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Orientation of Apical and Basal Actin Stress Fibers in Isolated and
Subconfluent Endothelial Cells as an Early Response to Cyclic Stretching

Hiroshi Yamada*' and Hirokazu Ando’

Abstract: We investigated the response of api-
cal and basal actin stress fibers (SFs) and its
dependency on cell confluency for endothelial
cells subjected to cyclic stretching. Porcine aor-
tic endothelial cells from the 2"¢ and 5" pas-
sages were transferred to a fibronectin-coated sil-
icone chamber with 5000-8000 cells/cm? (iso-
lated condition), positioning the cells apart, or
with 25,000-27,000 cells/cm? (subconfluent con-
dition), allowing cell-to-cell contact. The sub-
strate was stretched cyclically by 0.5 Hz for 2 h
with a peak strain on the substrate that was 15%
in the stretch direction and —4% in the transverse
direction. The actin filaments (AFs) were stained
with rhodamine phalloidin and their orientations
were examined under a confocal laser scanning
microscope. In the basal region, SFs formed in all
of the cells under both the isolated and subconflu-
ent conditions. We observed an average of 5 and
9 SFs per cell under the isolated and subconfluent
conditions, respectively, in the fluorescent images
of the apical region. We also observed cells that
were bush-like without apical AFs or apical SFs.
On average, the SFs in the subconfluent cells ori-
ented in the direction of minimal strain, while the
SFs in the isolated cells oriented in the direction
of a 2% compressive strain. These results sug-
gest that such differential response may be due
to differences in the transmission of mechanical
stretching to the central and apical regions of the
cell through the SFs. We also speculate that cell-
to-cell contact might change the strength, orien-
tation, and anchorage of apical AFs and play a
critical role in mechanical signal transduction.
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1 Introduction

Vascular endothelial cells are exposed to cyclic
stretching and fluid shear stress and orient along
the vascular axis in vivo (Flaherty et al., 1972;
Langille and Adamson, 1981; Sipkema et al.,
2003). Under cyclic stretching, actin SFs in the
basal region of the cell remodel to orient within
a limited angle range at the subcellular level
(Dartsch and Betz, 1989; Takemasa et al., 1997,
1998; Yoshigi et al., 2003). This response is
thought to be the result of adaptation to or sur-
vival from such mechanical environments (Take-
masa et al., 1998). It has been suggested in the lit-
erature that remodeling of actin cytoskeleton and
cell reorientation are the minimization of mechan-
ical strains to actin filaments and cells, respec-
tively (Wang et al., 1995; Takemasa et al., 1997,
1998). The detailed response of SFs to such me-
chanical stimuli, specifically the orientation angle
and location of SFs, is not fully understood. The
morphological response of SFs to cyclic stretch-
ing is usually described in terms of angles (peak,
variation, and range). The distribution of AFs/SFs
has been delineated quantitatively as a function
of mechanical strain (Takemasa et al., 1998; Ya-
mada et al., 2000, 2002) or stress (Ingber, 1997;
Stamenovic and Ingber, 2002).

The limited orientation range of SFs is predicted
from the hypothesis that each SF exists if its strain
does not exceed a certain threshold, e.g., 5% (Ya-
mada et al., 2002). Previous experimental results
(Dartsch and Betz, 1989; Takemasa et al., 1998;
Yoshigi et al., 2003) demonstrated that this hy-
pothesis holds for SFs in the basal region of the
cell (Yamada et al., 2002). However, there is ev-
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idence that SFs or AFs exist in the apical region
(White and Fujiwara, 1986; Kano et al., 2000) or
in the area between the apical and basal mem-
branes of the cell (Wang e al., 2000a). Wang
et al. (2000a) reported that after 1 h of cyclic
equibiaxial stretching with a 10% strain range,
the actin cytoskeleton was remodeled into a three-
dimensional, “tent-like” actin structure. In their
fluorescent image, there are no SFs along the
basal membrane of the cell. This result supports
the hypothesis that predicts the out-of-plane ori-
entation of SFs (Yamada et al., 2006). Simul-
taneously, this raises the question, can one ob-
serve SFs in regions other than the cell bottomin a
cell subjected to cyclic uniaxial stretching in vitro,
which is the same type of deformation in vivo?

Numerical simulations of the three-dimensional
orientation angles of SFs suggest that SFs are lo-
cated in the apical region of the cell under cycles
of pure uniaxial stretching (stretching in one di-
rection with a deformation constraint in the trans-
verse direction) (Yamada et al., 2002). Fujiwara
and coworkers reported one piece of experimental
evidence, the existence of SFs at the apical mem-
brane of aortic endothelial cells in situ in the rat
and guinea pig (White and Fujiwara, 1986; Kano
et al., 2000). In their studies, the cells in the aorta
were subjected to the blood flow in normotensive
or spontaneously hypertensive conditions. Their
findings support the theoretical prediction of SF
location.

The purpose of this study was to evaluate and
compare the early responses of the reorientation
of apical and basal SFs to cyclic uniaxial stretch-
ing under the conditions of isolated and subcon-
fluent cell densities. We imposed cyclic uniaxial
stretching, which is similar to in vivo stretching,
on cultured porcine aortic endothelial cells. We
examined the existence and orientation angle of
SFs/AFs in the apical and basal regions of iso-
lated and subconfluent cells under confocal laser
scanning microscopy. By choosing the two loca-
tions, i.e., apical and basal regions, and two pop-
ulations of cells, i.e., isolated and subconfluent
cells, we investigated the effects of the location in
the cell and cell-to-cell contact on the orientation
of SFs/AFs.
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2 Methods
2.1 Materials and cell culture

Porcine thoracic aortas were obtained from a
slaughterhouse. The excised aortas were opened
longitudinally and the lumen was gently stroked
with a surgical blade. The removed endothe-
lial cells were dispersed in 35-mm dishes coated
with Type I collagen (Iwaki, Japan), which were
filled with Dulbecco’s modified Eagle’s medium
(Gibco, USA) containing 10% fetal bovine serum
(Gibco) and a 1% mixture of penicillin, strepto-
mycin, and neomycin (Gibco). The cells were
cultured at 37°C in an incubator in a 100% hu-
midified atmosphere containing 5% carbon diox-
ide. When the cells became 70—80% confluent af-
ter seeding, they were subcultured repeatedly in
35-mm tissue culture dishes (Iwaki) using 0.05%
trypsin—EDTA (Gibco).

A silicone chamber with a 32 x 32-mm bottom
membrane (10-cc type; Strex, Japan) was coated
with 1 ml of 50 ug/ml fibronectin from porcine
plasma (Wako Pure Chemical Industries, Japan).
Cells from the 2"? to 5 passages were transferred
to the silicone membrane at a density of 5000 to
8000 cells/cm? (isolated condition) to avoid cell-
to-cell contact and 25,000-27,000 cells/cm? (sub-
confluent condition) to allow contact between ad-
jacent cells. The term “cell-to-cell contact” is
used for a cell in which some part of the border
contacts another cell. After incubation overnight
(12-16 h), phase-contrast images were acquired
to confirm the cell density. Then, the chamber was
mounted on the stretching apparatus.

2.2 Repeated stretching and acquisition of SF
images

To investigate the orientation of actin SFs, the
silicone membrane was subjected to 15% uniax-
ial stretching associated with 4% transverse com-
pression with a 0.5-Hz triangular waveform for 2
h, using a pair of pulse stages and a programmable
controller (PS-30E-0 & CAT II; Chuo Precision
Industrial, Japan). The temperature of the cells
was kept constant by soaking the chamber in a
bath kept at 37°C with a thermoplate (MATS-
55R30T; Tokai Hit, Japan). Before the stretch-
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ing test, the region of interest in the silicone sub-
strate, i.e., the central 10 x 10-mm square, was
examined to ensure that it deformed as expected
by tracing five sets of four fine ink marks, which
were located at the center and four corners of the
region of interest and were plotted at 1-mm inter-
vals on the membrane. For all measured locations
in the four silicone chambers, the strains (mean +
SD) in the stretch and transverse directions var-
ied as 15.45 + 0.18% and—4.20 4 0.12%, respec-
tively.

After stretching, the cells were fixed in 4%
paraformaldehyde for 5 min. Then, the cells were
permeabilized in 0.25% Triton X-100 (Alfa Ae-
sar, USA) in phosphate-buffered saline (Gibco)
for 5 min. Finally, the cells were stained
with 0.165 uM rhodamine phalloidin (Molecular
Probes, USA) for 20 min.

Images of 600 x 800 pixels were acquired for
cells in the central 10 x 10-mm square with a
resolution of x0.167gpixel/um. The cells were
scanned at a slice interval of 0.25 um over a range
of 10 um in height under confocal laser scanning
microscopy (FV300-BX51WI; Olympus, Japan)
with 60x water immersion objective. Regions of
interest for image acquisition were chosen ran-
domly; under the isolated condition they only
covered a single cell, and under the subconfluent
condition they covered at least a single cell with
some parts of the contacting surrounding cells.
Cell-to-cell contact was confirmed from a fluores-
cent image showing that the boundary of the cell
of interest overlapped onto or shared a boundary
with the neighbors.

2.3 Data analysis

We chose the basal SF image that had the greatest
fluorescence intensity and the apical SF/AF im-
age that had the clearest structure of SFs/AFs in
the upper portion of the cell. In each image, a
stained line segment in the apical and basal re-
gions was identified as a SF and a woven segment
in the apical region was identified as an AF. The
orientation angles of SFs in the apical and basal
regions, which we termed apical and basal SFs,
respectively, were obtained by measuring the an-
gle between a superposed straight line on a SF and

the direction of stretch in the fluorescent image.
The SFs in the dense peripheral band of the cell
were not counted. In the basal region, the major
axis of the cell, or the cell axis, was found by fit-
ting an ellipse to the cell outline. To measure the
SF angles with respect to a reference axis, the pos-
itive direction of the stretching axis was defined
so that the cell axis was <90° (see Fig. 1). The
range of SF angles was defined to fall between 0
and 180°.

Major axis of the cell

SF angle SF

+ .
Stretch \
direction \

Figure 1: Definition of the orientation angle of a
SF as measured with respect to the positive axis
of the stretch direction.

2.4 Statistical analysis

For the orientations of SF/cell groups, Wilcoxon’s
matched-pairs signed-ranks test or the Mann—
Whitney U-test was used to compare the medians
of the differences between the pairs of two groups
or the medians of two groups, respectively. Two
distributions were considered to be significantly
different if p<0.01. StatView version 5 (SAS In-
stitute, USA) was used for the statistical compu-
tations.

2.5 Estimation of a basal SF angle based on
the substrate deformation

The strain of a SF was calculated by comparing its
length on the maximally stretched substrate with
that on the unstretched substrate using the kine-
matic relation for the silicone substrate under uni-
axial stretching (Yamada et al., 2002). The SF
strain is a function of its angle in the unstretched
state and a function of the deformation of the SFs
in the cell (Yamada et al., 2006).
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Denoting the angle of a basal SF (a line seg-
ment with a unit length) in the unstretched state as
0, and the stretch (deformed length/undeformed
length) in the stretch (x-axis) and transverse (y-
axis) directions as A, and A,, respectively, the
stretch of the SF (Agr) can be expressed as

Asp = \/zgcos29+z)% sin® . (1)

From this equation, the angle of the SF that has a
stretch of Agr is

-
G:COS_H/ﬁ. )

From experimental measurements of the silicone
membranes in the silicone chamber, the deforma-
tion of the substrate can be approximated as (Ya-
mada et al., 2002)

A=A, A=21"0%, 3)

For example, if the strain of basal SFs is limited to
0.99 < Agr <1.01, the corresponding angle range
for 0< 6 < /2 will be

[1.012— 1058
—1
cos 22 _ 2,038 =0
/0.992 — 1, ~0.58
—1
S COS W (4)

Table 1 summarizes the numbers of cells used for
the data analysis and SFs counted in the apical and
basal regions of isolated and subconfluent cells.
Cells were selected from five experiments under
the isolated condition, and from two experiments
under the subconfluent condition. Cells were cat-
egorized into two groups: cells with both apical
and basal SFs and those with basal SFs, but no
apical SFs. The former group had roughly one-
tenth as many apical SFs as basal SFs. The height
of the chosen image slice for apical SF measure-
ments was 3.7 £+ 0.7 um (mean & SD) for isolated
cells and 3.0 &= 0.4 um for subconfluent cells with
respect to the basal SF image slice. In the lat-
ter group, apical AFs were observed for all of the
subconfluent cells, but not for isolated cells.

3 Results
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Figure 2: Typical example of the distribution of
SFs/AFs in the (a) basal (reference height: 0 um)
and (b) apical regions (height: 3.25 um) of iso-
lated cells that have apical SFs (Bar: 20 um).
Horizontal (top panel) and vertical (bottom panel)
cross sections of each region are shown. The
stretching axis is in the horizontal direction.

(a) (b)

Figure 3: Typical example of the distribution of
SFs/AFs in the (a) basal (reference height: 0 um)
and (b) apical regions (height: 3.5 um) of subcon-
fluent cells that have apical SFs (Bar: 20 yum).

For the group of cells that had both apical and
basal SFs, typical examples of the distribution of
SFs/AFs in the basal and apical regions are shown
in Figs. 2 and 3 for isolated and subconfluent
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Table 1: Numbers of cells used for the data analysis and SFs counted in the apical and basal regions.

Cell density Location of SFs Number of cells Nupnber of S
Apical Basal
Isolated Both apical and basal 25 131 1308
Basal only 19 none 829
Subconfluent Both apical and basal 11 103 607
Basal only 20 none 1088

cells, respectively. In an isolated cell, each bundle
of basal SFs was thin, short, and oriented over a
certain range. In the basal region, one end of the
SF was usually at or near the cell margin and the
other was near the center of the cell; in contrast,
in the apical region, there were straight line-like
SF structures and bush-like AF structures. In the
subconfluent cells, there was an orderly structure
of SF bundles in the basal region. Each bundle
of basal SFs was thick, long, and oriented over a
narrower range, ending primarily at the margin of
the cell at both ends, while in the apical region,
SF and AF structures developed in a small area,
reflecting the basal SF development.

Figure 4 shows the cell axis and orientation (mean
4 SD) of the apical and basal SFs in individual
cells for the group of cells that had both apical and
basal SFs, and the correlation of the mean angles
between apical and basal SFs in individual cells.
The correlation coefficient was 0.48 and 0.51 in
isolated and subconfluent cells, respectively, and
the mean angles were uncorrelated (p>0.01) be-
tween apical and basal SFs in both cell groups.
Wilcoxon’s tests showed no statistically signifi-
cant differences among the median angles of the
apical and basal SFs and the angle of the individ-
ual cells. Wilcoxon’s tests for the median range
of SF angles in individual cells also indicated that
individual cells under the isolated condition had
a wider angle range in basal SFs versus apical
SFs; a wider angle range was also observed in
basal SFs when no apical SFs were present ver-
sus when apical SFs were present, and in basal
SFs under the isolated condition versus the sub-
confluent condition (see Table 2).

The orientation of each SF was summed over all
the cells to determine the distribution pattern for
the cell population. Histograms of the orientation

of apical and basal SFs are shown in Fig. 5 for
isolated cells and in Fig. 6 for subconfluent cells,
comparing cells that had both apical and basal SFs
and those that had basal SFs, but no apical SFs.
The angles (mean £ SD) of the apical SFs, basal
SFs, and cell axis are listed in Table 3. Using the
Mann-Whitney U-test, statistically significant dif-
ferences (p <0.01) were detected in the median
SF angles among the SF groups in Table 3, except
between apical and basal SFs in the isolated cells
and between basal SFs in the subconfluent cells
that had both apical and basal SFs and those that
only had basal SFs.

Figure 7 shows the predicted angles of SFs in
the unstretched configuration. The SFs were sub-
jected to strains of —0.05, -0.01, 0, 0.01, or 0.05
under the deformation of the substrate defined by
a stretch of A = 1.0-1.3 in the stretch direction and
an associated stretch of A 7929 in the transverse
direction. Figure 7 compares these calculated re-
sults with the distribution of the orientation angle
of basal SFs for isolated and subconfluent cells.
The average angle (mean = SD) of the SFs was
78.1 + 13.2° for isolated cells and 70.2 &+ 10.1°
for subconfluent cells. The peak angle of the SF
distribution for subconfluent cells (i.e., 60-65°)
coincided with 0% strain on the SFs and the peak
angle for isolated cells (i.e., 70-75°) corresponded
to 2% compressive strain, when the substrate was
stretched by 15%. Most of the SFs oriented in the
region in which the range of SF strain was <5%.

4 Discussion

Comparing the fluorescent images of basal SFs in
isolated (Fig. 2) and subconfluent (Fig. 3) cells,
the subconfluent cell has a more orderly, denser
structure than the isolated cell. This orderly struc-
ture is consistent with the reports for confluent
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Figure 4: Orientation angle (mean £ SD) of SFs in the basal and apical regions and the major axis in each
cell for (a) 25 isolated cells and (b) 11 subconfluent cells both of which have apical SFs, and (c) correlation
of the mean angles between apical and basal SFs in individual cells.

Table 2: Standard deviation range (mean =+ SD) of the SF angles in individual cells.

SD f individual cell SF angl
Cell density Location of SFs SOy s

Apical Basal
Isolated Both apical and basal 2.5 4 2.0°* 9.3 4 2.4
Basal only - 13.4 £ 3.19%%
Both apical and basal 4.0 4= 2.5°*% 6.4 4 2.00%5b
Subconfluent Basal only - 7.4 +2.0°%%°

Statistically significant (p < 0.01): *ia vs *ib, *ib vs *io, ib* vs *sb, *io vs
*s0. Not statistically significant: *ia vs *sa, *sa vs *sb, *sb vs *so.

Table 3: Angles (mean = SD) of cells and the apical and basal SFs.

Cell density Location of SFs Angle of cells ApicalAngle of SF;asal
Both apical and basal 73 + 6° 74.8 +5.1°%¢ 742 4+ 10.6°*P
foolated Basal only 85 +4° - 86.8 & 15.3%%%
Subconfluent Both apical and basal 68 +7° 73.0 4+ 7.8°%¢  70.5 £ 10.9°%b
Basal only 71+8° - 70.2 £ 10.0°%%°

Statistically significant (p < 0.01): *ia vs *sa, *ib vs *io, ib* vs *sb, *io vs *so, *sa vs
*sb. Not statistically significant: *ia vs *ib, *sb vs *so.
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Figure 5: Orientation distributions of SFs in the basal region for isolated cells that have (a) both apical and
basal SFs and (b) basal SFs only.
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Figure 6: Orientation distributions of SFs in the basal region for subconfluent cells that have (a) both apical
and basal SFs and (b) basal SFs only.
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subjected to a strain of A - 1 in the stretch direction and -0.04 in the transverse direction.
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cells by Iba and Sumpio (1991) under 1-Hz cyclic
stretching with a 24% strain range for 24 h and by
Takemasa et al. (1998) under 1-Hz cyclic stretch-
ing with a 50% strain range for 30 min. In con-
trast, before cyclic stretching, the orientations of
SFs in cultured human endothelial cells (passages
9-21) without cell-to-cell contact vary; therefore,
there is no preferred direction (Wille et al., 2004).
Wang et al. (2000b) investigated the effect of the
duration of 10% cyclic pure uniaxial stretching at
0.5 Hz for 0.5, 1, and 3 h on human endothelial
cells (passages 5-16), and showed that the me-
dian orientation angles of subconfluent cells, de-
fined as between 0 and 90°, were about 50, 78,
and 80° after 0, 1, and 3 h, respectively, indicat-
ing that the reorientation of subconfluent cells in
our study was almost saturated after rapid remod-
eling.

The difference in the organization of isolated
and subconfluent cells is attributable to the trans-
mission of mechanical stretching to the cells as
well as the regulation of organizing intracellular
SFs/AFs, both of which may be affected by cell-
to-cell contact. For cells exposed to a fluid shear
stress of 2 Pa for 24 h, Kataoka et al. (1998) re-
ported that isolated cells were oriented randomly,
whereas the cells in the center of a colony oriented
in the flow direction. For both mechanical stimuli,
i.e., cyclic stretching and fluid shear stress, link-
ing proteins play an important role by connect-
ing adjacent cells physically and chemically. The
cell-to-cell contact was reported to mediate the
molecular organization of cell-to-cell junctions as
a function of cell confluency (Dejana et al., 1995;
Lampugnani et al., 1995). It also affects the SF re-
organization. Wang et al. (2001) also speculated
that the cell population density was one expla-
nation for the difference in the orientation angle
between confluent cells (Dartsch and Betz, 1989)
and subconfluent cells (Wang et al., 2001) sub-
jected to cyclic stretching.

Physical contact between adjacent cells may
transmit the strain of the substrate to a greater
height in the cell, which enhances the remodeling
of AFs. To investigate the physical effect of cell-
to-cell contact, we used a finite element model
of a single cell adhering to the substrate, which
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was created by Yamada and Matsumura ;2004)
(See Fig. 8(a)). Briefly, the cell was 6 um in
height, 60 um in diameter at the cellular bottom,
and 1 um in thickness in the peripheral region.
The cell model consisted of cytoplasm and the
nucleus, whose shape was an ellipsoid with a 5-
um short axis in the height direction and a 8-um
long axis in the horizontal directions. The cyto-
plasm, nucleus, and substrate were assumed to
be neo-Hookean material, which is incompress-
ible, isotropic, and hyperelastic, and their mate-
rial constants, which were equal to one-sixth of
Young’s modulus, were determined to be 129 Pa,
850 Pa, and 129 kPa, respectively. We applied
a 15% tensile strain and 4% compressive strain
to the substrate to match the experimental condi-
tions. The finite element analysis was performed
by Abaqus/standard version 6.6 (Abaqus, USA).

Figure 8(b) shows the distribution of the strain
component in the stretch direction of the cell un-
der the above deformation. Note that the substrate
was removed from the figure. The peripheral re-
gion of the cell had about 15% strain, which was
the same as the strain of the substrate. This sug-
gests that the physical cell-to-cell contact in the
peripheral region without SF structures will not
enlarge the cellular strain. In the central region,
which contained a nucleus bulge, a portion had a
strain that was less than the applied strain (<0.15)
even near the cell bottom. This indicates that the
physical cell-to-cell contact in the peripheral re-
gion can transmit the strain to an adjacent cell and
enlarge the strain in its central region if SFs con-
nect the cell—cell junctions to the central region of
the cell. If one end of the SFs is located at a higher
level of the cell, the strain in the apical region of
the cell will become larger, which might cause the
difference between the SF orientations of isolated
and confluent cells.

The complete transmission of the strain from the
substrate through the extracellular matrix to the
basal membrane in isolated cells (Yamada and
Mouri, 2006) should also hold for subconfluent
cells. The SFs in the subconfluent cells were
aligned in the strain-free angle, which was con-
sistent with the result for SFs in confluent cells
(Takemasa et al., 1997, 1998). The alignment of
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Figure 8: (a) Finite element model of a quarter of an axisymmetric cell that adheres to the substrate and
(b) distribution of the strain component in the stretching direction (x-axis) as a result of the finite element
analysis with conditions of 15% tensile strain in the stretching direction and 4% compressive strain in the

transverse direction (y-axis).

SFs in the strain-free angle also held for the cell
axis (Wang et al., 2001).

According to Table 3, the mean angles of the basal
SFs in isolated cells, i.e., 74.2° and 86.8°, were
4-17° different from the mean angles in the sub-
confluent cells, i.e., 0.5° and 70.2°. The SD of
the angle distribution, i.e., 5.3°, for the basal SFs
in isolated cells with no apical SFs (n = 829)
was 1.5 times larger than the angles in the basal
SFs in subconfluent cells with no apical SFs (n =
1088), i.e., 10.0°, while the SD was almost equal
to 10° for isolated and subconfluent cells with api-
cal SFs. The wider range of SF orientations in
isolated cells with no apical SFs reflects that the
SFs were distributed more irregularly. The cell-
to-cell contact may influence the SFs to orient in
the same direction.

To the best of our knowledge, no quantitative
measurements of the orientation of apical SFs has
been reported previously. Changes in SF angles
occur in a matter of minutes, followed by changes
in cell angles in a matter of hours (Takemasa et
al., 1998; Wille et al., 2004). The distribution
range of apical SFs is much narrower than that
of basal SFs, as shown in Fig. 4. In the apical
region, SFs will be subjected to a smaller strain,
which might be ~10% strain under a 15% strain
acting on the substrate (see Fig. 8(b)). If a 10%
cyclic strain is applied to the basal SFs, the strain
limit hypothesis with a 5% strain limit (Yamada
et al., 2002) predicts an angle range of ~50° (see
Fig. 7).

Two types of hypotheses have been proposed to

explain the orientation angle of SFs under cyclic
stretching: one is that the SFs orient as to be sub-
jected to a minimum strain (Wang et al., 1995;
Takemasa et al., 1997, 1998) and the other is that
SFs can orient if they are subjected to a strain that
is less than a strain limit (Yamada et al., 2002).
The former hypotheses recognize the reorienta-
tion of SFs as an optimum behavior while the lat-
ter recognize it as a survival technique. In spite of
these different viewpoints, both hypotheses pre-
dict the same optimal angle. The strain limit hy-
pothesis (Yamada et al., 2002) explains the most
frequent orientation angle and permissible orien-
tation range of SFs quantitatively. Nevertheless,
this hypothesis does not describe an intracellular
structure with parallel SF bundles. The dynamics
of AFs should be incorporated to formulate SFs
with such a structure (Civelekoglu et al., 1998;
Yamada et al., 2006).

According to Fig. 7, more SFs are subjected to
compressive strain than are subjected to tensile
strain in the fiber direction under cycles of stretch-
ing and relaxation. (A process of SF deformation
in the fiber direction is demonstrated for one cycle
in Fig. 1 in Yamada et al., 2000.) A theoretical
simulation shows that the orientation angles are
between 51 and 64° for SFs subjected to tensile
strains (0 to 4%) and between 64 and 90° for those
subjected to compressive strains (0 to —4%). One
of the reasons for this biased distribution might
be that the range of angles (26°) that corresponds
to the range of compressive strains (0 to —4%) is
two times greater than the range of angles (13°)
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Figure 9: Intensity distributions (range 1-255) of the slice images of an isolated cell in Fig. 2. Intensity O
of the background is neglected. Lines denote the intensity distributions on the height levels z = 0, 3, 3.25,
3.5 um and dots denote the other height levels. Most of the apical SFs/AFs in the right panel of Fig. 2 have

intensities ranging from 20 to 40.

corresponding to the tensile strains (0 to 4%).

Yoshigi et al. (2003) reported that the SD of the
orientation distribution of SFs in confluent cells
decreased progressively with durations of 0.5, 1,
2,5, 10, and 20 h without changing the mean an-
gle under almost pure uniaxial stretching with a
10% strain range. The SD of the SF angles in
their study was 39° after 2 h and 14° after 20 h.
The conditions in our study were 2 h of stretch-
ing with a 15% strain range. According to Figs.
5 and 6, the SD of the basal SF angles in our
study was roughly 10° after 2 h, which is close
to the SD value after 10 h rather than the value
after 2 h with a 10% strain range. Takemasa et al.
(1997) showed that a larger strain range acceler-
ates the completion of SF orientation. Therefore,
in our experiments, the subconfluent cells might
have almost completed the reorientation of basal
SFs, and the isolated cells might have been ap-
proaching completion.

Figure 9 shows the intensity distributions (range
1-255) for various heights of slice images (330
x 510 pixels) of the isolated cell shown in Fig.
2. Intensity O of the background was neglected.
In the figure, lines denote the intensity distribu-
tions on the height levels z = 0, 3, 3.25, and 3.5
um, and dots indicate the other height levels. The
slice image with the largest intensity was deter-
mined to be the cell bottom, which had a height
of z=0. The angle of the basal SFs was measured

for that image. Most of the apical SFs/AFs in the
right panel of Fig. 2 had intensities ranging from
20 to 40. The basal membrane cannot be iden-
tified accurately from a series of fluorescent im-
ages because they only provide the intensity dis-
tributions of SFs/AFs. The sliced image chosen
to measure the angle of apical SFs/AFs does not
have the peak intensity among those above and
below the selected image. This might have oc-
curred because the total intensity in the pixels de-
creases with the height level due to the reduction
of the cell volume for the confocal laser scanning
microscopy measurements.

To estimate the error of the SF angles, we first
checked the variation of the SF angle due to
the nonuniform deformation of substrate by nu-
merically estimating the values using Eqs. (2)
and (3). Using the strain variations resulting
from the nonuniform deformation of the silicone
membranes, mean + 2 SD, ie., (A1, A,-1) =
(0.151,-0.044), (0.158, -0.044), (0.151,-0.040),
and (0.158,-0.040), the orientation angles were
estimated to be 62.7° (minimum), 63.2°, 63.9°,
and 64.5° (maximum), respectively. The differ-
ence between the maximum and minimum an-
gles was at most 2.0°, indicating that the effect of
nonuniform deformation in the region of interest
was very small compared to the distribution range
of SF angles. Second, we estimated the angle er-
ror as tan~!(1/56) = 1.0 © for an extreme case in
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which one corner of a rectangular silicone cham-
ber (56 mm x 35 mm) was misplaced on a micro-
scope stage with a 1-mm offset in the transverse
direction.

In the future, we will study dose-dependent re-
sponses, i.e., stretching magnitude and stretch-
ing duration, to ascertain the quantitative effect of
the mechanical stimulus on SF/cell orientation re-
sponses.
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