American Journal of Pathology, Vol. 164, No. 4, April 2004
Copyright © American Society for Investigative Pathology

Assembly and Reorientation of Stress Fibers Drives
Morphological Changes to Endothelial Cells

Exposed to Shear Stress
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Fluid shear stress greatly influences the biology of
vascular endothelial cells and the pathogenesis of ath-
erosclerosis. Endothelial cells undergo profound
shape change and reorientation in response to phys-
iological levels of fluid shear stress. These morpho-
logical changes influence cell function; however, the
processes that produce them are poorly understood.
We have examined how actin assembly is related to
shear-induced endothelial cell shape change. To do
so, we imposed physiological levels of shear stress on
cultured endothelium for up to 96 hours and then
permeabilized the cells and exposed them briefly to
fluorescently labeled monomeric actin at various time
points to assess actin assembly. Alternatively, mono-
meric actin was microinjected into cells to allow con-
tinuous monitoring of actin distribution. Actin assem-
bly occurred primarily at the ends of stress fibers,
which simultaneously reoriented to the shear axis,
frequently fused with neighboring stress fibers, and
ultimately drove the poles of the cells in the upstream
and/or downstream directions. Actin polymerization
occurred where stress fibers inserted into focal adhe-
sion complexes, but usually only at one end of the
stress fiber. Neither the upstream nor downstream
focal adhesion complex was preferred. Changes in
actin organization were accompanied by transloca-
tion and remodeling of cell-substrate adhesion com-
plexes and transient formation of punctate cell-cell
adherens junctions. These findings indicate that
stress fiber assembly and realignment provide a novel
mode by which cell morphology is altered by me-
chanical signals. (Am J Pathol 2004, 164:1211-1223)

There is compelling evidence that early atherosclerotic
lesions most often originate near arterial bends and
branch sites, where complex blood flow patterns occur.
This finding, together with observations that experimental
perturbations in flow can initiate or redistribute lesions, 2

strongly implicates local hemodynamics in atherogene-
sis. More specifically, exhaustive study of selected arte-
rial sites, eg, the carotid bifurcation, has provided evi-
dence that low and/or fluctuating shear stresses are
proatherogenic.®

Shear stresses are very small forces that typically
cause bulk deformations (strains) of artery walls that are
much less than 1%;* however, the endothelium of arteries
is directly exposed to flowing blood and these cells have
proven to be exquisitely sensitive to shear. This sensitivity
may impact on atherogenesis through both modulation of
classic functions of endothelium, ie, its role as a non-
thrombogenic transport barrier that regulates inflamma-
tory responses, and through regulation of growth and
contractile functions of smooth muscle.*® Consequently,
much effort has been expended to explore endothelial
sensitivity to shear stress. Examination of candidate
genes has revealed that many potentially atherosclero-
sis-related gene products display shear-sensitive ex-
pression by endothelium, including VCAM-1, MCP-1,
ICAM-1, eNOS, platelet-derived growth factors, trans-
forming growth factor-g1, and endothelin.”~"" More re-
cently, microarray-based studies have demonstrated that
expression of hundreds of genes display sensitivity to
both the duration and nature (eg, laminar versus turbu-
lent) of shear imposed on endothelial cells.'?

The sensitivity of endothelium to shear forces is most
obviously manifest through changes in cell morphology:
the cells elongate, the cell outline and its cytoskeleton
becomes highly oriented in the direction of shear stress,
and the profile of the cells becomes substantially more
flattened when they are exposed to shear stress.’® Mor-
phological responses also include partial disassembly
and then reassembly of adherens junctions, the primary
sites of mechanical coupling between endothelial cells.®
Consequently, long-term alterations in secondary flow
patterns near branch sites, eg, because of circadian
fluctuations in tissue perfusion, may contribute to the high
endothelial permeability and low-density lipoprotein up-
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take at atherosclerosis-prone regions near arterial bends
and branch sites'* and thereby contribute to lesion for-
mation. Finally, shear-stressed endothelial cells provide
one of the few cases in which all cells in a monolayer
undergo a common morphological response to a syn-
chronized stimulus. Sheared endothelial cells therefore
provide a unique model system with which to examine
control of cell motility and morphology.

Given the importance of shear-induced morphological
changes, it is surprising that little is known concerning
how reorganization of cellular structures drives these
changes. The actin cytoskeleton initiates most changes
in cell morphology. Contractile function of actin-myosin
complexes is responsible in some cases;'® however, ac-
tin polymerization is most commonly exploited.'® Usually,
cell shape change follows from nucleation and assembly
of thin parallel bundles of actin microfilaments at the cell
edge that produce filopodia, ie, finger-like projections of
the plasma membrane, or from assembly of dendritic
arrays of actin that protrude foot-like processes referred
to as lamellipodia. Coordinate remodeling of cell-cell and
cell-substrate adhesion complexes then allows cell
shape change to proceed. Actin also assembles into
basal stress fibers but these are generally associated
with adhesion to, or reorganization of, extracellular ma-
trix. "’

We have investigated the role of actin assembly, and
associated changes in cell adhesion complexes, in en-
dothelial morphological responses to shear stress. The
onset and rate of morphological changes to the cells
depended greatly on the state and duration of confluence
of the cells before initiation of shear stress: much slower
morphological responses were observed in cells that
were long confluent. As cells changed shape, formation
of filopodia or lamellipodia did not occur; instead, a novel
mode of cell shape change was driven by coincident
extension and reorientation of stress fibers at the basal
aspect of the cell, fusion of adjacent stress fibers, and
translocation of the focal adhesion complexes into which
these stress fibers insert. Ultimately, stress fiber assem-
bly drove protrusion of the cell membrane in the direction
of the shear axis to elongate the cells. This process was
independent of the zyxin/vasodilator-stimulated phos-
phoprotein (VASP) complex, which associates with focal
adhesions and can assemble G-actin into microfilament
bundles, because introduction of peptide sequences that
disrupted this complex do not suppress shear-induced
actin assembly. Focal adhesion complexes that were
associated with stress fibers also translocated with stress
fibers and elongated. Simultaneously, cell-cell adherens
junctions transiently assumed a punctate pattern and
then re-established a linear distribution, in association
with sporadic junctional actin assembly.

Materials and Methods

In Vitro Shear Stress

Porcine aortic endothelial cells, at passages four to six,
were maintained at 37°C in medium 199 plus 5% fetal

bovine serum (Gibco, Invitrogen, Barlington, Canada),
1% amphotericin B (Fungizone), and 2% penicillin/strep-
tomycin, and equilibrated with humidified 95% air and 5%
CO.,. At 2 days after confluence, cells were subjected to
laminar shear stress of 15 dynes/cm? in a parallel plate
flow chamber.'®'® |In some cases, subconfluent or just
confluent cultures were exposed to shear stress to as-
sess the effects of monolayer stabilization on responses
to shear. Cells maintained in static culture served as
controls (n = 3 for each experiment).

Immunostaining

Cells were fixed with 3% paraformaldehyde as de-
scribed,™® permeabilized with 0.2% Triton X-100 and
washed 3 times for 5 minutes with phosphate-buffered
saline (PBS). Cells were then incubated with primary
antibody for 1 hour, and then washed with PBS followed
by incubation with secondary antibody. Primary antibod-
ies included mouse monoclonal antibodies to paxillin
(1:200; Transduction Laboratories, Lexington, KY), vincu-
lin (1:50; Sigma BioSciences, Oakville, Canada), tensin or
VASP (1:50; Transduction Laboratories). Primary antibod-
ies were detected using Alexa Fluor 488 goat anti-mouse
antibody (1:50; Molecular Probes, Eugene, OR). Staining
frequently was done in the presence of rhodamine phal-
loidin (1:20; Molecular Probes), which labels F-actin.

In Situ Staining of Adherens Junctions

Animal experiments were conducted in accord with the
guidelines of the Canadian Council of Animal Care and
were approved by the Animal Care Committee of the To-
ronto General Hospital. Rabbits were killed by intravenous
infusion of 1.0 ml of euthanasia solution (T-61; Hoechst,
Montreal, Canada).® The carotid arteries were fixed and
immunostained® using a goat polyclonal antibody to p-cate-
nin (1:800; Jackson ImmunoResearch Laboratories, West
Grove, PA) and a fluorescein isothiocyanate-conjugated
donkey anti-goat secondary antibody (1:50, Jackson Immu-
noResearch Laboratories). The arteries were viewed en face
by confocal microscopy.®

F-Actin Polymerization

The protocol for visualizing actin assembly was based on
studies by Symons and Mitchison,'® with modifications.?°
Cultures were gently washed with rinsing buffer (20
mmol/L Hepes, pH 7.5, 138 mmol/L KCI; 4 mmol/L MgCl,,
3 mmol/L EGTA) and then incubated for up to 10 minutes
with fluorescently labeled G-actin in permeabilization
buffer [20 mmol/L Hepes, pH 7.5, 138 mmol/L KCI, 4
mmol/L MgCl,, 3 mmol/L EGTA, 0.01% saponin, 0.5
wmol/L Alexa 488-conjugated G-actin from rabbit muscle
(Molecular Probes, Eugene, OR)]. After washing with
buffer, cells were fixed for 20 minutes with 3% parafor-
maldehyde followed by a 3 X 5-minute wash with PBS. To
detect endogenous F-actin, cells were incubated with
rhodamine-labeled phalloidin for 30 minutes.



In separate experiments, endothelial cells were triple
stained for newly polymerized F-actin, endogenous F-
actin, and with monoclonal anti-vinculin antibody (1:50;
Sigma BioSciences) and a CY5-conjugated donkey anti-
mouse secondary antibody, in the presence of rhodam-
ine-labeled phalloidin.

Microinjection of Fluorescently Labeled G-Actin

To visualize the cellular actin pool in live cells, subconfluent
cells grown on coverslips were microinjected with Alexa
Fluor 488-conjugated actin (6 mg/ml, Molecular Probes)
using an Eppendorf transjector 5246. Cells were exposed to
shear stress 24 hours after injection. Time-lapse images
were collected using a fluorescence microscope (TE300;
Nikon, Melville, NY) equipped with a cooled charge-cou-
pled device camera (ORCA ER; Hamamatsu).

Cell Membrane Labeling

To label cell membrane, cells were incubated for 10
minutes with 20 mmol/L Dil (1.1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine  perchlorate;  Molecular
Probes). Cells were fixed as described above.

Fluorescence Microscopy

Fixed endothelial cells were examined using a Bio-Rad
MRC 1024 laser scanning confocal microscope (Nikon
X060 oil-immersion objective; NA = 1.4). The peak exci-
tation/emission wavelengths for the fluorescent probes,
and the detection filters used were: fluorescein isothio-
cyanate = 492/520 nm and detected at 522 nm; CY5 =
650/680 nm and detected at 680 nm; rhodamine = 554/
573 nm and detected at 605 nm. For each experiment, at
least10 fields per slide were collected.

Peptide Inhibitor of Zyxin-VASP Interaction

Peptide sequences comprising a domain of zyxin that
mediates binding to VASP (PPEDFPLPPPPLAGD),?" or a
scrambled version of this peptide (control, PPEDAPLPP-
PPLAGD), in tandem with a Trojan peptide sequence (a
string of nine arginines)®® to facilitate cell entry, were
synthesized by the Biotechnology Service Centre (Hos-
pital for Sick Children, Toronto, Canada). The peptide
(300 wmol/L) was introduced into the flow loop at 15.5
hours of shear stress and then incorporation of fluores-
cently labeled monomeric actin into microfilaments was
assessed 30 minutes later, as described above. Four
replicate experiments were performed.

Statistics

Actin most often assembled at one end of stress fibers.
To assess bias in the direction of actin assembly, cells
were classified according to whether actin assembly was
predominantly in the upstream, downstream, or both
ends of stress fibers (bipolar), or directed away from the
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nucleus (anti-podal). At least 30 cells per time point were
scored by an unbiased (blinded) observer and the cells
to be counted were defined from a predefined grid using
the Vernier scales on the stage drives, so that cell selec-
tion was unbiased. Statistical analysis was analysis of
variance followed by a Tukey’s post hoc test.

Results

Shear-Induced Changes to Endothelial Cell
Shape and the Endothelial Cell-Cell Interface

Endothelial cells in healthy arteries are permanently con-
fluent; therefore, cells generally were not exposed to
shear until 2 days after confluence was achieved.
Throughout these 2 days, stress fibers became less
prominent and a junctional dense peripheral band of
F-actin was established (Figure 1), then no further
changes in actin distribution were detectable. This stabi-
lization proved important because subconfluent or just
confluent cells initiate reorganization of actin very quickly
after shear stress is imposed (not shown), whereas only
very modest shear-related F-actin reorganization oc-
curred in cells that were 2 days postconfluent until 8
hours of shear (Figure 1).'® Partial loss of the dense
peripheral band of actin was then followed by elongation
of cells and alignment of actin microfilaments with shear
throughout 8 to 24 hours. No further changes in cell
shape or actin distribution were observed.

To define shear-induced changes to cell shape and
cell junctions, we labeled membrane phospholipid with
Dil.™ Under static conditions, the cells displayed a typi-
cal cobblestone morphology with multiple regions of mem-
brane overlap that were manifest as areas of enhanced Dil
fluorescence, because of fluorescence from multiple layers
of membrane. These regions were separated by linear cell-
cell junctions (Figure 2a). While elongating, cell margins did
not display classical lamellipodia; instead, pointed projec-
tions were commonplace (Figure 2b). These structures that
appeared to initiate shape change were often quite broadly
based, but could not be definitely differentiated from filop-
odia, finger-like cellular projections that result from actin
assembly at the cell edge.®

Actin Assembly into Stress Fibers Coincides
with Shear Stress-Induced Elongation and
Alignment of Endothelial Cells

To assess actin assembly during changes in cell shape,
we permeabilized endothelial cell membranes after vary-
ing periods of shear stress and then incubated the cells
with Alexa 488-labeled monomeric actin (G-actin) briefly
(up to 10 minutes) to define sites of actin assembly, then
cells were fixed and stained for total F-actin. When it
occurred, actin incorporation into microfilaments was de-
tectable at 3 minutes of incubation, but optimal labeling
was seen with 8 to 10 minutes of incubation. Uptake of
G-actin into microfilaments was readily detected in sub-
confluent endothelial cells (not shown), which are highly
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Figure 1. Postconfluency affects actin organization in endothelial cell responses to shear stress. Endothelial cells that have just achieved confluence (top left)
display randomly oriented microfilament bundles and actin staining fails to delineate individual cells. At 2 days after confluence, a dense peripheral band of actin
assembles at the cell-cell junctions and only sparse central stress fibers are seen. When shear is initiated at 2 days after confluence, no changes in cell shape or
actin distribution are detectable at 4 hours and only modest and sporadic loss of the dense peripheral band of actin is detected at 8 hours. Cell elongation and
actin alignment with shear stress becomes apparent during the next 8 hours and cells complete shape change after 24 hours of shear stress.

motile, but little or no incorporation of labeled G-actin was
detected in cultures 2 days after confluence that were not
exposed to shear stress (Figure 3A). Approximately 50%
of cells displayed incorporation of exogenous G-actin at
ends of randomly oriented stress fibers after 8 hours of
shear (Figure 3B, green). Most frequently, actin assembly
occurred at only one end of the stress fibers (see below).
Less prominent, punctate staining of exogenous actin
was also observed along the lengths of microfilaments.

Most cells displayed actin assembly at the ends of
stress fibers by 16 hours, when many cells were elongate
and aligned with shear (Figure 3C). In shear-aligned
cells, basal stress fibers and actin assembly were parallel
to shear. Many other cells were elongated but not yet
parallel to shear, in which case basal stress fibers tended
to align with the long axis of the cell (not shown). Cell
elongation and alignment with shear stress was com-
pleted at 24 hours; nonetheless, actin assembly contin-
ued for as long as we examined the cells (up to 96 hours,
Figure 3D).

Optical sectioning with confocal microscopy and dou-
ble staining for actin assembly and the focal adhesion
proteins, vinculin and paxillin, demonstrated that actin

assembly occurred at the basal aspect of the cells, where
microfilament bundles insert into focal adhesion com-
plexes (Figure 4). Notably, both ends of stress fibers
terminated in adhesion complexes, but actin assembly
most often occurred at only one of these sites (Figure 4,
arrows). Importantly, actin assembly was constrained to
subdomains of focal adhesion complexes, as indicated
by only partial overlap of G-actin fluorescence with im-
munostaining for vinculin (Figure 4, insets). This finding
probably reflects remodeling and translocation of the
focal adhesion/stress fiber complex during adaptation to
shear stress, as described below.

Within individual cells, actin polymerized predomi-
nantly in the upstream direction, predominantly in the
downstream direction, or predominantly directed away
from the nucleus (anti-podal) with approximately equal
frequencies (Figure 5). Assembly at both ends of the
stress fiber (bipolar assembly) was also observed occa-
sionally, but random distribution of actin polymerization to
one or the other end of stress fibers within individual cells
was seen in only 10 to 20% of cells and never at times
later than 24 hours. The only other statistically significant
time dependence in direction of actin assembly was the
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Figure 2. Shear-induced changes to endothelium. Cell membranes of endothelial cells in static cultures (left) or after 16 hours of shear stress (right) were labeled
with the Dil. Areas of cell-cell overlap are brighter because multiple layers of plasma membrane are detected. a: In static cultures, linear cell-cell junctions were
interrupted by pad-like regions of cell overlap (arrow) that were separated by linear cell-cell junctions (arrowhead). b: Shear induced elongation of endothelial
cells in the direction of shear vector (right to left) that occurred between 8 hours and 24 hours. During elongation, regions of cell-cell overlap that are neither
filopodia-like or lamellipodia-like were observed; instead, triangle-shaped projections of cell membranes became oriented in the upstream and downstream
directions (arrow). Each finding is representative of at least three replicate experiments.

elevation in bipolar assembly at 48 hours. These findings
indicate that shear stress determined the orientation but
not direction of actin polymerization. Subtle intracellular
or cell-cell signaling may provide cues that define the
latter.

Extension of Stress Fibers after Imposition of
Shear Stress Is Independent of the Zyxin/VASP
Complex

The scaffolding protein, zyxin, can link VASP to the actin-
bundling protein, a-actinin, which concentrates at focal
adhesions.?® VASP interaction with cytoplasmic G-actin-
profilin complexes can then incorporate actin monomer
into microfilaments. VASP localized to focal adhesions in
endothelium (Figure 6, A and B) but it did not mediate
shear-induced actin assembly at these sites. Accord-
ingly, a peptide sequence that was designed to interfere
with zyxin-VASP interaction successfully dislodged VASP
from focal adhesions (Figure 6, A and B) but had no
impact on shear-induced actin assembly (Figure 6, C and
D). VASP was not dislodged from focal adhesions by
control peptide (not shown).

Existing Stress Fibers Realign with the Shear
Axis, Fuse, and Grow Unidirectionally to Drive
Cell Shape Change

By 16 to 24 hours, actin assembly in all cells became
oriented with the shear axis and frequently extended to

the upstream and/or downstream poles of the cell (Fig-
ures 3 and 4). We therefore hypothesized that stress fiber
reorientation and assembly protruded the cell membrane
along the shear axis to achieve elongation. To test this
hypothesis, we microinjected endothelial cells with fluo-
rescently labeled G-actin and then exposed the cells to
shear stress 24 hours later, when the labeled G-actin was
distributed throughout the cellular pool, so that microfila-
ments in live cells could be visualized.

Individual stress fibers extended and changed their
orientation, most often toward the shear axis, but excur-
sion away from this direction also occurred. During and
after alignment of stress fibers in the direction of shear,
assembling stress fibers extended to the cell periphery
and further actin assembly drove protrusion of the cell
membrane in the direction of cell elongation (Figure 7).
Stress fibers originated proximal to the cell periphery
then extended to the cell-cell junction and advanced the
adjacent cell membrane. In no cells did we see evidence
of actin nucleation at the cell edge that would character-
ize filopodia. Interestingly, when assembling and reori-
enting stress fibers encountered adjacent stress fibers,
they often merged to produce larger microfilament bun-
dles (Figure 7, arrows).

Shear Induces Changes to Cell-Substrate
Adhesion Complexes
Reorganization of cell-substrate adhesion complexes ac-

companied realignment of stress fibers. In static cultures,
focal adhesions were large, ovoid, or arrowhead com-
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Static

Figure 3. Shear stress induces assembly of actin at the ends of stress fibers. Endothelial cells were incubated briefly with fluorescently labeled G-actin (green)
after exposure to shear stress for 0 hours (A), 8 hours (B), 16 hours (C), or 96 hours (D). Cells were then fixed and filamentous actin was stained with thodamine
phalloidin (red). Little or no actin assembly occurred in postconfluent cells not exposed to shear stress (A). In contrast, exposure to shear stress induced actin
assembly at the ends of stress fibers (B-D). Initially, actin assembly was randomly oriented, but assembly became aligned with shear stress by 16 to 24 hours.
Shear stress is directed from right to left. Each finding is representative of at least three replicate experiments.

plexes, whereas shear stress caused most of these com-
plexes to assume an extended, linear morphology (Fig-
ures 8 and 9). These changes may reflect conversion
from classical focal adhesions (focal contacts),?* seen in
many stable cultures, to the fibrillar adhesions that char-
acterize motile cells;** however, not all of our data were
consistent with this interpretation. We immunostained ad-
hesion complexes with antibodies to vinculin, paxillin,
and tensin, because the former two proteins preferentially
localize to focal contacts whereas tensin preferentially

concentrates at fibrillar adhesions.?*?® Some depletion
of vinculin and paxillin at focal adhesions was seen with
shear but there was also a dramatic loss of tensin that
persisted until after shape change had gone to comple-
tion (Figure 9).

Vinculin also localizes to adherens junctions,?” but this
association was permanently lost in endothelium when
shear was imposed (Figure 8). Adherens junctions are
primary mediators of cell-cell coupling; furthermore, re-
organization of adherens junctions has been intimately
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Figure 4. Actin assembly occurs at focal adhesion complexes at one end of stress fibers and localizes to subdomains of these complexes. Endothelial cells were
exposed to fluorescently labeled G-actin (green) after exposure to shear stress for 8 hours (A) or 16 hours (B), then stained for filamentous actin with rhodamine
phalloidin (red) and immunostained for vinculin (blue). Actin assembly usually occurred at only one end of stress fibers (arrows in A). At these sites, newly
assembled actin was excluded from subdomains of the focal adhesion complex, as indicated by overlap of vinculin and F-actin only (fuscia, insets). Shear stress

is directed from right to left. Findings are representative of three replicate experiments.

linked to local actin assembly.?® We therefore further
examined changes to adherens junctions that are in-
duced by shear stress.

Chronic Shear Stress and Organization of
Adherens Junctions

We previously reported'® that shear caused adherens
junctions to convert from a generally linear distribution to

*
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Figure 5. Shear stress determines orientation but not direction of actin
assembly. Graph displays percentage of cells in which actin assembly was
predominantly at the upstream, downstream, or both ends (bipolar) of stress
fibers, or when assembly was directed away from the nucleus at both ends
of the cells (anti-podal). Numbers at the base of each bar indicate hours of
shear stress. Also shown is the percentage of cells in which assembly was
randomly distributed between the two ends of the stress fibers, which never
occurred after 24 hours. The only other statistically significant temporal
change was an increase in bipolar assembly at 48 hours.

extended junctional plaques that were often associated
with peripheral actin (Figure 10A). This pattern persisted
at 48 hours, ie, 24 hours after cell shape changes was
completed. Nonetheless, adherens puncta proved to
be transitory because these junctional complexes re-
turned to a primarily linear distribution at 96 hours (Figure
10C). This latter distribution apparently reflects junctions
in vivo, because immunostaining of adherens junctions
(a-catenin) in rabbit carotid arteries was also linear (Fig-
ure 10D). Actin microfilaments were required for mainte-
nance of puncta because treatment of cells after 48 hours
of shear with the microfilament-disrupting agent, cy-
tochalasin D (0.1 wmol/L), caused junctions to revert to a
linear distribution (Figure 10B). Furthermore, actin as-
sembly may participate in conversion of adherens puncta
to linear adherens junctions because assembly sporadi-
cally localized to the junctional complexes at 48 hours
(see white areas in Figure 9A) and 24 hours (not shown)
of shear stress.

Discussion

Previous examinations of morphological adaptations of
endothelial monolayers to shear stress have consistently
reported cell elongation and alignment in the direction of
shear. However, the time course of this adaptation in vitro
has varied from minutes to many hours'®28-3" and the
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Figure 6. VASP does not mediate shear-induced actin assembly. Shear-induced stress fiber assembly was not VASP (green immunostaining) localized to focal
adhesion complexes in endothelium (A) but was dislodged from these sites by a zyxin peptide sequence designed to interfere with zyxin-VASP interaction (B).
VASP association with ends of stress fibers remained suppressed at 1 hour (not shown). Incorporation of Alexa 488-labeled monomeric actin (green) into the end
of stress fibers (red) after 16 hours of shear stress (C) was not suppressed by peptides that disrupt association of VASP with focal adhesion complexes (D), or
by control (scrambled) peptide (not shown).

reason for this variability is unknown. We hypothesized
that stabilization of endothelial monolayers after conflu-
ence is first achieved may strongly influence the time
course of this response. For example, the endothelium
must reorganize cell-cell junctional complexes to un-
dergo shape change' and it can take 48 hours after
confluence is achieved for important constituents of
these structures, eg, y-catenin (plakoglobin) and desmo-
plakin, to accumulate at these sites.®*** Also, endothe-
lium gradually developed a dense peripheral band of
actin®* time that was not apparent in subconfluent or just

confluent cultures. Accordingly, we found that cells in
subconfluent or just confluent monolayers very rapidly
elongated in response to shear stress, often within 1 hour.
In contrast, 48 hours postconfluent cultures showed no
changes in cell shape or actin distribution at 4 hours and
only modest changes at 8 hours. Shape change occurred
throughout 12 to 24 hours and renormalization of cell-cell
adherens junctions took between 48 and 96 hours to
complete. It is noteworthy that changes in blood flow in
arteries induce morphological changes to endothelium
that also take 12 to 24 hours to go to completion; there-
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21:45

Figure 7. Stress fiber extension protrudes the endothelial cell membrane at the cell poles. Endothelial cells were microinjected with fluorescently labeled G-actin
24 hours before exposing the cells to shear stress for ~20 hours. Top horizontal line joins the ends of stress fibers that do not advance during the observation
time. The middle line joins stress fibers that advance between ¢ = 20:15 hours and ¢ = 21:45 hours. The bottom line is in the vicinity of three stress fibers that
advance substantially throughout the period of observation. Note the advance of the cell membrane in the latter two cases. Frequently, two or more adjacent stress
fibers fused throughout the period of observation (arrows). Shear stress is directed from top to bottom. Findings are representative of three replicate
experiments.

fore, stabilized monolayer cultures are required to mimic
morphological responses to shear.®°%¢

Previous work indicated a potential role for actin as-
sembly in morphological responses of endothelial cells to
shear stress. Modulation of the activities of the Rho, Rac,
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and cdc42 GTPase activities, which are primary regula-
tors of actin assembly,®” have been implicated in these
morphological responses;®® furthermore, inhibition of
shear activation of p38 MAP kinase blocked downstream
activation of the actin uncapping protein, HSP27, and

0 hours, 16 hours, and 96 hours of shear stress, which is directed from right to left. Shear stress induces the formation of long, linear adhesion complexes that
are aligned with shear stress. Findings are representative of three replicate experiments.



1220 Noria et al
AJP April 2004, Vol. 164, No. 4

Static Culture

24 Hrs. Shear Stress
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Figure 9. Focal adhesion complexes become depleted of tensin under the influence of shear stress. Endothelium in postconfluent cultures was immunostained
for tensin and viewed by confocal microscopy. Tensin localized to focal adhesion complexes in static cultures (left) but dramatic decreases in tensin contents of
focal adhesions were observed at 24 hours of shear (middle) as well as at 8 hours, 16 hours, and 48 hours (not shown). Recovery of tensin at focal adhesions
was detected at 96 hours. Images were captured in the same microscopy session with identical settings on the microscope and identical conditions for figure
production. Shear stress is directed from right to left. Findings are representative of three replicate experiments.

abolished cell shape change.®® Usually cell shape
change produced by actin assembly is secondary to
formation of filopodia or lamellipodia; however, this was
not the case for shear-stressed endothelium. Instead,
assembly was concentrated at the ends of stress fibers
that were randomly oriented. Subsequently, stress fibers
aligned with the shear axis while polymerization contin-
ued and then further assembly drove the cell membrane
centrifugally at the upstream and/or downstream poles of
the cells. We are aware of no other physiological exam-
ples in which polymerization of stress fiber proceeds from
the cell interior, extends to the cell surface, and then
propels the cell membrane forward to elicit shape
change.

Stress fibers aligned with the shear vector within 24
hours of the onset of shear. Nucleation and assembly of
new stress fibers must occur because these structures
are more numerous and larger in shear-adapted
cells.35:3990 However, stress fibers tended to display a
common orientation within individual cells that were
adapting to shear stress even before the cells aligned
with shear. It is therefore likely that nascent stress fibers,
like pre-existing stress fibers, participated in the elonga-
tion, alignment and fusion that we describe.

Microinjection of fluorescently labeled G-actin con-
firmed both extension and reorientation of stress fibers.
Because cellular and stress fiber elongations were ini-
tially oblique to the shear vector, we infer that cell elon-
gation is a primary response that is then accompanied
and followed by reorientation. Reorientation of basal
stress fibers inevitably led to direct contact of some of
these structures, and then they fused into larger micro-
filament bundles. Presumably, actin-bundling proteins,
eg, a-actinin, participate, but these were not identified in
the current study.

Actin assembly continued at 96 hours of shear stress,
long after gross morphological changes to the cells was
completed. This chronic actin polymerization may be
accompanied by treadmilling that preserves cell and

stress fiber dimensions but its functional significance is
uncertain. Possibly, actin assembly-disassembly is re-
quired to maintain an elongated cell morphology. Adap-
tation to shear involves a high degree of co-alignment of
microfilaments, focal adhesion complexes, and microtu-
bules.*' Because cytoskeletal and adhesive structures
display considerable stochastic behavior,*>*2 their con-
tinuous, active reorganization may offset an incessant,
entropy-driven drift toward randomized orientation of cell
structures and, ultimately, cell morphology.

Actin assembly usually localized to only one of the two
focal adhesions into which stress fibers inserted; how-
ever the polarization of this assembly varied from cell to
cell. Although our examination of constituents of focal
adhesions was limited, we detected no differences in
localization of vinculin, paxillin, or tensin to assembling
versus nonassembling ends of stress fibers; therefore, the
determinants of polarized actin assembly remain enig-
matic.

Translocation of substrate adhesion complexes ac-
companies reorganization of the stress fibers that insert
into them. Translocation of these structures in motile cells
can involve the separation of fibronectin-associated asf,
integrins from large, ovoid, focal adhesion complexes to
form long, thin motile fibrillar adhesions that are rich in
tensin.'” Accordingly, we found that adhesion complexes
converted to a more extended, linear morphology during
adaptation to shear; however, tensin content was dramat-
ically decreased and it only returned to these sites at 96
hours. Thus, these focal adhesions in cells adapting to
shear are hybrid complexes and we have not resolved
whether they arise from classical focal adhesion com-
plexes in a manner similar to that for the fibrillar adhe-
sions that have been examined in other cells.?® We also
observed actin assembly that localized to subdomains of
vinculin-containing plagues and we propose that assem-
bly of stress fibers at one subdomain of adhesion
plaques, presumably in concert with aggregation of focal
adhesion proteins, and disassembly of these structures



at another, underlies their translocation toward the shear
axis.

The machinery that assembles actin under the influ-
ence of shear stress remains unclear. The presence of
VASP at focal adhesions, where shear induces assembly,
was intriguing because the zyxin-VASP complexes as-
semble linear arrays of microfilaments at other sites.?°
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arotid arteries in situ (D).

However, displacement of VASP from focal adhesions
with synthetic peptides did not disrupt stress fiber as-
sembly. Clearly other protein complexes mediate this

process.

Elongation and alignment of endothelial cells also re-
quires reorganization of cell junctional complexes. Adhe-
rens junctions are critical in this regard because of their
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primary role in mechanical coupling of cells. We previ-
ously reported that primarily linear adherens junctions
become disrupted and discontinuous during adaptation
to shear stress."® This phenomenon persisted at 48 hours
of shear, long after elongation and reorientation were
completed and we inferred that it was a permanent man-
ifestation of shear stress. We now report, however, a
return to linear junctions at 96 hours, a distribution that
replicates that seen in arteries in situ, thus morphological
adaptations to shear stress take up to 4 days to go to
completion. The transient puncta depended on an intact
F-actin cytoskeleton because the junctions became lin-
ear when actin was dispersed; furthermore actin assem-
bly sporadically co-localized to these sites. It is possible
that actin assembly participates in conversion of adher-
ens puncta to linear junctions, as it does in newly forming
epithelial cell junctions,?® but this was not directly as-
sessable because of the very slow reorganization of
these structures under shear stress and the sporadic
nature of actin assembly at puncta.

In conclusion, these studies revealed that endothelial
cells become elongate and aligned in the direction of
shear stress through a novel mechanism that involves
growth, fusion, and reorientation of stress fibers that ulti-
mately protrudes the upstream and/or downstream cell
membrane. Actin assembly occurs at motile focal adhe-
sion complexes that also elongate in the direction of
shear stress and, sporadically, it occurs at cell-cell ad-
herens junctions as these structures undergo the oblig-
atory reorganization that occurs when cells in a confluent
monolayer change shape.
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