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The small GTPase Rho regulates the formation of actin stress fibers
in adherent cells through activation of its effector proteins Rho-
kinase and mDia. We found in bovine aortic endothelial cells that
inhibitions of Rho, Rho-kinase, and mDia (with C3, Y27632, and
F1F2�1, respectively) suppressed stress fiber formation, but fibers
appeared after 10% cyclic uniaxial stretch (1-Hz frequency). In
contrast to the predominately perpendicular alignment of stress
fibers to the stretch direction in normal cells, the stress fibers in
cells with Rho pathway inhibition became oriented parallel to the
stretch direction. In cells with normal Rho activity, the extent of
perpendicular orientation of stress fibers depended on the mag-
nitude of stretch. Expressing active RhoV14 plasmid in these cells
enhanced the stretch-induced stress fiber orientation by an extent
equivalent to an additional �3% stretch. This augmentation of the
stretch-induced perpendicular orientation by RhoV14 was blocked
by Y27632 and by F1F2�1. Thus, the activity of the Rho pathway
plays a critical role in determining both the direction and extent of
stretch-induced stress fiber orientation in bovine aortic endothelial
cells. Our results demonstrate that the stretch-induced stress fiber
orientation is a function of the interplay between Rho pathway
activity and the magnitude of stretching.

cytoskeletal dynamics � endothelial cells � mechanotransduction �
Rho-kinase

The tension generated by contraction of adherent cells against
their underlying surface results in an internal stress field that

depends on the organization of the cytoskeleton and the asso-
ciated adhesive contacts (see ref. 1 for review). Intracellular
forces have an important role in cellular functions such as
migration, proliferation, apoptosis, differentiation, and gene
expression (see refs. 2–4 for reviews). Actin stress fibers, which
are formed in response to cell contraction (5), consist of bundles
of actin microfilaments cross-linked by �-actinin, myosin, myosin
light-chain, tropomyosin, and other proteins arranged in a
manner similar to that in muscle sarcomeres (6). Stress fibers
represent the main contractile apparatus in non-muscle cells (7)
and are the primary structures associated with intracellular
tension. Stress fibers terminate at focal adhesions, which attach
the cell to the extracellular matrix (8). Isometric contraction of
a cell would result in tension development in the stress fibers,
which are anchored at their ends.

The activation of the small GTPase Rho leads to stress fiber
assembly (9) and cell contraction by means of myosin light chain
phosphorylation (5), which is regulated by Rho-kinase, a down-
stream effector of Rho (10). mDia, another Rho effector, is also
involved in stress fiber formation downstream of Rho activation
(11), possibly by regulating actin polymerization and focal
adhesion turnover through its association with profilin (12, 13)
and src-tyrosine-kinase (14), respectively.

Cyclic uniaxial stretch induces the orientation of stress fibers
in endothelial cells (ECs) perpendicular to the principal direc-
tion of stretch (15). The stretch-induced perpendicular orienta-
tion of EC stress fibers is blocked by inhibitors of Rho, Rho-
kinase, or myosin light chain (MLC) activity, indicating the
importance of the Rho�Rho-kinase�MLC pathway in this ori-

entation (16–18). In airway smooth muscle cells, cyclic stretch
can cause Rho activation, and an increased Rho activation due
to lysophosphatidic acid can enhance cell orientation perpen-
dicular to stretch (19). The effects of mDia on cell and stress fiber
remodeling in response to cyclic stretch have not been reported.

No method exists for measuring the forces generated in stress
fibers in living cells. Cell stiffness, which is closely related to
cytoskeletal tension (20), has been shown to increase in response
to mechanical stretch and cell contraction (20, 21). These results
suggest that each of these stimuli can generate tension in stress
fibers. Here, we sought to determine the roles of cyclic stretch
and Rho-induced cell contractility on stress fiber organization
and the underlying mechanisms. Rho activity was inhibited with
C3 exoenzyme and enhanced with an active mutant of Rho
(RhoV14). In addition, the roles of the Rho downstream effec-
tors Rho-kinase and mDia in mediating the effects of Rho on
stretch-induced stress fiber organization were assessed by inhib-
iting their activities. In the absence of stretch, stress fibers were
randomly organized independent of the level of Rho activity.
Cyclic uniaxial stretch induced the perpendicular orientation of
stress fibers to an extent dependent on both the level of Rho
activity and the magnitude of stretch. RhoV14 expression ex-
erted an effect on the direction of stretch-induced stress fiber
orientation equivalent to increasing the stretch magnitude by
�3%. When the Rho pathway was inhibited, cyclic uniaxial
stretch led to the formation of stress fibers oriented parallel,
rather than perpendicular, to the direction of stretch. Therefore,
the level of Rho activity modulates the extent and direction of
orientation of stress fibers in stretched cells. These findings
provide information on the mechanisms underlying stress fiber
orientation and tension generation in ECs in response to uniaxial
mechanical stretch and demonstrate the quantitative relations
between Rho signaling and mechanical stretch in their cooper-
ative effects on stress fiber organization.

Materials and Methods
Cell Culture. Bovine aortic endothelial cells (BAECs) were iso-
lated from the aorta and cultured in DMEM (GIBCO�BRL)
supplemented with 10% FBS, 2 mM L-glutamine, 1 mM peni-
cillin-streptomycin, and 1 mM sodium pyruvate (22). Cell cul-
tures and stretch experiments were performed in a humidified
95% air, 5% CO2 incubator at 37°C.

Application of Mechanical Stretch. BAECs were subjected to 6 h of
cyclic stretch (1–10% linear stretch) at a frequency of 1 Hz as
described (23), with the stretch chamber and indenter geome-
tries modified to produce cyclic uniaxial stretch (Fig. 1). This
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cyclic uniaxial stretch is referred to as ‘‘stretch’’ hereafter. The
central region of the membrane, which was confined with the aid
of a Teflon insert, was coated with 10 �g�ml fibronectin (Sigma)
overnight and washed with sterile PBS. BAECs were seeded on
the coated region of the membrane and allowed to spread
overnight. For experiments on confluent cultures, the cells were
seeded at �50% confluence and cultured for 2 more days to
achieve confluence. Strains were measured by imaging the
displacement of particles adhered to the central 4 � 4-cm surface
of the membrane with a charge-coupled device (CCD) camera
and microscope with a �4 objective and by analyzing their
displacements offline. Strains parallel and perpendicular to the
principal stretch direction were 0.099 � 0.008 and 0.005 � 0.007,
respectively (mean � SD), thus resulting in essentially 10%
uniaxial stretch.

Transfections and Chemical Inhibitors. Plasmids containing hemag-
glutinin (HA)-tagged RhoV14 and GFP-tagged C3 were ob-
tained from M. Schwartz (University of Virginia, Charlottes-
ville) (24, 25). Plasmids containing Myc-tagged pEF and F1F2�1
were obtained from R. Treisman (University College, London)
(26). GFP was expressed in BAECs as pEGFP-C1 plasmid
(Clontech). Transient transfections were performed on BAECs
at �80% confluence with FuGENE 6 (Roche Diagnostics) in the
presence of serum. Twenty-four hours later, the cells were
trypsinized, seeded in the stretch chamber, and allowed to
spread overnight before the stretch experiment. In experiments
with C3 transfections, the culture media was removed, and
confluent BAECs were transfected with 10 �g of C3 exoenzyme
(Calbiochem) and 15 �l of Lipofectamine (GIBCO�BRL) per
chamber in serum-free conditions for 3 h. Control cells were
transfected with BSA. The cells were then incubated in their
original culture media for 1 h before the stretch experiment. In
experiments using Y27632 (10 �M, Calbiochem) to inhibit
Rho-kinase activity (27), the cells were pretreated 30 min before
stretch, and Y27632 was present throughout the experiment.

Cell Staining and Fluorescence Microscopy. After stretching, the
cells were washed with PBS at 37°C, fixed in 4% paraformalde-
hyde in PBS for 10 min at room temperature, and permeabilized
with 0.5% Triton X-100 in PBS for 15 min. Cells expressing GFP
or GFP-C3 were identified by epifluorescence. To identify cells
expressing myc-tagged pEF (empty vector of F1F2�1) or
F1F2�1, the fixed cells were incubated with rabbit anti-myc
antibody (Santa Cruz Biotechnology) for 1 h, washed with PBS,

and incubated with fluorescein donkey anti-rabbit secondary
antibody for 30 min. After washing cells with PBS, actin fila-
ments were labeled with rhodamine-phalloidin (Molecular
Probes) for 45 min. All labelings were performed at 1:200
dilution in PBS containing 1% BSA. Images were captured by
using an imaging system, which included a spinning-disk confocal
Olympus microscope with a �60 objective, a Hamamatsu ORCA
II ER cooled charge-coupled device (CCD)-camera
(Hamamatsu Photonics, Hamamatsu City, Japan), and IPLAB
imaging software (Scanalytics, Billerica, MA). All transfected
cells (transfection efficiency �10%) were used for imaging and
analysis; at least 25 transfected cells were collected for each
condition.

Quantification of Stress Fiber Orientations in Nonconfluent Cells. We
used an image processing algorithm based on pixel intensity
gradients to quantify stress fiber orientation distributions within
individual nonconfluent cells (28). The orientation of structures
in 20 � 20-pixel subregions of an image was determined by
computing the direction of minimal gradient in pixel intensity in
each subregion. Subregions lacking highly stained features (i.e.,
without f-actin bundles) were ignored by excluding subregions
having an average pixel intensity below a threshold value (0.4 �
mean pixel intensity of entire image). Subregions containing
neighboring cells were also excluded. From the orientation
angles of the remaining subregions, a mean stress fiber orien-
tation angle was computed for each image, i.e., each cell. The
distributions of mean orientations are presented as circular
histograms to illustrate the orientation of stress fibers relative to
the stretch direction.

Statistical Analysis. Circular statistical analysis was performed,
and histograms were plotted by using ORIANA 2 software (Kovach

Fig. 1. Top (A) and side (B) views of a stretch chamber and indenter to
illustrate the principle of cell stretching. An I-shaped teflon indenter pushed
up against a silicone rubber membrane secured to a square frame results in a
principal stretch oriented along the long axis of the indenter. The small
tension generated in the orthogonal direction is opposed by the tendency for
the membrane to compress orthogonal to the principal stretch direction. The
extensions at the corners of the indenter increase the uniformity of the strain
field over the indenter, resulting in a virtually uniaxial stretch. Cells were
seeded in the central 4 � 4-cm region of the membrane where strain was
uniform.

Fig. 2. Cooperative and interactive effects of Rho inhibition and cyclic
uniaxial stretch on stress fiber orientation in BAECs. Representative micro-
graphs are shown of confluent BAECs transfected with C3 (A and B) or BSA (C
and D) or treated with Y27632 (E and F), and either kept as unstretched
controls (A, C, and E) or subjected to 6 h of 10% cyclic stretch (B, D, and F). The
cells were stained with rhodamine-phalloidin to identify f-actin bundles. BSA
transfection served as a control for the effects of protein transfection. (Scale
bars: 10 �m.)
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Computing Services, Angelsey, Wales). The mean resultant
length (R) was calculated as an indicator for the extent of stress
fiber orientation. R is determined by vectorial summation of the
individual orientation vector components and normalization by
the total cell number (Ncell) using Eq. 1,

R �
1

Ncell
��

j�1

Ncell

sin 2� j � �
j�1

Ncell

cos 2� j, [1]

where �j is the angle for cell j. R is a measure of uniformity of
orientation vector distribution, with values ranging from 0 to 1,
corresponding to perfectly random and totally aligned distribu-
tions, respectively. The Rayleigh test was used to assess the
degree of uniformity of distribution of axial vectors, i.e., whether
the distribution has a significant direction. The Watson U2 test
was used to identify significant differences between axial vector
distributions.

Results
Roles of Rho-Induced Contractility and Stretch in Stress Fiber Orga-
nization. In these experiments, we assessed the independent and
cooperative effects of two modes of modulation of intracellular
tension, i.e., Rho-induced contractility and uniaxial mechanical
stretch, on stress fiber organization in confluent BAECs. In
BAECs transfected with C3 exoenzyme to block contractility,
stress fiber formation was almost completely absent under
unstretched condition (Fig. 2A); 10% stretch at 1 Hz of these

cells caused the formation of linear actin fiber bundles, which
were oriented parallel to the direction of stretch (Fig. 2B).
Unstretched BAECs transfected with BSA, which does not
inhibit Rho activity, contained actin fibers not oriented in any
particular direction (Fig. 2C). Stretching of these BSA-
transfected cells resulted in the orientation of stress fibers
perpendicular to the direction of stretch (Fig. 2D). Thus, whereas
actin fiber formation can be induced independently by externally
applied tension (Fig. 2 B vs. A) and Rho-induced contractility
(Fig. 2 C vs. A), the orientation of these fibers resulting from the
stretching of ECs with Rho activity present (Fig. 2D) is a function
of their interactive effects. Immunostaining with an antibody
specific for focal adhesion kinase (FAK) revealed the association
of these fibers with focal adhesion-like structures in a manner
similar to that of stress fibers both in the control cells transfected
with BSA (Fig. 3C) and in cells transfected with C3 (Fig. 3F).

Effects of Inhibition of Rho-Kinase and mDia on Stretch-Induced Stress
Fiber Organization. We next investigated the roles of downstream
effectors of Rho, namely Rho-kinase and mDia, on stretch-
induced stress fiber remodeling in confluent BAECs. Inhibition
of Rho-kinase activity by Y27632 attenuated stress fiber forma-
tion in unstretched cells (Fig. 2E), and uniaxial stretch of
Y27632-treated cells resulted in the formation of stress fibers
parallel to stretch direction (Fig. 2F), which were associated with
focal adhesion-like structures (Fig. 3I).

Fig. 3. Stretch-induced actin bundles are associated with focal adhesions.
Representative micrographs of confluent BAECs transfected with BSA (A–C) or
C3 (D–F), or treated with Y27632 (G–I), and subjected to 6 h of 10% cyclic
stretch. The direction of stretch is shown by double-headed arrows in the
upper right corner of each panel. The cells were double-stained with a focal
adhesion kinase antibody (A, D, and G) to identify focal adhesions and
rhodamine-phalloidin (B, E, and H) to identify f-actin bundles. The two images
were superimposed (C, F, and I) to illustrate colocalization of actin bundles and
focal adhesions (arrowheads). (Scale bars: 10 �m.)

Fig. 4. Effects of inhibition of Rho-kinase or mDia on stretch-induced actin
organization in sparsely seeded BAECs. Representative micrographs are
shown for myc- or GFP-positive BAECs, which had been transfected with
myc-pEF (A and B) or myc-F1F2�1 (C and D), transfected with myc-pEF and
treated with 10 �M Y27632 (E and F), or transfected with GFP-C3 (G and H). For
each condition, cells were kept as unstretched controls (A, C, E, and G) or
subjected to 6 h of 10% cyclic stretch (B, D, F, and H). The distribution of mean
stress fiber orientations for each condition is summarized in a circular histo-
gram, with the data separated into 15° intervals. Because the orientation
angles can be defined in either direction, the histogram bars are drawn
symmetrically on opposite sides of the circle. P values indicate the significance
of testing whether the distributions are different from a random distribution
(Rayleigh test). Mean values and 99% confidence intervals are shown in red for
distributions with P � 0.01.
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Transfection of BAECs with a dominant-negative mutant of
mDia, F1F2�1, which can inhibit lysophosphatidic acid-induced
formation of stress fibers in NIH 3T3 cells (26) resulted in
successful expression in �10% of cells; therefore, the cells were
seeded sparsely to avoid the effects of neighboring untransfected
cells on the transfected cells. Stress fibers in cells expressing the
empty vector (pEF) were randomly oriented when unstretched
(Fig. 4A), and they became oriented in the perpendicular
direction when stretched (Fig. 4B). F1F2�1 expression led to a
general suppression of stress fibers in unstretched cells (Fig. 4C),
but stretch caused the formation of prominent stress fibers that
were oriented in the parallel direction (Fig. 4D).

The results on the effects of C3 and Y27632 were obtained on
confluent BAECs, whereas the studies with F1F2�1 were per-
formed on sparsely seeded cells. To assess whether cell density
had an influence, we tested the effects of C3 and Y27632 on
sparsely seeded cells. Similar to the results observed with
confluent BAECs (Fig. 2 A, B, E, and F), stretching of sparsely
seeded C3-transfected or Y27632-treated cells (Fig. 4 E–H)
induced the formation of stress fibers oriented in the parallel
direction. Thus, the inhibition of either Rho-kinase or mDia, as
with inhibition of Rho, resulted in the formation of stress fibers
oriented parallel, rather than perpendicular, to the stretch
direction.

RhoV14 Enhances Stress Fiber Orientation Perpendicular to the Direc-
tion of Stretch to an Extent Equivalent to �3% Stretch. We measured
the magnitude dependence of stretch-induced stress fiber ori-
entation in cells coexpressing the constitutively active mutant
RhoV14 and GFP as compared with cells expressing GFP alone
(Fig. 5). GFP-expressing cells did not show significant orienta-
tion of stress fibers when unstretched or subjected to 1% stretch
(Fig. 5 A and B). The orientation of the stretch fibers to the
direction of stretch was marginally significant at 3% stretch (Fig.
5C), and it became increasingly more uniform as the stretch
magnitude was increased to 10% (Fig. 5 D–F). Coexpession of
RhoV14 did not induce any significant orientation in the absence
of stretch (Fig. 5G), as in the case of unstretched cells expressing

GFP alone (Fig. 5A). The stress fibers in RhoV14-expressing
BAECs showed significant perpendicular orientation at a stretch
magnitude as low as 1% (Fig. 5H), and the orientation became
more uniform as the stretch magnitude was increased to 10%
(Fig. 5 G–L). This finding is noteworthy because neither RhoV14
in the absence of stretch nor 1% stretch in the absence of
RhoV14 caused significant orientation in stress fibers. We
analyzed these results to assess the effects of RhoV14 expression
and stretch and their interplay on stress fiber orientation. The
extent of stress fiber orientation, as measured by using the mean
resultant length (R), increased with increasing stretch magnitude
for both the cells expressing GFP and the cells coexpressing
RhoV14�GFP (Fig. 6). Comparison between these groups at

Fig. 5. Effects of stretch magnitude and RhoV14 expression on stress fiber orientation. Representative micrographs, circular histograms, and P values (Rayleigh
test; as in Fig. 4) are shown for BAECs [expressing GFP alone (A–F) or coexpressing RhoV14 and GFP (G–L)] that were either kept as an unstretched controls (A
and G) or subjected to cyclic stretch at 1% (B and H), 3% (C and I), 5% (D and J), 7.5% (E and K), or 10% (F and L) for 6 h.

Fig. 6. RhoV14 expression is equivalent to the effect of an additional 2.9%
stretch. The mean resultant length (R) for the various stretch magnitudes is
plotted against stretch magnitude for BAECs expressing GFP alone (E) or
coexpressing RhoV14 and GFP (�). Shifting the RhoV14�GFP curve to the right
by 2.9% on the stretch axis (dashed curve) shows excellent agreement with the
curve for GFP alone, indicating that the RhoV14 expression mimics the effects
of an additional 2.9% stretch.
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given stretch magnitudes indicates that the R value for cells
coexpressing RhoV14�GFP was higher than that for cells ex-
pressing GFP alone at all magnitudes except at 10% stretch, at
which point both curves approach a maximal value near unity.
Given the parallel nature of the two curves along the x axis, it is
instructive to compare the stretch magnitude required to achieve
a given R value. Such comparison shows that the RhoV14�GFP
requires 2.9% less stretch to attain the same R value; i.e., shifting
the RhoV14�GFP curve to the right by 2.9% stretch results in an
excellent agreement with the curve for GFP alone.

Inhibitions of Rho-Kinase and mDia Block the Effects of RhoV14 on
Stretch-Induced Stress Fiber Orientation. To elucidate the mecha-
nism by which RhoV14 increased stress fiber orientation, we
tested whether Y27632 or F1F2�1 would block the perpendic-
ular orientation of stress fibers in response to the combined
treatment of RhoV14 and 3% stretch. The 3% stretch was chosen
because this is the magnitude at which RhoV14�GFP cells and
GFP-only cells showed the greatest and statistically most signif-
icant difference in stress fiber orientation (Fig. 6). The stress
fibers in cells coexpressing GFP�RhoV14 and pEF showed
significant orientation perpendicular to 3% stretch (Fig. 7A).
This perpendicular orientation was blocked by the additional
treatment with Y27632 (Fig. 7B) or coexpression of F1F2�1
(Fig. 7C), as well as combination of Y27632 and F1F2�1 (Fig.
7D). These findings indicate that Rho-kinase and mDia activities
are needed for the enhancement of stretch-induced perpendic-
ular stress fiber orientation by RhoV14 expression.

Discussion
Cyclic uniaxial stretch can cause cells and their stress fibers to
orient perpendicular to the direction of stretch in nonconfluent
osteoblasts and fibroblasts (29), nonconfluent vascular smooth
muscle cells (30), and confluent airway smooth muscle cells (31).
It has been shown that stretch-induced perpendicular orienta-
tion of stress fibers in nonconfluent and confluent ECs requires
Rho and Rho-kinase activity (16, 17). Our study has demon-
strated that stretch is capable of inducing the formation of stress
fibers and associated focal adhesions in the absence of Rho
activity; importantly, these stress fibers are oriented parallel,
rather than perpendicular, to the direction of stretch. These
results were obtained by using different inhibitors of the Rho-
signaling pathway, including the Rho inhibitor C3 exoenzyme,
the Rho-kinase inhibitor Y26732, and the mDia dominant-
negative mutant F1F2�1, and under both confluent and non-
confluent culture conditions. The application of automated
measurement and statistical analysis to quantify the orientation
of the stress fibers has provided further support to the conclusion
that stress fibers are oriented parallel to the direction of stretch
after inhibition of the Rho pathway. We have shown the coop-
erative effects of Rho activity and mechanical stretch, as well as
their quantitative equivalence, in inducing the perpendicular
orientation of stress fibers.

The mechanism by which stretch induces the formation and
orientation of stress fibers in cells after inhibition of Rho activity
is unclear. Other signaling molecules that have been shown to be
involved in stretch-induced cell and stress fiber orientation
include stretch-activated ion channels (32) and focal adhesion
proteins such as focal adhesion kinase (33) and src (34). Because
stress fiber formation due to Rho activity has been attributed to
the generation of cytoskeletal tension (5), it is possible that
stretch per se can increase the cytoskeletal tension to cause stress
fiber formation. This finding is supported by our observation that
stress fibers become preferentially oriented parallel to the
direction of stretch-induced intracellular tension. Thus, whereas
the Rho-signaling pathway is not essential for stress fiber for-
mation in response to stretch, it is critical for the stretch-induced
perpendicular orientation of stress fibers.

Our results show that the effects of Rho in the stretch-induced
perpendicular orientation of stress fibers are mediated by both
Rho-kinase and mDia. Treatment with inhibitors of either
Rho-kinase or mDia caused the stress fibers to orient parallel to
the direction of stretch in a pattern similar to that observed with
a Rho inhibitor. In addition, inhibitors of Rho-kinase or mDia
blocked the effects of RhoV14 on stretch-induced stress fiber
orientation perpendicular to the direction of 3% stretch. Be-
cause expression of active mDia induces the formation of thin
actin filament bundles and active Rho-kinase induces the for-
mation of thick, condensed stress fibers (11), Rho-kinase is
probably more important than mDia in inducing the formation
of thick stress fibers. In our studies on cells expressing active
RhoV14, Rho-kinase inhibition abolished most stress fibers with
only thin fibers remaining (Fig. 7B), whereas mDia inhibition did
not block stress fiber formation (Fig. 7C). Both Rho-kinase and
mDia were necessary for the enhancement of stretch-induced
stress fiber orientation (Fig. 7A); however, they seem to involve
different processes.

The mechanism by which RhoV14 expression enhances the
perpendicular orientation of stress fibers to stretch may be
explained in terms of the combined effects of stretch and Rho
activity on tension in stress fibers. A recent study by Costa et
al. (35) indicates that individual stress fibers behave like
prestressed one-dimensional elastic filaments. The findings
that extension of isolated actin filaments can result in an
increase in filament tension and that this effect is fully
reversible upon release of the extending force (36, 37) are in

Fig. 7. Y27632 and F1F2�1 block the enhancement of stretch-induced cell
orientation by RhoV14. Representative micrographs, circular histograms, and
P values (Rayleigh test; as in Fig. 4) are shown for BAECs that had been
transfected with RhoV14�GFP plus pEF (A), Y27632 (B), F1F2�1 (C), or a
combination of Y27632 and F1F2�1 (D), and subjected to 6 h of 3% cyclic
stretch.
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support of this hypothesis. Stretching the substrate upon which
cells are adhered can increase tension in the actin cytoskeleton
(21), and this stretching induces rapid disassembly of stress
fibers oriented in the direction of stretch, followed by reas-
sembly of stress fibers away from the stretch direction (30).
This dynamic response has been suggested to relieve the
excessive tension generated in stress fibers that are oriented in
the stretch direction (38). Rho agonists have been shown to
increase cell contractility (5). Thus, RhoV14 expression, by
constitutively stimulating stress fiber contraction, may act to
increase the basal level of tension in stress fibers. We found
that RhoV14 expression is equivalent to an increase in the
magnitude of stretch in inducing a given extent of perpendic-
ular orientation, which, for BAECs subjected to stretch at 1
Hz, was equivalent to a 2.9% (or �3%) increase in stretch
magnitude. It is possible that this value may be different for
different frequencies of stretch, but the main point is that the
chemical stimulation provided by increased Rho activity has an
equivalence to the mechanical stimulation of uniaxial stretch
in regulating stress fiber orientation. The present results
provide support for our hypothesis that contractility and
stretch cooperatively contribute to cytoskeletal tension. Fur-
thermore, these results are consistent with the concept that the
perpendicular orientation of stress fibers relieves the increase

in tension generated by stretch, resulting in a more stable
configuration for the actin cytoskeleton.

In summary, our results show that cyclic uniaxial stretch can
induce stress fiber orientation by two different mechanisms,
depending on the level of Rho activity. In the absence of
signaling through the Rho pathway, stretch causes the formation
of stress fibers oriented in the direction of stretch-induced
tension. When the Rho signaling pathway is intact, however,
stress fibers are oriented perpendicular to the direction of
stretch-induced tension to an extent dependent on the level of
Rho activity and the magnitude of stretch applied. An increase
in Rho activity can reduce the magnitude of stretch required to
achieve a given degree of perpendicular orientation of stress
fibers. We propose that active orientation of the actin cytoskel-
eton mediated by Rho may represent a mechanism by which ECs
reduce the increase in intracellular tension generated by cyclic
stretching. Further, we propose that the basal level of intracel-
lular tension, which is regulated by Rho, may determine the
sensitivity of the cell to mechanical stretching.
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