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Role of Cyclic Strain Frequency in Regulating the Alignment of Vascular
Smooth Muscle Cells In Vitro

Bo Liu, Ming-Juan Qu, Kai-Rong Qin, He Li, Zhen-Kun Li, Bao-Rong Shen, and Zong-Lai Jiang
Institute of Mechanobiology & Medical Engineering, School of Life Sciences & Biotechnology, Shanghai Jiao Tong University, Shanghai
200240, China

ABSTRACT The arterial system is subjected to cyclic strain because of periodic alterations in blood pressure, but the effects
of frequency of cyclic strain on arterial smooth muscle cells (SMCs) remain unclear. Here, we investigated the potential role of
the cyclic strain frequency in regulating SMC alignment using an in vitro model. Aortic SMCs were subject to cyclic strain at one
elongation but at various frequencies using a Flexercell Tension Plus system. It was found that the angle information entropy,
the activation of integrin-81, p38 MAPK, and F/G actin ratio of filaments were all changed in a frequency-dependent manner,
which was consistent with SMC alignment under cyclic strain with various frequencies. A treatment with anti-integrin-g1 antibody,
SB202190, or cytochalasin D inhibited the cyclic strain frequency-dependent SMC alignment. These observations suggested
that the frequency of cyclic strain plays a role in regulating the alignment of vascular SMCs in an intact actin filament-dependent
manner, and cyclic strain at 1.25 Hz was the most effective frequency influencing SMC alignment. Furthermore, integrin-g1 and

p38 MAPK possibly mediated cyclic strain frequency-dependent SMC alignment.

INTRODUCTION

Arterial smooth muscle cells (SMCs) are aligned primarily in
the circumferential direction in the media of artery. The cir-
cumferential orientation and structural network of the SMC
layers are very important for maintaining the mechanical
strength and function of the arterial wall and also provide the
flexibility required for pulsatile blood flow (1-4). The dis-
tinct patterns of SMC orientation in the arterial wall should
be a result of the complicated mechanical environment in
vivo, especially the cyclic nature of vessel stretch resulting
from arterial pressure waveforms generated by the left ven-
tricle (5,6).

The mechanical stimuli from pulsatile blood flow were
considered to be one of the key factors in regulating
vascular remodeling during development and pathogenesis
(7,8). Each pulsatile mechanical strain includes at least
three elements: magnitude, frequency, and duration. Cul-
tured SMCs in vitro can be induced to reorient to a uniform
alignment almost perpendicular to the direction of principal
uniaxial mechanical stretch (4,9,10). This response of cell
reorientation depends on the stretching magnitude (11,12)
and is consistent with the response found in other types of
cells that also align in the direction of the minimum strain
(12—14). These investigations provide useful information
for understanding the role of cyclic strain in regulating
the alignment of vascular SMCs. However, most previous
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studies focused on the magnitude and exposure time of
mechanical stretch, and the effect of the frequency of cyclic
strain on vascular cell alignment remains poorly under-
stood.

Only several signaling pathways that were involved in
regulating strain-induced cell alignment have been reported
to date. Strain-induced SMC alignment is dependent on the
activation of p38 mitogen-activated protein kinase (MAPK)
but not S6 kinase (15), protein kinase (PK) A, or PKC (16). It
has also been shown that cytoskeleton reorganization began
before cell reorientation, and treatment with nocodazole or
cytochalasin to disrupt the cytoskeleton could also attenuate
stress-induced cell orientation (17,18). Integrins have been
shown to regulate the transmission of substrate strain to the
cytoskeleton (19). Extracellular matrix can interact with the
extracellular domain of integrins, and their cytoplasmic
domain links to cytoskeletal proteins and focal adhesion
(FA) (20-22). Depending on their unique structural features,
integrins are able to mediate outside-in and inside-out sig-
naling. The integrin activation induced by extracellular stim-
uli results in the activation of intracellular signaling cascades.
On the other hand, the activation of integrin can also be mod-
ulated by intracellular signals through FA (21,22). However,
the function of these two pathways in the regulation of cy-
clic strain-frequency-dependent SMC alignment remains un-
known, and the difference of mechanotransduction between
the frequency and magnitude of strain-induced cell align-
ment still needs to be elucidated.

In our study, we investigated the role of the cyclic strain
frequency in regulating the alignment of arterial SMCs and
studied the function of integrin-B1, p38 MAPK, and actin
filaments in mediating cyclic strain-frequency-dependent
SMC alignment. These investigations may help to explain
vascular remodeling induced by the mechanical stimuli.

doi: 10.1529/biophys;.106.098574
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MATERIALS AND METHODS
Cell culture

Vascular SMCs were isolated from the thoracic aorta of 250- to 300-g male
Sprague-Dawley rats by collagenase and elastase digestion. Prepared cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco
BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS,
Gibco BRL), penicillin 100 U/ml, and streptomycin 100 wg/ml at 37°C in a
humidified 5% CO, incubator. The cells from confluent primary cultures
were digested with trypsin/EDTA and reseeded in DMEM/10% FBS. The
identity of SMCs was verified by positive immunohistochemical testing with
a-actin monoclonal antibody (Sigma, Saint Louis, MO). SMCs from
passages 6 to 10 were used for experiments.

Application of cyclic strain

SMCs were seeded on an elastic silicone membrane coated with collagen I
(BioFlex, Flexcell International, Hillsborough, NC) at a density of 3X 10°
cells/well (diameter 35mm) for culture. When reaching 80% confluence, the
cultured cells were pretreated with serum-free DMEM for 24 h for
synchronization and stretched using a Flexercell Tension Plus system
(FX-4000T, Flexcell International). The silicone membranes with cultured
cells were then placed on a vacuum manifold situated in an incubator. When
a precise vacuum was applied to the bottoms, controlled by a computer, the
silicone membranes were deformed to a prearranged elongation percentage
and returned to their original conformation once the vacuum was released.
After this procedure, the cells remain adherent, and the deformation of the
membrane is directly transmitted to the SMCs. With a 25-mm loading post
and Bioflex Plates, the system provides approximate equibiaxial extension in
the central region of the membrane above the post and provides biaxial strain
that has a major part in the radial and a minor one in the circumferential
direction within the periphery membrane field away from the post (23). In
the experiments presented here, the membranes were set in the computer to
deform to 10% elongation in the central region, which was ~14% of radial
strain and 5% of circumferential strain in the periphery membrane field away
from the post (23), at 30 cycles/min (0.5 Hz group, 1 s elongation alternating
with 1 s relaxation), 60 cycles/min (1.0 Hz group, 0.5 s elongation
alternating with 0.5 s relaxation), 90 cycles/min (1.5 Hz group, 0.33 s
elongation alternating with 0.33 s relaxation), and 120 cycles/min (2.0 Hz
group, 0.25 s elongation alternating with 0.25 s relaxation). As a control, the
same elongation stretch was constantly applied throughout the experiment,
with no variation in frequency (C group). Moreover, cells cultured statically
on the same type of plates, without stretch, were also observed (S group).

Measurement of SMC average oriented angle

After stretching for a prearranged time, four symmetrical eyeshots at the
periphery of each culture well were located accurately with coordinates and
photographed under a microscope (Olympus IX71, Tokyo, Japan). The
distance from the middle point of the photo to the center of the culture well
membrane was set to be 13.2 mm, which was three-fourths of the radius of
the culture well, and the middle vertical line of each photo was fixed
consistently with the radial direction of the culture well. The outline of each
cell was identified, and the angle of the cell was determined using Image-Pro
Plus 4.5.1 software. The angle was defined as that between the long axis of
the cell and the radial direction. The distribution of cell orientation was
depicted by counting the number of cells that fell into six orientation regions,
each covering 15° from 0° (with the cell parallel to the radial direction) to
90° (with the cell perpendicular to the radial direction).

Inhibition studies

To determine the effects of integrin-B1, phosphoinositide 3 (PI3)-kinase/
Akt, extracellular signal-regulated kinases (ERK1/2), and p38 MAPK in the

Biophysical Journal 94(4) 1497-1507

Liu et al.

process of frequency-dependent SMC alignment, SMCs were incubated
with 10 pwg/ml specific anti-integrin-31-blocking antibody (Biolegend, San
Diego, CA), 10 uM SB 202190, an inhibitor of p38 MAPK, 10 uM PD
98059, an inhibitor of ERK, or 200 nM wortmannin, an inhibitor of PI3-K/
Akt (Sigma, St. Louis, MO), respectively, for an additional hour before
being subjected to the mechanical strain. Then the SMCs were subjected to
the cyclic strain at the frequency of 1.25 Hz for 12 h, with each inhibitor still
in the medium (24). SMCs in a medium containing the same concentration
of the solvent DMSO (Sigma) but without inhibitors mentioned above were
also preincubated for 1 h and then stretched under the same strain condition.

To determine the effect of the filament system in the process of
frequency-dependent SMC alignment, SMCs were incubated with 100 nM
cytochalasin D (Sigma) for 1 h and subjected to cyclic strain with the
frequencies of 1.25 Hz for 12 h with the cytochalasin D still in the medium
or with frequencies of 0.5, 1.25, and 2.0 Hz for 1, 6, and 12 h, respectively,
in a medium without cytochalasin D. SMCs with DMSO (Sigma) but
without cytochalasin D were also observed as mentioned above.

Western blot analysis

After being stretched at frequencies of 0.5, 1.25, and 2.0 Hz, respectively,
for 1 h, cells of the entire surface from each culture well were lysed and
harvested for Western blotting as previously described (24). The protein
concentrations were determined by the Bradford method with BSA as a
standard (Beckman Coulter, DU80O, Fullerton, CA). Proteins (30 wg/lane)
were immunoblotted with antibodies against phospho-p38 MAPK (Thr'®%/
Tyr'®?) (Cell Signaling Technology, Beverly, MA). Blots were then stripped
and reprobed with antibodies against total-p38 MAPK (Santa Cruz
Biotechnology, Santa Cruz, CA). After incubation with alkaline phospha-
tase-conjugated secondary antibodies (Jackson Immunoresearch, West
Grove, PA), the signals were detected by nitroblue tetrazolium-bromo-
chloroindolyl phosphate (Bio Basic, Mississauga, ON).

Flow cytometry

SMCs with integrin activation were tested by the flow cytometry technique.
After having been stretched with frequencies of 0.5, 1.25, and 2.0 Hz for 1,
6, and 12 h, respectively, SMCs of the entire surface were collected by
trypsin digestion and incubated with an anti-integrin-81 antibody (HUTS21,
Chemicon, Temecula, CA, 2.5 ug/5 X 10° cells) at 37°C for 30 min and
subsequently incubated with a FITC-conjugated secondary antibody (1:200,
Jackson Immunoresearch, West Grove, PA) at 37°C for 30 min. Cells were
then fixed with 1.5% paraformaldehyde at 4°C and analyzed by flow
cytometry (FACScan, Becton Dickinson, San Jose, CA). Vascular SMCs
incubated only with a FITC-conjugated secondary antibody were used as
control.

F/G actin ratio assay

After SMCs had been stretched under the frequencies of 0.5, 1.25, and 2.0
Hz for 1, 6, and 12 h, respectively, a lysis buffer containing 50 mM HEPES
(pH 7.4), 50 mM NaCl, 1 mM MgCl, 2 mM EDTA, 1 mM PMSF, 10 pug/ml
leupeptin, 1 mM Na3;VO, 5 mM NaF, 1 mM DTT, and 0.5% Triton X-100
was gently added to the cell wells, and the cells were incubated with this
buffer at 37°C for 5 min. The lysis buffer was then gently collected and
centrifuged at 12,000 X g for 15 min. The lysates remaining in the wells
were scraped into same volume of another lysis buffer containing 25 nM
Tris-HCI, 0.4 M NaCl, 0.5% SDS, 0.2 mM PMSF, 0.5 pg/ml leupeptin, and
1 pg/ml pepstatin and then also centrifuged at 12,000 X g for 15 min after
being redissolved for 30 min. The supernatants of the former and latter were
collected separately as the cytosol protein and cytoskeleton, which also
included membranes and nuclei protein.

The amounts of F-actin in the cytoskeleton and G-actin in the cytosol
fraction were determined by immunoblotting. The two fractions were
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separated in one 10% SDS-PAGE at the same time. After incubation with an
anti-B-actin antibody (Sigma) and subsequent incubation with an alkaline
phosphatase-conjugated secondary antibody (Jackson Immunoresearch),
successively, the signals were detected by nitroblue tetrazolium—bromo-
chloroindolyl phosphate (Bio Basic).

Immunocytochemistry

The attached SMCs were fixed in 4% paraformaldehyde for 20 min, per-
meabilized with 0.4% Triton X-100 for 5 min, then blocked with PBS con-
taining 1% BSA for 30 min. Integrin was stained with an anti-integrin-31
antibody (Santa Cruz Biotechnology) and a FITC-conjugated secondary
antibody (Jackson Immunoresearch), and filamentous actin was stained with
rhodamine phalloidin (Molecular Probes, Eugene, OR). The cell was visual-
ized and photographed under a fluorescence microscope (Olympus IX71).

Statistical analysis

At least four independent experiments were performed for each study. Cell
measurements were made in all photographs, and each of them contains
more than 200 cells. The Kolmogorov-Smirnov (KS) test was used to com-
pare the data among groups using software SAS. P values of <0.05 and
<0.01 were considered statistically significant.

RESULTS

Frequency of cyclic strain-induced changes in
SMC alignment

After exposure to cyclic stretch for 24 h under four different
frequencies, the cells showed a more spindle-shaped
appearance and a consistent orientation, which was nearly
perpendicular to the radial direction, whereas the cells of the
control and S groups still aligned randomly (Fig. 1). As
shown in Fig. 2 A, after exposure to frequencies of 0.5, 1.0,
1.5, and 2.0 Hz, respectively, a higher percentage of the cells
were observed in higher angle ranges, whereas the control
and S groups showed almost average distributions in each
angle range. A higher average oriented angle (AOA) was
induced in the cells stretched with a frequency of 0.5 Hz than
in the cells stretched with other frequencies (Fig. 2 B), and
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this group also had the highest percentage of cells in the
angle range from 75° to 90°, which could be considered as
perpendicular to the radial direction (Fig. 2 C).

Description of the time-dependent process of
frequency-induced SMC alignment

To assess the change of SMC alignment as a whole system,
Shannon’s concept of information entropy was applied here.
This describes the regular degree of all individuals within a
certain system (25). The angle of SMCs, which were
stretched for 3, 6, 12, 24, 36, and 48 h with the strain
frequencies of 0.5, 1.0, 1.5, and 2.0 Hz, was divided into six
orientation regions, and the proportion of cells in each region
is indicated as Pi (P1, P2, P3, P4, P5, and P6, respectively),
with the total being 100%. Therefore, the angle information
entropy (AIE) can be calculated from Eq. 1, where E is AIE:

E= —%pi log, p;. (1)

The value of AIE lies between O and 1, which means
something more regular when the value is closer to 0. As
shown in Fig. 3 A, the AIE showed a nonlinear dependence
on frequency. The AIE of each group receiving cyclic strain
decreased rapidly and then remained at a certain level, which
was lowest in the 0.5 Hz group and highest in the 2.0 Hz
group after 12-24 h. The frequency of 1.0 Hz had the fastest
rate of decrease up to 12 h within four groups. However, in
the C group, there was almost no change in the AIE.

Mathematical fitting of AIE with logistic curves

After carefully analyzing the characteristics of AIE under the
different frequency of cyclic strain, we found that the change
of AIE could be fitted by a logistic curve using a software
package (Originpro):

AIE=—-—"+A 2
L+ (1)) 7 @)
“ 4 FIGURE 1 Change of SMC alignment after stretching at

a variety of frequencies. SMCs were cultured on collagen
I-coated elastic membranes and subjected to cyclic stretch
with frequencies 0.5, 1.0, 1.5, and 2.0 Hz, respectively, for
24 h. Photographs were taken under microscopy, and their
middle vertical lines were fixed consistently with the radial
direction of the culture membrane. SMCs without stretch
# (S group) or statically stretched without variation in
== _ & frequency (C group) were also observed. Bar, 200 wm, and
— the arrow indicates the radial direction.
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FIGURE 2 Change of SMC orientation after stretching at a variety of
frequencies. The angle of SMCs (0-90°) was divided into six angle regions,
each covering 15°. The percentages of SMCs within the C and 1.5-Hz
groups were calculated after stretching for 24 h (A). The AOA (B) and the
percentage of SMCs from 75° to 90° (C) were contrasted between groups.
Results are mean + SD. *p < 0.05; #*p < 0.01 versus the C group; *p <
0.05; ++p < 0.01 versus the 0.5-Hz group, n = 4.

where ¢ is the time, A;, A, tp, and p are state variables (Table 1),
which are the functions of the frequency F (Hz) and can be
expressed as follows:

A, = 0.9958 2.1)

A, = 0.1134F + 0.436, R = 0.9933 (2.2)

fo = 6.5609F" — 16.749F + 12.988, R* = 0.9952 (2.3)
p = 1.7476F° — 4. 436F + 4.0215, R> = 0.9297. (2.4)

Lines in Fig. 3 A showed the results of fitting the data and AIE.

Prediction and experimental verification of
AIE of SMCs

Based on the mathematical model above, the corresponding
frequencies when parameters ¢, and p reach their maxima can
be obtained, which are 1.28 Hz for ¢y, and 1.27 Hz for p.
Therefore, we chose 1.2 Hz to be the predicted frequency at
which cells should exhibit a faster rate of change of AIE
within the first 12 h than at the four frequencies used before
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FIGURE 3 Time courses of AIE change with different frequencies of
cyclic stretch from the experimental and mathematic models. (A) SMCs were
stretched for 3, 6, 12, 24, 36, and 48 h with frequencies of 0.5, 1.0, 1.5, and
2.0 Hz, respectively, and the C group was also observed at the same time
points. Based on the data of the percentage of cells in each angle interval, the
AIE was calculated and contrasted. The time courses of AIE were fitted with
a logistic curve, and the frequency and each parameter were then fitted again
using the power function or binomial equation. The lines are fitted curves,
and spots represent the corresponding experimental data; n = 4. (B).
Prediction and experimental verification of AIE. The AIE under the cyclic
stretch frequency of 1.2 Hz were predicted, and for experimental verifica-
tion, SMCs were stretched with a frequency of 1.2 Hz for 3, 6, and 24 h,
respectively. The dotted lines are fitted curves for each experimental group,
the solid line is a predicted curve for 1.2 Hz, and spots represent
experimental data; n = 7.

and reach their maximum AIE, which lies between 1.0 and
1.5 Hz after 12-24 h. The predicted AIE under a frequency
of 1.2 Hz at 3, 6, and 24 h are listed in Table 2.

SMCs were cultured and stretched under the above-
mentioned conditions, and the AIE was calculated (Table 2).
Fig. 3 B shows that the predicted distributions under a
frequency of 1.2 Hz and at the same elongation were not
significantly different from the experimental distributions.

Activation of integrin-g1 under different
frequencies of cyclic strain

To investigate a role of the frequency of cyclic strain in
regulating integrin-81 activation in SMCs, the HUTS21
antibody, which recognizes the active conformation of
integrin-B1, was used for the flow cytometry analysis. As
shown in Fig. 4 A, the expression of integrin-31 was en-
hanced in every group with the frequency. The 1.25-Hz group
showed maximal activation of integrin-B1 at 1 h, whereas
the 0.5 Hz group showed the highest activation at 12 h (see
Fig. 9).
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TABLE 1 State variables of AIE under different frequencies
0.5 Hz 1.0 Hz 1.5 Hz 2.0 Hz
Ay 0.99320 0.99796 0.99784 0.99413
Ay 0.49208 0.54617 0.61485 0.65824
To 6.20255 2.95498 2.47225 5.78560
P 2.29435 1.17131 1.46147 2.08603
R? 0.99791 0.9974 0.99838 0.99068

P38 MAPK, but not ERK or PI3-K/AKT, is
involved in cyclic strain frequency-dependent
SMC alignment

To explore which signaling molecule mediated cyclic strain-
induced SMC alignment, specific inhibitors of p38 MAPK,
ERK, or PI3-K/Akt were used to block corresponding
pathways. The results reveal that 10 uM SB 202190, 10 uM
PD 98059, or 200 nM wortmannin could specifically block
the strain-mediated activation of p38 MAPK, ERK1/2, or
Akt measured by their phosphorylation forms, respectively
(24). But only inhibition of the p38 MAPK pathway
significantly prevented decreasing of AIE by the various
frequencies of strain, whereas the inhibition of ERK1/2 or
Akt had no discernible effect on AIE (Fig. 5 A).

To investigate the effect of the cyclic strain frequency on p38
MAPK activation in SMCs, proteins from each group were
immunoblotted with antibody against phospho-p38 MAPK.
p38 MAPK phosphorylation was enhanced in each frequency
group, and the 1.25-Hz group showed maximal phosphory-
lation after having been stretched for 1 h (see Fig. 8 A).

Different frequencies of cyclic strain affected the
F/G-actin ratio

From our results above, we ascertained that 1.25 Hz might be
the most effective frequency in the range tested. Our mea-
surements of the F/G actin ratio of SMCs under the fre-
quencies of 0.5, 1.25, and 2.0 Hz of cyclic strain for 1, 6, and
12 h show that the cyclic strain increased the F/G actin ratio
significantly at 6 and 12 h, whereas almost no change was
found in the control group. The 1.25-Hz group had the
highest F/G ratio after being stretched for 6 h (Fig. 6 B),
whereas after 12 h, a frequency of 0.5 Hz produced the
highest ratio, and 2.0 Hz the lowest ratio, among the four
groups (Fig. 7 A).

To test the effect of the intact actin filament system on the
F/G actin ratio induced by the different frequencies, SMCs
were stretched without cytochalasin D after pretreatment with
it for 1 h. The Western blotting results showed that all in-

TABLE 2 Comparison between predicted and experimental AIE

1.2Hz, 3h 1.2Hz, 6 h 1.2 Hz, 24 h
Prediction 0.75 0.67 0.60
From experiment 0.75 0.66 0.62
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tervention groups increased their F/G actin ratios quickly,
and SMCs stretched using the cyclic strain had higher F/G
actin ratios than the control SMCs. But this result was dif-
ferent from that of the former experiment, in which the
stretched cells were not pretreated with cytochalasin D, the
F/G actin ratio showed a positive correlation with frequency
at 6 h, and there was almost no difference among the 0.5-,
1.25-, and 2.0-Hz groups after stretching for 12 h (Figs. 6 C
and 7 B). No difference could be found between the control
and the static group either (data not shown). The AIE of
SMC:s in each frequency group, which were stretched for 6 h
after treatment with cytochalasin D, did not decrease to the
level in SMCs that had been stretched without cytochalasin
D treatment, and almost no difference among frequencies
could be found after treatment (Fig. 5 B). This result indi-
cated that destroying the intact actin filament system could
inhibit the effect of frequency on cyclic strain-induced fila-
ment polymerization and SMC alignment.

Blocking of integrin-g1 inhibits p38 MAPK
phosphorylation, F/G-actin ratio, and AIE

After SMCs had been blocked with specific integrin-31-
blocking antibody and then stretched for 1 h, the Western
blotting analysis showed that, though still higher than
C group, phosoho-p38 MAPK decreased in each group,
significantly contrasting with SMCs stretched under the
same frequencies without antibody treatment (Fig. 8 A).
After stretching for 12 h, the F/G-actin ratio in each group
was also found to be lower than that without blocking
antibody (Fig. 8 B). And the AIE of SMCs that were
stretched under frequency 1.25 Hz for 12 h was found to be
higher than that without blocking antibody (Fig. 5 A). These
results indicated that blocking of integrin-81 could inhibit
the activation of p38 MAPK, filament polymerization, and
SMC alignment.

Cytochalasin D inhibited cyclic strain-induced
SMC alignment

To examine the effects of inhibiting F-actin reorganization
on the alignment of SMCs under cyclic strain, 100 nM
cytochalasin D was used to pretreat SMC monolayers for 1 h.
The cells were then exposed to the cyclic strain under dif-
ferent frequencies for 12 h. As shown in Fig. 6 D, treatment
with cytochalasin D effectively inhibited SMCs from align-
ing, whereas SMCs stretched in medium containing cyto-
chalasin D-free DMSO still realigned.

Cytochalasin D inhibited the frequency of cyclic
strain-induced integrin-B1 activation

To test whether the filament system can affect the activation
of integrin-B1 in cyclic strain frequency-dependent SMC
alignment, the activation state of the integrin-B1 in SMCs

Biophysical Journal 94(4) 1497-1507
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FIGURE 4 Activation of integrin-81 in SMCs under different frequencies of cyclic strain analyzed by flow cytometry. (A) SMCs were analyzed by flow
cytometry after stretched for 1, 6, and 12 h with frequencies of 0.5, 1.25, and 2.0 Hz, respectively. Results are mean * SD. *p < 0.05, **p < 0.01 versus C

group of the same time point;

*p < 0.05 versus 0.5-Hz group of the same time point; *p < 0.05 versus 1.25-Hz group of the same time point; n = 4. (B)

Activation of integrin-81 in SMCs stretched for 1 h without cytochalasin D after pretreatment with cytochalasin D for 1 h. Results are mean + SD. *p < 0.05,

## < 0.01 versus the untreated group of the same time point; n = 4.

that have been pretreated with cytochalasin D and stretched
for 1 h with cytochalasin D still in the medium was deter-
mined by flow cytometry. The results showed that integrin-
B1 activation was down-regulated when the filament system
was destroyed by cytochalasin D, and no significant fre-
quency discrepancy could be found after treatment (Figs. 4 B
and 9 D), which indicated that destroying filament systems
could inhibit the effect of frequency on cyclic strain-induced
integrin-B1 activation.

DISCUSSION

Role of cyclic strain frequency in regulating
SMC alignment

At least three types of information are included within a
cyclic stretch: magnitude, frequency, and duration. Many
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researchers have studied the effects of magnitude and ex-
posure time of cyclic stretch on cells, including cell ori-
entation, cytoskeleton modification, cell proliferation, and
alteration in mRNA levels and protein synthesis (26—28).
However, these studies did not address the effect of the fre-
quency of cyclic stretch on the cells. Kaspar et al. (29) re-
ported that proliferation of human-derived osteoblast-like
cells increased with the increased number of applied stretch
cycles until a certain maximum number of cycles was
reached, and they concluded that the effect of frequency on
cell proliferation was only small when the number of cyclic
strains reached a constant. In our opinion, the effect of the
number of stretch cycles is equivalent to the combined effect
of a certain cyclic stretch frequency plus various exposure
times or a certain exposure time plus various cyclic stretch
frequencies. In other words, the strain frequency has not been
separated as an independent influencing factor from the
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different inhibitors for 1 h and stretched at 1.25 Hz for 12 h with specific
inhibitors in the medium. (B) Change of AIE of SMCs stretched at different
frequencies for 6 h without cytochalasin D in the medium after pretreatment
with cytochalasin D for 1 h, n = 4.

number of stretch cycles. In the study presented here, SMCs
were stretched with the same magnitude and duration of
cyclic strain, and only variation of the frequency induced the
change of SMC alignment. A higher percentage of cells
appeared in the angle range closest to the direction perpen-
dicular to the radius. By contrast, the cells still aligned

FIGURE 6 Change of filament orientation after cyclic stretching.
(A) Control group, which was statically stretched without frequency for
12 h. (B) SMC:s stretched at the frequency of 1.25 Hz for 6 h. (C) SMCs
stretched for 12 h at the frequency of 1.25 Hz after pretreatment with
cytochalasin D for 1 h. (D) SMCs were stretched for 12 h at the frequency of
1.25 Hz with cytochalasin D in the medium throughout. Stained with
rhodamine phalloidin. Bar, 100 um, and the arrow indicates the radial
direction of the culture membrane.
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FIGURE 7 F/G-actin ratio changed with different frequencies of cyclic
strain while disturbed by cytochalasin D. SMCs were stretched for 1, 6, and
12 h (A) or stretched for the same time after pretreatment with cytochalasin D
for 1 h (B). G-actin in cytosol protein and F-actin in cytoskeleton protein
were immunoblotted with anti-B-actin antibody. Each column represents the
mean * SD. *p < 0.05; **p < 0.01 versus the C group at the same time
point; “p < 0.05; *Fp < 0.01 versus the 0.5-Hz group at the same time
point; n = 5.

randomly while being statically stretched without a variation
of frequency, as also occurred in the SMCs under the static
condition. Based on our mathematical model, the strain
frequency 1.25 Hz was found to influence SMC alignment
most effectively after exposure to the cyclic strain over a
short period of time (not more than 12 h). Once the maxi-
mum duration has been reached, SMC alignment will change
more under lower frequency in a given frequency range. Our
results clearly demonstrated that the frequency of cyclic
strain is an important regulatory factor that is independent
of magnitude and duration for cyclic strain-induced SMC
alignment.

Mechanisms by which the cyclic strain frequency
regulates the alignment of SMCs with integration
of signaling molecules

The cytoskeleton is an important signal transducer in stress-
induced cell responses (17,18,30). As one of the cytoskel-
eton elements, the filament system possesses a relatively
large proportion of actin molecules in an unpolymerized
globular (G-actin) form in addition to the polymerized fi-
brous (F-actin) form, and a balance between polymerization
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FIGURE 8 Change of phospho-p38 MAPK (P-p38) induction and
F/G-actin ratio of SMCs stretched after having been inhibited with anti-
integrin-B1 blocking antibody. (A) Western blotting result from P-p38 after
stretching for 1 h with anti-integrin-81 blocking antibody, and total-p38
MAPK (T-p38) served as loading control. (B) The F/G-actin ratio of SMCs
after stretching for 12 h with anti—integrin—,Bl blocking antibody. Each
column represents the mean + SD. Tp < 0.05; "*p < 0.01 versus the
C group; *p < 0.05; *p < 0.01 versus the 1.25 Hz group; *p < 0.05 versus
the untreated group at the same frequency; n = 5.

and depolymerization exists in these two forms of actin.
The balance will be destroyed in response to a variety of
environmental conditions, and a new equilibrium can be
established after an accommodative process. Some cellular
pseudopods, which mainly are related to filaments, came into
being in the same direction as SMCs realignment (data not
shown). Therefore, we suspected that actin filaments might
play an important role in regulating cyclic strain-induced
SMC realignment. This hypothesis was verified by use of
cytochalasin D to disrupt the intact actin filaments and inhibit
the transition from G-actin to F-actin. In the presence of
cytochalasin D, SMC realignment disappeared, and the
shape of the cell was maintained under cyclic stretch. We
also noticed that the F/G actin ratio, which was used to
represent the degree of filament polymerization, changed
with different frequencies of cyclic strain, which was
consistent with the tendency of SMC alignment under the
same strain condition. A most sensitive frequency exists in
the range corresponding to the change of F/G actin ratio,
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FIGURE 9 Immunocytochemistry result of actin and integrin-G1. (A) C
group, in which SMCs were stretched without frequency. (B) SMCs were
stretched at 1.25 Hz for 6 h. (C) SMCs were stretched at 1.25 Hz for 12 h.
(D) SMCs were stretched at 1.25 Hz for 6 h after pretreatment with
cytochalasin D for 1 h. The cells were fixed, and actin filament was stained
with red rhodamine-phalloidin, and integrin-81 was stained with an anti-
integrin-B1 antibody and green FITC-IgG, respectively. Photographs were
taken with the fluorescence microscope. Bar, 100 wm, and the arrow
indicates the radial direction.

which also exists in AIE, indicating that different frequencies
of cyclic strain change the degree of filament polymerization,
and then affect SMC alignment. A more important finding
was that, after cytochalasin D disrupted the intact filament
system but permitted the G- and F-actin transition, the most
sensitive frequency disappeared, whereas the reaction of the
cyclic strain still existed except for the control. Our results
indicated that the filament system should be one of the
critical points in the chain of cyclic strain-induced signal
transduction, and the effect of frequency on SMCs alignment
depends on the integrity of the actin filament system.
However, further study is still needed to elucidate the signal
transduction induced by the frequency of cyclic strain,
especially the link between the filament system and SMC
reorientation.

Although the intracellular signaling mechanisms of
mechanotransduction have not been well understood, the
ERK1/2, p38 MAPK, and PI3K/Akt pathways have been
found implicated in stress-induced SMC responses (31-33).
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However, it remains unclear whether these Kinases are
involved in regulating SMC alignment induced by cyclic
strains with various frequencies. We have indicated that with
the same strain amplitude, ERK1/2, p38 MAPK, and PI3K/
Akt all could be activated in a nonlinear frequency-
dependent pattern, but only the p38 MAPK pathway was
crucial in the frequency-dependent phenotypic modulation
of SMCs, whereas ERK or PI3K/Akt activation were appar-
ently not important (24). We also found that p38 MAPK
inhibitor could block the alignment of SMCs under different
frequencies of cyclic strain, indicating that p38 MAPK played
a crucial role in the mechanotransduction of frequency-
dependent SMC alignment.

The role of integrins in stress-induced cell responses has
been demonstrated by many researchers (30,34-39). Here
we found that different frequencies of cyclic strain with
identical magnitude could clearly affect integrin-g1 activa-
tion, which was also consistent with SMC reorientation,
indicating a role of mechanotransduction in cyclic strain
frequency-dependent SMC alignment. Integrins can transmit
mechanical signals, not only by altering biochemical prop-
erties such as the extent of tyrosine phosphorylation of some
complex proteins but also by reorganizing the cytoskeleton
(30). This outside-in signal pathway was verified again with
our results. When the outside-in signal of integrin-31 was
inhibited by a specific blocking antibody, the stretch-induced
activation of p38 MAPK was clearly suppressed, and the F/
G-actin ratio of filament system was also changed, both of
which were proven to affect the cyclic strain-induced SMC
alignment. On the other hand, the unique structural features
of integrins enable them to mediate inside-out signaling
through FA (22). We found that when the filament system
was destroyed by cytochalasin D, the activation of integrin-
B1, although not totally blocked, decreased, indicating that
some signal must have been transmitted to integrin-
B1 through the actin filaments. In addition, the effect of
frequency on integrin-31 activation was significantly
inhibited with cytochalasin D. One potential explanation is
that the integrin inside-out signaling pathway is likely to be
involved in the cyclic strain frequency-dependent SMC
alignment, and the signal it transferred might be the
“frequency.”’

The advantages of using the AIE modeling
approach to describe SMC alignment

The AOA and percentage of cells within a certain angle
region were used as common parameters to describe the
change of cell alignment under stress (40,41). But these two
parameters have their own limitations. The first is that they
lost much of the important information, i.e., the percentage
of cells in other angle regions. Lee et al. (17) reported a better
way to describe changes in cell alignment by calculating
angle deviation, which might be useful in many fields.
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However, this method has limited use in this case because it
should be calculated on a computer workstation. Further-
more, in the study presented here, some cells subjected to
cyclic strain still did not align like the others. In other words,
not all cells respond to cyclic strain in the same way, and the
degree of alignment is related to the frequency of cyclic
strain. Therefore, cells should not be regarded as a unity but
as a combined system. More important is that almost no
current device, including the one in our experiment, can be
used to provide a pure uniaxial stretch (23). This limitation of
the apparatus makes it difficult to define the orientation angle
between the cell and stretch direction. We first applied
Shannon’s information entropy (AIE) to appraise the degree
of cell disarray, which included information on the orienta-
tion of all cells within a cell system. It evaluated the
regularity of cell alignment but omitted the numerical value
of the angle and thereby simplified the calculation. In
addition, when cells were stretched for more than 24 h, the
difference in AOA among frequency groups was less than
4%, but the difference in AIE was more than 10%, indicating
that AIE is a better parameter to distinguish two groups with
respect to cell alignment. From the data on AIE, we were
able to describe the cyclic strain frequency-dependent SMC
alignment successfully, which indicates that AIE is an
effective parameter to describe cell alignment.

It is very important for a functional tissue-engineered
blood vessel to have natural morphology and structure. How
to control SMC orientation in the media of a tissue-
engineered vessel remains a difficult problem (42—45). In
the current study, we observed the time course of cyclic
strain frequency-dependent SMC alignment. The mathemat-
ical models fitting the AIE were successfully demonstrated,
suggesting that the frequency of cyclic strain is very impor-
tant in regard to the regularity of SMC alignment. Although
our results may not apply to other cells or mechanical
conditions, our present work provides new biomechanical
insights into the control mechanisms of SMC alignment and
vascular tissue engineering.

In summary, the frequency of cyclic strain is an important
factor in regulating SMC alignment. Within a certain time
period, an optimal frequency, ~1.25 Hz, has been shown to
most effectively influence SMC alignment. After sufficient
exposure time, more regular alignment of SMCs could be
obtained under a lower frequency of cyclic strain within a
certain frequency range. Integrin-G1, p38 MAPK, and the
actin filament system were involved in cyclic strain
frequency-dependent SMC alignment. As an important
signal acceptor, integrin-B1 was activated when it sensed
the strain signal from extracellular ligands, transmitted the
signal to the p38 MAPK protein, one of the key elements of
the intercellular signal network, and activated p38 MAPK
through increasing phosphorylation. Actin filament poly-
merization might be promoted by p38 MAPK through some
signal cascades, followed by SMC realignment. Besides, the
intact filament system might be the foundation to accept the
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signal of cyclic strain frequency and transmit it to integrin
through the inside-out signaling pathway, thereby influenc-
ing integrin activation, p38 MAPK phosphorylation, filament
polymerization, and SMC alignment successively. However,
the work presented here only described a frame of signal
transduction about the cyclic strain-frequency-dependent SMC
alignment, and the exact signaling mechanisms remain to be
investigated.
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