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fibrillar fibronectin (FN) forms (for a review, see Ref. 32). Late
focal complexes and focal adhesions consist of many of the
same proteins, such as ␣v␤3-integrin, vinculin, paxillin, and
focal adhesion kinase (FAK); in contrast, fibrillar adhesions
lack the aforementioned proteins and are rich in ␣5␤1-integrin
and tensin. Tensin can also be found in focal adhesions. Focal
adhesions are primarily located at the cell periphery with very
low colocalization with FN fibrils, whereas fibrillar adhesions
form along FN fibrils and are located in the central portion of
the cell (14).
Zamir et al. (33) and others (for a review, see Ref. 6) showed
that when cells initially attach to the substrate, integrins cluster
and the properties of the substrate determine the type of
adhesions that are formed. If the underlying FN matrix is
deformable, then fibrillar adhesions will form (14). If the
substrate is rigid and contains a nondeformable matrix, then the
immobilized adhesion complexes produce high tension that
induces the formation of focal adhesions (14). The types of
adhesions the ECs create and the integrins involved can affect
EC function (9, 21).
In vivo and with TEBVs, ECs adhere to the ECM and
underlying SMCs that are much softer than the substrates used
for two-dimensional culture in vitro. We (28) developed and
characterized a direct coculture system as a mimic of TEBVs.
In coculture, SMCs organize FN into fibrils prior to the
attachment of ECs. Thus, these substrate conditions in coculture and TEBVs may affect the adhesion of ECs. In this study,
we tested the hypothesis that the substrate conditions in coculture reduce EC focal adhesion formation and promote the
formation of fibrillar adhesions. To quantitatively assess this
hypothesis, we compared EC adhesion on SMCs with EC
adhesion on tissue culture plastic or polyacrylamide surfaces of
different elastic moduli.

DURING THE PAST DECADE, there have been great strides toward
creating a clinically viable tissue-engineered blood vessel
(TEBV) (12). While most studies have focused on improving
the strength and mechanical properties of the vessel wall, the
functional status of the endothelium within these TEBVs has
received less attention, despite having a critical role in vasodilation, platelet coagulation and clot formation, immune response, and water and solute permeability (3).
Endothelial cell (EC) function is influenced by interactions
between integrins on the basal surface and the underlying
extracellular matrix (ECM) (9, 21). The integrins involved with
attachment and the proteins that interact with the cytoplasmic
domains of these integrins determine the type of adhesion that
is formed. These adhesions include nascent focal complexes
that form during cell spreading, classical focal adhesions, and
elongated and elliptical fibrillar adhesions that arise when

Media composition and coculture formation. All media were supplemented with 1⫻ antibiotic-antimycotic (GIBCO-BRL, Carlsbad,
CA). Human aortic SMCs (Cambrex, Walkersville, MD) were expanded with SMC growth media containing smooth muscle basal
media (SmBM; Cambrex) supplemented with SmGM-2 singleQuots
(Cambrex). To switch SMCs from a proliferative state to a quiescent
state, SMCs were maintained in serum-free quiescent media composed of DMEM-F-12 (GIBCO-BRL) supplemented with 1⫻ insulintransferrin-selenium (GIBCO-BRL). Human aortic ECs (Cambrex)
were expanded in endothelial basal media-2 (EBM-2; Cambrex)
supplemented with EGM-2 SingleQuots (Cambrex). Cocultures were
maintained in a coculture medium composed of medium 199
(GIBCO-BRL) supplemented with 5.5% human serum (Sigma, St.
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293: H1978–H1986, 2007; doi:10.1152/ajpheart.00618.2007.—Efforts to
develop functional tissue-engineered blood vessels have focused on
improving the strength and mechanical properties of the vessel wall,
while the functional status of the endothelium within these vessels has
received less attention. Endothelial cell (EC) function is influenced by
interactions between its basal surface and the underlying extracellular
matrix. In this study, we utilized a coculture model of a tissueengineered blood vessel to evaluate EC attachment, spreading, and
adhesion formation to the extracellular matrix on the surface of
quiescent smooth muscle cells (SMCs). ECs attached to and spread on
SMCs primarily through the ␣5␤1-integrin complex, whereas ECs
used either ␣5␤1- or ␣v␤3-integrin to spread on fibronectin (FN)
adsorbed to plastic. ECs in coculture lacked focal adhesions, but EC
␣5␤1-integrin bound to fibrillar FN on the SMC surface, promoting
rapid fibrillar adhesion formation. As assessed by both Western blot
analysis and quantitative real-time RT-PCR, coculture suppressed the
expression of focal adhesion proteins and mRNA, whereas tensin
protein and mRNA expression were elevated. When attached to
polyacrylamide gels with similar elastic moduli as SMCs, focal
adhesion formation and the rate of cell spreading increased relative to
ECs in coculture. Thus, the elastic properties are only one factor
contributing to EC spreading and focal adhesion formation in coculture. The results suggest that the softness of the SMCs and the fibrillar
organization of FN inhibit focal adhesions and reduce cell spreading
while promoting fibrillar adhesion formation. These changes in the
type of adhesions may alter EC signaling pathways in tissue-engineered blood vessels.
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tensin, 1:25 (BD Biosciences-Pharmingen, San Diego, CA)] were
incubated with the cells for 1 h at 37°C in 10% goat serum. Cells were
rinsed multiple times and then incubated at 37°C for 45 min in 10%
goat serum with Alexa fluor 488 or 546 goat anti-mouse secondary
antibody (1:500, Invitrogen). The focal adhesion area was measured
by capturing at least 6 images/sample of the vinculin immunofluorescence and using ImageJ to trace and measure the area of at least 30
random focal adhesions/sample.
Green fluorescent protein-vinculin and -tensin expression. Green
fluorescent protein (GFP)-vinculin and GFP-tensin plasmids (provided by S. Lin, D. Lin, and K. Yamada) were selected by ampicillin
resistance and amplified in Escherichia coli (DH5␣, Invitrogen). ECs
were transfected with the GFP-plasmid using a liposomal method
(Lipofectin Transfection Reagent, Invitrogen) according to the manufacturer’s protocols. Briefly, ECs were grown to 50 –70% confluence
in six-well plates before transfection; 1 g/ml of plasmid and 7 l/ml
of Lipofectin were mixed and incubated with Opti-MEM I (Invitrogen) for 20 min to form plasmid-Lipofectin complexes. ECs were then
incubated for 2.5 h with Opti-MEM I containing the plasmid-Lipofectin complexes. The medium was exchanged with EC growth
media, and cells were allowed to recover overnight.
Separation of ECs from SMCs for total RNA and protein isolation.
Cocultures were washed with DPBS without Ca2⫹ and Mg2⫹ to
remove media proteins. A 5-min wash was then performed with
ice-cold DPBS without Ca2⫹ and Mg2⫹. This caused the ECs to
contract slightly due to the drastic temperature change, thus allowing
more of the trypsin to access EC integrins. Trypsin-EDTA (0.25%) at
37°C was then added to the cells for 5 min. Trypsin was neutralized
with Trypsin Neutralizing Solution (Clonetics), and the cell suspension
was pipetted multiple times to break any remaining bonds between cells.
Cells were pelleted and resuspended with 1 ml of 0.1% BSA in DPBS.
ECs and SMCs were then separated using magnetic beads.
A volume of 25 l of CD31 EC Dynabeads (Invitrogen) was mixed
with the cell sample for 20 min at room temperature. The bead-cell
solution was placed in the Dynal MPC Magnet (Invitrogen), where the
EC-bead complex was pulled to the side of the magnet and the supernatant (SMCs in suspension) was removed. EC-bead complexes were
resuspended in 0.1% BSA in DPBS. The solution was placed in the
magnet, and the supernatant was discarded. ECs were then washed three
more times to increase EC purity. The magnetic bead separation technique yielded an EC purity of 98.7 ⫾ 0.4, which was determined by
identification of positive Ac-LDL-DiI staining of separated ECs (n ⫽ 3).
Purified ECs were then lysed with lysis buffer for either RNA or protein
isolation.
Total EC RNA was isolated from the EC-bead complex using a
commercially available RNA isolation kit (High-Pure Total RNA
Isolation Kit, Roche Applied Science, Indianapolis, IN). Total EC
protein was isolated with Cell Lytic-M (Sigma) supplemented with
Protease Inhibitor Cocktail (1:10, Sigma). The protein lysis buffer was
rotated with the EC-bead complexes for 15 min at 4°C, and the cell
debris and beads were pelleted with centrifugation so that the lysate
could be isolated.
Quantitative real-time RT-PCR. RNA purity and quantity were
measured using a NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Total RNA (50 ng) was reverse transcribed
using the cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and a
MyCycler (Bio-Rad) thermal cycler. One cycle of 5 min at 25°C, 30
min at 43°C, and 5 min at 85°C was performed. Primers (Integrated
DNA Technologies, Coralville, IA), RNAse free water, and IQ SYBR
Green Supermix (Bio-Rad) were combined with the cDNA samples
and placed in a MyIQ Single Color Real-Time PCR Detection System
(Bio-Rad). A two-step cycle configuration was performed with an
initial denaturation for 3 min at 95°C and 50 cycles at 95°C for 15 s
and 61°C for 1 min. All samples were performed in triplicate for all
genes. The 2⫺⌬⌬CT method was used to determine relative gene
expression (17), where CT is threshold cycle. Primers were selected based on the gene sequence (Pub-Med) of interest and using
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Louis, MO) and 1⫻ insulin-transferrin-selenium (GIBCO-BRL). All
cells were trypsinized with 0.025% trypsin-EDTA (Clonetics) for 5
min at 37°C except when ECs were separated from SMCs in coculture.
To prepare cocultures, SMCs were plated at 75,000 cells/cm2 on
tissue culture plastic dishes (Corning, Corning, NY) or polystyrene
slideflasks (NUNC, Rochester, NY) that were incubated with 3.3
g/ml human plasma FN (Sigma) for over 1 h. SMCs (passages 7–11)
were grown to confluence in SMC growth media, forming one to three
layers. Two days after SMCs had been seeded, media were changed
from SMC growth media to SMC quiescent media. Two days after the
addition of the quiescent media, human aortic ECs (passages 7–10)
were seeded at a confluent density (75,000 –100,000 cells/cm2) directly on top of the quiescent SMCs in EC growth media except where
noted. After ⬃24 h, media were changed to coculture media. All cell
cultures were maintained in a tissue culture incubator at 37°C and 5%
CO2, and the medium was exchanged every other day.
Imaging ECs and SMCs in coculture. To visualize cells, ECs were
stained with DiI-Ac-LDL (5 g/ml, 4 h, 37°C; Biomedical Technologies, Stoughton, MA) while in coculture or with CellTracker orange
(2 M, 10 min, 37°C; Invitrogen, Carlsbad, CA) before being plated.
Fluorescent images were obtained with a confocal laser scanning
microscope (LSM 510, Carl Zeiss, Thornwood, NY) or an inverted
fluorescent microscope (Zeiss Axiovert S-100, Carl Zeiss) connected
to a digital camera (Carl Zeiss). The camera was connected via a
frame grabber card (Pr-LG3-01 PCI, Scion, Frederick, MD) to a
Macintosh G3 computer (Apple Computer, Cupertino, CA).
Blocking EC attachment. The EC integrins involved with the initial
attachment of ECs to SMCs were determined utilizing monoclonal
integrin blocking antibodies. Approximately 200,000 ECs, labeled
with CellTracker orange, were suspended in 250 l of Dulbecco’s
PBS solution (DPBS; GIBCO-BRL) and rotated in a 1.5-ml tube in
the tissue culture incubator for 30 min with no antibodies, 5 l of
mouse anti-human ␣5␤1-integrin (Chemicon, Temecula,CA), mouse
anti-human ␣v␤3-integrin (Chemicon), or a combination of the two
antibodies. Next, the cell suspension was combined with 1.75 ml of
DPBS and added to either quiescent SMCs or 12-well tissue culture
plates that were first incubated with 3.3 g/ml FN for 1 h, rinsed, and
incubated with 1% BSA for 1 h to block nonspecific binding. After a
10-min incubation at 37°C, nonadherent ECs were removed with three
DPBS rinses, and adherent cells were fixed with 3.7% paraformaldehyde for 15 min at 37°C. Ten random fluorescent images were
captured per sample, and numbers of attached ECs were measured
with a custom cell counting Matlab (version 7.0, The MathWorks,
Natick, MA) program.
EC spreading. To determine the spreading rate of ECs plated on
SMCs or polyacrylamide gels, ECs were stained with CellTracker
orange and plated at 20,000 cells/cm2 in the fully supplemented
EBM-2 media. After 30, 75, 120, and 165 min of attachment,
approximately six fluorescent images were captured. Image J (version
1.36, National Institutes of Health) was used to trace and measure the
cell area of at least 30 ECs per time point. A linear regression between
EC area and attachment time was performed to determine the rate of
EC spreading.
To block EC spreading, the following antibodies, at a dilution of
1:100, were added to the media after ECs attached and spread for 5
min: no antibody (control), mouse anti-human ␣5␤1-integrin (Chemicon), mouse anti-human ␣v␤3-integrin (Chemicon), or a combination
of the two antibodies. After 1 h of spreading, cultures were fixed with
3.7% paraformaldehyde and imaged. The cell areas of at least 50 ECs
were measured per experiment using ImageJ.
Immunofluorescence. Cells were fixed with 3.7% paraformaldehyde for 15 min at 37°C and permeabilized with 0.2% Triton X-100
(Sigma) at room temperature for 5 min. Cells were rinsed with DPBS
and then incubated with 10% goat serum (Sigma) for 30 min at 37°C
to block nonspecific binding. Primary antibodies [vinculin, 1:100
(Sigma); paxillin, 1:400 (Invitrogen); PY20, 1:100; FN, 1:200; and
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RESULTS

␣5␤1-Integrin controls EC attachment and spreading on
SMCs. The numbers of ECs that attached to SMCs or FNcoated plastic were significantly reduced by blocking the ␣5␤1integrin complex (n ⫽ 3–5; Fig. 1A). In contrast, the addition
of a blocking antibody to ␣v␤3-integrin alone did not affect EC

(1)

where F is the force, E* is Young’s modulus,  is Poisson’s ratio [a
value of 0.5 is commonly used for cells (25) and polyacrylamide gels
(7)], and R is the radius of the sphere on the tip. To minimize viscous
contributions, we indented at 2 m/s. All plots of force versus ␦3/2 had
correlation coefficients above 0.98.
Polyacrylamide gel preparation and FN cross-linking. Polyacrylamide gels were prepared on glass slides as described by Pelham and
Wang (22). Briefly, glass slides were treated with aminoproplyltrimethoxysilane and 0.5% glutaraldehyde to create a surface that would firmly
adhere to the gel. Mixtures consisting of 5% acrylamide and 0.025– 0.1%
bis-acrylamide were prepared by mixing 40% acrylamide, 1 M HEPES,
2% bis-acrylamide, and distilled water. Acrylamide solutions were degassed for 20 min to remove oxygen that could inhibit the polymerization
of acrylamide. Next, 10% ammonium persulfate and N,N,N⬘,N⬘-tetramethylethylenediamine were added to the acrylamide solution to catalyze
the cross-linking of the polymer. A volume of 15 l of the acrylamide
solution was pipetted onto the aminosilanized glass slides. A 22-mmdiameter circular glass coverslip was immediately placed over the soluAJP-Heart Circ Physiol • VOL

tion, and gels were allowed to polymerize for 30 min before being rinsed
with 50 mM HEPES and removal of the coverslip. Gels were stored in 50
mM HEPES at 4°C and used within 2 wk.
To immobilize FN, a cross-linker, N-sulfosuccinimidyl-6-(4⬘azido-2⬘-nitrophenylamino)-hexanoate (sulfo-SANPAH; Pierce), was
added to the surface of the gels at a concentration of 0.5 mg/ml.
Sulfo-SANPAH was activated by placing the gels ⬃3 in. from four
7.5-W tubes of 302-nm UV light for 8 min. Gels were rinsed, and the
UV cross-linking was repeated. Next, gels were incubated with 10
g/ml FN overnight at 4°C and rinsed with DPBS. To increase the
amount of FN matrix, some gels underwent three additional incubations with 10 g/ml FN for 1 h each at 37°C. FN-coated gels were
stored for ⬍1 wk at 4°C before being used.
Statistical analysis. ANOVA was performed when making multiple
comparisons and a Tukey-Kramer analysis was used as a post hoc test.
Student’s t-test was performed when only two groups of data were
compared. A value of P ⬍ 0.05 was considered statistically significant. Data are expressed as means ⫾ SE.

Fig. 1. Integrin blocking antibodies were used to determine the effect of ␣5␤1and ␣v␤3-integrin in endothelial cell (EC) attachment and spreading on
fibronectin (FN)-coated plastic and smooth muscle cells (SMCs) (n ⫽ 3–5).
ECs attached to and spread along SMCs primarily through their FN receptor
(␣5␤1-integrin). ␣5␤1-Integrin blocking antibodies significantly reduced the
numbers of ECs that initially attached to FN-coated plastic or SMCs, and the
combination of ␣5␤1- and ␣v␤3-integrin blocking antibodies fully inhibited EC
adherence to SMCs and FN-coated plastic (A). EC spreading on FN-coated
plastic was reduced only when both ␣5␤1- and ␣v␤3-integrin complexes were
simultaneously blocked, whereas EC spreading on SMCs was reduced when
␣5␤1-integrin was blocked. Blocking both ␣5␤1- and ␣v␤3-integrin complexes
in coculture did not further reduce EC spreading compared with only blocking
␣5␤1-integrin alone (B). *P ⬍ 0.05 compared with control; #P ⬍ 0.05
compared with ␣5␤1-integrin treatment.
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Primer3 shared software (23). The primers used were as follows:
1) ␤2-microglobulin, 5⬘-GGCTATCCAGCGTACTCCAAAG-3⬘ and
5⬘-CAACTTCAATGTCGGATGGATG-3⬘; 2) ␣-actinin, 5⬘-GGCAAGATGAGAGTGCACAA-3’ and 5⬘-AGATGTCCTGGATGGCAAAG3⬘; 3) paxillin, 5⬘-TGATAGGATTTGGGGCAGAG-3⬘ and 5⬘-CCAGTGGAGTGGTTTGGACT-3⬘; 4) tensin, 5⬘-GGCTTAGAGCGAGAGAAGCA-3’ and 5⬘-CCCGTCCAGAGAAGAGAGTG-3⬘; 5) vinculin:
5⬘-CTTTGCTGCTACAGGGGAAG-3⬘ and 5⬘-GGATATGGGACGGGAAGTTT-3⬘; 6) FAK, 5⬘-TTATTGGCCACTGTGGATGA-3⬘ and
5⬘-TACTCTTGCTGGAGGCTGGT-3’; and 7) RhoA, 5⬘-AAGGACCAGTTCCCAGAGGT-3⬘ and 5⬘-TTCTGGGGTCCACTTTTCTG-3⬘.
Western blot analysis. The BCA protein assay (Sigma) was used to
determine the protein concentration in the lysate. Protein lysate (20
g) was boiled with Lamaelli sample buffer (1:1, Bio-Rad) for 5 min.
The resulting solution was then added to a 7.5% Tris 䡠 HCl ReadyMade gel (Bio-Rad), and electrophoresis was completed at 150 V for
⬃35 min. A wet transfer (Towbin buffer) was completed at 100 V and
90 mA for 1 h to transfer vinculin and paxillin from the gel to a
polyvinylidene difluoride (PVDF) membrane. Tensin was transferred
in Towbin buffer with 20% methanol and 0.05% SDS for 3 h at 500
mA. The membrane was blocked for 1 h with 5% milk. The primary
antibody reactive to the protein of choice was incubated with the PVDF
membrane overnight at 4°C (vinculin, 1:1,000; paxillin, 1:1,000; and
tensin, 1:150) in 1% milk. After multiple washes with Tris-buffered
saline (TBS)-Tween solution, the membrane was incubated with a secondary antibody (anti-mouse IgG-horseradish peroxidase, Santa Cruz
Biotechnology) in 5% milk at 1:5,000 dilution for 1 h. Enhanced chemiluminescence (Pierce) solution was added to the membrane for 5 min,
and the membrane was exposed to CL-XPosure Film (Pierce). Bands
were then analyzed using the gel analyzer macro in ImageJ.
Atomic force microscopy. Samples were probed with an Asylum
1-D Atomic Force Microscope (AFM; Asylum Research, Santa Barbara, CA) in contact mode. A long narrow hydrophilic borosilicate
cantilever with a spherical tip (radius ⫽ 2.5 m; Bioforce Nanoscience, Ames, IA) and a nominal spring constant of 60 pN/nm was
used to contact the sample. The actual spring constant was determined
by a thermal fluctuations method. Samples were probed approximately seven times at random locations. The indentation (␦) was
obtained by subtracting the deflection from the movement of the
piezoelectric ceramic (z) as follows: ␦ ⫽ z ⫺ z0, where z0 is the initial
deflection. Force-deflection curves for the polyacrylamide gels and
SMCs were obtained using IGOR Pro 5.04B (Wavemetrics, Portland,
OR). Since cells are viscoelastic and the mechanical properties vary
spatially, the apparent modulus E* was calculated by fitting the
force-indentation curves to the following equation:
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sions. To assess whether focal adhesions formed at later times in
coculture, we used immunofluorescence to identify focal adhesions 2 days after attachment (not shown). Again, ECs adhered to
FN-coated plastic formed focal adhesions. ECs adhered to SMCs
did not form focal adhesions, although SMCs in coculture did
form focal adhesions to the underlying plastic substrate. ECs in
coculture lacked vinculin and paxillin plaques, but staining revealed that both of these proteins were diffusely present within
cells.
Due to the presence of FN fibrils on the surface of SMCs
(28) and the role of ␣5␤1-integrin in EC spreading, we hypothesized that ECs in coculture formed fibrillar adhesions. Subconfluent ECs expressing GFP-tensin formed fibrillar adhesions after 4 h of spreading when adhered to SMCs, as
indicated by the centrally located elongated tensin plaques
(Fig. 3A). In contrast, subconfluent ECs adhered to FN-coated
plastic did not form fibrillar adhesions after 4 h of attachment.
The small tensin plaques present in the monoculture at the 4-h
time point resembled focal adhesions and not fibrillar adhesions due to their small size and location at the cell periphery.
After 2 days of attachment, fibrillar adhesion formation was
found in coculture, as indicated by the elongated pattern of
tensin immunofluorescence, whereas EC fibrillar adhesions
were not found in monoculture (not shown). ECs in monoculture did seem to have more tensin plaques after 2 days
compared with 4 h of attachment. Consistent with this observation, FN between ECs and SMCs in coculture remained in a
fibrillar organization (28), whereas ECs in monoculture had
only started to reorganize the FN into fibrils (Fig. 3B). Thus,
ECs rapidly formed fibrillar adhesions in coculture due to the
presence of fibrillar FN on the surface of SMCs.
To assess whether the lack of focal adhesion formation in
coculture led to a reduction in focal adhesion proteins, the
amounts of vinculin and paxillin within confluent ECs were
quantified by Western blot analysis 2 days after the onset of
coculture (n ⫽ 3; Fig. 4A). Vinculin and paxillin protein
expression within ECs in coculture were significantly lower
than ECs in monoculture, whereas ECs in coculture expressed

Fig. 2. Focal complex formation after 1 h of EC spreading in coculture (EC C-C) and monoculture (EC Mono)
was determined by immunofluorescence. After 1 h, ECs
in monoculture have begun to form focal adhesions,
whereas ECs in coculture have only formed focal complexes. ECs in coculture had similar amounts of phosphotyrosine and paxillin located at the cell periphery but
less vinculin compared with ECs in monoculture. Adhesion proteins stained red and cells stained green.
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attachment. EC attachment to SMCs or FN-coated plastic was
fully inhibited by simultaneously blocking ␣5␤1- and ␣v␤3integrin on both substrates. Thus, ECs attached to SMCs with
the same integrins involved in the attachment to FN-coated
plastic, suggesting that FN on the surface of SMCs (28) is the
major ECM protein influencing EC attachment in coculture.
EC spreading on FN-coated plastic was significantly reduced
only by simultaneously blocking ␣5␤1- and ␣v␤3-integrin,
whereas blocking only ␣5␤1-integrin significantly reduced EC
spreading on SMCs (n ⫽ 5; Fig. 1B). Simultaneously blocking
␣5␤1- and ␣v␤3-integrin did not further reduce EC spreading
on SMCs compared with blocking ␣5␤1-integrin alone. These
results suggest that ECs used either ␣5␤1- or ␣v␤3-integrin
complexes to spread on FN-coated plastic, but ECs spread on
SMCs primarily through the ␣5␤1-integrin complex. Also, after
1 h of spreading, control ECs on SMCs were approximately
half the size of control ECs on FN-coated plastic.
ECs form focal complexes on SMCs and on FN-coated
plastic. Since EC spreading on SMCs was significantly reduced compared with EC spreading on FN-coated plastic (28),
we hypothesized that there were differences in focal complex
formation. The formation of focal complexes was determined
by the positive staining of phosphotyrosine, paxillin, and vinculin along the cell periphery (Fig. 2). After 1 h of spreading,
ECs that adhered to SMCs had similar amounts of phosphotyrosine and paxillin at the cell periphery as ECs in monoculture,
but there was a noticeable decrease in vinculin recruitment at
the cell periphery of ECs in coculture. Also, after 1 h of
spreading, ECs in monoculture formed some focal adhesions,
but focal adhesion formation was not found in coculture.
ECs on SMCs form fibrillar adhesions and lack focal adhesions. As cell spreading progresses, focal complexes mature
into focal adhesions due to the tension generated along the
actin filaments within the cell (for a review, see Ref. 24).
Consistent with the literature, subconfluent ECs expressing
GFP-vinculin formed focal adhesions 4 h after attachment
when adhered to FN-coated plastic (Fig. 3A). In contrast,
subconfluent ECs adhered to SMCs did not form focal adhe-
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a significantly higher amount of tensin. The gene expression of
many molecules involved in focal adhesion and fibrillar adhesion formation was determined 3 days after coculture formation (n ⫽ 5; Fig. 4B). Consistent with focal adhesion protein
expression, ECs in coculture had significantly reduced mRNA
levels of molecules associated with focal adhesion formation
compared with ECs in monoculture. Interestingly, FAK gene
expression was similar within ECs on SMCs and FN-coated
plastic. Tensin protein and gene expression within ECs were
significantly increased in coculture compared with monoculture.
Substrate rigidity alone does not dictate EC spreading or
focal adhesion formation in coculture. We hypothesized that
ECs in coculture had reduced cell areas and lacked focal
adhesions due to the stiffness of underlying SMCs. We measured the apparent elastic modulus of SMCs with an AFM at
various time points after serum starvation (n ⫽ 3– 4; Fig. 5A).
The apparent elastic modulus did not significantly change from
AJP-Heart Circ Physiol • VOL

2 to 9 days of serum starvation. Thus, the data were pooled,
and the apparent elastic modulus of SMCs was found to be
1.98 ⫾ 0.26 kPa (n ⫽ 10). Polyacrylamide gels were made
with 5% acrylamide and various bis-acrylamide concentrations
yielding substrates of similar elastic moduli to SMCs (n ⫽ 3–7;
Fig. 5B). The relationship between elastic modulus and bisacrylamide concentration was similar to previously published
results (7). FN was cross-linked to the surface of gels to
promote attachment to polyacrylamide. Since immobilized FN
can inhibit fibrillar adhesion formation, some of the gels with
cross-linked FN were incubated three additional times with FN
to build a denser FN matrix and promote fibrillar adhesion
formation.
EC spreading rates on SMCs (n ⫽ 5) and gels (n ⫽ 5) of
similar elastic moduli as SMCs are shown in Fig. 6. The
addition of three additional coatings of FN did not alter the
spreading rate of ECs; thus, we pooled the data. As expected,
the EC spreading rate increased as the stiffness of the gel
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Fig. 3. Focal and fibrillar adhesion formation were determined
by immunofluorescence and green fluorescent protein (GFP)
labeling. ECs in coculture did not form focal adhesions 4 h
after attachment, as indicated by diffuse GFP-vinculin fluorescence, whereas ECs in monoculture formed many focal adhesions. ECs in coculture formed fibrillar adhesions 4 h after
attachment, as indicated by positive GFP-tensin at the centrally
located elongated adhesions, whereas ECs in monoculture did
not form fibrillar adhesions (A). After 2 days of attachment,
ECs in monoculture had reorganized some FN into small
fibrils, whereas an abundant amount of fibrillar FN was found
between ECs and SMCs in coculture (B). FN stained green and
ECs stained red.
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confluent spreading ECs formed larger focal adhesions than
fully confluent ECs. Although small in size, focal adhesions
formed within ECs adhered to the softest gels (0.41 and 0.86
kPa), whereas ECs that adhered to the more rigid SMCs (1.98
kPa) lacked focal adhesions (Fig. 3). Therefore, the softness of
SMCs alone does not explain the lack of EC focal adhesions
found in coculture.
DISCUSSION

Fig. 4. Protein and gene expression profiles of common molecules found in
either fibrillar or focal adhesions were determined in ECs adhered to SMCs or
FN-coated plastic. After 2 days in culture, EC focal adhesion proteins in
coculture were significantly reduced relative to ECs in monoculture, whereas
tensin was significantly increased compared with ECs in monoculture (n ⫽ 3;
A). After 3 days in culture, tensin gene expression was significantly increased,
whereas the gene expression of many molecules involved with the formation
of focal adhesions were significantly decreased within ECs in coculture (n ⫽
5; B). The gene expression data shown are for ECs in coculture relative to ECs
in monoculture. OD, optical density units. *P ⬍ 0.05 compared with ECs in
monoculture.

increased, but the EC spreading rate on SMCs was significantly
lower than the spreading rate on gels of similar elastic moduli,
as indicated by the separate populations shown in Fig. 6. The
linear regression curves formed from the gel data were used to
predict the EC spreading rate when adhered to a substrate with
an elastic modulus of 1.98 kPa (SMC elastic modulus). The
predicted spreading rates were significantly greater than the
actual EC spreading rates found in coculture. The EC spreading rate on SMCs was equivalent to gels with an elastic
modulus about one-half the value obtained with SMCs. Thus,
the SMC rigidity is not the only contributor to the reduced EC
spreading on SMCs.
We also hypothesized that the lack of focal adhesions within
ECs in coculture was due to the “softness” of the underlying
SMCs. To test this hypothesis, we performed vinculin and
paxillin immunostaining on subconfluent ECs that had spread
for 4 h (Fig. 7) or fully confluent ECs after 2 days of
attachment on polyacrylamide gels. The vinculin plaque size
was measured to determine the focal adhesion area (n ⫽ 3; Fig. 8).
Consistent with the literature (22), we found that focal adhesion size increased as the stiffness of the gel increased. SubAJP-Heart Circ Physiol • VOL

Fig. 5. Atomic force microscopy was used to determine the apparent elastic
modulus of SMCs and various polyacrylamide gels. The apparent elastic
modulus of quiescent SMCs did not significantly change from 2 to 9 days of
serum starvation (n ⫽ 3– 4; A). Polyacrylamide gels made with 5% acrylamide
and varying concentrations of bis-acrylamide formed substrates with varying
elastic moduli, as measured by atomic force microscopy (n ⫽ 3–7; B).
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In this study, we found that ECs in coculture lacked focal
adhesions and had a reduced spreading rate compared with ECs
adhered to polyacrylamide gels of similar stiffness as underlying SMCs in coculture. ECs in coculture attached and spread
along SMCs primarily through the ␣5␤1-integrin complex.
Interactions between ␣5␤1-integrin and fibrillar FN on the
surface of SMCs induced the rapid formation of fibrillar
adhesions and led to a reduction in focal adhesion protein
expression. The lack of focal adhesions and abundance of
fibrillar adhesions in coculture was not a transient observation,
as indicated by immunostaining after 2 days of culture. Despite
this shift in the adhesion mechanism, we (28) have previously
found that ECs attached to SMCs can resist shear stresses as
high as 300 dyn/cm2.
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The results from this study illustrate that the FN receptor,
␣5␤1-integrin, is the primary integrin complex responsible for
EC attachment and spreading in coculture. While ␣v␤3-integrin
aided EC attachment in coculture, it did not appear to affect
cell spreading in coculture. The role of ␣5␤1- and ␣v␤3-integrin
in EC attachment and spreading on FN-coated plastic was very
similar to that of ECs in coculture, indicating that FN on the
surface of SMCs is the major ECM protein that controls EC
attachment and spreading in coculture. TEBVs, like native
arteries, produce significant amounts of FN mRNA and protein

Fig. 8. The size of the EC focal adhesions depends on the elastic modulus of
polyacrylamide gels. Points represent averages of 3 separate experiments at
each elastic modulus. The focal adhesion area increased as the stiffness of the
polyacrylamide gel increased with and without additional layers of adsorbed
FN. Both slopes were found to be statistically significant.

(11). Thus, EC interactions with FN in coculture may be
relevant to TEBVs and native arteries. These results, along
with previous findings (28), indicate that ␣5␤1-integrin binds to
fibrillar FN on the surface of underlying SMCs and directs ECs
to spread along the surface of SMCs orienting in the direction
of fibrillar FN. Katz et al. (14) found that classical focal
adhesions containing ␣v␤3-integrin did not coincide with fibrillar FN. The reduced role of EC ␣v␤3-integrin in coculture
could be due to the fibrillar organization of FN as well as the
threefold lower surface protein expression of ␣v␤3-integrin
compared with ␣5␤1-integrin after trypsinization (data not
shown).

Fig. 7. Focal adhesion formation on polyacrylamide gels with similar elastic moduli as SMCs was determined by immunofluorescence. ECs formed more
elongated focal adhesions as the stiffness of the polyacrylamide gels increased, as indicated by vinculin and paxillin immunofluorescence after 4 h of attachment.
ECs formed focal adhesions on polyacrylamide gels of similar elastic moduli as SMCs.
AJP-Heart Circ Physiol • VOL
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Fig. 6. EC spreading rates were measured when ECs were adhered to SMCs
or polyacrylamide gels with elastic moduli similar to SMCs. Points represent
averages of 5 separate experiments at each condition. EC spreading rates
increased with the stiffness of the polyacrylamide gel. The EC spreading rate
on SMCs was significantly lower than that predicted by gels of similar elastic
moduli. The 95% confidence limits are indicated by the dashed lines and
shaded oval.
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searchers have exposed the vessels to cyclic strains (for a
review, see Ref. 19). Thus, stretch preconditioning of SMCs
could also alter the organization of the ECM, thus altering EC
spreading rates and adhesion mechanisms in coculture.
Focal adhesions may be affected by metabolic products from
SMCs. For example, 12-hydroxyeicosatetraenoic acid [12(S)HETE], a lipoxygenase metabolite of arachidonic acid, decreased ␣v␤3-integrin- and vinculin-containing focal adhesions
within ECs up to 4 h after 12(S)-HETE treatment (26, 27), but
24 h after the removal of 12(S)-HETE, ECs recovered their
␣v␤3-integrin-containing focal adhesions (26). SMCs maintained in medium containing lower glucose concentrations (5
mM) produced significantly less 12(S)-HETE than those maintained in media with higher glucose concentrations (23 mM)
(1). Therefore, the high glucose concentration (17.5 mM) in the
quiescent media could stimulate SMCs to produce a significant
amount of 12(S)-HETE (1), which could decrease initial EC
focal adhesion formation in coculture. The effect of glucose
concentration on 12(S)-HETE production and reduced focal
adhesion formation does not explain the lack of focal adhesions
after 2 days in coculture since the glucose concentration in
coculture media is 5.6 mM. The effect of 12(S)-HETE on
fibrillar adhesion formation is not known.
Focal adhesion formation depends on the cell’s ability to
generate the necessary contractile forces within the cell. Contractile forces are generated by interactions between actin and
myosin due to myosin ATPase activity. Myosin ATPase activity is regulated by myosin light chain phosphorylation, which
has been found to be enhanced by Rho (for a review, see Ref.
29). Clustering of ␤3-integrins can activate RhoA (2), whereas
clustering of ␤1-integrins suppresses RhoA activation (20).
Our results suggest that the elastic modulus of cellular substrates is only one of many factors, such as eicosaniod mediators, surface topography, and ECM organization, that modulate cell behavior. Therefore, we hypothesize that SMC rigidity,
topography, eicosaniod production, and surface ECM organization limit EC spreading by inhibiting ␤3-integrin clustering and
promoting ␤1-integrin clustering, which, in turn, suppresses
RhoA production and activity to a point where the actin
cytoskeleton cannot generate enough tension to form focal
adhesions and continue spreading. In turn, there is a reduced
recruitment of paxillin and vinculin to these adhesions, leading
to their downregulation.
The lack of focal adhesions and abundance of fibrillar
adhesions found within ECs adhered to SMCs may have
important functional implications. Tensin, the major protein in
fibrillar adhesions, may be involved with signal transduction
since it contains a Src homology 2 (SH2) domain and can be
phosphorylated on tyrosine, serine, and threonine residues (for
a review, see Ref. 18). FAK also contains a SH2 domain,
which can act as a docking site of many different signaling
molecules. For example, blockade of FAK-dependent signaling
in coronary arterioles reduced endothelial nitric oxide synthase
(eNOS) activity, and it was proposed that FAK interacts with
the well-established shear stress-induced kinase cascade of Src,
phosphoinositide 3-kinase, Akt, and eNOS (16). Therefore, the
composition of the proteins at EC adhesion sites has the
potential to regulate many important signaling mechanisms
controlling EC function.
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The extracellular integrin domains bind to the ECM on the
substrate, whereas the cytoplasmic domains interact with various adhesion proteins. As the cell spreads, the cytoplasmic
integrin domains interact with adhesion proteins to form focal
complexes at the leading edge. Focal complexes mature and
form focal adhesions during cell spreading. The maturation
process involves a temporal recruitment of different adhesion
proteins. The proteins recruited to these sites first include
␣v␤3-integrin and phosphotyrosine, with paxillin following
shortly thereafter (31). Later in the maturation process, vinculin is recruited (31), and if the cell generates enough tension
along the actin filaments, then focal adhesions form. We found
that ECs adhered to FN-coated plastic or SMCs recruited
similar amounts of phosphotyrosine and paxillin to the leading
edge, but there seemed to be less vinculin recruited to the
leading edge of ECs in coculture than in monoculture. In
addition, ECs that adhered to FN-coated plastic rapidly formed
focal adhesions, whereas ECs in coculture did not form focal
adhesions. Thus, the lower levels of vinculin recruitment in
coculture could lead to an inhibition of the maturation process
to form focal adhesions. The limited maturation of focal
complexes in coculture could be due to the lack of ␣v␤3integrin interactions with the ECM and the lower substrate
stiffness in coculture.
We found that ECs in coculture have lower cell spreading
rates compared with ECs on polyacrylamide gels with a similar
stiffness as SMCs. Although ECs plated on SMCs (1.98 kPa)
did not form any focal adhesions, focal adhesions formed in
ECs plated on polyacrylamide gels with an elastic modulus
between 0.41 to 2.66 kPa. After 2 days in culture, ECs in
coculture had reduced levels of paxillin and vinculin gene and
protein expression compared with ECs in monoculture. Although vinculin-deficient cells spread to half the size of wildtype cells (8), ECs that attached to FN-coated plastic or SMCs
in the present study likely had similar levels of vinculin during
the initial stage of spreading.
Results from several studies, all of which were performed on
synthetic substrates, have suggested that substrate rigidity
plays a major role in cell spreading and focal adhesion formation (7, 13, 22, 30). Our spreading and focal adhesion results on
polyacrylamide gels agree with the literature, but our results of
EC spreading and adhesion formation on SMCs indicate that
substrate rigidity plays a limited role in spreading and focal
adhesion formation in coculture. Thus, there are additional
interactions between the cells in coculture that reduce cell
spreading and inhibit focal adhesion formation. The fibrillar
organization of FN on the surface of SMCs could limit the
interactions of ␣v␤3-integrin with the ECM, thus reducing
focal adhesion formation. In addition, the uneven topography
of the underlying fibrillar FN and SMCs could further decrease
cell spreading and limit focal adhesion formation. It has been
shown that the uneven topography (islands with 2-m diameter
and 95-nm height) created on synthetic surfaces reduced cell
spreading and focal adhesions compared with a flat surface (4,
5). The topography on the surface of SMCs could have local
variations of several micrometers, thus decreasing EC spreading and focal adhesion formation. Altering glucose concentrations may modulate the effect of FN topography and alter EC
spreading rates (10, 15). A functional TEBV must have mechanical properties similar to native vessels, and to increase
strength of the vessel wall through collagen production, re-
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