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We use a novel 3D inter-/intracellular force microscopy technique
based on 3D traction force microscopy to measure the cell-cell junc-
tional and intracellular tensions in subconfluent and confluent
vascular endothelial cell (EC) monolayers under static and shear
flow conditions. We found that z-direction cell-cell junctional ten-
sions are higher in confluent EC monolayers than those in subcon-
fluent ECs, which cannot be revealed in the previous 2D methods.
Under static conditions, subconfluent cells are under spatially non-
uniform tensions, whereas cells in confluent monolayers are under
uniform tensions. The shear modulations of EC cytoskeletal remo-
deling, extracellular matrix (ECM) adhesions, and cell-cell junctions
lead to significant changes in intracellular tensions. When a conflu-
ent monolayer is subjected to flow shear stresses with a high for-
ward component comparable to that seen in the straight part of
the arterial system, the intracellular and junction tensions prefer-
entially increase along the flow direction over time, which may
be related to the relocation of adherens junction proteins. The in-
creases in intracellular tensions are shown to be a result of chemo-
mechanical responses of the ECs under flow shear rather than a
direct result of mechanical loading. In contrast, the intracellular
tensions do not show a preferential orientation under oscillatory
flow with a very low mean shear. These differences in the direc-
tionality and magnitude of intracellular tensions may modulate
translation and transcription of ECs under different flow patterns,
thus affecting their susceptibility for atherogenesis.

cell alignment | endothelial monolayer | finite element method | fluid
shear stress | junctional force

lood vessels are constantly exposed to hemodynamic forces

imposed by the blood flow and pressure. Vascular endothelial
cells (ECs), which line the inner blood vessel wall, bear the shear
stress resulting from the blood flow. Responses of ECs to hemo-
dynamic forces play significant roles in vascular homeostasis in
health and disease. Atherosclerotic lesions are preferentially
localized in regions, such as arterial branch points, where the
ECs are subjected to disturbed flow consisting of flow separation,
reversal, and reattachment (1-3). The reattachment area, which
is exposed to a low shear stress magnitude and significant oscil-
latory reversal (i.e., the flow oscillates back and forth with little
net direction), has random EC morphology and cytoskeletal
organization, incomplete intercellular junctions, and pro-inflam-
matory and pro-atherogenic phenotypes (1). In contrast, ECs in
the straight part of the arterial tree, which is generally spared
from atherosclerosis, are exposed to high shear flow with a large
net mean direction and have parallel cell orientation, aligned
cytoskeletal fibers, and intact junctions. Studies on cultured ECs
have advanced the knowledge of how different flow conditions
regulate EC functions (1, 4, 5) and provided evidence for the bio-
medical importance of EC responses to flow shear. The biome-
chanical mechanisms underlying these responses, however, are
still not well understood. Cells communicate with their environ-
ment through mechanical forces as well as chemical signals. It is
well-known that mechanical interactions between cells and their
environment play an important role in the regulation of cell struc-
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ture and functions, including changes in focal adhesion sites and
cytoskeletal assemblies, and alterations in cell motility, prolifera-
tion, differentiation, and survival (6, 7).

Developments in traction force microscopy (TFM) have made
it possible to determine the forces generated by cultured cells
in tangential directions (X,Y) and to analyze the mechanical in-
terplay between cells and their substrata (7). The principle of
TFM is to compute forces based on the material properties and
deformations of the underlying matrix. Following the initial work
by Harris and his co-workers (8), several TFM techniques have
been developed, including deformable substrate with embedded
fluorescent beads (9-11), micropatterned elastomer (12), and
micropillars (13). Our newly developed 3D traction force micro-
scopy (3D-TFM) techniques have enabled us to monitor the trac-
tion forces in the direction normal to the cell’s basal plane (Z) as
well as in tangential (XY) directions (14, 15). Most of the other
techniques aim at determining cell-ECM force, but little is
known about the magnitude and spatial organization of cell-cell
and intracellular forces, due to the limitations in the methods of
quantification.

There is a recent upsurge in interest on the role of intracellular
tensions in mechanobiology of cells. Fluorescence resonance en-
ergy transfer (FRET) force sensors (16-18) have been used to
measure intracellular tensions, but they require high transfection
efficiency and signal-to-noise ratio, which are difficult to achieve,
especially for EC monolayers. The approach based on TFM has
the advantage of providing information on the directions, as well
as magnitudes, of intracellular tensions. Microfabricated force
sensors have been used to measure the junctional force between
two attached ECs on bow tie shape-patterned ECM (19). Flat
deformable substrates, which are closer to the native continuous
morphology of the endothelial basal lamina, have been adopted
to investigate the regulation of junctional force at cell-cell adhe-
sions in cell islands with two cells (20) and approximately 10 cells
(21). Although these methods have improved our knowledge
about cell-cell and intracellular forces, the measurements are
limited to tangential forces and not able to evaluate (Z) forces
normal to the basal plane (Z), which have been shown to be com-
parable in magnitude to the tangential forces (14, 15). The few
studies on 3D traction field were performed only on single iso-
lated cells (22, 23) or a cluster of cells (24) and do not allow the
determination of cell-cell or intracellular stresses. Furthermore,
all these 2D and 3D studies do not deal with confluent cells,
which are the main physiological condition (25).

Author contributions: S.S.H., J.C.dA. Y.-S.L, J.CLL., and S.C. designed research; S.S.H.,
J.C.d.A, JS.P, HAN.,, D.T,, K-C.W.,, and L.F. performed research; B.A.-L. contributed new
reagents/analytic tools; S.S.H. and J.C.d.A. theoretical analysis; S.S.H., J.C.d.A., and J.S.P.
analyzed data; and S.S.H., J.C.d.A,, Y.-S.L., J.C.L,, and S.C. wrote the paper

The authors declare no conflict of interest.
See Commentary on page 11060.
"To whom correspondence should be addressed. E-mail: shuchien@ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1207326109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1207326109


http://www.pnas.org/content/109//E11110/1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207326109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207326109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207326109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207326109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207326109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207326109/-/DCSupplemental

Bane

\

»

BN AS PN AN D

In our 3D-inter/intracellular force microscopy (IFM) investi-
gations, the Z-component of cell forces for a confluent EC mono-
layer is significantly greater than that for a pair of ECs. More
importantly, 3D-IFM has made it possible to quantify intracellu-
lar forces in confluent EC monolayers subjected to different pat-
terns of flow stimulation. We used this method to compare the
effects of laminar and oscillatory flows. When a laminar flow with
physiological shear is applied to confluent EC monolayers for
24 h, the intracellular and junctional tensions increase preferen-
tially along the elongated cell direction. In contrast, neither these
tensions nor the cell morphology undergo any significant direc-
tional changes under oscillatory flow and control (no-shear) con-
ditions for all time periods investigated (from 0 to 24 h). The
different responses of ECs to these two types of flow shear stres-
ses reflect differential intracellular tension changes in modulating
EC signaling and function.

Results

Measurement of Cell-ECM, Cell-cell, and Intracellular Forces of
Subconfluent Cells and Confluent cell Monolayers. To measure cell-
ECM traction stresses (TS; hereafter, bold characters denote
vector quantities), ECs were seeded on a deformable polyacryla-
mide substrate with a Young’s modulus of 3.63 kPa. Stress (S) is
defined as force per unit area; thus, the net traction force exerted
by a cell is equal to the average traction stress, multiplied by its
basal area. We quantified the 3D stress vector, o, on the basal
plane of the ECs by measuring the 3D deformation produced
in the substrate using image correlation and by solving the partial
differential equations of static equilibrium for a linearly elastic
medium using finite element methods, as described previously
(10, 14, 15). This 3D-TFM method provides a quantitative tool
to assess the stresses exerted by the cells in directions normal
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Fig. 1.

M Cells

and tangential to the basal plane of the cells, in contrast to prior
studies that measured only the tangential traction stresses. We
used 3D-TFM to compute the stress balance between the cell
and the substrate and, more importantly, to quantify the tension
at cell—cell junctions and the tension inside the cell, as described
below. Tension (T) is defined as force per unit length; thus, the
cell—cell force at a junction is equal to the average junction ten-
sion, multiplied by the length of the junction.

When a cell is in contact with neighbor cells, the interplay be-
tween cell-ECM and cell—cell interactions modulates the stresses
exerted by each cell against the substrate. For two cells attached
to each other (Fig. 1, 2 Cells, white domain), we apply Newton’s
first law to each of the two cells (orange and green domains) to
determine the average junction tension (JT) between them from
the following equations:

/ cdS+JT,,-L,,, =0, and
celll [1]
/ Gds + JT2_1 . L1_2 = 0,
cell2

where JT;-, is the junction tension acting on cell 1 due to cell 2,
JT,-; is the junction tension acting on cell 2 due tocell 1,and L,
is the length of the junction (Fig. 14, yellow line). The subindices
cell 1 and cell 2 in the integrals indicate that these integrals are
performed on the area under cell 1 and cell 2, respectively. These
equations state that the sum of TS over the area under each cell
needs to be balanced by the sum of JT, along the cell-cell junc-
tion line (Fig. 1C). Fig. 1D shows the traction stress (Top) and
displacement (Bottom) of a pair of cells in contact. The traction
stresses and displacement fields are colocalized, but the traction
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Measurements of cell-cell and intracellular tensions from cell-ECM stresses. (A) A pair of ECs in contact (2 Cells). White line outlines the region on which
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Newton'’s first principle of static equilibrium is applied. Green and orange lines indicate regions used for computation of junction tensions for cell 1 and cell 2,
respectively [Eq. 1]. Yellow line indicates cell-cell junction. (B) Confluent EC monolayer (M Cells). White line indicates the region on which Newton's first
principle of static equilibrium is applied. Green and orange lines outline regions used for computation of junction for group 1 and group 2, respectively.
Yellow line indicates cell-cell junction. (C) Schematic of two cells on a substrate with traction stresses (red arrows) and cell-cell tensions (red arrows).
(D) Contour and vector plot of traction stresses (Top) and displacement (Bottom) of two ECs in contact. White, green, orange, and yellow lines are the same
as in A. The modulus of the 3D traction stress vector underneath the cells is represented by the pseudocolor bar. Units of traction stress and displacement are
Pa and pm, respectively. (E) Contour and vector plot of traction stresses (Top) and displacement (Bottom) in a confluent EC monolayer. White, green, orange,
and yellow lines are the same as in B. The modulus of the 3D traction stress vector underneath the cells is represented by the pseudocolor bar. Units of traction
stress and displacement are Pa and um, respectively. (F) Plot of errors in |(JT; —JT,,,)/JTm| X 100 for two ECs and EC monolayer. JT is cell-cell junctional tension.
JT = (JTy = JT,)/2, JT is cell-cell force of cell 1 or group 1, and JT, is cell-cell force of cell 2 or group 2. The numbers of data samples are 20 and 24 for 2 Cells,
and M cells, respectively.
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stress field has sharper patterns than the displacement field,
which is to be expected as the traction stresses come from spatial
derivatives of the displacements. 3D-rendered images of the
stress (Fig. S14) and displacement (Fig. S1B) fields for 2 Cells
are shown in the SI Text. The side-cut views in this figure help
visualize the stress (Fig. S14, Right) and deformation in the Z
direction (Fig. S1B, Right).

Intracellular tension (IT) was determined similarly from TS
by splitting the domain along an intracellular section as shown
in Fig. 1B. This is done in order to avoid insoluble problems
mathematically when calculating forces across multiple cells.
These methods for measuring cell—cell and intracellular tensions
in 3D are referred to as 3D inter-/intracellular force microscopy
(3D-IFM).

For confluent cell monolayers (M Cells), the same procedure
was employed to determine the junction tension (JT) from the
measured TS by dividing the monolayer into two-cell groups
separated by their junction lines (Fig. 1B, yellow line). Fig. 1E
shows the measured TS (7op) and displacements (Bottom) for
an example of an EC monolayer. Similar to the 2 Cells, 3D-ren-
dered images of the stress (Fig. S1C) and displacement (Fig. S1D)
fields for M Cells are shown in the SI Text.

In order to calculate JT in the confluent monolayers, one
needs to consider two additional factors. The first is the substrate
deformation caused by cells located outside of the microscopic
field of view. The error in our determination of TS due to this
factor was quantified from 3D-TFM simulations using synthetic
force fields (SI Text). This error was found to be small at <8%
(Fig. S2F) and confined within a narrow rectangular band
(<10 pm) in the image boundary. To avoid this error, we calcu-
lated JT in confluent monolayers, using the traction stresses mea-
sured in the inner region that was 10 pm shorter and narrower
than the original microscopy image. The second factor that needs
be considered is the tension acting on the cells along the bound-
aries of the image due to the cells outside the field of view. Our
finding that the average cell—cell tension in confluent monolayers
is spatially uniform indicates that this factor can be neglected,
since a uniform tension does not alter the static equilibrium con-
dition. It has also been reported that the tension is uniform in
migrating cell monolayers a few cell lengths away from the mono-
layer edge (25).

Note that, according to Newton’s third law, JT;-, should be
equal to —JT,-1; hence, this condition can be used to estimate
the error in our computation of junction tensions as:

ITy2 - JTy
JTy

JT12 +JTo

R 2
oo

Err(%) = 100 x

:100X‘

where JT,, is the average junction tension defined as JT,, =
(JF,, —JF,_;)/2. The error was determined to be less than
10% for both the 2 Cells and M Cells cases (Fig. 1F). Hence,
we selected JT,, as the cell-cell junctional tension.

Subconfluent ECs and Confluent EC Monolayers have Different
Patterns in Cell-cell and Intracellular Forces. One of our main aims
was to assess the similarities and differences in the cell-ECM,
cell—cell, and intracellular tensions in ECs under subconfluent
vs. confluent conditions. Hence, we first measured the cell-cell
junctional tension (JT), intracellular tension (IT) in 2 Cells (sub-
confluent) and M Cells (confluent) under static conditions with-
out flow.

The IT profiles of 2 Cells and M Cells are shown in Figs. 2.4-D.
In 2 Cells (Fig. 24), the tangential intracellular tension (IT,y)
is highest at the cell-cell junction (J in the schematic diagram
above Fig. 2 A and B) and decreases significantly with the dis-
tance from cell—cell junction. IT, shows a slight decrease that is
not statistically significant (Fig. 2D). In contrast to 2 Cells, the M
Cells in the EC monolayer exhibit no significant variation in
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Fig. 2. Differences between subconfluent and confluent ECs in cell-ECM
stresses, cell-cell tension, and intracellular tensions. (A) Intracellular tensions
of two ECs in tangential (XY) direction. J indicates cell-cell junction, I1, 12, and
13 indicate intracellular section lines with increasing distance from J. (B) In-
tracellular tensions of two ECs in normal (Z) direction. J indicates cell—cell
junction, 11, 12, and I3 indicate intracellular section lines with increasing dis-
tance from J. (C) Intracellular tensions of EC monolayers in tangential (XY)
direction. J indicates cell-cell junction, 12 indicates cell center. |1 indicates in
between. (D) Intracellular tensions of ECs monolayers in normal (Z) direction.
J indicates cell-cell junction, 12 indicates cell center. 11 indicates in between.
(E) Ratio of normal (Z) to tangential (XY) components of traction stresses.
(F) Ratio of normal (Z) to tangential (XY) components of cell-cell tensions.
* P <0.05, § p<0.005. (Schematics) Section lines are defined as interfacial
lines that divide a cell or cells into two separated groups. cell-cell tensions
or intracellular tensions are calculated as average values along these section
lines. The 2 Cells are pairs of cell attached to each other. M Cells are confluent
cell monolayers. The numbers of data samples in A-D are 12 for both two
ECs and EC monolayers. The numbers of data samples in E and F are 9,
20, and 24 for single EC, two ECs, and EC monolayers, respectively.

either IT,, (Fig. 2C) or IT, (Fig. 2D) as a function of distance
from the junction. These results indicate that the cytoskeleton
of confluent ECs is subjected to approximately the same level of
mechanical tensions everywhere in the cell, but this is not the case
in subconfluent cells.

ECs exert traction stresses of comparable magnitude in the
directions tangent (XY) and normal (Z) to their basal plane
(14, 15). In the current study, the ratios of the averaged absolute
values of the Z-component to XY-components were analyzed
for JT and TS and plotted in Fig. 2E and F, respectively. For re-
ference, note that the TS,/ TS,y ratio is unity for a statistically
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isotropic vector field. The median ratios TS,/TS,y, (Fig. 2E) for  Intracellular Tensions in Confluent EC Monolayers Respond Differently
one cell and two cells are 0.22 and 0.27, respectively, which cor-  to Different Types of Flow Shear. The confluence of EC monolayers
respond to average inclination angles of TS vectors of 9.7 and  is a distinct feature of normal blood vessels. ECs are constantly

12 degrees outward of the basal monolayer plane, respectively. ~ €xposed to flow shear stresses that have been shown to induce
In confluent cells (M Cells), the median ratio is higher (0.37, orientations of ECs and their stress fibers along the flow direction

and to modulate EC functions (1-4). Therefore, it is valuable to
study the balance of forces in EC monolayers under different
flows. The effects of different patterns of flow shear stresses on
cell—cell junction dynamics and intracellular tension were studied
on confluent EC monolayers seeded on elastic polyacrylamide
substrates. We measured the magnitude and spatial orientation
of intracellular tension at 0, 0.5, and 24 h under laminar steady
flow (LS) with a wall shear stress of 12 dyn/cm?, which simulates
the atheroprotective flow condition in the straight part of the
arterial tree, and oscillatory flow (OS) with a wall shear stress
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corresponding to an inclination angle of 17 degrees), but it is
not statistically different from one cell and two cells. The median
value of the JT,/J Ty, ratio of 0.41 in M Cells is significantly high-
er than that of 0.07 in 2 Cells (Fig. 2F), corresponding to inclina-
tion angles of 18 and 2.9 degrees, respectively. Such an increased
relative magnitude of the normal junction tensions in M Cells
indicates that intercellular interactions in confluent monolayers
are more complex than in isolated cell islands. The 2 Cells and M
Cells also showed significant differences in orthogonality of cell-
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cell tension to the junctional section line (Fig. S3). of 0.5 + 4 dyn/cm?, which simulates the atherogenic flow condi-
The above results show that subconfluent and confluent EC  tjon in arterial branch points and curvatures.
monolayers exhibit significant differences in the 3D patterns of M Cells show random orientation at 0 time and after 0.5 h of
cell—cell and intracellular tensions. LS, but they acquire the elongated phenotype after 24 h of LS.
Section

Flow
C —
*
ao00f 13 * *
E 3000
S ool 1 1y 1
S
; 1,000 ? i I - = .. i ..... ?
2 I
E o - '
= 0 30 60 90 120 150 180
a(’)
D 0s .
4000
% 3000
E 1,000 g ...... E ....... ﬂ ...... B2 ﬂ ...... % AAAAAA g g
= [— . . =
0 30 60 90 120 150 180 o
. al(?) g
E aooo| © &
§ 3000
Z 200t - ! 7
g vono |- o B o B o
= ol I\ | | | I ] o)
0 30 60 %0 120 150 180 S
cT () g
F o £
£
S 3000
2 2000
> ol 11 7 . v Far =
0 30 60 90 120 150 180

a(’)

Fig. 3. Confluent EC monolayers respond differently to laminar vs. oscillatory flow shear. (A) EC monolayers under constant laminar flow shear of 12 dyn/cm?
attime 0, 0.5 h, and 24 h. The bottom panels show color maps of the absolute value of the 3D TS vector at each time point and arrow plots of TS,,. The white
arrow indicates the flow direction. Scale bar is 10 pm. Unit of color bar is Pa. (B) EC monolayers under oscillatory laminar flow shear of 0.5 + 4 dyn/cm? at time
0, 0.5 h, and 24 h. The bottom panels show color maps of the absolute value of the 3D TS vector at each time point and arrow plots of TS,,. The white arrow
indicates the flow direction. Scale bar is 10 pm. Unit of color bar is Pa. (C) Tangential intracellular tension after 0.5 and 24 h of laminar flow at different
intracellular section angles o from 0° to 180° at 30° intervals. (D) Tangential intracellular tension after 0.5 and 24 h of oscillatory flow at different intracellular
section angles o from 0° to 180° at 30° intervals. (F) Tangential intracellular tension under no flow (time point 0) at different intracellular section angles («) from
0° to 180° at 30° intervals. (F) Tangential intracellular tension under no flow (control in Petri dish) at different intracellular section angles («) from 0° to 180° at
30° intervals. Colors of blue, green, and red indicate 0, 0.5, and 24 h, respectively. Blue lines indicate the mean value at time 0. The inset plot is a schematic of the
section line (green) where IT is measured and the angle a between this section line and the flow direction. The arrow indicates flow direction. The * P < 0.005.
LS, OS, and CT denote laminar shear, oscillatory shear, and control (no flow), respectively. The numbers of data samples are 14, 36, and 57 for laminar shear,
oscillatory shear, and control, respectively.
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Under OS, however, M Cells still retain their polygonal morphol-
ogy even after 24 h of OS (Fig. 34). In the LS group, the tangen-
tial intracellular tension (IT,,) did not show any significant
orientation at 0 time and after 0.5 h of LS (green bars). After
24 h of LS, however, the magnitude of IT,, is almost doubled
for the cell junctions aligned perpendicular to the flow direction,
where the section angle (Fig. 3B, o) is 90 &+ 30° (Fig. 3C, red
bars); this result is statistically significant. In general, tensions
are perpendicular to the section line, as the mean angle (6) of
tension to the section line is 91.72 + 6.65° (mean + sem) without
shear. This is in agreement with the results for two-cell islands
reported by Maruthamuthu et al. (20). Thus, our results indicate
that intracellular tension is maximal in the flow direction. A more
detailed evaluation of the relative orientation between IT,, and
intracellular section line in confluent cell cultures is provided in
the SI Text. The observed increase in intracellular tension in the
direction of flow is in keeping with the reorganization of the focal
adhesions and alignment of the stress fibers in the flow direction.
In the OS group (Fig. 3D), there is no significant variation in I Ty,
with the section angle at both 0 time and after 0.5 h of OS. After
24 h of OS, the IT,, does not show a statistically significant
increase in any direction (p > 0.05); this is in marked contrast
to the results after 24 h of LS. Fig. 3E shows that the distribution
of IT,, as a function of « at 0 time is essentially uniform across
all angles. We performed control no-flow experiments in a Petri
dish because of the difficulty of performing no-flow experiments
in the flow system over 24 h (due to lack of nutrient supply); these
static control experiments also show uniformity in 1Ty, distribu-
tion across all angles over 24 h (Fig. 3F). Orthogonality of IT to
intracellular section line by different shear flow is detailed in sup-
plemental information (Fig. S4).

Discussion

We hypothesized that (1) structural differences of subconfluent
and confluent vascular ECs lead to alteration of intracellular
tension, and (2) the shear modulations of EC cytoskeletal remo-
deling, ECM adhesions, and cell—cell junctions lead to significant
changes in cell—cell junctional and intracellular tensions in sub-
confluent and confluent ECs. To test these hypotheses, we ap-
plied 3D-IFM based on our recently developed 3D-TFM (14, 15)
to measure the 3D components of cell-cell junctional tension and
the distribution of intracellular tension within the cell. We show
in the current study that these methods can be applied to conflu-
ent monolayers as well as to isolated cells. The ability to measure
intracellular and junctional tensions in 3D is important since it
has recently been shown that cells exert forces normal to the sub-
strate that cannot be neglected (14, 15).

One of the main obstacles in measuring intracellular and
junctional tensions in cell monolayers is the boundary effect
caused by cells outside the field of view. We overcome this diffi-
culty by demonstrating that the deformation exerted by a cell out-
side the field of view on the surface of the substrate decays rapidly
to <5% at 1-cell distance away (Fig. S2B). This rapid decay allows
us to essentially eliminate this error due to boundary effects by
cropping 10 pm from the edges of the area studied (Fig. S2).

The determination of changes in intracellular tension is espe-
cially important for relating cell mechanics to cell functions. For
instance, recent data suggest that EC permeability in small micro-
patterned cell islands is modulated by substrate stiffness through
changes in cell-ECM traction stresses and cell—cell junctional ten-
sions (21). Here, we investigate the spatial and temporal changes
of intracellular tension in confluent EC monolayers under static
condition or subjected to different patterns of shear flow to elu-
cidate the cell mechanics under atherogenic and atheroprotective
conditions.

Under static condition, junctional tension in the direction nor-
mal to the basal plane is significantly higher for confluent mono-
layers than for subconfluent cells (Fig. 2F), suggesting that cell-
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cell mechanical interactions are more complex in the confluent
monolayer. A second important difference is that the intracellu-
lar tension decays rapidly from the cell junction to the cell edges
in subconfluent cells (Fig. 24), but it is uniformly distributed in
confluent cells (Fig. 2C). As a consequence, the cytoskeleton of
subconfluent cells is subjected to non-uniform mechanical load-
ing, whereas that of cells in confluent monolayers bears a more
uniformly distributed load. It has been reported that in the flow-
separation regions in arterial bifurcations and sharp bends, the
ECs have a random morphology and a subconfluent organiza-
tion with incomplete intercellular junctions (26). The differences
in intracellular tension that we measured between subconfluent
and confluent cells may provide an explanation for the differen-
tial behaviors of ECs in different regions of the arterial tree in
relation to atherogenesis. We suggest that the intracellular ten-
sion profile, as well as its magnitude, may affect transcription and
translation processes in the nucleus, which is subjected to varia-
tions in intracellular tension and hence influence cell functions
(27, 28). The uniform tension in confluent monolayers may also
serve to stabilize the cell positions. It is well-known that spatial
mechanical cues, such as substrate rigidity (29, 30) and ECM den-
sity (31), affect cell functions, including directional cell migration,
i.e., mechanotaxis (32). In subconfluent cells and in confluent
cells with a wound edge, the current findings indicate that the
non-uniform tension distribution near the edge would lead to
EC migration for wound closure (25) and its facilitation by direc-
tional laminar shear (33).

An optimal Young’s Modulus of TFM can be identified to yield
a displacement of approximately 10 pixels at the experimental
magnification without significantly affecting the cell behavior
(34). Too high a stiffness decreases the movements of marker
beads, resulting in the reduced accuracy of deformation determi-
nation in image processing. Excessively low stiffness can adversely
affect cell growth (30). ECM density can affect adhesions and
migration of ECs. Too high or too low concentrations of the ECM
protein used (fibronectin, FN) can suppress stress fiber and cell
alignment and inhibit EC migration. A substantial decrease of FN
concentration restricts cell adhesion and spreading (31).

When the confluent ECs are subjected to flow shear stresses
with a distinct direction, the intracellular tensions become aniso-
tropic over time, increasing significantly along the direction par-
allel to flow. Under such flow shear stresses with a mean forward
component, the cells become elongated and most stress fibers,
which bear the intracellular tensions, are aligned to the flow
direction (35). The level as well as the type of fluid shear stress
affects EC functions (36). Degrees of alignment and elongation
of ECs have been shown to increase in response to an increase in
the level of 24-h laminar shear from 0 to 20 dyn/cm? (37), with
EC orientation starting at a shear stress higher than 7 dyn/cm?.
In this study, we chose 12 dyn/cm?, which lies within a physio-
logical range for arterial endothelium.

The observed increase in intracellular tension along the flow
direction is not generated by ECs to simply balance the mechan-
ical loading caused by flow shear. This conclusion is obtained by
comparing the measured intracellular tension in the flow direc-
tion with an estimation of the level of tension that would ideally
be required to balance the externally applied flow shear. Such
comparison reveals that intracellular tension in the flow direction
is larger than the tension required to balance flow shear by 350%
and 774% after 24 h of OS and LS, respectively. These findings
suggest that the observed increase in intracellular tension is the
result of a more complex chemo-mechanical response of the ECs
under flow shear. Existing evidence indicates that an increase of
junctional tension leads to a growth in size of adherens junctions
(19), suggesting that the observed increase in intracellular tension
along the flow direction may be related to the localization of
adherens junction proteins at both ends of the stress fibers
(38). It has been reported that concomitant with elongated cell
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morphology and stress fibers, adherens junction proteins, such
as VE-cadherin and catenins, become localized to discontinuous
nodules at the upstream and downstream ends of the stress fibers
(38). This tension-mediated directional reorganization of the
adherens junctions may provide a mechanism of directional
mechanotransduction necessary for the ECs to regulate their
signaling and functions in response to changes in the magnitude
and direction of flow shear. We have previously shown similar
anisotropic changes in the microrheological properties of the cy-
toplasm in ECs, which sets the level of intracellular deformation
in response to both external and internal tensions (39). The
cooperative effect of anisotropic changes in intracellular micro-
rheology and tension by flow shear may also contribute to me-
chanotransduction by inducing directional deformations of
intracellular organelles and nuclei, as reported in previous studies
(40). It has been shown that nuclear shape changes as a result of
alteration in cell shape to modulate gene expression and protein
synthesis (27).

Previous papers on 3D traction field (14, 15, 22-24) did not
allow the determination of inter- or intracellular stresses. Our
method in the current study is unique in that it allows the appli-
cation to confluent cell cultures, which are physiologically impor-
tant, and the determination of both the cell-cell stresses and
intracellular stresses. Furthermore, in the earlier 3D studies (22),
the stress tensor ¢ was computed from the strain tensor € using
the incompressible Hooke’s law and then employed to calculate
the tractions applied by a cell or cell cluster to the substrate ac-
cording to the Cauchy relation. In contrast, our method is based
on the application of a full, 3D finite element method, which has
the advantages that it only requires imaging in a thin layer near
the surface of the substrate, thereby subjecting the cells to a much
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lower amount of laser radiation, and that it does not use deriva-
tives in the Z direction, which are relatively inaccurate due to the
stretch of the optics in the Z direction.

In conclusion, we use our newly developed 3D-IFM to assess
the effects of confluency and differential flow patterns on the
intracellular mechanics of ECs. These findings provide a mechan-
obiological understanding of the process of mechanotransduc-
tion. The results engender new insights on the biomechanical
dynamics of cells in conjunction with their biochemical and func-
tional activities, thus contributing to the understanding of cellular
functions in health and disease.

Materials and Methods
The experimental methods and protocols are described in brief here; detailed
information is provided in S/ Text. Polyacrylamide (PAA) deformable
substrate was prepared as previously described (14). The Young's Modulus of
the substrate was determined with atomic force microscopy to be 3.63 kPa. A
recirculating flow system was used to impose laminar (12 dyn/cm?) and
oscillatory (0.5 + 4 dyn/cm?) shears to ECs cultured on PAA substrate.
Spinning disk confocal microscopy was used to track the 3D movement of
the embedded fluorescent beads, and displacements were determined by
comparing the force-loaded image and corresponding the null-force image
(15). The 3D traction stress vector, 6, was computed with the finite element
method (FEM) from the measured 3D substrate deformation field by solving
a boundary value problem under the assumption of isotropic and elastic
material properties based on our previous study (14).
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