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Ting LH, Jahn JR, Jung JI, Shuman BR, Feghhi S, Han SJ,
Rodriguez ML, Sniadecki NJ. Flow mechanotransduction regulates
traction forces, intercellular forces, and adherens junctions. Am J
Physiol Heart Circ Physiol 302: H2220-H2229, 2012. First published
March 23, 2012; doi:10.1152/ajpheart.00975.2011.—Endothelial
cells respond to fluid shear stress through mechanotransduction re-
sponses that affect their cytoskeleton and cell-cell contacts. Here,
endothelial cells were grown as monolayers on arrays of microposts
and exposed to laminar or disturbed flow to examine the relationship
among traction forces, intercellular forces, and cell-cell junctions.
Cells under laminar flow had traction forces that were higher than
those under static conditions, whereas cells under disturbed flow had
lower traction forces. The response in adhesion junction assembly
matched closely with changes in traction forces since adherens junc-
tions were larger in size for laminar flow and smaller for disturbed
flow. Treating the cells with calyculin-A to increase myosin phos-
phorylation and traction forces caused an increase in adherens junc-
tion size, whereas Y-27362 cause a decrease in their size. Since
tugging forces across cell-cell junctions can promote junctional as-
sembly, we developed a novel approach to measure intercellular
forces and found that these forces were higher for laminar flow than
for static or disturbed flow. The size of adherens junctions and tight
junctions matched closely with intercellular forces for these flow
conditions. These results indicate that laminar flow can increase
cytoskeletal tension while disturbed flow decreases cytoskeletal ten-
sion. Consequently, we found that changes in cytoskeletal tension in
response to shear flow conditions can affect intercellular tension,
which in turn regulates the assembly of cell-cell junctions.

endothelial cells; microposts; tight junction; shear flow

MECHANOTRANSDUCTION to laminar or disturbed flow in endothe-
lial cells (ECs) can strongly affect their ability to maintain the
barrier between blood and the vessel wall (3, 4, 9, 13, 14).
Laminar flow occurs in straight vessels and produces a steady
shear stress on the cells. Disturbed flow forms downstream of
obstructions, bends, or bifurcations and produces a time-aver-
aged low shear stress due to eddies in the flow. It has been
proposed that these flows can activate mechanosensors in ECs
that lead to the activation of signaling pathways that affect
cytoskeletal structures (3, 14). In particular, laminar flow can
initiate Rho GTPase pathways, which cause alignment of actin
filaments and assembly of adherens junctions (27, 29, 35,
42-46, 49). Conversely, disturbed flow leads to disorganized
actin, disassembly of adherens junctions, and small gaps be-
tween adjacent ECs (3-5, 27, 30, 31). These structural changes
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in ECs can strongly affect the integrity of the vascular barrier
(7, 17, 31).

It is possible that shear flow affects adherens junction
assembly in ECs by influencing their cytoskeletal tension.
Laminar flow has been seen to activate RhoA and cause higher
traction forces in individual ECs (36, 49). In nonflow condi-
tions, a rise in cytoskeletal tension for a pair of cells in contact
with each other not only causes an increase in traction forces
but also leads to tugging forces across the cell-cell contact (24,
25). Subsequently, cells within a monolayer have many cell-
cell contacts with each other and can impart multiple tugging
forces on their neighbors that give rise to intercellular tension,
which in turn can affect proliferation and collective migration
of the tissue layer (28, 38, 41). How these changes in traction
forces and tugging forces affect the barrier function of ECs is
not well understood, but it has been seen that forces applied
directly at the cell-cell contact can promote the assembly and
strengthening of adherens junctions (18, 24, 33, 51). Taken
together, shear flow may be an important mechanism that
regulates the integrity of the endothelium by modulating cyto-
skeletal tension and intercellular tension and thereby eliciting a
mechanotransduction response at the cell-cell contact that pro-
motes junction assembly.

A rise in traction forces under laminar flow has previously
been reported for migrating ECs (36), but the effect of laminar
or disturbed flow on the generation of traction forces and
intercellular forces for monolayers of ECs is not known.
Moreover, this previous study measured traction forces during
the first half-hour of shear, a time frame in which several
signaling pathways associated with shear flow are activated, as
reviewed in Ref. 9, but cytoskeletal structures and traction
forces are still in flux (8, 16, 37, 40). A longer study would
permit ECs in a monolayer to undergo further rearrangement of
their cytoskeletal filaments and cell-cell contacts in response to
shear. For these reasons, human pulmonary artery ECs
(HPAECs) were cultured as monolayers on arrays of micropo-
sts and exposed to static, laminar, and disturbed flow condi-
tions in a custom-built flow chamber for 14 h (Fig. 1). Changes
in traction forces, intercellular forces, and cell-cell junctions
were measured, and it was found that tension at the cell-cell
interface could regulate the barrier function of ECs.

MATERIALS AND METHODS

Cell culture and reagents. HPAECs (Lonza) were thawed and
cultured in Ham’s F-12 K media (Thermo Scientific), 10% FBS
(GIBCO), 1% penicillin (Mediatech), 1% streptomycin (Mediatech),
1% L-glutamine (GIBCO), and supplements from EGM-MV Single-
Quot Kits (Lonza). Cells were grown on tissue culture dishes pre-
coated with 1% gelatin (Sigma-Aldrich) from passages 6 to 8.
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Cell monolayers on microposts

Fig. 1. A custom-built flow chamber with microposts was used to measure
traction forces and intercellular forces. Cells cultured on micropost substrates
or flat substrates were placed inside a shear flow chamber, and media was
circulated across the cells. A backward-facing step in the channel created a
zone of recirculation in the media. Cells within this region experienced
disturbed flow conditions. Further downstream, the flow stabilized and the
cells were subjected to laminar flow.

HPAECs were then seeded at confluent densities onto arrays of
biofunctionalized microposts or flat substrates. Cells were allowed to
spread and reform their adherens junctions for 2 days in culture before
they were subjected to flow conditions for 14 h. DMSO (Tyco) was
used to make solutions of Y-27632 (Sigma-Aldrich) and calyculin-A
(LC Laboratories).

Preparation of substrates. Flat substrates were created by casting a
film of polydimethylsiloxane (PDMS; Dow Corning) with a 0.25 mm
thickness on a no. 2 glass coverslip (VWR). Arrays of PDMS
microposts were micromolded onto glass coverslips, as previously
described (39). To prepare the flat substrates and microposts for cell
attachment, fibronectin (50 pg/ml, BD Biosciences) was absorbed
onto the surface of a PDMS stamp. The stamps used in this study
either had no pattern (“flat stamp”’) or had an array of positive relief
patterns in the shape of 160 X 160-wm squares (“‘square stamps”).
Once the protein was adsorbed, the stamp was placed into conformal
contact with the substrate to transfer fibronectin onto the regions of
contact. Afterward, each substrate was treated with 0.2% Pluronic
F-127 (Sigma-Aldrich) to ensure that the cells adhered to regions
where only fibronectin was printed.

Micropost deflection. Microposts act as elastic, cantilever beams
that deflect in proportion to the force applied at their tips. To measure
the deflection of a micropost, the difference between the position of its
tip and base were analyzed from fluorescent images taken at the top
and bottom of the arrays, as previously described (21). The magnitude
and direction of each traction force (F) was computed from the
deflection (8) through the following relationship:

B 3wED*
T oedl?

)

The length (L = 6.34 wm) and diameter (D = 2.81 wm) of the micro-
posts in the array were measured using a scanning electron micro-
scope (FEI Sirion SEM). Young’s modulus of PDMS (E = 2.5 MPa)
was determined by tensile testing, as previously described (23).
Microposts in the array had 6-pm center-to-center spacing. Cytoskel-
etal tension was assessed by computing the average traction force per
monolayer. Intercellular forces were determined by the vector sum of
the traction forces under a cell in a monolayer (APPENDIX). Intercellular
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tension was measured by the average intercellular force for cells
within a monolayer.

Shear flow chamber. A custom-built parallel plate flow chamber
was constructed out of clear acrylic to subject cells to shear flow
conditions (Fig. 1). Substrates with HPAEC monolayers were placed
inside the chamber, and shear was applied continuously for 14 h. The
design of the chamber was intended to be similar to those used
previously to produce laminar or disturbed flow on cells, albeit with
the addition of arrays of microposts inside the chamber (5, 31). The
main channel was 100 mm long, 20 mm wide, and 0.5 mm high. A
steady flow rate of 2 ml/s was produced by a peristaltic pump (Control
Company), which was connected to the flow chamber and recirculated
the media through the chamber. A chamber of air at the entrance of the
channel damped the pulsatile flow so that a steady flow rate was
produced in the channel. The fluid drag forces on the posts were
considered to be negligible (APPENDIX). A 0.25-mm tall, backward-
facing step in the channel produced a region of disturbed flow
downstream from the step. Flow in this region had separation in its
fluid stream lines, a stagnation point, and a region of reversal in the
direction of flow. The wall shear stress in the disturbed flow region
was estimated to be between —2.4 and 1.9 Pa and had a spatial
average of 0.75 Pa, based on a previous study (5). Laminar flow
occurred further downstream from the region of disturbed flow and
produced a wall shear stress (1) of 1.7 Pa (17 dyn/cm?), as given by:

6pQ
T= B
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)

where viscosity (n = 7 X 10~% Pa-s), flow rate (Q), width (w), and
height (/) of the channel were determined beforehand. To confirm the
location of the laminar and disturbed flow regions, polystyrene beads
with a diameter of 19 wm were added to the media to act as flow
tracers. Disturbed flow was observed to form over a region down-
stream from the step that was 4 mm long. Laminar flow was seen to
occur further downstream of the disturbed region and was steady
along the length of the channel.

Immunofluorescence staining and microscopy. After each experi-
ment, substrates were removed from the flow chamber and fixed with
3.5% paraformaldehyde (Electron Microscopy Supplies). Cells were
permeabilized using 0.2% Triton X-100 (Sigma) and then blocked in
10% goat serum (Invitrogen). Primary immunofluorescent staining
was conducted using 1:400 mouse IgG anti-f3-catenin antibody clone
E-5 (Santa Cruz Biotechnology), 1:400 mouse IgG anti-zona oc-
cludens (ZO)-1 antibody clone ZO1-1A12 (Invitrogen), or 1:400
rabbit anti-diphospho-myosin light chain 2 polyclonal antibody (Cell
Signaling Technology). Secondary staining consisted of 1:200 goat
anti-mouse IgG conjugated with Alexa fluor 647 IgG or goat anti-
rabbit IgG conjugated with Alexa fluor 647 IgG (Invitrogen), 1:1,000
Hoescht 33342, and 1:500 phalloidin Alexa fluor 488. A Nikon
Eclipse Ti inverted microscope with a X40 or X60 oil objective and
type-DF immersion oil (Cargille) was used for imaging the samples.

Image analysis of actin alignment, phosphorylated myosin, and size
of cell-cell junctions. The direction of actin filament alignment was
determined using a custom-written code in MATLAB that analyzed
the images of phalloidin staining as previously described (15, 52).
Briefly, the intensity of each pixel within an image was compared with
its neighboring pixels. A vector was then generated, which was
directed toward the maximum gradient and had a magnitude corre-
sponding to the gradient. Pixels near an actin filament had vectors
with high magnitudes that pointed toward the center of the filament,
whereas pixels at a distance from a filament had much lower magni-
tudes. Vectors that were lower than 40% of the peak magnitude in an
image were considered part of the background signal and were not
analyzed. The remaining vectors were rotated 90° so that they were
aligned parallel to the actin filaments. They were subsequently binned
and counted in accordance with their direction to plot their circular
distributions as a rose plot.
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Phosphorylation levels of myosin for untreated cells and those
treated with Y-27642 or calyculin-A were quantified by summing the
pixel intensity from images of samples stained with anti-diphospho-
myosin light chain antibody, as previously described (2). Briefly, the
average fluorescence intensity per pixel was measured for a mono-
layer of cells. The difference between this value and the background
fluorescence was used to determine the amount of diphospho-myosin
light chain in cells that were imaged. The background fluorescence
level for each sample was measured by determining the average
fluorescence intensity per pixel for a region where there were no cells.

Adherens junctions were quantified by analysis of the pixel inten-
sities in images of HPAEC monolayers with immunofluorescently
labeled B-catenin. Since immunofluorescence staining can vary from
experiment to experiment, each replication of an experiment was
stained and imaged as a group with one or more samples from static,
laminar, and disturbed flow conditions. All samples within a replica-
tion group were imaged using identical shutter dwell times, fluores-
cent illumination intensity levels, camera gain, camera frequency, and
camera binning. A custom-written image analysis code in MATLAB
was developed to measure the pixel intensity along the boundaries of
the cells (see Fig. 5). To identify the cell boundaries, pixel dilation
was first used to join disconnected regions between adherens junction
plaques, and the pixels at the boundaries were then isolated from the
diffusive cytoplasmic staining by subtracting out the pixels below
30% of the maximum pixel intensity in an image. Next, a watershed
algorithm was used to demarcate a line along the cell boundaries. A
ribbon of interest was defined by the lines and had a width of 10
pixels. The total intensity of the pixels within the ribbon of interest
was calculated and then divided by the total length of the ribbon and
the number of cells in the image to determine the amount of junctional
B-catenin per length per cell. An identical approach was used to
quantify the tight junctions from images of cells stained with ZO-1
antibodies.

Statistical analysis. Samples were analyzed for significance using
ANOVA with a Bonferroni’s post hoc adjustment. For actin alignment
shown in the rose plots, a parametric, two-sample second-order
analysis of angles was used to conduct a hypothesis test for cells on
flat substrates, whereas a nonparametric, second-order analysis using
the Watson’s U?-test was used to conduct a hypothesis test for cells on
posts (53). Comparisons were considered significant for P values
of <0.05 (marked with asterisks in the figures).

Fig. 2. Endothelial cells (ECs) align their actin
filaments in the direction of shear flow on flat
substrates. A—C: representative immunofluores-
cent images of actin filaments in human pulmo-
nary artery ECs (HPAECS) cultured on flat sub-
strates and placed under static (A), laminar (B),
or disturbed flow conditions (C) for 14 h. D-
F: rose plots showing the orientations of actin
filaments for static (D), laminar (E), and dis-
turbed flow (F). All data collected were from 13
high-power field images/condition and from 3
replicate experiments. Scale bar = 20 pwm.
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RESULTS

Cytoskeletal tension increases under laminar flow but de-
creases under disturbed flow. A common response in ECs to
shear flow is for their actin filaments to align in the direction of
flow. In our flow chamber, we confirmed that HPAECs grown
on flat substrates (Fig. 2, A—C) align their actin filaments
parallel to the direction of laminar flow, whereas under static
and disturbed flow, their actin had no preferential alignment
(Fig. 2, D—F). The angular distribution for actin filaments in
cells under laminar flow was statistically different than the
distribution under static conditions (P < 0.05 by a parametric
second-order test), whereas cells under disturbed flow and
static conditions had angular distributions that were statisti-
cally similar. Likewise, for HPAECs grown on arrays of
microposts (Fig. 3, A—C), their actin filaments were oriented
predominately in the direction of laminar flow but not for static
or disturbed flow (Fig. 3, D—F). There was, however, a strong
degree of actin alignment along the 0, 90, 180, and 270°
directions for all flow conditions, which matched the orthog-
onal arrangement of the microposts in the arrays and the edges
of the 160 X 160-pm patterned monolayers (Fig. 3, D-F).
These results for alignment are reasonable since focal adhe-
sions can form at the microposts and therefore help to confine
actin filaments between adjacent posts. Moreover, the edges of
the monolayer can cause alignment in actin filaments, as seen
previously at a wound edge for ECs (19) or micropatterned
lines of cells (22, 47). Despite a degree of orthogonal align-
ment for micropatterned monolayers on microposts, the angu-
lar distribution of actin filaments under laminar flow was
statistically different than static conditions (P < 0.05 by a
second-order Watson U?-test), whereas the distribution in dis-
turbed flow was statistically similar to static conditions.

Traction forces within a monolayer were measured by ana-
lyzing the deflections of the microposts to assess cytoskeletal
tension. Vector fields of the traction forces showed that for all
flow conditions, traction forces were nonuniform and there
were regions of high forces within the monolayers (Fig. 4,
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A-C). Subjecting HPAECs to laminar flow for 14 h caused
their traction forces to be higher on average than static condi-
tions, whereas disturbed flow caused lower traction forces (Fig.
4D). The highest traction forces in laminar flow were oriented
parallel to the flow, but no alignment was observed for static or
disturbed flow (Fig. 4E). Thus, these results show that laminar
flow affects cytoskeletal tension by aligning actin filaments and
traction forces and by producing higher traction forces,
whereas disturbed flow does not induce actin or traction force
alignment and causes lower traction forces.

Shear stresses affect adherens junction size through cyto-
skeletal tension. To determine whether cell-cell contacts re-
spond to the modulation in cytoskeletal tension by shear flow,
the size of the adherens junctions was quantified using anti-
bodies against [(3-catenin. This junctional protein binds to
vascular endothelial (VE)-cadherin and a-catenin and is essen-
tial to the formation of adherens junctions (26, 32). When

H2223

Fig. 3. Actin alignment in endothelial monolay-
ers on microposts depends on flow conditions.
A-C: representative immunofluorescence im-
ages of 160 X 160-pwm HPAEC monolayers on
microposts after exposure to static (A), laminar
(B), or disturbed flow conditions (C) for 14 h
(green: actin, gray: microposts). D—F: rose plots
of actin alignment for static (D), laminar (E),
and disturbed flow conditions (F). Actin align-
ment in the direction of flow was evident for
laminar flow conditions. Plots in D—F are from
15 samples/condition and from 3 replicate ex-
periments. Scale bar = 40 pm.

Disturb €@

exposed to laminar flow, B-catenin has been observed to
redistribute to the cell boundaries (27, 29). This redistribution
occurs predominately without changes in the level of 3-catenin
expression (27, 35, 46) and has been previously used to
characterize the regulation of adherens junction assembly by
tugging forces (24).

In our study, HPAEC monolayers were grown on flat sub-
strates, subjected to laminar, disturbed, and static flow condi-
tions as described above, and then stained for B-catenin.
HPAECsS exposed to laminar flow exhibited adherens junctions
that were longer and denser than those for static conditions,
whereas disturbed flow had smaller adherens junctions with
large gaps between adjacent cells (Fig. 5, A—C). A custom
image-analysis code was used to determine the size of adherens
junctions by identifying the boundaries between cells and then
analyzing the pixel intensity of immunofluorescent-labeled
[B-catenin within the ribbons of interest (“junctional (3-catenin’; Fig.

Fig. 4. Shear flow influences the magnitude and
direction of traction forces. A—C: vector maps of
traction forces measured from microposts for rep-
resentative monolayers. D: average traction force
per post for monolayers subjected to static (S),
laminar (L), and disturbed flow (D) for 14 h.
E: traction forces oriented in the direction of flow

were larger for laminar flow but not for static or
disturbed flow. Forces shown in D are from 20
monolayers/condition. Data in E represent >2,500
posts measured per condition. There were 3 repli-
cate experiments/condition. Force scale bar = 20
nN. *P < 0.05.
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Fig. 5. Analysis of junctional B-catenin was
used to assess mechanotransduction at adherens
junctions. A—C: representative HPAECs on flat
substrates were exposed to static (A), laminar
(B), or disturbed flow (C) for 14 h and then
stained for B-catenin to assess the size of their
adherens junctions. D: to quantify adherens
junction size, a ribbon of interest was created
along the border between cells using a water-
shed algorithm. Fluorescent intensity per unit
length along the ribbon of interest was analyzed
for each flow condition and divided by the
number of cells to measure the amount of
junctional B-catenin at the adherens junctions.
E: compared with static flow conditions, lami-
nar flow increased the amount of junctional
B-catenin at the cell-cell contact, whereas dis-
turbed flow decreased adherens junction size.
F: the number of cells per image did not change
with flow condition. Data are from >30 imag-
es/condition and from 3 replicate experiments.
Scale bar = 20 pm. NS, not significant. *P <
0.05.

5D). The results for junctional (-catenin were normalized by
the results of cells under static conditions for each experiment
(Fig. 5E). Compared with static conditions, junctional
B-catenin was found to be significantly higher for laminar flow
and significantly lower for disturbed flow. Changes in junc-
tional 3-catenin were not likely due to endothelial turnover
caused by proliferation or detachment of cells under shear
because the number of cells per high power field was statisti-
cally similar for each flow condition (Fig. 5F).

To investigate the role of cytoskeletal tension on the regu-
lation of adherens junctions, HPAEC monolayers were treated
with 0.3 pM Y-27632 to inhibit Rho kinase (ROCK), a
downstream effecter of RhoA that regulates cytoskeletal ten-
sion through actin polymerization and myosin phosphoryla-
tion. Compared with untreated cells, HPAECs treated with
Y-27632 had significantly lower levels of diphospho-myosin
light chain (Fig. 6A) and lower traction forces (Fig. 6B). Higher
concentrations of Y-27632 (10 wM) caused a large degree of
HPAECs to detach under shear, but at 0.3 wM, HPAECs re-
mained attached and ROCK activity was sufficiently suppressed,
as evident by diphospho-myosin levels and traction forces. With
Y-27632 treatment, HPAECs had adherens junctions that were
significantly reduced in size for laminar and static conditions
compared with untreated cells under the same flow conditions
(Fig. 6C). A reduction in adherens junction size was not observed
for cells treated with Y-27632 and under disturbed flow condi-
tions. Thus, these results indicate that inhibition of cytoskeletal
tension can reduce the size of adherens junctions to a degree that
is similar to cells in disturbed flow.

Conversely, cytoskeletal tension and traction forces were
enhanced using calyculin-A, which corresponded with an in-
crease in adherens junction assembly. HPAECs treated with
calyculin-A had higher levels of myosin phosphorylation (Fig.
6A), which was similar to previous findings for other cell types
(2, 12). Treatment with calyculin-A also led to significantly
higher traction forces for HPAEC monolayers on the micro-
posts (Fig. 6B), which was also similar to previous findings for
single cells (20) and paired cells (24). When HPAECs were
first subjected to shear flow for 14 h, removed from the flow
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chamber, and then treated with calyculin-A, the increase in
cytoskeletal tension correlated with a significant increase in
adherens junction size for cells subjected to laminar or dis-
turbed flow but not for static conditions (Fig. 6D). Together,
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Fig. 6. Cytoskeletal tension can modulate the assembly of adherens junctions
under flow. A: quantitative microscopy measurements of diphospho-myosin light
chain (MLC) levels in HPAEC monolayers on flat substrates in the absence
[control (Ctrl)] or presence of 0.3 uM Y-27632 (Y-27) or 2 nM calyculin-A
(CalA). Values shown are normalized by results for Ctrl. B: traction forces in
HPAEC monolayers were lower for Y-27 and higher for CalA. C: treatment of
HPAECs on flat substrates with Y-27 in the media during 14 h of shear flow
reduced the assembly of adherens junction for laminar and static conditions but not
for disturbed flow conditions. E: exposing HPAECs to shear for 14 h, removing
them from the flow chamber, and then treating them with CalA for 10 min caused
junctional 3-catenin to increase for cells subjected to laminar or disturbed flows
but not for static conditions. Data in A are from >32 images/condition and from
2 replicate experiments. Data in B are from >13 monolayers of cells/condition and
from 3 replicate experiments. Data in C and D are from >28 images/condition and
from 3 replicate experiments. *P < 0.05.
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the results from modulating cytoskeletal tension with Y-27632
and calyculin-A indicate that shear flow affects adherens junc-
tion assembly through a mechanotransduction response that
involves cytoskeletal tension.

Shear flow affects intercellular tension and adherens junctions.
Cytoskeletal tension can be transmitted as traction forces at the
microposts but also as intercellular forces between adjacent
cells within a monolayer. Tugging forces between paired cells
has been previously measured (24, 25), but quantifying all
tugging forces within a multicellular structure is mathemati-
cally indeterminate. We noted, however, that we could mea-
sure the vector sum of the tugging forces, which we defined as
the intercellular force acting on a cell (APPENDIX). As before, we
grew HPAECs on arrays of microposts and examined the
correlation between intercellular forces and adherens junction
size. Vector fields of intercellular force showed that cells with
large intercellular forces acting on them were located not only
at the perimeter but also within the interior of the monolayer
(Fig. 7A). The average intercellular force was found to be
significantly higher for cells subjected to laminar flow
compared with those subjected to static and disturbed flow
conditions (Fig. 7B). Next, the size of adherens junctions for
HPAECs on the microposts was analyzed as described
above (Fig. 7C). We found that junctional (3-catenin was
high in cells under laminar flow, whereas no difference was
observed between cells under static and disturbed flow
conditions (Fig. 7D).

In addition, shear flow affected the formation of tight junc-
tions in HPAECs. Patterned monolayers were grown on the
microposts as described above but were immunofluorescently
stained for ZO-1, which marks regions of close contact be-
tween plasma membranes of neighboring cells (1). The amount
of ZO-1 at the boundaries between cells was analyzed using the
same approach as for -catenin, where the boundaries between
cells were identified and ribbons of interests were used to
quantify the amount of ZO-1 based on the pixel intensity. The
results for each experiment were normalized by the amount of
pixel intensity measured for cells under static conditions.
Junctional ZO-1 was found to be significantly higher for cells
under laminar flow compared with static conditions, whereas it
was found to be significantly lower for disturbed flow condi-
tions (Fig. 7D). Therefore, these results confirm that shear flow
can modulate intercellular tension in a monolayer, which, in
turn, affects adherens junction and tight junction size.

DISCUSSION

Using a novel approach of patterned monolayers, micro-
posts, laminar and disturbed flow, and quantitative image
analysis, we demonstrated that mechanotransduction of flow
conditions directly affects the intercellular tension in a
monolayer and that this change coincides with the assembly
of cell-cell contacts between adjacent cells. Laminar flow
was found to cause a rise in cytoskeletal tension that
increased traction forces and intercellular forces and pro-
moted the assembly of adherens junctions and tight junc-
tions. On the other hand, disturbed flow was found to
weaken cellular forces and cause adherens junction and tight
junction disassembly. Our findings indicate that ECs rely on
mechanotransduction in a dual manner: a cell in a mono-
layer can sense the type of shear flow, align its cytoskeleton,
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Fig. 7. Intercellular forces increase under laminar flow and promote adherens
junction and tight junction assembly. A: representative vector map of intercellular
forces for an HPAEC monolayer exposed to disturbed flow for 14 h. Intercellular
forces were calculated by the vector sum of the tugging forces acting on a cell.
B: the average intercellular force acting on cells in a monolayer was significantly
higher for laminar flow compared with static and disturbed flow. C: representative
immunofluorescence images of adherens junctions for HPAEC monolayers on
microposts under static conditions (green: 3-catenin, gray: microposts). D: junc-
tional (B-catenin at the boundaries between cells in a monolayer was higher for
laminar flow but statistically similar for static and disturbed flow. E: representative
immunofluorescence images of tight junctions for HPAEC monolayers on micro-
posts under static conditions [green: zonula occludens (ZO)-1, gray: microposts].
F: junctional ZO-1 at the cell boundaries was higher for laminar flow and lower for
disturbed flow. Data in B are from >4 monolayers on microposts/condition and
taken from 3 replicate experiments. Data in D are from >37 monolayers on
microposts/condition and taken from 4 replicate experiments. Data in F are
from >19 monolayers/condition and taken from 2 replicate experiments. *P <
0.05.

and modulate its traction forces; subsequently, the change in
cytoskeletal tension affects the intercellular forces that help
to maintain the integrity of its cell-cell contacts.

Traction forces in ECs have been seen to rise when
individual cells are subjected to laminar flow (36), but the
effect of treating cells to long-term flow conditions has been
unclear. A previous study (49) on the activity of RhoA,
which can regulate the generation of traction forces, found
that RhoA peaks after 5 min of flow, falls back to baseline
levels after 15 min, and then rises again to elevated levels
for several hours thereafter. However, RhoA has also been
observed to decrease after 5 min and stay at reduced levels
while under flow (44). Since RhoA regulates stress fiber
formation, a reduction in its activity would not likely lead to
the increase in actin filaments seen under laminar flow.
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Moreover, our observations of high traction forces under
laminar flow strongly support that RhoA activity remains
elevated after long-term exposure to laminar flow, leading to
increased cytoskeletal tension in the monolayer.

On the other hand, the contractile response in ECs to
disturbed flow is less clear. Previous studies have found that
disturbed flow leads to short actin filaments that are ran-
domly oriented (Ref. 5; for reviews, see Refs. 3 and 4). We
found that actin filaments and traction forces are weaker
under disturbed flow, which would indicate that RhoA levels
are suppressed or that there is an increased inhibition of
stress fiber formation. One possibility is that p21-activated
kinase (PAK) plays a role in modulating cytoskeletal ten-
sion under disturbed flow. PAK activity is elevated in
disturbed flow and can, in turn, regulate endothelial perme-
ability (30). PAK is also known to deactivate myosin light
chain kinase, which leads to reduced levels of phospho-
myosin light chain (34). Although further investigation is
required, a correlation between PAK activity, traction
forces, and cell-cell junctions could provide an explanation
for the changes in endothelial mechanics observed under
disturbed flow.

The response in adherens junction to flow has been
observed previously (27, 29, 35, 46); however, the mecha-
nisms involved were unexplained. We confirmed the role of
cytoskeletal tension on adherens junction assembly by mod-
ulating actin-myosin activity with pharmacological inhibi-
tors. Treatment of ECs with Y-27632 caused the size of their
adherens junctions to decrease for static and laminar flow
but not for disturbed flow conditions. It may be possible to
cause further disassembly of adherens junctions with higher
concentrations of Y-27632, but we found that this could
affect the adhesion strength of cells under flow. Conversely,
calyculin-A caused an increase in traction forces and adhe-
rens junction assembly, which suggests that cytoskeletal
tension is essential to the barrier function of ECs. The
increase in adherens junction size was seen for laminar and
disturbed flow but not for cells under static conditions. Cells
under shear flow have higher levels of Racl activity (43,
49), which coregulates the mechanoregulation of adherens
junction with tugging forces produced by myosin activity
(17). As such, cells under static conditions likely had low
levels of Racl activity, which undermined the influence of
intercellular forces on the assembly of adherens junctions.

It is important to note that endothelial integrity can be
compromised by high tension at the cell-cell contacts (6,
11). The results of this study do not disprove this mecha-
nism but instead provide additional evidence that adherens
junctions can regulate themselves in proportion to the forces
at the cell-cell contact, as others have seen previously (18,
24, 51). To this effect, we quantified changes in adherens
junctions by identifying [-catenin localization, which has
been shown to colocalize and coimmunoprecipitate with
cadherins (6, 50). Since the amount of [-catenin at the
border region between cells likely corresponds with an
increase in the number of cadherin molecules (6), it is
plausible that flow mechanotransduction also affects the
adhesion strength between neighboring cells in a monolayer
and modulates the structural integrity of the endothelium.

Strong adherens junctions improve the barrier function of
ECs by promoting tight junctions that prevent the passage of

INTERCELLULAR FORCES UNDER SHEAR

molecules and ions (10, 26). We also observed a strong
similarity between the mechanotransduction response of
adherens junctions and tight junctions at the cell-cell junc-
tion. The size of both junction types improved under laminar
flow and lessened under disturbed flow. Therefore, flow
mechanotransduction along different regions of the vascu-
lature can act as another factor that regulates the local
permeability of the vessel. For vascular obstructions, how-
ever, the disturbance in the flow they cause downstream may
also adversely affect intercellular tension in ECs, leading to
leaky vessel wells and the rise of atherogenesis.

APPENDIX

Calculation of intercellular forces. In a complex structure such
as ECs grown as a monolayer on the microposts, the tugging forces
on any given cell are not easily determined. As a consequence, we
calculated the intercellular force, which is the vector sum of all of
the tugging forces acting on a cell by its neighbors. From this, we
were able to assess the intercellular tension within a monolayer by
calculating the average intercellular force acting on its cells.

For an isolated cell with no neighbors (Fig. 8A), its tugging
force is zero, so its traction forces are in static equilibrium with
themselves:

n —
S F,=0 3
1
In practice, the vector sum of traction forces (F;) measured with
microposts is generally nonzero but has a very small magnitude (<0.3
nN) and a randomly oriented direction due to measurement errors that
are difficult to avoid.

For a pair of cells on microposts (Fig. 8B), each cell pulls on the
other at the surface of contact between them. Static equilibrium for an
individual cell still holds, but the vector sum for its traction forces
(T;) is balanced by the tugging force it produces on its neighbor:

SF +T,;=0 4)

The tugging force here is opposite in direction to the intercellular
force (I;) acting on the cell (Fig. 8C):

Traction Force (F;) = Tugging Force (Tij)—> Intercellular Force (I;) =
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Fig. 8. Calculation of intercellular forces. A: an individual cell generates
traction forces but not tugging forces. B: for pairs of cells, there are tugging
forces between them. C: the intercellular force experienced by a cell is equal
to the vector sum of its tugging forces. D: for a monolayer of cells, each cell
produces a tugging force on its neighbors, but these forces cannot be solved for
uniquely. E: as before, the intercellular force on a cell is balanced by the vector
sum of its tugging forces. F: intercellular forces for cells within a monolayer
can be used to assess intercellular tension.
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In this pair-cell system, it is straightforward to calculate the
tugging force of a cell and intercellular force acting on it. It only
requires measuring one cell’s traction forces and calculating the
vector sum.

For a group of cells, each tugging force cannot be determined
uniquely (Fig. 8D). There is static equilibrium for an individual cell
within a monolayer, but the vector sum of its traction forces is
balanced by its tugging forces, for example:

Efi+¥12+Tl3:O (6)

The intercellular force acting on a cell can be found as before, by
taking the vector sum of the cell’s tugging forces (Fig. 8E):

fi: *Er::ijz *<f|2+¥13) )

Therefore, the intercellular force is equal to the vector sum of the
cell’s traction forces:

I,-3F, @)

l

From this approach, the intercellular tension for monolayer can be
assessed by determining the average (Avg) in the magnitude of
intercellular forces for N cells within a monolayer (Fig. 8F):

v S IS8R
vel= g2 L] = g2 |2 F, )

Fluid drag on arrays of microposts. Subjecting tall, slender
structures like microposts to fluid flow has the potential to cause
them to bend from the fluid drag forces acting on them. The
configuration of the flow chamber did not allow us to monitor the
movement of the posts during the flow experiments, so to inves-
tigate the drag forces on the posts, we used analytical and com-
putational approaches. The drag force (Fp) from a fluid of density
(p) with uniform velocity (v) flowing past a cylinder of length (L)
and diameter (D) is given by:

1
Fp = ECDpvz(LD) (10)

where a drag coefficient (Cp) of 90 was approximated for a flow
with a Reynold’s number of 0.06 (48). The average velocity within
the channel was 20 cm/s, but at the region of the microposts, it was
determined to be 1.5 cm/s based on Poiseuille flow. Media used in
the experiments were assumed to have a similar density as water
(993 kg/m?). Under these conditions, the drag force acting on a
single post was determined to be 180 pN, which, in turn, would
cause a deflection of ~2 nm. Additionally, a shear stress of 1.7 Pa
acting on patterned monolayer of cells (160 X 160 pwm) would
impart a net force of 44 nN on the monolayer. If this force was
distributed across all of the 676 posts underneath a monolayer, it
would impart an average force of 65 pN/post, which is smaller than
the previous estimate for the fluid drag force on a single post.
Furthermore, computation fluid dynamics simulations were run in
COMSOL to investigate the drag force on an array of microposts
(Fig. 9A). The lateral surfaces were defined as slip boundaries to
create a uniform flow field in the transverse direction so that a
small subset of columns needed to be included in the model. Each
array has 1,625 rows and 1,360 columns of microposts, but the
array ran in the simulation had significantly fewer posts to reduce
the computational time, but without sacrificing the accuracy of the
results. From the results of the simulations, posts at the leading
edge of the array had the highest deflections of 2.4 nm, which
corresponded to a drag force of 220 pN (Fig. 9B). For posts within
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Fig. 9. Shear flow causes negligible drag forces on arrays of microposts. A: a
computational fluid dynamics model was run in COMSOL to assess the fluid
drag forces on an array of microposts. B: simulations of the drag force showed
that the first and last rows of posts had the largest deflections, but were <2.5
nm. Out of caution, traction force measurements were not taken for monolay-
ers of cells that were positioned close to the edges of the arrays, to avoid any
differences in the deflections of the microposts.

the interior of the array, the reduced velocity of the flow between
the posts resulted in an average deflection of 1.3 nm, which
equated to a drag force of 0.12 nN. Simulations were run for twice
the number of rows of posts, and the results were found to be
congruent with the original simulation. Since these deflections
were determined to be in the nanometer range and below the
measurement resolution of our micropost approach, the effect of
fluid drag forces on the posts was considered negligible in our
study. Moreover, the deflections of the microposts were measured
from samples that were fixed, stained, and mounted on a glass
slide, so fluid drag forces were no longer acting on the microposts
and can be neglected in our measurements.
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