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Abstract—There is now a large body of evidence demon-
strating that fluid mechanical forces generated by blood
flowing through the vasculature play a direct role in
regulating endothelial cell structure and function. Integrin
receptors that localize to the basal surface of the endothelium
participate in both outside-in and inside-out signaling events
that influence endothelial gene expression and morphology in
response to flow. Our analyses of apical plasma membranes
derived from cultured bovine aortic endothelial cells revealed
that integrins are also expressed on this cell surface. Here, we
tested whether these integrins participate in mechanotrans-
duction events that are known to occur on the endothelial
cell luminal/apical membrane. We found that apically
expressed 1 integrins are rapidly activated in response to
acute shear stress. Blockade of f1 integrin activation
attenuated a shear-induced signaling cascade involving Src-
family kinase, PI3-kinase, Akt and eNOS on this cell surface.
In addition, f1 integrin activation and associated signaling
events were dependent on the structural integrity of caveolae
but not the actin cytoskeleton. Taken together, these data
indicate that endothelial responses to shear stress are
mediated by spatially distinct pools of integrins.
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INTRODUCTION

Endothelial cells are interposed between the circu-
lating blood and underlying components that comprise
the blood vessel wall. This anatomical arrangement
subjects the endothelium to fluid mechanical forces
generated by flowing blood, such as shear stress. As a
result, these cells have a well-developed capacity to
rapidly sense and respond to this hemodynamic force.
Thus, shear stress is considered an essential regulator

Address correspondence to Victor Rizzo, Independence Blue
Cross Cardiovascular Research Center and Department of Anatomy
and Cell Biology, Temple University School of Medicine, 3500 North
Broad Street, MERB 1048, 19140 Philadelphia, PA, USA. Electronic
mail: rizzov@temple.edu

1865-5025/13/0900-0346/0 © 2013 Biomedical Engineering Society

346

of endothelial phenotype and by extension, a mediator
of vascular function.

There appears to be several cellular elements within
the endothelium that are important for detection and/
or conversion of shear stress into biological signals.
They include structural components such as the gly-
cocalyx,* primary cilia,”® the cytoskeleton'? and cav-
eolae,>>%° receptors such as VEGFR2,” Tie-2,"°
P2X4% and Bradykinin B2* and adhesive proteins
including integrins® and PECAM-1.** Recent evidence
suggests that associations made between these as well
as other cellular constituents are mechanistically
important for mechano-signal propagation which
govern endothelial adaptive responses to flow.>> Of
these, we recently described a novel mechano-signaling
complex composed of caveolae, its structural protein
caveolin-1 and the f1 integrin subunit in regulation of
endothelial morphology induced by shear stress.?’

Spatially, integrin expression is concentrated on the
basal surface of the endothelial cell membrane. Here,
shear stress alters that conformation of various low
affinity integrins allowing them to bind to extracellular
matrix proteins and induce signal transduction events
that modulate endothelial cell phenotype.® Interest-
ingly, several studies demonstrate that fibronectin or
RDG-coated beads applied to the apical surface of
cultured endothelial cells elicits rapid mechanotrans-
duction responses following mechanical displacement
of the integrin-engaged beads.'>** Considering our
past studies demonstrating that the luminal/apical
endothelial surface participates in mechanosignaling
yia caveolae and®*2® that integrin mechanotransduc-
tion is linked to caveolae/caveolin-1,*** we hypothe-
size that shear-activated f1 integrins are not limited to
the basal endothelial cell surface but also present on
the endothelial luminal/apical membrane. This concept
is supported by the findings presented here showing
that 1 integrins localized on the endothelial apical
surface are sensitive to shear stress and participate in
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mechanotransduction processes in association with
caveolae.

EXPERIMENTAL PROCEEDURES

Antibodies and Reagents

All general buffers and reagents were purchase from
either Fisher Scientific or Sigma, unless noted other-
wise. Cytochalasin D was purchased from Calbiochem.
The following primary antibodies were obtained from
commercial sources: IgG (mAD), anti-caveolin-1 (mAb
and pAD), anti-paxillin (mAb) and anti-fibronectin
were from BD Bioscience; 1 integrin blocking anti-
body, JBI1A, and HUTS 21 and HUTS 4 monoclonal
antibodies (mAb) were from Chemicon; f1 integrin
(mAb), anti-FAK (pAb) and antibody against Ser1179
of eNOS were from Millipore. All other primary
antibodies were purchased from Cell Signaling. Rabbit
anti-mouse antibody was from Bethyl. Horse-radish
peroxidase conjugated anti-rabbit and anti-mouse
secondary antibodies was supplied by Amersham.

Cell Culture

Bovine Aortic Endothelial Cells (BAEC) were pur-
chased from VEC Technologies, Inc. (Rensselaer,
NY). Cells were cultured in MCDB-131 medium sup-
plemented with 10% Fetal Bovine Serum (Atlanta
Biologicals), 0.05 mg/mL gentamycin sulfate (Camb-
rex Biosciences) and maintained at 37 °C, 97%
humidity and 5% carbon dioxide. All experiments
were performed using cells between passages 5 and 8.

In Vitro Flow Experiments

A parallel plate flow chamber (Streamer model,
Flexcell Corp.) was use to impose shear stress on cul-
tured BAEC, as described in our past studies.”>*” To
reduce background cell signaling contributed by serum
growth factors, cells were acclimated for 2 h in “flow-
media” consisting of MCDB-131 and 1% FBS prior to
placement in the chamber. Monolayers were exposed
to acute step change in shear stress applied at a mag-
nitude of 10dynes/cm2 for 1-30 min from static con-
ditions. All experiments included a no-flow, static
control sample where endothelial monolayers were
incubated in flow media for the same time periods
outlined above.

Labeling of Shear-Activated 1 Integrins

To detect activated f1 integrin, cells were incubated
for 20 min with either HUTS 4 or HUT 21 antibodies

(1 pg/mL) following exposure to shear stress. As a
positive control for f1 integrin activation, cells were
treated with 1 mM Mn>" for 10 min prior to incuba-
tion with HUTS antibody. To determine extent of non-
specific antibody binding to the endothelial cell surface,
monolayers were incubated with iso-type matched
mouse IgG. Following antibody binding, monolayers
were processed for isolation of apical endothelial plas-
ma membranes followed by Western blotting.

Membrane Raft/Caveolae Disassembly

As detailed in our prior reports,*** BAEC’s were
incubated in serum free media containing either
10 mM methyl-f-cycodextrin for 30 min or 5 ug/mL
filipin for 5 min at 37 °C prior to shear stress

Caveolin-1 siRNA

Similar to our past reports,>** BAEC were transfec-
ted with caveolin-1, SMARTpool siRNA or siScram-
bled control using DharmaFECT-1 (Dharmacon)
according to the manufacturer’s protocol. Similar to our
previous experiments, cells were used 48 h post-trans-
fection.

Disruption of the Actin Cytoskeleton

Prior to subjecting endothelial cells to shear stress,
monolayers were pretreated with 0.25 uM of cytocha-
lasin D for 1 h to disrupt the actin cytoskeletal net-
work. At this concentration, cytochalasin D altered the
actin network without disruption of cell-cell contacts
(data not shown).

Purification of Luminal Plasma Membranes

Apical endothelial cell plasma membranes were
isolated using a silica coating procedure, as previously
described.?® Following exposure to shear stress and, in
some cases, antibody labeling for activated 1 integrin,
monolayers were rinsed with MES-buffered saline (pH
6.0). Cells were incubated with a positively charged
colloidal silica solution for 10 min at 4 °C. Subsequent
cross-linking of the silica particles by incubation with
polyacrylic acid (0.1%) served to create a stable
adherent silica pellicle to increase the density of this
cell surface. Endothelial cells were collected by gentle
scraping and homogenization in a Type AA Teflon
pestle/glass homogenizer (10 strokes at 1800 rpm). The
homogenates were filtered through 30 uM mesh and
filtrate mixed with 102% (wt/vol) Nycodenz (Life
Sciences) containing 20 mM KCIl. The Nycodenz/
homogenate solution was layered over a continuous
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55-70% Nycodenz gradient and centrifuged in a
Beckman MLS50 rotor at 18,000 rpm for 30 min at
4 °C. The resulting pellet of purified apical plasma
membranes (P) was resuspended in 0.5 mL of MES-
buffered saline.

Western Blotting

Endothelial cell apical membranes (P) and whole
cell homogenates (H) were processed for Western blot
analysis as described in our past work.” To detect
HUTS antibodies, nitrocellulose membranes were
probed with an HRP-conjugated rabbit anti-mouse
antibody for 1 h. Binding events were detected by
enhance chemiluminescence. Autoradiographs were
scanned, digitized and band intensities quantified using
Image J software.

Statistical Analysis

For each study, data was gathered from at least
three independent experiments and pooled according
to group. Mean and standard deviation were calcu-
lated and differences between groups analyzed with an
unpaired two-tailed Student’s ¢ test or ANOVA with a
post hoc Tukey test using STATGRAPHICS 4.0 soft-
ware (Statistical Graphics Corp). Differences between
control and experimental groups were deemed signifi-
cant at p < 0.05.

RESULTS

Shear Stress Activates 1 Integrins on the Endothelial
Apical Surface

Integrins are known mechano-signaling elements at
the basal surface of the endothelium.® While mechani-
cal displacement of integrins located on the endothelial
apical surface also results in mechanotransduction,'>**
it is unknown whether integrins present on this cell
surface are activated and function in mechanotrans-
duction associated with physiological stimuli such as
hemodynamic shear stress.

To begin to address this question, we compared the
protein expression pattern of integrins and integrin-
related mechano-signaling molecules between whole cell
homogenates (H) and apical plasma membranes
(P) purified by colloidal silica technology. Consistent
with our past findings,”® endothelial apical membranes
were enriched in caveolin-1 (> 10-fold) and eNOS rela-
tive to their expression levels in the whole cell (Fig. 1). In
addition, both Src-family kinases (SFK) and Akt, while
not enriched, localized to this cell surface. In contrast,
focal adhesion kinase (FAK) was scantly detected (less
than 1% of cell total) in samples of apical membrane
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isolates. While paxillin was present within the apical
membrane compartment, its expression was 65% less
then that found in whole cell lysates. These findings
indicate that focal adhesion associated proteins are
de-enriched in these membrane preparations. More
importantly, we found that 1 and f3 integrins are
expressed on the endothelial cell apical surface (Fig. 1).

Activation of f1 integrin involves a conformational
change in protein structure which exposes epitopes
355-425 in the molecules hybrid domain. The HUTS
group of monoclonal antibodies selectively recognize
this region and their binding serves as a measure of 1
integrin activation.'® To test whether f1 integrins pres-
ent on the endothelial apical surface are capable of
confirmation change, cell monolayers were exposed to

FIGURE 1. p-type integrins are expressed on apical endo-
thelial cell membranes. Apical membranes of BAEC were
isolated by colloidal silica method. Proteins from whole cell
(H) and purified apical plasma membranes (P) were separated
by SDS-PAGE and detected by Western blot. Results show
that while 1 and 3 integrins are both present on the endo-
thelial apical cell surface, 1 integrin expression levels were
4-fold greater than expression of g3 integrins. The focal
adhesion localized protein, FAK and paxillin (pax), while de-
tected in the P fraction, were de-enriched within apical mem-
branes. Both caveolin-1 and eNOS are significantly enriched
at the apical membrane. SFK’s, Akt and g-actin also localize,
to varying degrees, on this cell surface. The g-type integrin
ligand, fibronectin (FN) was also detected in apical membrane
isolates. Blots illustrate typical pattern of expression
observed from 5 independent experiments.
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Mn?* cations, a known stimulus for activation of -type
integrins. Analysis of purified apical membranes showed
that both HUTS 21 and HUTS 4 bound to this cell
surface following Mn” * -induced activation of integrins
(Figs. 2a, 2b). To determine whether shear stress could
similarly activate these integrins, apical membrane iso-
lates were probed with a secondary antibody against the
HUTS reagents. We observed rapid (1 min) activation
f1 integrins present on the endothelial apical membrane
which was sustained through 30 min of exposure to
shear stress (Figs. 2¢, 2d). In similar studies using
WOW-1 as a f3 integrin specific activation probe,
antibody binding to the apical endothelial membrane

could not be detected at this early time point (data not
shown). Given the observed pattern of 1 integrin acti-
vation in response to shear stress, subsequent experi-
ments were conducted at the earliest time point in an
effort to focus on events that initiate mechanotrans-
duction on the endothelial apical surface.

Caveolae Domains and Shear-Induced Activation of 1
Integrins

Several reports indicate that activation of 1 inte-
grins requires the proper membrane concentration of
cholesterol, glycosphingolipids > and caveolin-1,'7 all
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FIGURE 2. p1 integrins at the endothelial apical surface are activated by shear stress. (a) BAEC’s were treated with MnCI? (1 mM
for 10 min) to activate integrins. Cells were incubated with HUTS 21 or HUTS 4 monoclonal antibodies which selectively recognize
an activated conformation of 1 integrins. Endothelial apical membranes were isolated and processed for Western blot analysis to
determine extent of HUTS antibody binding to this cell surface. Nonspecific antibody binding was evaluated by incubation with
isotype-matched IgG. (b) Histographic depiction of Western analysis where * indicates significant enhancement (p value <0.05)
over non-treated (NT) samples. (c) BAEC’s were subjected to 10 dynes/cm? of shear stress (LSS) for indicated time. The cells were
incubated with HUTS antibodies followed by colloidal silica purification of apical plasma membranes. Shear-induced activation of
p1 integrins were assessed through detection of HUTS antibodies in apical membrane isolates. Western blots are representative of
3-5 independent experiments and (d) is the densitometric quantification of blots for each group at each shear time point. Asterisk
(*) indicates significant enhancement (p value <0.05) over static, non-sheared (LSS = 0) control samples. Note that stimulation with

MnCI? or shear stress did not alter 1 integrin levels expressed on the endothelial apical surface.
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components of caveolae. Since caveolae also participate
in mechanotransduction processes at the endothelial
apical/luminal surface,>* >® we evaluated that role of
caveolae in shear-induced f1 integrin activation at this
site. Endothelial cell monolayers were pretreated with
either methyl-f-cyclodextrin or caveolin-1 siRNA to
disrupt caveolae membrane domains. These treatments,
as well as acute exposure to shear stress, did not alter
the total amount of f1 integrin expressed within
endothelial apical membranes (Figs. 3a, 3b, and 3d). In
both cholesterol and caveolin-1 depleted cells, shear-
stress induced HUTS 21 binding to the isolated apical
membranes was reduced to near baseline levels com-
pared to control samples (Figs. 3a, 3b, and 3d). These
data indicate that intact caveolar membranes play a
functional role in the process by which shear stress
activates f1 integrins at the endothelial apical surface.

Disruption of the Actin Cytoskeleton Does Not
Significantly Alter Shear-Induced Activation of Apical
Surface Bl Integrins

During the process of mechanotransduction, the
actin cytoskeleton serves as a structural system to
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HUTS 215 M Son son
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transmit forces imparted on one site in a cell to
another. Since integrin activation can be achieved via a
mechanism of inside-out signaling through linkages to
actin, we tested whether the integrity of the actin
cytoskeleton was necessary for activation of f1 inte-
grins localized to the endothelial apical surface. We
found that treatment of endothelial cell cultures with
the actin microfilament disrupting agent, cytochalasin
D, prior to flow, did not significantly alter shear-in-
duced activation of 1 integrins present on the endo-
thelial apical surface (Figs. 3c, 3d).

At the Apical Endothelial Cell Surface, Shear-Induced
p1 Integrin Activation Links to eNOS Phosphorylation

Next, we explored a potential functional conse-
quence for shear-activation of f1 integrins on the
endothelial cell apical membrane. We focused on a well
described pathway stemming from f1 integrin to SFK/
PI3 Kinase/Akt which ultimately phosphorylates/acti-
vates eNOS.' Consistent with our past findings,** shear
stress rapidly phosphorylated (Ser 1179) a pool of
eNOS that was located on the endothelial apical
membranes (Fig. 5). SFK (Ser 416) and Akt (Ser 473)
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FIGURE 3. Shear-induced activation of apical surface f1 integrins require caveolae but not the actin cytoskeleton. Endothelial
cell cultures were pretreated (+) with (a) methyl--cycodextrin (CD) as a means of disrupting membrane rafts and caveolae
microdomains. (b) Caveolae structures were also abolished through incubation with siRNA directed against caveolin-1(siCav1) or a
caveolin-1 scrambled sequence as a control (siSrm). (c) To disrupt the actin network, cells were pretreated with cyotochalasin D
(CytoD). In each case, the ability of shear stress (LSS) to convert 1 integrins to an active conformation was assessed by detection
of HUTS 21 in apical membrane isolates. In each experiment, 1 integrin expression levels on endothelial apical surface did not
vary with pretreatments or shear stress. Blots are illustrative of 4 independent experiments. (d) Histographic presentation of the
data where * indicates significant enhancement (p value <0.05) compared to non-sheared (LSS—) group.
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FIGURE 4. Shear-induced phosphorylation of apical surface eNOS is dependent on shear-activation of 1 integrins. (a) BAEC
cells were pretreated with g1 integrin blocking (JB1A) or isotype matched control antibody (IgG) and then subjected to acute onset
of laminar shear stress (LSS). Apical plasma membranes were isolated and prepared for Western blot analysis. The results show
that shear stress induced rapid (2 min) and significant phosphorylation of tyrosine residues at position 416 in Src-family kinases
(pSFK), Ser-473 phosporylation in Akt (pAkt) and phosphorylation of eNOS on Ser residue 1179 (peNOS), which strongly correlates
with eNOS activation. These shear-induced phosphorylation events were blocked in cells pretreated with JB1A. Western blots are
representative of 5 separate experiments. (b) Densitometric quantification of Western blots for each group where * indicates
significant enhancement (p value <0.05) compared to non-sheared (LSS—) group and # represents significant (p value <0.05)
reduction compared to the IgG-treated and sheared (LSS+) group.
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FIGURE 5. Shear-induced mechano-signaling at the endothelial apical surface is attenuated following disruption of membrane
rafts/caveolae but not the actin cytoskeleton. (a) BAEC cells were pretreated with filipin to disrupt raft/caveolae domains or
cytochalasin D to perturb the actin cytoskeleton. Following exposure to stress, apical plasma membranes were isolated and
prepared for Western blot analysis. Ablation of raft/caveolae resulted in attenuation of shear-induced phosphorylation of SFK, Akt
and eNOS. In contrast, disrupting the structural integrity of the actin cytoskeleton did not significantly alter the shear-induced
phosphorylation events observed on the endothelial apical surface. Western blots are representative of 4-6 separate experiments.
(b) Histographic presentation of the data where * indicates significant enhancement (p value <0.05) and # represents significant
(p value <0.05) reduction compared to non-sheared (LSS—) group.

were similarly phosphorylated on this surface in
response to shear stress. In contrast, prohibiting acti-
vation of f1 integrins with a f1 integrin specific
blocking antibody (JB1A) attenuated shear-induced
phosphorylation of SFK’s, Akt and eNOS (Figs. 4a,
4b). As observed in our assessment of f1 integrin
activation by shear stress, loss of caveolae structure
prevented shear-induced phosphorylation events
whereas disruption of the actin cytoskeleton had no
observable effect on phosphorylation of these signaling
molecules by shear stress (Figs. 5a, 5b).

DISCUSSION

Fluid shear stress is a key factor in determining
endothelial cell structural and functional phenotype.
While the mechanisms responsible for force detection
and conversion into biochemical signaling are not
completely clear, integrins are known to play an
essential, early role in the mechanotransduction pro-
cess.® Both f1 and f3 integrins are rapidly activated by
shear stress.®> Moreover, application of functional
blocking antibodies directed towards f3 integrin
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attenuated shear-induced MAP kinase and NFxB
pathways™!'' while blocking f1 integrin prevented
shear-activation of sterol regulatory element-binding
proteins'? and morphological remodeling of the actin
cytoskeleton.’” As is often the case following integrin
activation, focal adhesion complexes localize sub-
sequent mechanotransduction events that link to these
distal responses.''*?

Considering that activated integrins associate with
focal adhesions, the endothelial basal membrane is an
expected site for mechanotransduction. Indeed, shear
stress selectively activates (3 integrins on this cell
surface.’> However, integrin-dependent mechano-
transduction has also been demonstrated at the
endothelial apical surface. Using a FRET-based Src-
reporter system in HUVEC’s, Wang and colleagues®*
demonstrated rapid Src activation following controlled
mechanical force imposed on fibronectin-coated beads
which engaged apically localized integrins. Similarly,
application of stress to integrins via pulling of RGD-
coated magnetic microbeads bound to the apical sur-
face of cultured capillary endothelial cells resulted in a
rapid increase in intracellular calcium.'” Although
these findings show that local force placed on apical
surface integrins activate mechano-signaling events,
apical integrin responses to physiologically relevant
mechanical forces imposed on the endothelium is
unknown.

Through our laboratories ability to selectively iso-
late and analyze endothelial apical membranes, we
tested whether integrins present on this cell surface are
responsive to shear stress. Our data shows that f1
integrins are expressed at the apical cell surface of
BAEC’s (Fig. 1) and become active in response to
shear stress (Fig. 2). In contrast to 1 integrin activa-
tion, we were unable to detect acute activation of f3
integrins on this cell surface (data not shown). As
previously mentioned, this finding is consistent with
studies demonstrating that shear-activated 3 integrins
localize to the basal surface of cultured endothelial
cells.** Considering our data showing that the expres-
sion level of 3 integrin was 4-fold less than that of f1
integrin on endothelial apical membranes (Fig. 1), site
specific acute activation of each f§ integrin subtype may
be a function of their relative distribution within the
endothelium.

As a consequence of shear-activation, integrins can
bind to a variety of matrix protein ligands. In response
to shear stress, integrin/matrix interactions are known
to occur on the endothelial basal surface. Since fibro-
nectin is a component of the flow media, we probed
our endothelial apical membranes for this matrix
protein. Our analysis shows that fibronectin is present
in the membrane isolates (Fig. 1) indicating that
potential binding patterns for f1 integrins at this site.
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It is worthy to note that matrix protein adherence to
the endothelial luminal surface is more commonly
observed in pathological settings such as in athero-
sclerosis and clot formation. Given the detection of
fibronectin on the endothelial apical surface and that
our flow protocol generates spatiotemporal gradients
of shear stress similar to those found in regions of the
vasculature prone to athroma, our experimental model
may mimic conditions associated with development of
vascular pathology. Whether our observations are
specific to the culture and flow parameters used here or
are operational under ““athero-prone” flow profiles will
require further testing.

Experimental evidence suggest that shear-activation
of integrins are secondary to upstream events including
mechano-signaling initiated at cell-cell adhesion com-
plexes, stimulation of PI3-kinase and induction of
integrin clustering via force transmission through the
cytoskeleton.®?® Here, we found that disruption of
caveolae organelles also prevented f1 integrin activa-
tion initiated by shear stress (Fig. 4), a finding con-
sistent with previous reports showing that intact
caveolae were necessary for proper activation and
function of B1 integrins.'”? While there are several
potential mechanisms by which caveolae can mediate
shear-activation of integrins, including compartmen-
tation of upstream integrin activators, we tested the
role of the actin cytoskeleton in our system due to
known associations of the actin network with integrins
and caveolae.'” Our results showed that while disrup-
tion of the actin network seemed to attenuate activa-
tion of 1 integrins localized on the endothelial apical
cell surface (Fig. 4c), the apparent decrease in HUTS
21 binding was not statistically significant compared to
cells containing an intact cytoskeleton (Fig. 3d). These
findings suggest that elements apart from actin appear
to be responsible for initiating mechanotransduction
events that lead to activation of 1 integrins at the
endothelial cell apical surface. While shear-induced
changes in membrane lipids, particularly in caveolae,
could be considered as a possible mechanism for reg-
ulating p1 integrin activation state, the glycocalyx
poses a particularly attractive candidate given its
demonstrated association with lipid rafts,® caveolae
domains (our unpublished observations), ability to
drive integrin clustering events®' and its role in mod-
ulating shear-induced eNOS activity.*® Alternatively, a
pathway involving f1 integrin and transient receptor
potential vanilloid 4 (TRPV4) calcium entry channels
can be envisioned based on several recent studies
showing that mechanical displacement of RGD bound
apical integrins activate rapid calcium signals through
mechanosensitive TRPV4 channels'® and that TRPV4
co-sediments with caveolin-1 in membrane raft frac-
tions.?” In addition, TRPV4 channels have been shown
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to stimulate PI3-Kinase-depdendent activation and
binding of f1 integrins in capillary endothelial cells
exposed to cyclic strain.?!

Changes in flow and shear stress activate pathways
that stimulate eNOS to produce nitric oxide (NO). Past
studies demonstrate that inhibition of integrin signaling
using f3 integrin blocking antibodies or RDG peptides
attenuate NO-dependent, flow-induced dilation of
coronary arterioles.'® Subsequent studies showed FAK
as a key second-messenger in this mechanotransduction
pathway.” Since FAK is localized to focal adhesions
and f3 integrins are mechanosensitive at these sites,
these findings indicate that mechanotransduction
events responsible for flow-induced dilation occur at
the endothelial cell basal surface. Logically, compart-
mentalizing eNOS mechano-activating machinery on
this endothelial cell surface would facilitate vasodila-
tion by placing NO in close proximity to the adjacent
vascular smooth muscle on which it acts.

In addition, NO plays a role in preventing platelet and
leukocyte aggregation on the endothelial cell surface.
Thus, some eNOS would also be expected to target to the
endothelial luminal surface. Indeed, our past studies
show that endothelial luminal/apical membranes localize
eNOS. Furthermore, we demonstrated that this pool of
eNOS is rapidly activated by flow/shear stress.>**> While
the regulation of eNOS is rather complex, our findings
that p1 integrin and eNOS are activated on the endo-
thelial apical surface by shear stress prompted us to
explored whether a mechanistic connection exists
between these proteins. We focused our attention on a
well-established kinase cascade that is associated with
both integrins and eNOS." We found that pretreating
endothelial cells with a f1 integrin blocking antibody
significantly attenuated shear-induced phosphorylation
of eNOS as well as phosphorylation of its upstream
mediators Akt and SFK’s (Fig. 4). Similar to our obser-
vation of i1 integrin activation by shear stress, ablation of
caveolae domains attenuated these signaling events while
actin disrupting compounds showed little effect (Fig. 5).
The later finding is consistent with the concept that an
eNOS-activating mechanotransduction pathway may be
localized to the endothelial cell basal surface since flow-
induced vasodilation is reduced in experimental systems
where various components of the cytoskeleton are func-
tionally lost."?

The major finding of this study is the presence of
shear-sensitive f1 integrins on the endothelial cell
apical surface. These integrins served as an upstream
mediator in a mechanotransduction pathway that
resulted in the phosphorylation of ¢eNOS. While the
actin cytoskeleton did not seem to play a major role in
this process, caveolae domains were necessary for
shear-induced activation of f1 integrins. Although
these findings shed new light on the role of integrins,

caveolae and the endothelial cells surface exposed to
flow, the precise mechanism by which shear stress
activates apically expressed f1 integrins and how loss
of caveolae/caveolin-1 influence this process remain
unclear. Considering the current findings with our past
reports demonstrating that caveolae/caveolin-1 form a
complex with f1 integrins on the endothelial basal
membrane to regulate morphological remodeling of
the cytoskeleton induced by shear stress,”>* it appears
that localized pools f1 integrins, in association with
caveolae, play distinct roles in mechanotransduction
processes initiated at each membrane surface.

ACKNOWLEDGEMENTS

The authors thank Dr. Chris Radel and Dr. Jackcy
Jacobs for their technical assistance. This work was
supported by NIH grant ROl HL086551to VR.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

'Berk, B. C., M. A. Corson, T. E. Peterson, and H. Tseng.
Protein kinases as mediators of fluid shear stress stimulated
signal transduction in endothelial cells: a hypothesis for
calcium-dependent and calcium-independent events acti-
vated by flow. J. Biomech. 28:1439-1450, 1995.

*Bhullar, I. S., Y. S. Li, H. Miao, E. Zandi, M. Kim, J.
Y. Shyy, and S. Chien. Fluid shear stress activation of
IkappaB kinase is integrin-dependent. J. Biol. Chem.
273:30544-30549, 1998.
3Carlile Klusacek, M., and V. Rizzo. Endothelial cytoskel-
etal reorganization in response to protease activated
receptor-1 (Parl) stimulation is mediated by membrane
rafts but not caveolae. Am. J. Physiol. Heart Circ. Physiol.
293:H366-H375, 2007.

“Chachisvilis, M., Y. L. Zhang, and J. A. Frangos. G pro-
tein-coupled receptors sense fluid shear stress in endothelial
cells. Proc. Natl. Acad. Sci. USA. 103:15463-15468, 2006.
SGutierrez, J., and E. Brandan. A novel mechanism of
sequestering fibroblast growth factor 2 by glypican in lipid
rafts, allowing skeletal muscle differentiation. Mol. Cell
Biol. 30:1634-1649, 2010.

SHooper, N. M. Glypican-1 facilitates prion conversion in
lipid rafts. J. Neurochem. 116:721-725, 2011.

"Jin, Z. G., H. Ueba, T. Tanimoto, A. O. Lungu, M.
D. Frame, and B. C. Berk. Ligand-independent activation
of vascular endothelial growth factor receptor 2 by fluid
shear stress regulates activation of endothelial nitric oxide
synthase. Circ. Res. 93:354-363, 2003.
8Katsumi, A., A. W. Orr, E. Tzima, and M. A. Schwartz.
Integrins in mechanotransduction. J. Biol. Chem. 279:12001—

12004, 2004.
QMM&EE§NG SOCIETY™

www.bmes.org



354 B. YanG AND V. Rizzo

“Koshida, R., P. Rocic, S. Saito, T. Kiyooka, C. Zhang, and
W. M. Chilian. Role of focal adhesion kinase in flow-in-
duced dilation of coronary arterioles. Arterioscler. Thromb.
Vasc. Biol. 25:2548-2553, 2005.

OLee, H. J., and G. Y. Koh. Shear stress activates Tie2
receptor tyrosine kinase in human endothelial cells. Bio-
chem. Biophys. Res. Commun. 304:399-404, 2003.

"Li, S., M. Kim, Y. L. Hu, S. Jalali, D. D. Schlaepfer, T.
Hunter, S. Chien, and J. Y. Shyy. Fluid shear stress acti-
vation of focal adhesion kinase. Linking to mitogen-acti-
vated protein kinases. J. Biol. Chem. 272:30455-30462,
1997.

2Liu, Y., B. P. Chen, M. Lu, Y. Zhu, M. B. Stemerman, S.
Chien, and J. Y. Shyy. Shear stress activation of SREBP1
in endothelial cells is mediated by integrins. Arterioscler.
Thromb. Vasc. Biol. 22:76-81, 2002.

L oufrani, L., and D. Henrion. Role of the cytoskeleton in
flow (shear stress)-induced dilation and remodeling in
resistance arteries. Med. Biol. Eng. Comput. 46:451-460,
2008.

"“Luque, A., M. Gomez, W. Puzon, Y. Takada, F. Sanchez-
Madrid, and C. Cabanas. Activated conformations of very
late activation integrins detected by a group of antibodies
(HUTS) specific for a novel regulatory region (355-425) of
the common beta 1 chain. J. Biol. Chem. 271:11067-11075,
1996.

“Matthews, B. D., D. R. Overby, R. Mannix, and D.
E. Ingber. Cellular adaptation to mechanical stress: role of
integrins, Rho, cytoskeletal tension and mechanosensitive
ion channels. J. Cell Sci. 119:508-518, 2006.

"*Matthews, B. D., C. K. Thodeti, J. D. Tytell, A. Mamm-
oto, D. R. Overby, and D. E. Ingber. Ultra-rapid activation
of TRPV4 ion channels by mechanical forces applied to cell
surface betal integrins. Integr. Biol. (Camb) 2:435-442,
2009.

""Monaghan-Benson, E., C. C. Mastick, and P. J. McKeown-
Longo. A dual role for caveolin-1 in the regulation of
fibronectin matrix assembly by uPAR. J. Cell Sci.
121:3693-3703, 2008.

8Muller, J. M., W. M. Chilian, and M. J. Davis. Integrin
signaling transduces shear stress—dependent vasodilation of
coronary arterioles. Circ. Res. 80:320-326, 1997.

"“Muriel, O., A. Echarri, C. Hellriegel, D. M. Pavon, L.
Beccari, and M. A. Del Pozo. Phosphorylated filamin A
regulates actin-linked caveolae dynamics. J. Cell Sci.
124:2763-2776, 2011.

Nauli, S. M., Y. Kawanabe, J. J. Kaminski, W. J. Pearce,
D. E. Ingber, and J. Zhou. Endothelial cilia are fluid shear
sensors that regulate calcium signaling and nitric oxide
production through polycystin-1. Circulation 117:1161—
1171, 2008.

2lpaszek, M. J., D. Boettiger, V. M. Weaver, and D.
A. Hammer. Integrin clustering is driven by mechanical
resistance from the glycocalyx and the substrate. PLoS
Comput. Biol. 5:¢1000604, 2009.

22Radel, C., M. Carlile-Klusacek, and V. Rizzo. Participation
of caveolae in betal integrin-mediated mechanotransduc-
tion. Biochem. Biophys. Res. Commun. 358:626—-631, 2007.

ZBRadel, C., and V. Rizzo. Integrin mechanotransduction
stimulates caveolin-1 phosphorylation and recruitment of

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

Csk to mediate actin reorganization. Am. J. Physiol. Heart
Cire. Physiol. 288:H936-H945, 2005.

2*Rizzo, V., D. P. Mclntosh, P. Oh, and J. E. Schnitzer.
In situ flow activates endothelial nitric oxide synthase in
luminal caveolae of endothelium with rapid caveolin dis-
sociation and calmodulin association. J. Biol. Chem.
273:34724-34729, 1998.

Rizzo, V., C. Morton, N. DePaola, J. E. Schnitzer, and
P. F. Davies. Recruitment of endothelial caveolae into
mechanotransduction pathways by flow conditioning
in vitro. Am. J. Physiol. Heart Circ. Physiol. 285:H1720—
H1729, 2003.

20Rizz0, V., A. Sung, P. Oh, and J. E. Schnitzer. Rapid
mechanotransduction in situ at the luminal cell surface of
vascular endothelium and its caveolae. J. Biol. Chem.
273:26323-26329, 1998.

2"Saliez, J., C. Bouzin, G. Rath, P. Ghisdal, F. Desjardins, R.
Rezzani, L. F. Rodella, J. Vriens, B. Nilius, O. Feron, J.
L. Balligand, and C. Dessy. Role of caveolar compart-
mentation in endothelium-derived hyperpolarizing factor-
mediated relaxation: Ca2+ signals and gap junction
function are regulated by caveolin in endothelial cells.
Circulation 117:1065-1074, 2008.

2Shyy, J. Y., and S. Chien. Role of integrins in endothelial
mechanosensing of shear stress. Circ. Res. 91:769-775,
2002.

zgsingh, R.D.,D. L. Marks, E. L. Holicky, C. L. Wheatley, T.
Kaptzan, S. B. Sato, T. Kobayashi, K. Ling, and R. E.
Pagano. Gangliosides and betal-integrin are required for
caveolae and membrane domains. Traffic 11:348-360, 2010.

3Tarbell, J. M., and M. Y. Pahakis. Mechanotransduction
and the glycocalyx. J. Intern. Med. 259:339-350, 2006.

3Thodeti, C. K., B. Matthews, A. Ravi, A. Mammoto, K.
Ghosh, A. L. Bracha, and D. E. Ingber. TRPV4 channels
mediate cyclic strain-induced endothelial cell reorientation
through integrin-to-integrin signaling. Circ. Res. 104:1123—
1130, 2009.

3Tzima, E., M. Angel del Pozo, S. Shattil, S. Shein, and M.
Schwartz. Activation of integrins in endothelial cells by
fluid shear stress mediates Rho-dependent cytoskeletal
alignment. EMBO 20:4639-4647, 2001.

$Tzima, E., M. Irani-Tehrani, W. B. Kiosses, E. Dejana,
D. A. Schultz, B. Engelhardt, G. Cao, H. DeLisser, and M.
A. Schwartz. A mechanosensory complex that mediates the
endothelial cell response to fluid shear stress. Nature
437:426-431, 2005.

34Wang, Y., E. L. Botvinick, Y. Zhao, M. W. Berns, S. Usami,
R. Y. Tsien, and S. Chien. Visualizing the mechanical acti-
vation of Src. Nature 434:1040-1045, 2005.

3Wang, Y., H. Miao, S. Li, K. D. Chen, Y. S. Li, S. Yuan,
J. Y. Shyy, and S. Chien. Interplay between integrins and
FLK-1 in shear stress-induced signaling. Am. J. Physiol.
Cell Physiol. 283:C1540-C1547, 2002.

36yamamoto, K., R. Korenaga, A. Kamiya, and J. Ando. Fluid
shear stress activates Ca(2 +) influx into human endothelial
cells via P2X4 purinoceptors. Circ. Res. 87:385-391, 2000.

Yang, B., C. Radel, D. Hughes, S. Kelemen, and V. Rizzo. p190
RhoGTPase-activating protein links the betal integrin/caveo-
lin-1 mechanosignaling complex to RhoA and actin remodel-
ing. Arterioscler. Thromb. Vasc. Biol. 31:376-383, 2011.



	Shear Stress Activates eNOS at the Endothelial Apical Surface Through beta 1 Containing Integrins and Caveolae
	Abstract
	Introduction
	Experimental Proceedures
	Antibodies and Reagents
	Cell Culture
	In Vitro Flow Experiments
	Labeling of Shear-Activated beta 1 Integrins
	Membrane Raft/Caveolae Disassembly
	Caveolin-1 siRNA
	Disruption of the Actin Cytoskeleton
	Purification of Luminal Plasma Membranes
	Statistical Analysis

	Results
	Shear Stress Activates beta 1 Integrins on the Endothelial Apical Surface
	Caveolae Domains and Shear-Induced Activation of beta 1 Integrins
	Disruption of the Actin Cytoskeleton Does Not Significantly Alter Shear-Induced Activation of Apical Surface beta 1 Integrins
	At the Apical Endothelial Cell Surface, Shear-Induced beta 1 Integrin Activation Links to eNOS Phosphorylation

	Discussion
	Discussion
	References


