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ABSTRACT

Angiogenesis, an essential but often pathological biological process, requires
complex cellular coordination. This coordination is achieved through numerous
extracellular signals. We investigated the role of the extracellular matrix (ECM) protein
fibronectin in the support of angiogenesis and endothelial cell motility. The directed
migration in response to increasing concentration of ECM proteins is termed haptotaxis.
We created a preliminary, two-dimensional model of the haptotactic motility of
endothelial cells using a step change in fibronectin density as a substrate. Bovine aortic
endothelial cells (BAECs) exhibited directional motility towards the higher fibronectin
concentration side. In addition, the physical and mechanical properties of BAECs varied
in response to fibronectin concentration. Higher fibronectin concentrations led to
decreased cell motility and increased adherence. Our studies also examined the properties
of the actin cytoskeleton and the focal adhesion scaffold protein paxillin during this
haptotactic migration. These studies and the two-dimensional model will serve as a
baseline for future analysis of the haptotactic motility of angiogenic endothelial cells.
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CHAPTER 1: INTRODUCTION

Angiogenesis, the process by which new vasculature is formed from pre-existing
blood vessels, is critical for wound healing, development, solid tumor growth and
metastasis. Though angiogenesis is a necessary biological process, cancerous tumors
exploit this activity for pathological purposes. As cancerous cells continue to divide in an
uncontrolled manner, they quickly outgrow the oxygen and nutrients supplied by existing
blood vasculature. By utilizing the same chemical and mechanical stimuli as noncancerous somatic cells, the tumors are able to initiate angiogenesis (Strömblad &
Cheresh, 1996). Angiogenesis requires the directed migration of the endothelial cells that
line the pre-existing vasculature. Chemotaxis, or directed migration in response to
increasing concentrations of a chemical stimulus, is one of the most well studied
processes underlying endothelial cell migration (Insall, 2010). Studies demonstrate that
angiogenic endothelial cell migration can be induced by a variety of soluble factors
including vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and
transforming growth factor

(TGF- ) (Strömblad & Cheresh, 1996). Although it has

been widely accepted that chemotactic stimuli alone are sufficient to initiate endothelial
cell migration, we hypothesize that haptotaxis, or directed migration in response to
increasing concentrations of extracellular matrix (ECM) proteins, also supports this
migration during angiogenesis. There have been very few studies conducted to date on
the potential role of haptotaxis in relation to angiogenesis. As angiogenic endothelial
cells begin to migrate they secrete matrix metalloproteinases (MMPs) to degrade the
surrounding extracellular matrix (ECM) proteins (Strömblad & Cheresh, 1996). This
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continuous degradation of the ECM creates a concentration gradient between the area the
migrating endothelial cells occupy and the area immediately in front of them. The
concentration gradient of ECM sets up an extracellular environment in which haptotaxis
can occur. Integrins dispersed throughout the plasma membrane of endothelial cells will
bind to ECM proteins such as fibronectin. Upon binding, integrins will undergo a
conformational change that allows for the binding of upwards of 125 proteins including
vinculin, talin, the scaffolding protein paxillin and the signaling protein focal adhesion
kinase (FAK), among others (Zaidel-Bar et al., 2007). The assembly of proteins at the
intracellular side of integrins is called a focal adhesion. Downstream signaling from focal
adhesions promotes the formation of branched actin structures at the leading edge of the
migrating cell and actin stress fibers at the rear (Lamalice et al., 2007). The scaffolding
role of paxillin is essential for the regulation of focal adhesion assembly and turnover
(Deakin & Turner, 2008). Paxillin has also been shown to play a key role in regulating
the Rho-family of GTPases that govern actin cytoskeleton dynamics and therefore cell
motility (Zaidel-Bar et al., 2007). For this reason focal adhesion dynamics and the role of
paxillin are of great interest to increasing understanding of the haptotactic motility of the
cell. This project investigates the haptotactic motility of endothelial cells by examining
the morphology, directionality, velocity, and focal adhesion dynamics of bovine aortic
endothelial cells (BAECs) as they encounter a step change in concentration of the ECM
protein fibronectin.
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1.1 Blood Vessels – The Heart of Angiogenesis
The circulatory system is one of the major organ systems in the body. It is
composed of the heart, the main pumping organ, and blood vessels. The role of blood
vessels in the circulatory system is to transport oxygen, nutrients and hormones to tissues
and to carry wastes away. The circulatory system consists of arteries, the largest blood
vessels that operate under high pressure and transport blood away from the heart;
arterioles, adaptors between arteries and subsequent, smaller blood vessels; capillaries,
the smallest blood vessels that serve to exchange molecular substances between the blood
and interstitial fluid surrounding body tissues; venules, adaptors between capillaries and
subsequent larger blood vessels; and veins, larger blood vessels that serve as a final
conduit to return blood to the heart (Guyton & Hall, 2006). The walls of blood vessels are
composed of a monolayer of endothelial cells. These endothelial cells rest on the
basement membrane of the blood vessel, which is composed of a dense network of ECM
proteins (Strömblad & Cheresh, 1996). The basement membrane, primarily composed of
laminins and type IV collagen, supports quiescence and suppresses cell proliferation
(Hynes, 2007). Larger blood vessels such as veins and arteries are surrounded by a layer
of vascular smooth muscle cells (VSMCs). However, capillary walls do not have this
extra layer of cells (Guyton & Hall, 2006). The interstitial matrix, a less dense network of
ECM proteins such as collagen types I, III, V and VI and fibronectin, surrounds blood
vessels (Figure 1) (Strömblad & Cheresh, 1996).
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1.2 Angiogenesis and the Formation of New Blood Vessels
Angiogenesis can be broken into three phases. The first phase is initiation, during
which the migration of endothelial cells is triggered by various chemical stimuli
including inflammatory cytokines and growth factors such as basic fibroblast growth
(bFGF) and vascular endothelial growth factor (VEGF) (Strömblad & Cheresh, 1996).
Endothelial cells receive these angiogenic stimuli and begin degrading the basement
membrane via matrix metalloproteinase (MMP) mediated proteolysis (Carmeliet & Jain,
2011). Angiogenic triggers such as bFGF and tumor necrosis factor- (TNF- ) initiate
endothelial cell secretion of MMPs (Cornelius et al., 1995). The degradation of the
basement membrane provokes endothelial cells from their quiescent state and initiates the
second phase of angiogenesis, proliferation and invasion. Endothelial cells begin to move
out into the surrounding interstitial matrix, but in order to do so the extracellular
environment must be remodeled (Strömblad & Cheresh, 1996). The degradation of the
basement membrane allows for soluble plasma ECM proteins to diffuse through the
endothelial monolayer and form a provisional ECM upon which the endothelial cells can
begin to migrate (Carmeliet & Jain, 2011). As the cells move out into the interstitial
matrix, they continue secreting MMPs to degrade the preexisting matrix. In addition, the
migrating cells secrete new ECM components and restructure the extracellular
environment. During angiogenesis one endothelial cell becomes the tip cell that responds
to angiogenic signals and leads the migration. The neighboring cells follow as stalk cells
and form the nascent blood vessel. As the lead tip cell continues to migrate, the stalk cells
divide and elongate the sprouting blood vessel. Once the sprout has finished growing, the
third phase of angiogenesis occurs and neighboring sprouts fuse together to form
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complete capillary loops (Strömblad & Cheresh, 1996). Finally, the endothelial cells will
begin secreting basement membrane components and return to their quiescent state
(Carmeliet & Jain, 2011; Strömblad & Cheresh, 1996).

1.3 Angiogenesis and its Role in Cancer
Cancer cells proliferate in an uncontrolled manner due to defects in cell cycle
checkpoint control mechanisms (Hanahan & Weinberg, 2000). As these cells continue to
divide without regulation, the extracellular microenvironment of the developing tumor
becomes hypoxic, or depleted of oxygen (Ruan et al., 2009). Oxygen is critical for the
metabolism of mammalian cells, thus continued cell proliferation cannot occur in the
absence of oxygen. Tumor cells circumnavigate this impediment to their continued
growth through metabolic alterations, increasing their resistance to apoptosis (cell death),
and inducing angiogenesis (Ruan et al., 2007). In the presence of oxygen, cells produce
the proteins prolyl hydroxylase (PHD) and factor inhibiting hypoxia-inducible factor-1
(FIH) to target hypoxia-inducible factors (HIFs) for polyubiquitination and subsequent
proteasome degradation (Ruan et al., 2007). Under hypoxic conditions, PHD and FIH are
inactive. This causes an increase in HIF levels. Activated HIF proteins will translocate to
the nucleus where they bind to hypoxia-response elements (HREs) in the promoter region
of hypoxia-responsive genes (Ruan et al., 2007). HIF-1, for example, upregulates the
angiogenic stimuli VEGF, platelet derived growth factor- (PDGF- ) and angiopoetin-2
(Ang-2) (Merajver & Usmani, 2005). These angiogenic factors are then released into the
extracellular environment where they diffuse through the interstitial matrix to the nearest
blood vessel, which leads to endothelial cell sprouting and blood vessel growth.
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1.4 Cell Migration
There are four mechanistic steps to cell migration. First, cellular protrusions are
formed (Merajver & Usmani, 2005). These protrusions, collectively referred to as
pseudopodia, can be filopodia or lamellipodia (Insall, 2011). Filopodia are protrusions
containing long, parallel bundled actin filaments and are associated with directional
sensing. Lamellipodia are typically found at the leading edge of migrating cells and are
comprised of branched actin filaments (Lamalice et al., 2007). The second step of cell
migration is adhesion. This occurs when the cell forms focal adhesion protein complexes
in the lamellipodia. Focal adhesions are points at which the cell forms a physical
connection with the ECM via integrins. The third step of migration is contraction of the
cell body. Actin stress fibers anchored at focal adhesions on either end of the cell allow
for contractility mediated by the motor protein myosin. This allows the cell to pull itself
in the direction of the focal adhesion complexes that formed in the lamellipodia of the
leading edge of the cell. The final step of cell migration is tail detachment. This occurs
when the contractile forces of the actin cytoskeleton pull the rear of the cell forward to
join the rest of the cell body (Merajver & Usmani, 2005).

1.5 Actin Treadmilling is Required for Cell Migration
Actin is one of the key cytoskeletal components involved in endothelial cell
motility. Actin is composed of 43kDa globular subunits (G-actin) that polymerize to form
filaments (F-actin) (Lamalice et al., 2007). The actin filament consists of a barbed end
and a pointed end. ATP-bound G-actin will associate at the barbed end of the filament. Factin has intrinsic ATPase activity and will eventually hydrolyze ATP to ADP. The ADP-
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bound actin monomers lose their affinity for the actin filament and will disassociate from
the pointed end (Pollard & Borisy, 2003). This continuous association and dissociation of
actin monomers is termed actin treadmilling and is critical for cell motility (Lamalice, et
al., 2007). Numerous actin-binding proteins regulate actin treadmilling. For example, the
actin depolymerizing factor cofilin increases the rate of disassociation of actin monomers
from the pointed end of the filament and can induce severing of the actin filament. The
Arp2/3 protein complex initiates the branching of actin and the formation of new
filaments. Profilin is a small protein that increases actin turnover by binding to
monomeric actin and catalyzing the exchange of ADP for ATP to increase barbed end
assembly (Pollard & Borisy, 2003). The regulation of these proteins coordinates actin
dynamics to form actin-based protrusions and stress fibers for cell migration.

1.6 Small GTPases Regulate Cell Motility
The Rho GTPase family of proteins, RhoA, Rac1 and Cdc42, play a prominent
role in the regulation of actin dynamics and therefore cell motility. Rac1 is involved with
lamellipodia formation at the leading edge of the cell (Ridley & Hall, 1992; Spiering &
Hodgson, 2011). Rac1 signals through the Wiskott-Aldrich Syndrome proteins (WASPs)
to activate the Arp2/3 protein complex involved in actin branching necessary for
lamellipodia formation (Figure 2) (Lamalice et al., 2007). RhoA is involved in stress fiber
and focal adhesion formation (Ridley & Hall 1992). RhoA signals through activation of
the Rho-associated kinase (ROCK) (Lamalice et al., 2007). ROCK activates LIM kinase,
which in turn phosphorylates and inactivates the actin depolymerizing protein cofilin
(Arber et al., 1998). Decreasing actin severing and depolymerization favors the formation
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of actin stress fibers (Figure 2). These stress fibers anchor to focal adhesions, protein
complexes through which cells attach to the ECM, and are linked together by -actinin
and myosin (Lamalice et al., 2007). Myosin is a motor protein required for the
contractility necessary for cell motility (Cascone et al., 2003). Rac1 and RhoA are
equally essential in endothelial cell migration as they are responsible for protrusion and
contraction, respectively. Furthermore, both GTPases are activated by VEGF, ECM via
integrin signaling, and other angiogenic stimuli (Zaidel-Bar et al., 2007). However, Rac1
and RhoA are inhibitory towards one another. In order to regulate protrusion and
contraction events, Rac1 and RhoA are further regulated spatially and temporally
(Cascone et al., 2003; Machacek et al., 2009). Cdc42 is another small GTPase and is
involved in the formation of filopodia. Filopodia consist of parallel bundles of actin
filaments and are involved in sensing the chemotactic gradient. Like Rac1, Cdc42 signals
through the WASP family of proteins (Figure 2) (Lamalice et al., 2007).

1.7 Directional Endothelial Cell Migration
1.7.1 Chemotactic Motility
Chemotaxis is the directed movement of cells towards increasing concentrations
of soluble chemical factors (Insall, 2010). Angiogenesis is regulated primarily by the
VEGF chemoattractant family (Carmeliet & Jain, 2011). In addition, VEGF signaling is
best studied out of all the angiogenic stimuli (Lamalice et al., 2007). For these reasons,
VEGF signaling will be used as a general model for the chemotaxis of endothelial cells.
VEGF can be secreted by a variety of cells such as vascular smooth muscle cells,
endothelial cells and cancer cells. In the context of tumor-stimulated angiogenesis, cancer
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cells will secrete VEGF, which diffuses through the connective tissue towards the
preexisting blood vessels. Transmembrane VEGF receptors (VEGFRs) in endothelial
cells will bind to VEGF (Lamalice et al., 2007). This binding causes autophosphorylation
of tyrosine residues in the cytoplasmic domain of the VEGFR, which creates docking
sites for subsequent signal and/or scaffold proteins with Src homology-2 (SH2) domains
(phosphotyrosine binding domains) (Guo et al., 1995). Numerous proteins exhibit
tyrosine phosphorylation following VEGF-induced VEGFR autophosphorylation
including phospholipase C- (PLC- ) and phosphatidylinostitol-3-kinase (PI3K). (Guo et
al., 1995). Subsequent phosphorylation events induce the activation of the Rho family of
small GTPases, including the proteins Cdc42, Rac1, and RhoA (Lamalice et al., 2007).
1.7.2 Haptotactic Motility
Haptotaxis is directed migration in response to increasing concentrations of ECM
proteins (Lamalice et al., 2007). Gradients of ECM components such as fibronectin and
collagen can regulate the direction and velocity of haptotactic migration (Smith et al.,
2006, Hsu et al., 2005). Endothelial cells will bind to ECM proteins via integrins.
Integrins are transmembrane proteins that undergo a conformational change upon binding
to ECM (Strömblad & Cheresh, 1996). There are numerous integrin complexes present in
endothelial cells, however the

v 3

integrins are upregulated during angiogenic migration

(Brooks et al., 1994; Hynes, 2007). The

v

family of integrins binds to proteins

containing the three amino acid sequence RGD (arginine, glycine, aspartate) (Hynes,
2007). The ECM protein fibronectin contains many RGD sequences (Kaspar, 2006).
Additionally, collagen types I and VI contain cryptic RGD sequences that are only
revealed upon proteolysis by MMPs (Strömblad & Cheresh, 1996). Upon binding to
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ECM, integrins will undergo a conformational change on the cytoplasmic side of
endothelial cells that allows for the binding of as many as 125 proteins. These proteins
include vinculin and talin, which will then recruit the scaffolding protein paxillin (ZaidelBar et al., 2007). Paxillin has numerous docking sites, which allow for subsequent
binding of signaling proteins such as focal adhesion kinase (FAK) (Deakin & Turner,
2008). These signaling proteins begin a signal cascade that leads to the activation of the
small GTPases RhoA, Rac1, and Cdc42 (Zaidel-Bar et al., 2007). However, to date it is
unclear whether changes in ECM concentration enhance integrin signaling or activate a
separate signaling pathway.

1.8 Focal Adhesions and the Scaffold Protein Paxillin
The complex of proteins that assemble on the cytoplasmic face of integrins are
called focal adhesions and they may play a critical role in the haptotactic motility of
endothelial cells. In particular, the focal adhesion scaffold protein paxillin serves as a
nexus for interactions between the ECM and the actin cytoskeleton. Paxillin is one of the
earliest proteins to assemble at nascent adhesions and is crucial for the subsequent
binding of additional focal adhesion proteins that form the mature focal adhesion. Mature
focal adhesions serve as the anchoring sites for the actin stress fibers and are therefore
necessary for cell contraction (Deakin & Turner, 2008). The assembly, stability and
eventual disassembly of focal adhesions are all critical for cell migration, and paxillin
plays a significant role in these events. Paxillin is a 68kDa protein containing numerous
protein binding domains that host guanine-nucleotide-exchange factors (GEFs), which
exchange GDP for GTP, and GTPase-activating proteins (GAPs), which promote
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hydrolysis of GTP to GDP (Deakin & Turner, 2008). The members of the Rho family of
small GTPases involved in cell migration (RhoA, Rac1 and Cdc42) are activated when in
the GTP-bound state, therefore GEFs promote their activation and GAPs promote their
deactivation. Since paxillin can bind both of these proteins it is clear that there must be
significant regulation involved in this signaling pathway, the full extent of which has yet
to be fully determined (Deakin & Turner, 2008).

1.9 Proposed Model of the Role of Haptotaxis in Angiogenesis
It has been well established that chemical stimuli like VEGF are responsible for
the initiation of endothelial cell migration under angiogenesis. As the endothelial cells
begin to migrate, the tip cell leads the stalk cells through the surrounding ECM, guided
by filopodia that sense the chemotactic gradient. As these cells move through the
interstitial matrix, they secrete MMPs to degrade the ECM. This degradation creates a
haptotactic gradient, as there is less ECM in the area the cells are moving through than
there is in the area they are moving towards. We propose that this haptotactic gradient
further supports the angiogenic migration of endothelial cells. In order to examine the
potential role of haptotaxis in angiogenesis, we have created a two-dimensional
haptotactic substrate that consists of a one-step concentration change of the ECM protein
fibronectin. Fibronectin was chosen as a representative ECM protein because fibronectin
contains numerous RGD sequences (Kaspar, 2006). Since the

v

family of integrins have

been previously implicated in angiogenesis, an increase in binding to RGD sequences is
possible. In addition, it has been shown there is a higher concentration of fibronectin
around cancerous tumors (Buttery et al., 2004; Kaspar et al., 2005). Mardi et al. (1988)
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showed that endothelial cells migrating on fibronectin demonstrate high migration
capacity at lower fibronectin concentrations (0.5 g/mL). As the concentration of
fibronectin increases to 5 g/mL and 12.5 g/mL, the migration capacity of the endothelial
cells decreases by approximately 20% and 55%, respectively (Madri et al., 1988). This
diminished capacity for migration on higher concentrations of fibronectin may aid in the
termination of angiogenesis. The overall objective of this study is to better characterize
the directed migration of BAECs as they encounter a step change in fibronectin
concentration. We have examined their morphology, directionality, distance traveled, and
velocity both on the boundary between high and low fibronectin concentrations as well as
on each side of the interface. In addition, we have begun investigating the role the focal
adhesion scaffold protein paxillin may be playing in the haptotactic motility of BAECs.

CHAPTER 2: METHODS

2.1 Cell Culture
Bovine aortic endothelial cells (BAECs) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM)/Ham’s Nutrient Mixture F12 (SAFC Biosciences; Lenexa, KS)
supplemented with 10% fetal bovine serum (FBS; GIBCO; Grand Isle, NY), 2mM Lglutamine and 1% penicillin/streptomycin antibiotics (GIBCO). Cells were passed at 70%
confluence (unless otherwise noted) using 0.25% trypsin and 1mM EDTA in Hank’s Salts
(GIBCO) for cell dissociation.
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2.2 Transfection of BAECs
Cultures of E. coli containing actin-pEGFP (Clontech; Mountain View, CA) and
paxillin-pEGFP (Addgene plasmid 15233) plasmids were inoculated on LB agar plates
(0.01g/mL tryptone, 0.005g/mL yeast extract, 0.005g/mL NaCl; 0.018g/mL BactoAgar
added to plates) containing 30 g/mL kanamycin and incubated at 37 C. Isolated colonies
were selected and used to inoculate 100mL LB broth containing 30 g/mL kanamycin.
Overnight cultures were grown for 16h at 37 C with shaking at 130rpm. Cultures were
centrifuged at 6800xg for 3 minutes. Pellets were resuspended and plasmid DNA was
isolated using the QIAprep spin miniprep kit (Qiagen; Valencia, CA). To confirm
plasmid identity 1 g of plasmid cDNA was linearized using 10 units of BamHI (New
England Biolabs; Ipswich, MA) enzyme for 1h at 37 C. Linearized and native DNA
samples were run on a 1% agarose gel. Plasmid DNA was stored at 4 C. Isolated
plasmids were transfected into BAECs using Lipofectamine 2000 (Invitrogen; Grand
Island, NY). Prior to transfection, cells were plated on a 60mm petri plate and grown to
90% confluence. Cell culture media was then removed and replaced with 5mL
unsupplemented DMEM. Cells were transfected with 8.0 g of plasmid DNA and 20 L
of Lipofectamine 2000 for 4h at 37 C, 5% CO2. Following an 18 - 24h recovery period in
unsupplemented cell culture media, media was replaced with the supplemented
formulation and transfected cells were used for experiments.

2.3 Fibronectin Step-Gradient Preparation
Fibronectin steps were prepared in 14mm glass-bottomed petri dishes (MatTek;
Ashland, MA). The glass surface of the MatTek dishes were cleaned by adding 500 L of
13

1N hydrochloric acid (HCl) to the glass surface and incubating at room temperature for
15 minutes. The dishes were then washed 3 times for 3 minutes each with 3mL of a 1x
solution of phosphate buffered saline (PBS; 10x stock contains 85.0g/L NaCl, 1.8g/L
NaH2PO4, and 12.35g/L Na2PO4), and then 2 times for 3 minutes each with 3mL of
deionized water. MatTek dishes were then liberally doused with 70% ethanol and
sterilized under UV light for fifteen minutes. To generate a clearly defined step, a piece
of polydimethylsiloxane (PDMS) was cut to fit within the dimensions of one half of the
glass-bottomed well of the MatTek dish. The PDMS segment was sprayed with 70%
ethanol and sterilized under UV light for 20 minutes on each side. The PDMS segment
was then placed in the well of the cleaned and sterilized MatTek dish so that half of the
glass surface was covered by the PDMS. The PDMS was pressed gently down upon the
glass to remove any air between the PDMS and glass surface. A 10 g/mL solution of
rhodamine-tagged fibronectin (Cytoskeleton, Inc.; Denver, CO) was prepared in sterile
1x PBS. One microliter of this solution was added to 199 L of sterile 1x PBS to make a
0.05 g/mL solution of rhodamine-fibronectin (stored at 4 C for 8h). The remaining 99 L
of the 10 g/mL rhodamine-tagged fibronectin solution were added to the uncovered side
of the MatTek dish and incubated at 37 C, 5% CO2 in a hydration chamber for
approximately 8h. The remaining rhodamine-fibronectin solution and the PDMS slab
were then removed; the dish was rinsed with 3mL of sterile 1x PBS, and 200 L of
0.05 g/mL rhodamine-fibronectin was added to the glass-bottomed well to promote cell
adherence. The MatTek dish was incubated at 37 C, 5% CO2 in a hydration chamber for
another 8h. The remaining rhodamine-fibronectin solution was then removed and the
MatTek dish was washed 5 times for 3 minutes each with 3mL of sterile 1x PBS.
14

Prepared MatTek dishes with fibronectin steps were temporarily stored in 2mL
supplemented DMEM cell culture media at 37 C, 5% CO2 for approximately 15 minutes.

2.4 Time-lapse Video Microscopy of BAECs
BAECs were seeded on fibronectin steps at a cell density of approximately 4x10 5
cells/mL. The MatTek dishes were swirled gently to concentrate the cells to the glassbottomed well in the center of the dish. Cells were incubated at 37 C, 5% CO2 for 1520min to allow for adherence of the cells to the fibronectin substrate. Culture medium
was replaced to remove any non-adherent cells or floating cell debris. For time-lapse
videos MatTek dishes were placed in a microscope stage incubator set to 37 C, 5% CO2,
and 95% humidity. The location of the fibronectin step was visualized using
epifluorescence (Texas Red HYQ filter – Excitation 532-587nm, Emission 608-683nm).
The boundary between high and low fibronectin concentrations was examined to find an
area with at least one cell on or near the concentration interface. Images were taken every
15 minutes over the course of 6-7h. Cells were fixed in 4% paraformaldehyde in PBS
with 0.1% 1M magnesium chloride and 0.05% 1M calcium chloride (PBS+) for 1h at
room temperature. Cells were washed 5 times with 3mL of 1x PBS + for 3 minutes each
and stored at 4 C in 3mL PBS+. Time-lapse videos were analyzed using Nikon Imaging
Software (NIS) Elements AR software. Cells on the low fibronectin side, high fibronectin
side, and on or near the border were analyzed for directionality and velocity of their
movements throughout the time course based on contrast between the cell body and the
background. Cell spreading on either the high fibronectin concentration side or the low
fibronectin concentration side was analyzed by measuring cell area.
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2.5 Cell Staining and Visualization
The fixed cells from time-lapse experiments were allowed to equilibrate to room
temperature for 20 minutes. Otherwise, BAECs were seeded on fibronectin steps and
incubated at 37 C, 5% CO2 for 3h. Culture medium was removed and MatTek dishes
were washed 5 times for 3min each with 3mL of PBS. Cells were then fixed in 4%
paraformaldehyde for 1h at room temperature and then washed 5 times with 3mL of 1x
PBS+ for 3 minutes each. Fixed cells were permeabilized in 0.1% Triton-X-100 in PBS+
for 5 minutes at room temperature and washed 3 times for 3 minutes each with 3mL of 1x
PBS+. A 2% solution of bovine serum albumin (BSA) in PBS+ was added to block nonspecific antibody binding for 1h at room temperature. Paxillin-EGFP cells were stained
with a 1:200 dilution of 4’,6-diamidino-2-phenylindole (DAPI) for 1h at 37 C. All other
cell types were stained with 1:400 dilution of mouse-anti-paxillin primary antibody (in
2% BSA), washed 5 times for 3 minutes each with 3mL PBS +, and then stained with a
secondary antibody solution. Secondary antibody solutions consisted of either a 1:200
dilution of fluorescein isothiocyanate (FITC)-conjugated goat-anti-mouse secondary
antibody (Jackson ImmunoResearch Laboratories Inc.; West Grove, PA) or a 1:100
dilution of cyanine-5 (Cy5)-conjugated goat-anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories Inc.), a 1:200 dilution of DAPI (if the Cy5-conjugated
secondary was not used), and a 1:200 dilution of either rhodamine-phalloidin (Invitrogen)
or AlexaFluor 488-phalloidin (Invitrogen). Cells were incubated in secondary antibody
solution for 1h at 37 C and then washed 5 times for 3 minutes each with 1x PBS +. All
cells were stored in 2mL PBS+ and viewed using the Olympus Fluoview 1000 Laser
Scanning Confocal Microscope.
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2.6 Analysis of Confocal Images
Images were taken at similar locations on the high fibronectin concentration side,
low concentration side, and on the border between fibronectin concentrations for all
experiments. Cell counts were taken using AlexaFluor 488-phalloidin stained actin to
discern cell boundaries. Cell spreading was analyzed using ImageJ imaging software to
measure cell areas. Localization and morphology of F-actin and paxillin containing focal
adhesions based on cell proximity to the boundary between high and low fibronectin
concentration were evaluated by eye.

CHAPTER 3: RESULTS

3.1 BAECs Were Successfully Transfected With Actin-pEGFP and Paxillin-pEGFP
Identity of purified plasmid DNA was confirmed using agarose gel
electrophoresis (Figure 3). Native actin-pEGFP (lane 2) revealed a multi-band pattern
characteristic of supercoiled plasmid DNA. The linearized actin-pEGFP (lane 3)
produced a single band of approximately 5800bp (5.8kb). The actual length of the actinpEGFP plasmid is 5.8kb. These results suggested that actin-pEGFP was successfully
purified. The native paxillin-pEGFP (lane 5) also revealed a multi-band pattern, and the
linearized paxillin-pEGFP (lane 6) produced a single band that migrated to approximately
6.4kb. The paxillin-pEGFP plasmid is 6450bp in length. This suggested the presence of
paxillin-pEGFP.
The actin-pEGFP and paxillin-pEGFP cDNAs were transfected separately into
BAECs. After a 24h recovery period, live cells were examined using laser scanning
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confocal microscopy (Figure 4). Actin-pEGFP was successfully taken up and expressed
by BAECs. Expression of actin-EGFP was diffuse throughout the cytoplasm with higher
expression around the cell nucleus (perinuclear, Figure 4A, circle). Actin-EGFP exhibited
strong localization to basal stress fibers (Figure 4A, arrow). Paxillin-pEGFP was likewise
successfully taken up and expressed by BAECs. There was general diffuse cytosolic and
perinuclear expression of the paxillin-EGFP (Figure 4B, circle). The strongest
localization appeared in focal adhesions, many of which were present in the filopodia and
lamellipodia of mobile cells (Figure 4B, arrow). Focal adhesions were also present at the
rear of the cell (Figure 4B, yellow bracket) and throughout the cell body to a lesser extent.
Paxillin-EGFP also localized to the cell periphery (Figure 4B, red bracket). To further
characterize the expression of paxillin-EGFP, transfected cells were fixed and stained
with rhodamine-phalloidin (red, stains F-actin) and DAPI (blue, stains DNA) (Figure 5).
Paxillin-EGFP containing focal adhesions primarily localized to the ends of actin stress
fibers (Figure 5, arrows). The largest focal adhesions (Figure 5, arrows) were generally
located at the rear of migrating cells and in the cell body. Smaller focal adhesions (Figure
5, bracket) were predominately found in developing filopodial or lamellipodial
projections.

3.2 Fibronectin Steps Were Successfully Generated on Glass-Bottomed Dishes
Fibronectin steps generated in MatTek dishes revealed a very clear step change in
concentration of fibronectin (Figure 6A). A plot of grey value intensity vs. distance
(pixels) was produced using ImageJ software. The plot revealed an approximately 100%
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increase in fibronectin concentration (Figure 6B). These data indicated that there was a
measurable change in fibronectin concentration between the high and low side of the step.

3.3 BAECs Exhibited Directional Motility in Response to Step Change in Fibronectin
Concentration
When BAECs were located on the border between high and low concentrations of
fibronectin, projections were made in the direction of the higher fibronectin concentration
and the rest of the cell body was pulled to follow (Figure 7, red arrows). BAECs located
on either the high or low side of the fibronectin step formed protrusions in multiple
directions. These cells did not demonstrate biased motility towards any particular
protrusion and instead demonstrated more random motility.
Cells located within 6 m of the border (Figure 8A, red arrows) demonstrated
biased movement towards the side of higher fibronectin concentration. Figure 8B
illustrates the path traveled by one such migrating cell (Figure 8A, asterisk). The plot of
the cell’s migration was linear (r2 = 0.9678, average r2 = 0.767 for all migrating cells)
between 468 m and 482 m on the x-axis (Figure 8Bi, red bracket). This area correlates
with the directed motility of the cell as seen in the time-lapse video (data not shown).
Following this linear portion of the cell’s migration, movements became less directed (r 2
= 0.187, average r2 = 0.095 for all migrating cells) (Figure 8Bii, blue bracket). In contrast
to this, figure 8c illustrates the path of a cell on the low fibronectin side (Figure 8A,
double asterisk). There was no discernable pattern to the cell’s motility (r2 = 0.0231). In
addition, cells located near the border that moved towards the higher concentration of
fibronectin showed little (≤ 6.1 m) or no movement in the opposite direction. BAECs
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located on either side of the border moved in either x-direction. However, there was no
significant difference (p = 0.291) in the net distance traveled by BAECs near or far from
the border (Figure 9). Cells located near the boundary between high and low fibronectin
concentrations did, on average, exhibit a greater net gain in distance of 31.95 m (Figure
9, black bar) as compared to cells located far from the boundary, which gained an
average distance of 16.102 m (Figure 9, white bar). Additionally, the average distance
traveled in a fifteen-minute time period was not significantly different (p = 0.626) based
on proximity to the border (Figure 10). BAECs near the boundary between fibronectin
concentrations traveled an average of 4.74 m in a 15-minute time interval (Figure 10,
black bar) and BAECs on either side of the border traveled an average of 5.53 m (Figure
10, white bar).

3.4 BAECs Demonstrated Varying Motilities on High and Low Fibronectin
Concentrations
BAECs located on the low fibronectin concentration side of the step had a
significantly greater range of motion than those located on the high fibronectin side (p =
0.044). BAECs on the low side of the step remained within an average area of 264 m2
(Figure 11, black bar), whereas BAECs on the high side of the step showed a smaller
average area of motility of 264 m2 (Figure 11, white bar). Average cell size was also
affected by fibronectin concentration. Analysis of time-lapse videos 3h after cell seeding
showed that BAECs located on the high fibronectin concentration side of the border were
significantly larger than those on the side with low fibronectin concentration (p = 0.037)
(Figure 10A). The BAECs on the high concentration side stretched to an average area of
20

1756.9 m2 (Figure 12A, white bar) and the BAECs on the low concentration side
stretched to an average area of 1219.2 m2 (Figure 12A, black bar). Similarly, confocal
analysis of cells fixed 3h after cell seeding showed that BAECs on the high concentration
side stretched to an average area of approximately 6660 square pixels (Figure 12B, white
bar). This is significantly larger (p = 1.25x10 -15) than cells on the low concentration side,
which stretched to an average area of 3586 square pixels (Figure 12B, black bar).

3.5 Actin and Paxillin Localization and Morphology Varied Based on Fibronectin
Concentration
Confocal analysis of BAECs following 3h on the fibronectin step revealed
qualitative differences in actin localization and morphology between cells on the high and
low fibronectin concentration sides of the step. Cells located on the high fibronectin
concentration side had more clearly defined and organized actin stress fibers (Figure 13B,
yellow arrows) than those on the low side (Figure 13A). Most F-actin in BAECs on the
high fibronectin concentration side was located in these stress fibers and there were only
a few branched actin structures. Cells on the low fibronectin concentration side had a
broader range of F-actin based structures. Many cells showed strong F-actin localization
to the cell periphery (Figure 13A, red arrow). Branching actin networks consistent with
lamellipodia formation were also present (Figure 13A, white arrow). BAECs located on
the border between high and low fibronectin concentrations formed cellular protrusions
resembling lamellipodia on the high fibronectin concentration side. However, only one
out of seven imaged cells showed a strong localization of F-actin in these protrusions
(Figure 14, green arrow). Paxillin localization also varied based on the location of the cell
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on the fibronectin substrate. Cells on the high fibronectin concentration side showed
larger paxillin-containing focal adhesions (Figure 14, yellow circle) than cells on the low
concentration side. Paxillin staining revealed primarily small, dot-like focal adhesions in
cells on the low fibronectin concentration side (Figure 14, green circle). Cells located on
the border between high and low fibronectin concentration also primarily contained dotlike focal adhesions.

CHAPTER 4: DISCUSSION

4.1 Generated Fibronectin Steps Contained a Distinct Change in Fibronectin
Concentration
Haptotaxis is directed cell migration in response to increasing concentrations of
ECM proteins (Lamalice et al., 2007). The one-step fibronectin gradient generated for
these studies provided the haptotactic stimuli for the BAECs. The relative intensity of the
rhodamine-tagged fibronectin on either side of the step indicated that there is
approximately a 100% increase in fibronectin concentration between the low and high
concentration sides (Figure 6B). The rhodamine-fibronectin solutions applied to the high
and low sides of the step were 10 g/mL and 0.05 g/mL respectively, or a 1.9x104 %
increase in concentration. There are approximately 0.6 dyes/molecule of fibronectin
(Cytoskeleton Inc.), thus the relative fluorescent intensity of the fibronectin should
correlate with the concentration of the protein. This discrepancy between expected
protein concentration and observed concentration could be the result of saturation. If the
10 g/mL solution saturated the MatTek surface with protein, then not all of the
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fibronectin in solution will bind to the glass. If this was the case, then the actual
concentration of protein that has adhered to the glass is unknown, but less than 10 g/mL.
It is also possible that the 0.05 g/mL solution has too few molecules of fibronectin
binding to produce enough of a signal for the confocal microscope to detect the
fluorescent signal. To date, the actual concentration of fibronectin that was adhered to the
MatTek dish has yet to be quantified. However, relative fluorescent intensities suggest a
100% increase in protein concentration at the step.

4.2 Differential Localization and Morphology of Actin and Paxillin in BAECs Based on
Fibronectin Concentration
Actin-EGFP primarily localized to stress fibers in transfected BAECs. Both
lamellipodia and filopodia had a strong actin-EGFP signal. This prominent localization of
the GFP fusion protein to actin-based cytoskeletal structures demonstrated that actin-GFP
is an acceptable indicator of actin dynamics in BAECs undergoing haptotaxis. Because of
the prominent role of the actin cytoskeleton in cell migration (Lamalice et al., 2007;
Merajver & Usmani, 2005), actin-GFP can serve as a real-time indicator of migration.
Smith et al. (2006) reported that the actin cytoskeleton polarizes in the direction of
haptotaxis. This is largely because during directional cell migration lamellipodia are
being formed in the direction of the stimuli, thus polarizing the actin cytoskeleton (Insall,
2010). Confocal analysis of BAECs 3h after seeding on the fibronectin step did not reveal
definitive actin polarization. However, cells that were in contact with both the high and
low fibronectin concentration sides of the step had formed lamellipodial protrusions in
the direction of the high concentration side. It is possible that these protrusions were
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relatively new and there had been insufficient time for the polarization of the actin
cytoskeleton to occur. The lack of clearly defined focal adhesions in these protrusions
supports this hypothesis. Early focal adhesions are small and dot-like in appearance
(Zimerman et al., 2004). The paxillin staining in the lamellipodia stretching onto the high
fibronectin concentration side of the border was consistent with this morphology (Figure
14).

4.3 The Haptotactic Motility of BAECs
BAECs must extend lamellipodia in order to migrate (Lamalice et al., 2007).
However, the directionality of their migration is dependent upon extracellular stimuli
(Insall, 2010). BAECs located on either the high or low side of the fibronectin step
formed lamellipodial protrusions in multiple directions and did not show biased
movement towards any particular protrusion. BAECs located close to the boundary
between high and low fibronectin concentrations formed lamellipodia in the direction of
the higher concentration of fibronectin and migrated preferentially in this direction. These
BAECs moved towards the higher concentration of fibronectin and showed little or no
movement in the opposite direction. BAECs located on the high or low fibronectin side
moved in either horizontal direction, which demonstrates that BAECs exhibit haptotactic
motility in response to the fibronectin step when in proximity to the boundary between
high and low fibronectin concentration. These findings are consistent with studies by Hsu
et al. (2005). BAECs on a collagen surface with a step change of density migrated
towards the higher collagen concentration. In addition, migration speed was significantly
lower on high-density collagen (Hsu et al., 2005). Similarly, Smith et al. (2006) found
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that human microvascular endothelial cells moved towards higher fibronectin
concentrations when seeded on a fibronectin gradient. At fibronectin concentrations
exceeding 1.8ng/mm2, cell speed decreased (Smith et al., 2006). The consistency between
these findings suggests that the two-dimensional fibronectin substrate does elicit a
haptotactic response from BAECs.
BAECs near the border between high and low fibronectin concentrations showed
linear motility (Figure 8B) as compared to cells located on either side of the border
(Figure 8C). Closer analysis of BAEC migration revealed that as the cells moved across
the border, their path of movement was linear. Linear motility is indicative of
directionality. Once the cells were on the high side of the fibronectin step, their
movements became less linear and more random in nature. This suggested that once a
cell crossed the border between high and low fibronectin concentrations it lost haptotactic
motility. A pseudopod-centered view of cell migration might best describe this
phenomenon. Install (2010) presents a pseudopod-centered view of chemotaxis rather
than the traditional signal-centered model. In a pseudopod-centered view of chemotaxis,
cells are constantly forming filopodia or lamellipodia without any external stimuli. If
external stimuli, such as the chemoattractant VEGF, are present, the cellular protrusions
that happen to form in the direction of the stimuli will ultimately steer the cell (Install,
2010). In the case of haptotaxis, lamellipodia formed in the direction of higher ECM
concentrations will form stronger integrin-ECM interactions (Lamalice et al., 2007). As
more integrins bind, larger focal complexes will form, which will allow for increased cell
signaling. This signaling will activate the small GTPases RhoA, Rac1 and Cdc42, which
regulate cell migration (Zaidel-Bar et al., 2007). Studies have shown that in migrating
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epithelial cells integrin expression affects the activity of the Rho family of GTPases and
the formation of actin-based cytoskeletal structures (Danen et al., 2005). The spatial
localization of intracellular signaling allows for the directional cell migration associated
with haptotaxis. Once the cell has crossed the fibronectin concentration boundary, all
cell-ECM interactions will be relatively equivalent, thus all pseudopodia formed will
contribute equally to any further motility of that cell.

4.4 Physical Properties of BAECs Vary Based on Fibronectin Concentration
Further analysis of BAEC motility revealed no significant difference in the net
distance traveled by cells near or far from the border. However, BAECs located near the
boundary between high and low fibronectin concentrations, on average, exhibited a
greater net gain in distance as compared to cells located far from the boundary (Figure 9).
There was a low sample number (N = 2) for cells located near the border, and future
studies may reveal a significant difference in net distance gain. The general trend of
BAECs near the border to travel a greater net distance than cells far from the border was
consistent with directed migration. If cells exhibit biased motility in one direction, there
will be little to no movement in any other direction. This ultimately leads to a greater net
distance gain. Cells that are not receiving any directional stimuli will move in all
directions with relatively equal frequency and therefore should have a smaller net
distance gain. Additionally, the average distance traveled in a fifteen-minute time period
was not significantly different based on a cell’s proximity to the border. This indicates
that only the direction in which the cell is traveling is affected by the step change in
fibronectin concentration and not its total capacity for movement.
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BAECs located on the low fibronectin concentration side had a greater range of
motion than those located on the high fibronectin side (Figure 11). Decreased motility on
higher concentrations of fibronectin indicated that the BAECs were more adherent at the
higher concentration of fibronectin. Such data is consistent with the findings of Madri et
al. (1988). At a 12.5 g/mL fibronectin coating concentration, cell motility was
diminished and cell spreading increased (Madri et al., 1988). This correlates with the
finding that BAECs seeded on the high fibronectin concentration spread to a larger
surface area than BAECs seeded on the low fibronectin concentration (Figure 12). The
decreased motility and increased cell spreading of BAECs on higher concentrations of
fibronectin suggested that these cells were more adherent to higher concentrations of
fibronectin. Increased cell adherence on the high fibronectin concentration side is further
supported by focal adhesion size. Cells on the high fibronectin concentration side formed
larger paxillin-containing focal adhesions than those on the low side (Figure 14, yellow
and green circles). This is consistent with the increased presence of stress fibers in cells
on the high fibronectin concentration side as large, elongated focal adhesions are
necessary for the anchoring of stress fibers (Zimerman et al., 2004). Taken together, the
increase in focal adhesion size and stress fiber formation suggests that BAECs on the
high fibronectin concentration side are more adherent than those on the low concentration
side. Increased focal adhesion size has been linked to an increase in cytoskeletal tension
and activation of RhoA (Deakin & Turner, 2008). RhoA activation is also linked to
integrin-ECM binding (Zaidel-Bar et al., 2007). Thus the binding of integrins to
fibronectin causes the formation of focal adhesions, which activates RhoA, which then
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further promotes focal adhesion formation and maturation. It follows that higher
concentrations of fibronectin would allow for increased integrin binding and therefore
increased focal adhesion size and stress fiber formation.
The increased adherence and decreased motility of BAECs on high concentrations
of fibronectin may play a role in the termination of angiogenesis. There is an increased
concentration of fibronectin (and other ECM proteins) immediately surrounding small
cell cancers (Buttery et al., 2004; Kaspar et al., 2005). These increased ECM
concentrations can contribute to chemotherapy resistance (Buttery et al., 2004). Sethi et
al. (1999) found that the 50% inhibitory concentration of fibronectin for two
chemotherapeutic agents in vitro was 92-450 g/mL. Although this is a wide
concentration range, Madri et al. (1988) reported that a 12.5 g/mL concentration of
fibronectin was sufficient to decrease endothelial cell migration from nearly 100%
relative migration to approximately 45%. Similarly, the 10 g/mL concentration of
rhodamine-tagged fibronectin solution used in these studies was sufficient to decrease
BAEC motility. Therefore, it is likely that concentrations of 100 g/mL surrounding
cancerous tumors would decrease endothelial cell migration even with continued cell
secretion of MMPs. Thus, the increased fibronectin concentration around tumors may
contribute to the completion of angiogenic endothelial cell migration. Further studies in
this area are needed to verify this hypothesis.

4.5 Concluding Remarks
The fibronectin step generated for these experiments will serve as a good
preliminary model for BAEC haptotaxis. Our studies suggested that BAECs exhibited
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haptotactic motility in response to the step change in fibronectin concentration. This
haptotactic movement was characterized by linear motility as the cell crossed the
boundary, followed by random movements upon crossing the border. Once a cell
undergoing haptotaxis crossed the border, it remained on the higher fibronectin
concentration side. This unidirectional haptotactic motility is consistent with our
proposed model of angiogenesis. However, these studies will serve as a baseline in
understanding the haptotactic motility of BAECs. The fibronectin step generated for these
experiments also allowed for the further characterization of BAEC motility and
morphology on the high and low fibronectin concentrations. Our studies suggested that
cells on the low fibronectin concentration have a larger area in which they move and have
faster movements. BAECs on the high fibronectin concentration stretched to a larger cell
area and had clearly defined actin stress fibers anchored at elongated paxillin-containing
focal adhesions. The decreased motility and increased adherence of BAECs on the high
fibronectin concentration side of the step could have implications in the termination of
angiogenesis.
These studies will serve as a baseline for further investigation of the role
haptotaxis may play in angiogenesis. The characterization of actin-EGFP and paxillinEGFP expression in BAECs will be used for future migration studies using time-lapse
fluorescent microscopy. To further validate our findings, our studies will be repeated with
human umbilical vein endothelial cells (HUVECs). This cell line will increase the
applicability of our studies to the human system. In addition, to gain further insight into
the role of the focal adhesion scaffold protein paxillin, we will knock-down paxillin in
both the BAEC and HUVEC lines using siRNA technology. Through these future studies
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and those presented above, we will better characterize endothelial cell motility under
haptotactic conditions. This insight will lead to an increased understanding of what role
haptotaxis may play in supporting angiogenesis.
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FIGURES

Figure 1 – Schematic of blood vessel structure. The blood vessel is made up of a wall
of endothelial cells, which rest on the basement membrane. Larger blood vessels such as
veins and arteries have vascular smooth muscle cells surrounding the endothelial
basement membrane. The interstitial matrix is a network of ECM proteins that surrounds
the blood vessel.

Figure 2 – Overview of small GTPase signaling involved in cell migration. Rac and
Cdc42 signal through the WASP family of proteins to activate the Arp2/3 complex of
proteins and lead to the formation of lamellipodia and filopodia, respectively. RhoA
signals through ROCK and LIM kinase to phosphorylate cofilin to decrease actin
severing and increase actin stress fiber formation.
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Figure 3 – 1% agarose gel of plasmid DNA used for BAEC transfections. ActinpEGFP and paxillin-pEGFP plasmid DNA are approximately 5800bp (5.8kb) and 6400bp
(6.4kb), respectively. The linearized plasmids (lanes 3 and 6) of Actin-pEGFP and
Paxillin-pEGFP migrated to correlate with lengths of approximately 5800bp and 6450bp,
respectively. These results support the correct plasmid DNA was isolated and purified.
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Figure 4 – BAECs transfected with actin-pEGFP and paxillin-pEGFP. A) Control
BAECs transfected with actin-pEGFP. Actin-EGFP primarily incorporated into basal
stress fibers (arrow) with some perinuclear localization (dashed circle). B) Control
BAECs transfected with paxillin-pEGFP. Paxillin-EGFP exhibited perinuclear
localization (dashed circle) and primarily localized to filopodia and lamellipodia in
concentrated focal adhesions (arrow). Focal adhesions were also present to a lesser extent
at the rear of the cell (yellow bracket) and throughout the cell body. Paxillin-EGFP also
showed localization to the cell periphery (red bracket).
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Figure 5 – Control paxillin-EGFP expressing cell fixed and stained on glass. Cells
transfected with paxillin-EFGP (green) were seeded on glass and fixed and stained with
rhodamine-phalloidin (red, stains F-actin) and DAPI (blue, stains DNA). Paxillin-EGFP
containing focal adhesions localized to the ends of actin fibers (arrows and bracket).
Larger paxillin-EGFP containing focal adhesions (arrows) were indicative of more stable,
mature focal adhesions, whereas smaller paxillin-EGFP containing focal adhesions
(bracket) were indicative of younger, less stable focal adhesions.
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Figure 6 – Fibronectin step generated on glass-bottomed MatTek dishes. A) Confocal
image of boundary between high and low concentrations of Rhodamine-tagged
fibronectin. B) Relative intensity plot of fibronectin step (A, area inside yellow box). The
sharp increase in grey value intensity from approximately 10 to 20 that occurs around 300
pixels (red line) indicates a 100% increase in fibronectin concentration.

Figure 7 – Time course frames taken from cells seeded on a fibronectin step. The
migrating cell (arrows) can be seen stretching towards the boundary between high and
low fibronectin concentrations (dotted line, frame A), and then pulling its rear in the
direction of the step (red arrows, frames B and C).
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Figure 8A – BAEC motility in response to fibronectin step. A) Still image from first
time point captured with time-lapse microscopy. BAECs had been seeded three hours
prior. Red arrows indicated cells located near (within 6 m) the boundary between high
and low fibronectin concentrations (white dotted line).
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Figure 8B and C – BAEC motility in response to fibronectin step. B) Path traveled by
migrating cell (from (A), red arrow, single asterisk) over course of time-lapse video. The
first portion of the cell’s migration (i) was linear. Once the cell crosses the boundary
between high and low fibronectin concentrations (green dotted line), its movements
became random (ii). C) Path traveled by cell located on the low fibronectin side of the
border. This cell was not in proximity to the boundary between high and low fibronectin
concentrations. Its movements over the course of the time-lapse video showed no
discernable pattern. The cells movements in (C) were comparable to those of the
migrating cell once it had crossed on to the high fibronectin concentration side (B, ii).
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Figure 9 – Average net distance gain of BAECs located near and far from the border
between high and low fibronectin concentrations. Over the course of a 5.8h time-lapse
video, cells located near the border between high and low fibronectin concentrations
traveled an average net distance of 31.95 m (black bar). Cells located far from the border
traveled an average net distance of 16.10 m (white bar). However, the difference
between these two was not statistically significant (p = 0.291).
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Figure 10 – Average distance traveled over 15 minute time period of BAECs located
near and far from the border between high and low fibronectin concentrations.
BAECs located near the border between high and low fibronectin concentrations traveled
an average distance of 4.74 m for each 15 minute time-lapse interval (black bar). Cells
located far from the border traveled an average of 5.53 m over the same time interval
(white bar). The difference was not statistically significant (p = 0.626).
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Figure 11 – Average area of migration for BAECs located on the high and low
fibronectin concentration sides of the step. BAECs found on the high fibronectin
concentration side (white bar) remained within a 264 m2 area throughout the course of
the 5.8h time-lapse video. BAECs found on the low fibronectin concentration side (black
bar) exhibited significantly greater motility and remained within a 633 m2 area over the
same time period.
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Figure 12 – Average cell size of BAECs located on the high and low fibronectin
concentration sides of the step. A) BAECs from time-lapse experiments. BAECs on the
high concentration of fibronectin (white bar) stretched to an average cell area of
1756.9 m2. This area was significantly larger than that of the BAECs on the low
concentration of fibronectin (black bar), which stretched to an average cell area of
1219.2 m2 (p = 0.037). B) BAECs from fixed-cell experiments. BAECs on the high
fibronectin concentration side (white bar) stretched to an average area of 6660 square
pixels. This was significantly larger than the cell area of cells on the low fibronectin
concentration side (black bar), which stretched to an average area of 3586 square pixels
(p = 1.25x10-15).
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Figure 13 – Actin localization varied based on fibronectin concentration. A) BAECs
stained with AlexaFluor 488-phalloidin on the low fibronectin concentration side of the
step. F-actin showed localization to the cell periphery (red arrow) and to branched
structures such as lamellipodia (white arrow). B) BAECs stained with AlexaFluor 488phalloidin on the high fibronectin concentration side of the step. F-actin was primarily
contained in stress fibers (yellow arrows). Stress fibers were well defined in the cell
bodies.
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Figure 14 – Actin and paxillin localization and morphology varied based on
proximity to the border. BAECs located on the high fibronectin concentration side of
the border produced larger, elongated focal adhesions (yellow circle) as compared to cells
on the low fibronectin concentration side, which contained smaller, dot-like adhesions
(green circle). The cell located on the boundary between high and low fibronectin
concentration primarily had smaller focal adhesions, and focal adhesion size did not
appear to be affected by differing fibronectin concentrations. This cell also showed an
increased F-actin density on the edge of the cell on the high fibronectin concentration
side (green arrow). However, out of the seven similar cells, this was the only cell to
exhibit this increased F-actin density.
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