate and a higher density of wrinkles

for improved sensitivity and resolution (about 1 pm?) (Fig. 1-5).

i
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Fig. 1-4. Structure of silicone
(X, X': methyl or phenyl functional group)

Fig. 1-5. Motile fish keratocyte
Arrow: direction of migration, (Image form K. Burton)

Contractile forces were estimated by multiplying the number of wrinkles and the stiffness of
the substrate (Burton, Park et al. 1999). This is a simple and effective method to study traction

forces at a qualitative level, but it has many limitations as a semi-quantitative method.



B. Non-Wrinkling Silicone Substrate Method

Improvement of the wrinkling silicone substrate method was achieved by attaching the
silicone film to the inner wall of a chamber along the boundary, which prevented the surface from
wrinkling but still allowed local deformation to occur, and tracking the movement of embedded

particles that served as markers for substrate deformation (Oliver, Dembo et al. 1998) (Fig. 1-6).

Fig. 1-6. Motile fish keratocyte
Arrow: direction of migration, Bar=10 um, (Oliver, Dembo et al. 1998)

The non-wrinkling silicone substrate method enabled the application of physical equations
for analysis, and thus has provided the first quantitative method for estimating the direction and
magnitude of contractile forces. However, it has several disadvantages including non-
physiological surface, low density of marker particles, non-elastic material properties, and

complexity of preparation.

C. Micropatterned silicone (PDMS) substrate method

Micropatterned PDMS substrate method was the most improved form of non-wrinkling
silicone substrate method (Fig. 1-7). It used silicon (Si) or gallium-arsenic (GaAs) mold to print

the micropatterned PDMS elastomer substrate (Bershadsky, Balaban et al. 2003). [arsenite is a



compound which contains the arsenite ion (H,AsO3 ), arsenic is a adj. of element arsenide (As)]

This method has the advantages of improved elastic material properties and regular-graded
micropatterning (2-um space). Regular patterns enabled direct visualization of the contractile
strain exerted by the cell and reduced the computational complexity when the force is calculated
from the strain of the substrate. This method also provided the control of mechanical properties
of the substrate by modulating the curing agent concentration, which could be useful to

researchers who are interest in the effects of substrate stiffness on cellular functions.

Fig. 1-7. Structure of polydimethylsiloxane (PDMS)

This method also has limitations. It requires complex photolithographic procedure to
prepare the mold, which limits the availability of this method. Textured micropatterns could

affect cell adhesion and migration through contact guidance (Weiss and Moscona 1958).

Fig.1-8. Stationary rat cardiac fibroblast
Arrows show the contraction by the cell, Bar=6 um,
(Bershadsky, Balaban et al. 2003)

D. Polyacrylamide (PAA) method


http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Oxygen

Flexible polyacrylamide substrate was used to measure contractile forces of migrating cells
(Pelham and Wang 1997). Stiffness of the polyacrylamide substrate could be controlled with
different crosslinker (bis-acrylamide) concentrations (Fig. 1-9). Displacement of the fluorescent
maker beads embedded in the deformable substrate was used to measure the traction force exerted

by cells (Kaverina, Krylyshkina et al. 2000).
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Fig. 1-9. Structure of polyacrylamide (PAA)

Fig.1-10. Motile bovine aortic endothelial cell
Arrow: Direction of migration, Red dots: TRITC Marker beads, (Bar=10 um)

Polyacrylamide provided better mechanical and optical properties than silicone. Cells have
low affinity to polyacrylamide so that the polyacrylamide deformable substrate is more
appropriate to develop chemical approaches based on ECM coating methods. Moreover, the

easy preparation procedure makes this method popular in cell mechanics study.



The problems of this method include the random distribution feature of the marker beads in
the substrate, the need to remove the cell with trypsin in order to obtain a null-force reference
state of the marker beads, and the requirement of complex computational procedures to quantify

the traction forces from the measured bead displacements.

1.3.2. Cantilever Methods

A. Micromachined Cantilever Method

Micromachined cantilevers as force transducers on silicon wafers were devised as an
alternative approach to the flat deformable substrate methods (Fig.1-11). The contractile forces
were calculated from the deflection of the cantilevers (Galbraith and Sheetz 1998).

Because the mobile unit in micromachined devices (cantilever) was mechanically decoupled
from its surrounding, the deflection of the cantilever resulted only from the local forces exerted
on it (Fig. 1-12). The displacement was determined from the deflection with high precision.
This feature circumvented complex computational analysis procedure due to the strain
propagation effect which is a common difficulty in the deformable substrate methods. This
cantilever method could also be applied to cells with high density.

In the cantilever method, however, only one-dimensional (1D) force can be measured along
the line perpendicular to the pad, and the spatial resolution (100pum) of the pad is limited.
Difficult construction steps of this device tend to limit the availability of this method.

Furthermore, the non-uniform surface topology can affect the cell behavior.



Fig. 1-11. Tail region of chick embryonic fibroblast moving across the detection pad
(Galbraith and Sheetz 1998)

pad well embedded lever
§ r o~

Fig.1-12. Micromachined device with cantilever
Bar = 10 pm (Galbraith and Sheetz 1998)

B. Pillar Method

Lithographic technique was used to mold the array of multiple cantilevers (or pillars) in a

10

single substrate. The traction forces could be calculated from the deflection of vertical pillars in

the PDMS elastomer (Figs. 1-13, 1-14).

Fig.1-13 Cells exerting traction forces deflect the elastomeric posts
(Tan, Tien et al. 2003)
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Fig.1-14 Smooth muscle cells (SMCs) attached to posts
Bar: 10 um (Tan, Tien et al. 2003)

Since each pillar moves independently to its neighbors, its deflection directly reports the
direction and magnitude of the local cell-generated forces, and this allows a simple calculation of
the traction forces as micromachined cantilever method. But this method is limited in spatial
resolution (pod space ~10um), and the cell can be affected by the surface topology by contact
guidance (Weiss and Moscona 1958). [Do you think is it necessary to describe the contact
guidance or just the reference is enough?] Small deformation of the pillar must be assumed to
calculate the traction force. Moreover, it is difficult to construct the substrate because of the

complex photolithography procedure.

1.3.3. Previous Findings on Traction Force Measurements

A. Traction Force and Adherent Cells

The methods mentioned above have been applied to research studies on contractile forces
exerted by live cells. For migrating fibroblasts, micromachined cantilever method has shown
strong traction forces localized at the anterior and posterior regions pointing toward the center of
the cell (Galbraith and Sheetz 1998; Paszek, Zahir et al. 2005). These results are consistent with

the observations using wrinkling substrate (Harris, Wild et al. 1980). Studies with the
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polyacrylamide method and using myosin inhibitors have shown that the traction force is
generated by acto-myosin contractile machineries in the cell. Two dimensional (2D) spatial
pattern studies have shown that the front region serves as the 'engine' that tows the cell body and
tail, while the rear region works as a passive anchor (Pelham and Wang 1999; Munevar, Wang et

al. 2001).

B. Traction Force and Focal adhesions

Recent traction force studies combined with GFP imaging methods have demonstrated that
nascent FAs or focal complexes are responsible for the generation of strong propulsive force in
the frontal region of migrating fibroblasts (Kaverina, Krylyshkina et al. 2000). The magnitude of
traction forces decreases as FAs become mature, and the FAs maintain a constant stress after
maturation (Bershadsky, Balaban et al. 2003). These studies have shown that the sizes of the
individual FAs determined by fluorescence microscopy correlate loosely with the measured local
forces, except for the smaller nascent focal adhesions (<1um). These results suggest that
different FAs have different mechanical functions depending on their age and the state of cell
motility (Chen, Tan et al. 2004). Furthermore, the maturation of FAs appears to require the
application of mechanical stress to the adhesions (Ridley and Hall 1992; Balaban, Schwarz et al.
2001). Previous studies have shown that the application of external forces on human and mouse
fibroblasts cause FAs to increase in size, to stabilize, and to strengthen their coupling to the cell

through the actin cytoskeleton (Riveline, Zamir et al. 2001).

1.3.4. What Is Missing?

Traction force microscopy studies were mainly confined to 2D ECM-coated surfaces. Both

the deformable substrate methods and the cantilever methods consider only the traction force
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tangential to the substrate on which the cell is attached, with the assumption that the traction force
normal to the substrate is negligible. However, the following considerations indicate that it
would be more appropriate to consider forces with three-dimensional (3D) components, i.e.,
including the normal component as well as tangential component, for studies of adherent cells

and their FA dynamics.

(1) The cell itself has 3D shape with many structural components in it.
(2) In the natural in vivo situation, the cell is located in a 3D environment.
(3) There is evidence that cells can sense and respond to the 3D geometry (Vogel and Sheetz

2000).

1.4. Aims of the Present Study

The aims of the present study are as follows

(1) To develop a method to measure the 3D traction forces generated by the bovine aortic
endothelial cell (BAEC).

(2) To develop a method to measure the 3D traction forces on each FA in the BAEC.

(3) To elucidate the existence and the characteristics of 3D traction forces, including the
normal component, of migrating BAEC.

(4) To elucidate the interrelations between the 3D traction forces, including the normal

component, and the FA dynamics of migrating BAEC.



Il. MATERIALS AND METHODS

2.1. Cell Culture

Bovine aortic endothelial cells (BAECs) were isolated from the bovine aorta with
collagenase (Li, Chen et al. 1999). Cell culture reagents were purchased from Invitrogen
(GIBCO/Invitrogen Corp., Carlsbad, CA) unless otherwise mentioned. The cells were cultured
in a 10-cm Petri dish containing Dulbecco's modified Eagle's medium supplemented with 10%
fetal bovine serum (FBS), 1% sodium pyruvate, 1% L-glutamine, and 1% penicillin-streptomycin.
Cell culture was maintained in a humidified 5% CO, / 95% air incubator at 37°C. Experiments

were conducted with cells prior to passage 15.

2.2. DNA Transfection

Green fluorescent protein (GFP) transfection technique was used to visualize the FAs of live
BAECs. GFP-paxillin and GFP-focal adhesion kinase (GFP-FAK) were transfected into BAECs
with FuGene 6 (F. Hoffmann-La Roche Ltd., Basel, Switzerland), and the cells were used after 2
days. GFP-paxillin plasmid was provided by Dr. Donna J. Webb (Department of Cell Biology,
UVA School of Medicine, Charlottesville, Virginia), and GFP-FAK plasmid by Dr. Jun-Lin Guan

(Department of Molecular Medicine, Cornell University, Ithaca, New York) as gifts.

2.3. Preparation of Polyacrylamide Deformable Substrate

Polyacrylamide deformable substrate was prepared as described below, based on the method

developed by Yuli Wang et al. (Pelham and Wang 1997; Beningo, Lo et al. 2002).
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2.3.1. Glass Coverslip Activation

The glass coverslip (No. 1, 35 x 60 mm, Fisher Scientific International, Pittsburgh, PA) was
washed with 70% ethanol to clean the surface, and activated with inner flame using a Bunsen
burner to make the glass surface hydrophilic. The surface was smeared with 0.1 M sodium
hydroxide (NaOH, Merck & Co., Inc., Whitehouse Station, NJ) and air dried, and then siliconized
with 3-aminopropyl triethoxy silane (Sigma-Aldrich Co., St. Louis, MO) followed by activation
with 0.5% glutaraldehyde (Sigma), which ensured the attachment between the glass coverslip and
the polyacrylamide substrate (Aplin and Hughes 1981). Covalent bonds between glass surface

and polyacrylamide were formed after the procedure (Fig. 2-1).

=~ /‘\\\/’r‘\\
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Fig. 2-1. Activation of glass coverslip to couple its surface to the polyacrylamide
(Aplin and Hughes 1981)

The activated glass slides were stored in a desiccator (Bel-Art Products, Inc., Pequannock,

NJ) at room temperature, and have been used within one month (Fig. 2-2).

Fig. 2-2. Desiccator attached to a vacuum
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2.3.2. Polymerization

The monomer solution was prepared with acrylamide (40% w/v, Bio-Rad Laboratories, Inc,
Hercules, CA), N,N'-methylene bis-acrylamide (bis-acrylamide) (2% w/v, Bio-Rad), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (1 M, pH 8.5, EMD