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Abstract

Evidence suggests that cellular responses to mechanical stimuli depend specifically on the type of stimuli imposed. For example,
when subjected to fluid shear stress, endothelial cells align along the flow direction. In contrast, in response to cyclic stretching, cells
align away from the stretching direction. However, a few aspects of this cell alignment response remain to be clarified: (1) Is the cell
alignment due to actual cell reorientation or selective cell detachment? (2) Does the resulting cell alignment represent a response of
the cells to elongation or shortening, or both? (3) Does the cell alignment depend on the stretching magnitude or rate, or both?
Finally, the role of the actin cytoskeleton and microtubules in the cell alignment response remains unclear. To address these
questions, we grew human aortic endothelial cells on deformable silicone membranes and subjected them to three types of cyclic
stretching: simple elongation, pure uniaxial stretching and equi-biaxial stretching. Examination of the same cells before and after
stretching revealed that they reoriented. Cells subjected to either simple elongation or pure uniaxial stretching reoriented specifically
toward the direction of minimal substrate deformation, even though the directions for the two types of stretching differed by only
about 201. At comparable stretching durations, the extent of cell reorientation was more closely related to the stretching magnitude
than the stretching rate. The actin cytoskeleton of the endothelial cell subjected to either type of stretching was reorganized into
parallel arrays of actin filaments (i.e., stress fibers) aligned in the direction of the minimal substrate deformation. Furthermore, in
response to equi-biaxial stretching, the actin cytoskeleton was remodeled into a ‘‘tent-like’’ structure oriented out of the membrane
planeFagain towards the direction of the minimal substrate deformation. Finally, abolishing microtubules prevented neither the
formation of stress fibers nor cell reorientation. Thus, endothelial cells respond very specifically to the type of deformation imposed
upon them. r 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mechanical forces induce a variety of cellular
responses including morphological changes, protein
synthesis, and gene expression (Sadoshima and Izumo,
1993; Davies and Tripathi, 1993; Banes et al., 1995). For
example, when subjected to cyclic stretching, almost
every type of cells has been found to align nearly
perpendicular to the primary stretching direction. The

actin cytoskeletons of the stretched cells were also found
to be remodeled into bundles of actin filaments (i.e.,
stress fibers) oriented near the perpendicular direction
(Dartsch and Betz, 1989; Iba and Sumpio, 1991;
Takemasa et al., 1997). The cell orientation appeared
to depend on the stretching magnitudeFthe larger the
stretch, the farther the cells oriented away from the
stretching direction (Wang et al., 1995; Takemasa et al.,
1997). However, it is not completely clear whether the
change in cell alignment was due to actual cell
reorientation or selective detachment of cells in certain
directions. If only optimally aligned cells remained after
stretching, this could give the false impression that the
cells had reoriented. Cells subjected to 12% stretching
oriented predominantly 60–701 about the stretching
direction (Wang et al., 1995)Fa direction in which the
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substrate deformation was minimal. Examination of the
cells subjected to simultaneous elongation and compres-
sion suggested that the eventual stress fibers and cell
alignment were in the direction of minimum deforma-
tion (Takemasa et al., 1998). A modeling study also
predicted that stress fibers should form in the direction
of minimal substrate deformation (Wang, 2000). There-
fore, a reasonable conclusion is that deformation is an
unfavorable condition for the formation of stress fibers.
As a result, cells subjected to deformation will reorga-
nize their actin cytoskeletons and eventually align their
long axes in the direction of the minimal substrate
deformation.

While this conclusion is intuitively reasonable, it has
not been rigorously tested experimentally. This is mainly
because most existing cell stretching devices produce
complicated strain fields on the substrate, and hence
cells are subjected simultaneously to different strains.
For example, when a substrate is stretched in one
direction, it will be compressed in the orthogonal
directionFin fact, the larger the stretch, the larger the
compression. Thus, it is not clear whether it is the
elongation or compression, or both, that is responsible
for the cell alignment and the reorganization of the actin
cytoskeleton. Also, because mixed deformations (elon-
gation and compression) are imposed on the cells, it is
difficult to delineate whether the stretching magnitude or
stretching rate was the predominant mechanical factor
responsible for the cell alignment observed in previous
studies. To address the above issues, we undertook
studies to test the following hypotheses: (1) the
alignment of endothelial cells subjected to cyclic
stretching is due to reorientation rather than selective
retention/detachment of cells; (2) this cell reorientation
is specifically toward the direction with minimal
substrate deformation; and (3) the rate and extent of
reorientation are determined primarily by the stretching
magnitude, as opposed to the stretching rate. In
addition, since both the actin cytoskeleton and micro-
tubules are involved in a variety of cellular responses to
mechanical forces (Wang et al., 1993; Wang and Ingber,
1994; Malek and Izumo, 1996), we also examined their
roles in the stretching-induced cell alignment.

2. Materials and methods

2.1. Materials

Human aortic endothelial cells, essential basal med-
ium (EBM), and supplements were purchased from
Clonetics (Walkersville, MD) and used according to the
manufacturer’s instructions. Deformable silicone mem-
branes (0.5mm thick) were obtained from Specialty
Manufacturing (Saginaw, MI). ProNectin-F, a bioengi-
neered polymer for promoting cell attachment, was

purchased from Protein Polymer Technologies (San
Diego, CA). Rhodamine phalloidin, fluorescein phalloi-
din, and FITC-labeled fluorescent microspheres were
obtained from Molecular Probes (Eugene, OR). Mono-
clonal antibody against mouse tubulin, rhodamine-
labeled goat anti-mouse immunoglobulin (IgG), and
nocodazole were obtained from CalBiochem (San
Diego, CA).

3. Methods

3.1. Cell cultures

The endothelial cells were cultured in EBM contain-
ing 2% fetal bovine serum and other supplements, and
grown to subconfluence in uncoated plastic dishes at
371C in a humidified 5% carbon dioxide atmosphere.
Cells from 9th to 16th passages were used; they were
transferred in 1ml of growth medium to the central
region (see below) of a silicone membrane pre-coated
with 10 mg/ml ProNectin-F. The cells were incubated for
about 1 h, after which they attached to the membrane.
Then, the medium on the membrane was removed by
extraction, and 20ml of fresh growth medium was
added. After incubation overnight (12–16 h), the cells
were subjected to cyclic mechanical stretching.

3.2. Application of three types of mechanical stretching to
the cells

The endothelial cells were cyclically stretched with a
custom-built apparatus, as described previously (Wang
et al., 2000a, b). A unique feature of this apparatus is its
ability to apply three types of stretching: (a) simple
elongation, in which the membrane is stretched in one
direction and is allowed to compress in its orthogonal
direction; (b) pure uniaxial stretching, in which the
membrane is stretched in one direction, but the
orthogonal edges are controlled so that there is no
deformation in that direction; and (c) equi-biaxial
stretching, in which the membrane is stretched equally
in both orthogonal directions (see Figs. 1A–C). Note
that with simple elongation or pure uniaxial stretching,
the substrate deformation patterns differ depending on
the angle with respect to the stretching direction
(Figs. 1D, E).

To ascertain that uniform deformations were imposed
on the cells, we first determined the region of the
membrane that had uniform deformations for each type
of stretching. This was done by imaging a grid of fine
ink marks on the membrane with a video camera and
analyzing their displacements off-line. It was found that
the membrane strains were uniform in the central
20! 20mm2 region of the membrane. Specifically, under
simple elongation, the strain along the stretching

J.H.-C. Wang et al. / Journal of Biomechanics 34 (2001) 1563–15721564



direction (ex) was 0.1070.002 (mean7SD), and the
strain perpendicular to the stretching direction (ey) was
"0.03470.002. Under pure uniaxial stretching, ex was
0.10870.008, and ey was 0.00570.003. Under biaxial
stretching, ex and ey were 0.1070.003 and 0.09870.009,
respectively. Finally, under the three types of stretching,
the mean shear strain (gxy) was consistently small
(o0.004). Therefore, the endothelial cells were plated
only in this central region of each membrane to assure
that they were subjected to similar membrane strains. In
addition, to determine whether the membrane strains
were transmitted to cells, we measured cell strains using
the fluorescent microsphere technique, as described
previously (Simon and Schmid-Schonbein, 1990; Barbee
et al., 1994). We found that under biaxial stretching, the
cell strain was 77.2+20.4% (mean7SD) of the mem-
brane strain, indicating that membrane strains were

indeed transmitted to the cells on the membrane, but
with a smaller magnitude.

3.3. Tracking the change of cell orientation in response to
cyclic stretching

We used a simple method to determine whether or not
individual cells reoriented after stretching. Four ink
marks were placed within a 1! 1mm2 area on the
bottom surface of the silicone membrane. Cells, at a low
density of 2000 cells/cm2, were plated and grown on the
membrane within the region demarcated by these ink
marks. After overnight incubation, using the ink marks
as a reference, the same group of cells was photographed
on a phase contrast microscope before and after 3 h of
10% cyclic pure uniaxial stretching at a frequency of
0.5Hz. The orientation and number of cells were
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Fig. 1. Schematic of three types of stretching: simple elongation (A), pure uniaxial stretching (B), and equi-biaxial stretching (C). The dotted lines
represent a central region on the membrane before stretching, and the solid lines represent the same region after stretching. For simple elongation, the
membrane is stretched in the horizontal direction and is compressed in the vertical direction. Under this stretching condition, the membrane
deformation varies from a maximum at 01 (i.e., the stretching direction) to minimum (negative, i.e., compression) at 901 (D). For pure uniaxial
stretching, the membrane is also stretched in the horizontal direction, but there is no deformation in the vertical direction. The dependence of
membrane strain on direction differs from that under simple elongationFit is maximum at 01 but is 0 at 901 and is never negative (E). For the equi-
biaxial stretching, the membrane is stretched equally in both the horizontal and vertical directions, and therefore the axial strain is constant from 01
to 901 (F). Note that the axial strain in (D)–(F) represents the substrate strain at a specific angle (y) with respect to the stretching direction, or
horizontal direction.
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determined from photographs in this manner, from at
least three separate experiments.

3.4. Determining the effect of stretching magnitude and
rate on the cell alignment

To examine the influence of different stretching
magnitudes and rates on the cell alignment, cells were
subjected to 10% pure uniaxial stretching at 0.5Hz
(10%/s) and 0.25Hz (5%/s), and 5% at 0.5Hz (5%/s)
and 1Hz (10%/s). The cells were cyclically stretched
from 30min to 3 h. Upon the completion of stretching,
cells in various fields were photographed and cell
orientations were measured as described in Section 3.6.

3.5. Examination of actin filaments and microtubules

To determine the role of the actin cytoskeleton and
microtubules in the cell alignment, they were examined
in separate experiments after stretching for 3 h. The
procedures for staining actin filaments and microtubules
are as follows. Cells were briefly washed with PBS, fixed
in 3.7% formaldehyde, permeabilized in 0.25% Triton
X-100, and finally incubated with either 0.165 mM of
rhodamine phalloidin or fluorescein phalloidin in PBS.
For staining of microtubules, cells were fixed and
permeabilized as above, then incubated with mouse
anti-tubulin antibody (1 : 30 in PBS) followed by
rhodamine-conjugated goat-anti-mouse antibody (1 : 20
in PBS). The stained cells were viewed on a Zeiss
fluorescence microscope and photographed with Kodak
400 color slide film.

3.6. Data analysis

The orientations (defined by the longest aspects of the
cells with respect to the stretching direction) of
unstretched and stretched cells from separate experi-
ments were measured from phase contrast microphoto-
graphs. The photographs were digitized and cell orient-
ations were measured using NIH Image 1.6. A total of
77–144 cells were used to construct cell orientation
distributions, defined in the orientation range between
01 (the stretching direction) and 901 (the perpendicular
to the stretching direction). The symmetry of the silicone
membrane and applied stretching about the 901 direc-
tion was the reason for defining this range.

For statistical analysis, the Kolmogorov–Smirnov test
(Hoel, 1971) was used to compare the cell orientation
distributions between two groups of cells. Also, since
cell orientations were not normally distributed, the non-
parametric Kruskal–Wallis ANOVA test (Rosner, 1990)
was used to compare the median orientations of two
groups of cells. A difference was considered to be
significant if po0:05:

4. Results

Phase contrast microphotographs of the same group
of endothelial cells before and after 3 h of pure uniaxial
stretching were obtained (Fig. 2). Notice that whether in
isolation (see the cell labeled with a and b) or in a cluster
(labeled with c), cells changed their orientations to be
nearly perpendicular to the stretching direction after the
stretching. Furthermore, in three separate experiments,

Fig. 2. A pair of representative phase contrast microphotographs of the same group of cells before (A) and after (B) 3 h of pure uniaxial stretching
(arrows). Ink marks (not shown) were placed on the membrane for identification of the same cells before and after the stretching (a in A vs. a* in B; b
in A vs. b* in B; and c in A vs. c* in B). Since there were only a few cells in the same view before and after stretching, and no cells were found to be
detached, it is concluded that the same cells changed orientations, i.e., reoriented after stretching (Bar: 50mm).
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no discernible change in the number of cells in a given
region was found before and after stretching (data not
shown). Taken together, these results indicate that the
alignment of cells observed after cyclic stretching is not
likely due to selective detachment of cells with certain
initial orientations, but rather due to the cells’ reor-
ientation in response to cyclic stretching.

In separate experiments, in response to the first round
of stretching, almost all the cells reoriented perpendi-
cular to the stretching direction (Fig. 3A). After the cells
had been aligned by the initial stretching, they were then
stretched in the direction of the cell alignment for an
additional 3 h. In response to the second round of
stretching, nearly all the cells reoriented once again, so
that they ended up parallel to the initial stretching
direction (Fig. 3B).

The specificity of the cell reorientation responses to
stretching is shown in the three representative micro-
photographs (Fig. 4), which show cell orientations
without stretching (Fig. 4A), with simple elongation
(Fig. 4B), and pure uniaxial stretching (Fig. 4C). It is
readily seen that the cells without stretching were
randomly oriented. The cells with simple elongation
were aligned obliquely to the stretching direction,
whereas the cells with pure uniaxial stretching were
aligned nearly perpendicular to the stretching direction.
These visually apparent differences were confirmed by
inspection of cell orientation distributions (Fig. 5). The
unstretched cells were fairly evenly distributed from 01
(i.e., the stretching direction) to 901 (i.e., perpendicular
to the stretching direction). However, the orientations of
simply elongated and uniaxially stretched cells clustered
around 701 and 901, respectively. These two distribu-
tions are significantly different (po0:01), and they are
both significantly different (po0:01) from that of the
cells without stretching. However, after equi-biaxial
stretching, the cells remained randomly oriented, and

their orientation distribution was not significantly
different from that of unstretched cells (data not shown).
Note that for the membranes used in this study, the
direction of minimum deformation was about 701 for
simple elongation and 901 for pure uniaxial stretching
(see Figs. 1D and E). Therefore, the modes of the
orientation distributions of the cells under both simple
elongation and pure uniaxial stretching coincided with
the directions in which membrane deformation was a
minimum.

To study the effect of stretching magnitude and
stretching rate on cell reorientation, the median
orientations of cell orientation distributions were
obtained (Fig. 6). After 30min at both stretching rates
(10%/s and 5%/s), the cells subjected to 10% pure
uniaxial stretching already had a significantly different
orientation from that of unstretched cells (po0:01),
whereas those subjected to 5% stretching at 10%/s did
not. After each duration of stretching, the median
orientation of cells subjected to 10% stretching was
greater than that for 5% stretching, regardless of the
stretching rate. Moreover, except at the 3 h duration,
there was no significant difference between the orienta-
tions of cells subjected to 10% stretching at either
stretching rate. Cells subjected to 5% stretching,
however, showed statistically significant differences in
orientations between the two stretching rates at the
stretching durations (2 and 3 h). These results suggest
that for the early cell reorientation response, stretching
magnitude, not the stretching rate, is the predominant
factor in determining both the rate and extent of cell
reorientation. For the later cell reorientation response,
however, stretching rate influences the cell reorientation.
The exact mechanism for this is not clear and requires
further studies.

The actin cytoskeletons of the cells also responded
specifically to cyclic mechanical stretching. Compared to

Fig. 3. Phase contrast microphotographs of cells in response to cyclic stretching. After 3 h of 10% pure uniaxial stretching, the cells reoriented
perpendicular to the initial stretching direction (arrows, A). Then the cells were stretched in the direction of the cell alignment (i.e., the vertical
direction in A). In response to the second round of stretching, the cells reoriented again and became oriented parallel to the initial stretching direction
(B) (Bar: 100mm)
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the more or less randomly oriented actin filaments in
unstretched cells (Fig. 7A), after 3 h of simple elongation
or pure uniaxial stretching, the actin cytoskeleton of the
stretched cell was remodeled into stress fibers oriented
obliquely (Fig. 7B) or nearly perpendicular (Fig. 7C)
with respect to the stretching direction. Interestingly,
under equi-biaxial stretching, a ‘‘tent-like’’ actin struc-
ture protruding from the substrate plane was formed
(Fig. 7D), which was confirmed by confocal microscopy.

In addition, compared to unstretched cells (Fig. 8A),
cells pre-treated with nocodazole for 30min and then
stretched in the presence of the drug were nearly devoid
of microtubules (Fig. 8B). Despite the fact that the
microtubules were largely eliminated, however, the cells
still reoriented and stress fibers still formedFsimilar to
the responses of the cells without the nocodazole
treatment (Fig. 8C).

5. Discussion

There are four main findings in this study: (1) in
response to cyclic mechanical stretching, either simple
elongation or pure uniaxial stretching, human aortic
endothelial cells reorient; (2) both the cell reorientation
and stress fiber reorganization are specifically in the
direction with minimum substrate deformation; (3) at
least for the early cell reorientation response, the rate
and extent of cell reorientation are primarily dependent
on stretching magnitude, not stretching rate; and (4)
microtubules are not essential for the cell reorientation
and stress fiber formation.

Many studies have shown that cells align away from
the stretching direction in response to cyclic stretching
(Dartsch and Betz, 1989; Shirinsky et al., 1989; Iba and
Sumpio, 1991; Wang et al., 1995). The altered alignment
has been tacitly assumed to be due to the reorientation
of cells. In those early studies, however, stretching was
imposed for much longer time than in our study,
possibly enabling cells aligned in unfavorable directions
to detach from the underlying substrate and only cells
aligned in the perpendicular direction to remain
attached and proliferate, thus giving the impression
that reorientation occurred. Our results indicate that the
reorientation of the same individual cells instead of cell
selective detachment occurred before and after stretch-
ing. Moreover, once cells had been aligned by one bout
of pure uniaxial stretching, a second bout of the
stretching in the cells’ alignment direction caused the

Fig. 4. Representative phase contrast microphotographs of endothelial cells: unstretched (A), after 3 h of simple elongation (B), and after 3 h of pure
uniaxial stretching (C). Unstretched cells did not appear to orient in any specific direction, but with simple elongation and pure uniaxial stretching,
the cells oriented about 701 and 901, respectively (arrows). Note that these stretched cells were viable, since they reoriented again after a second round
of stretching (see Fig. 3) and did not uptake trypan blue (Bar: 60mm).

Fig. 5. Cell orientation distributions without stretching (A), with
simple elongation (B), and with pure uniaxial stretching (C). Note that
the cell orientations were categorized into groups encompassing a
range of 51 between 01 and 901. Thus, for each experiment we had 18
groups of cell orientations in 51 increments. Each of these distributions
is significantly different from the other two (po0:05). Note that the cell
orientation distributions were pooled from at least three separate
experiments.
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cells to reorient once again (Fig. 3). Also, note that
for complete cell reorientation, the endothelial cells
we used in this study needed to be stretched for only
3 h, compared to days in previous studies (e.g., 3 days
in the study of Dartsch and Betz, 1989). As a result,
the confounding effect of cell proliferation during
cyclic stretching on the cell reorientation response in
our study was largely eliminated. Thus, we have strong
evidence of actual cell reorientation as opposed to
selective detachment of cells oriented in particular
directions.

It has been hypothesized that the direction of minimal
substrate deformation is the preferred direction in which
cells align after cyclic stretching (Wang et al., 1995;
Takemasa et al., 1998). Due to the complicated strain
fields produced by the devices previously used, however,
it has not been clear which deformationFthe elonga-
tion, the compression, or bothFis responsible for the
endothelial cell reorientation. For example, when
deformable membranes are simply elongated, strain
increases in the stretching direction, but compression
also increases in the orthogonal direction. Thus, a cell
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Fig. 6. The effect of stretching magnitude and rate on the median of
cell orientation distribution. Cells were subjected to pure uniaxial
stretching, and their orientations were measured after various
stretching durations, as indicated. Note that each of the symbols (’,
5% at 10%/s; &, 5% at 5%/s; K, 10% at 10%/s; J, 10% at 5%/s)
represents the results from three separate experiments. Also, the solid
lines compare two median orientations of the two cell orientation
distributions at two different stretching rates (10%/s vs. 5%/s) with the
10% stretching magnitude, whereas the dotted lines compare the two
stretching rates at the 5% stretching magnitude. These pairs were not
significantly different. Additionally, for either of two stretching rates
(5%/s and 10%/s), all pairs between two stretching magnitudes (5%
vs. 10%) at each stretch time were significantly different.

Fig. 7. The effect of cyclic stretching on the actin cytoskeletal remodeling of the endothelial cell. Unstretched cells had dense, randomly oriented
stress fibers (A). After 3 h of simple elongation, the cells formed bundles of stress fibers, which in some cases exhibited ‘‘X’’ shapes (arrow) oriented
around 701 with respect to the stretching direction, i.e., the horizontal direction (B). After 3 h of pure uniaxial stretching, the stress fibers were
oriented nearly perpendicular to the stretching direction (C). After 10% equi-biaxial stretching for only 15min, a ‘‘tent-like’’ actin structure (arrow)
protruding in the direction normal to the membrane was observed (Bar: 30 mm).
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that is not aligned exactly in the direction of zero
deformation will undergo some combination of elonga-
tion and compression, which is dependent upon the
extent of elongation applied. Wang and Grood (2000)
showed that dermal fibroblasts aligned away from both
elongation and compression directions. Although Take-
masa and co-workers (1998) showed that either pre-
dominantly stretching or compressing cells from their
equilibrium lengths would result in the same pattern of
realignment, the mixed strain fields obtained with their
device precluded being able to differentiate the effects of
pure elongation from those of pure compression. In
contrast, our results from pure uniaxial stretching show
that cells realign specifically in the direction perpendi-
cular to stretching. Taken together, one can then
reasonably predict that cells would also realign perpen-
dicular to the direction of pure compression. That is,
both cyclic elongation and compression are unfavorable
conditions for cell alignment. The reason for this,
however, is not clear from this study.

Furthermore, our results confirm that the stress
fiber alignment occurs along the direction of mini-
mal substrate deformation. Specifically, after simple
elongation or pure uniaxial stretching, stress fibers
were formed specifically in the direction of the minimal
substrate deformation. Moreover, after equi-biaxial
stretching, in which there was no direction with minimal
substrate deformation in the plane of the membrane,
a ‘‘tent-like’’ structure protruding from the substrate
plane was formed. However, this unusual response is
consistent with the notion that stress fibers can only be
formed in a direction with minimal substrate deforma-
tion (Wang, 2000)Fin this case, out of the plane of the
membrane. It has been suggested that this remodeling of
the actin cytoskeleton governs the subsequent cell
alignment (Shirinsky et al., 1989).

It should be noted that there was only a small
difference in the cell reorientation response between the

two stretching conditions, i.e., simple elongation and
pure uniaxial stretching. It was not an easy task to detect
the small difference, considering there was a large
variability in the orientation of cultured cells. We
accomplished this by using a unique stretching device
which can apply precisely both the simple elongation
and pure uniaxial stretching. In addition, a non-
parametric statistical technique, the Kolmogorov–Smir-
nov test (Hoel, 1971), was used to compare statistically
two orientation distributions under the two stretching
conditions. Finally, the small difference in the cell
reorientation response to the two stretching conditions
indicates that endothelial cells are exquisitely sensitive to
mechanical stimuli, therefore, the cell orientations
during mechanical stretching must be controlled if the
specific role of these stimuli in the cellular biological
responses can be properly interpreted.

In this study, we limited our observations to 3 h
whereas other studies examined different durations of
stretching (Iba and Sumpio, 1991; Takemasa et al.,
1997, 1998). After 3 h of stretching, we found that cells
subjected to 10% stretch had nearly completed their
reorientation, but those subjected to 5% had not. The
eventual reorientation of the cells subjected to 5%
stretch requires further study. Thus, although our data
show a clear difference in the reorientation angle
between the two stretching magnitudes after comparable
durations of stretching, it is not clear whether the extent
of eventual reorientation is also dependent on stretching
magnitude. Takemasa and co-workers (1997) found the
angle of reorientation of human umbilical vein en-
dothelial cells to be linearly dependent on stretching
magnitude after 20min of stretching. As our results
indicate, however, the angle of reorientation varies with
both magnitude and duration of stretching, so their
interpretation may not be entirely correct. In a subs-
equent, more detailed study, Takemasa and co-workers
(1998) showed that both the extent of reorientation and

Fig. 8. The influence of microtubules on the cell reorientation and stress fiber formation. Unstretched endothelial cells had dense microtubules
throughout the cells (A). When the cells were incubated with nocodazole (0.33mM in DMSO) for 30min and were then subjected to cyclic pure
uniaxial stretching (10%, 0.5Hz) in the presence of the drug, few microtubules were detected in the stretched cells (B). The cells still reoriented,
however, and stress fibers still formed in the direction nearly perpendicular to the stretching direction (C). Note that higher dosages of nocodazole
could not be used since the treated cells became rounded, presumably because of the toxicity of this drug at higher dosages. Also, it is apparent that
the nocodazole-treated cells were less elongated than the untreated cells. The exact reason for this is not clear (Bar: 15mm).
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the time to achieve complete reorientation apparently
varied directly with the stretching magnitude. Since the
direction of minimal substrate deformation also varied
with the applied stretching magnitude, however, one
may not definitively make those conclusions.

In this study, human aortic endothelial cells with
relatively high passages (9–16th) were used. It is known
that with increased passages, the cells tend to lose some
phenotypic properties. For the cell reorientation we
were concerned within this study, we found that all the
cells with different passages almost complete their
reorientations within 3 h. In other words, no passage-
number dependent cell reorientation was noticed. As a
result, to describe cell reorientation response, orienta-
tions measured from the cells with different passages
were pooled together (Fig. 5).

Our finding of cell reorientation to around 701 about
the stretching direction under simple elongation is
inconsistent with that of a previous study (Dartsch
and Betz, 1989), which reported that the cells oriented
perpendicular to the stretching direction. While the
exact reasons for this are unknown, there are several
possibilities. First, there was a difference in species
between the two studies. We used human aortic
endothelial cells, whereas they used porcine aortic
endothelial cells. It is possible that cells from different
species may respond differently to mechanical stretch-
ing. Second, there was a difference in cell density. We
used subconfluent cell culture, in which individual cells
did not come closely into contact with each other.
Hence, the cell reorientation response is expected to be
independent. In contrast, the Dartsch and Betz’s study
used a highly confluent cell culture. Due to the cell-to-
cell contact in the highly confluent culture, reorientation
of individual cells would be expected to be influenced
not only by mechanical stretching, but also by neigh-
boring cells. Consequently, reorientations of individual
cells would not be expected to be independent. Cell
density may affect cell alignment response, e.g., con-
fluent endothelial cells aligned in the flow direction
(Malek and Izumo, 1996), whereas subconfluent endo-
thelial cells did not respond in such a manner (Masuda
and Fujiwara, 1993). Moreover, the difference in cell
densities may mean that the cells in the two studies were
in different growth cycles, which may also contribute to
the difference in the cell reorientation response. There-
fore, future studies are needed to examine cell reorienta-
tion response when cell cycles are controlled. Third, the
cells can tolerate some degrees of strains (Wang et al.,
1995) and the cells in a confluent culture may somehow
tolerate larger strains than in a subconfluent culture.
That the cells are tolerant to some degrees of strains may
also explain why not all cells oriented exactly in the
direction with the minimal strain, which was the 701
direction under simple elongation and the 901 direction
under pure uniaxial stretching (Figs. 5B, C).

Our results show that at least for the early cell
reorientation response, the rate of cell reorientation
primarily depends on stretching magnitude. However,
the rate of cell reorientation likely depends on many
other factors, including the type and source of cells,
culture conditions (such as the growth medium used),
the coating protein on the substrate and the density of
cells. All of these factors need to be considered when
comparing different studies. We studied non-confluent
cells, as this helped document reorientation by enabling
us to examine the same cells before and after stretching,
and also avoided potential complications which arise
from cell to cell signals such as contact inhibition, which
may alter the timing of stretch-induced responses.
Finally, a previous study showed that, unlike most
other cell types, macrophages did not align perpendi-
cular to the stretching direction (Matsumoto et al.,
1996). Macrophages do not have the typical actin
cytoskeletal structure of other cells, such as endothelial
cells, fibroblasts, and smooth muscle cells, which have
all been shown to reorient in response to stretching.
Thus, this finding lends a further support to the
important role of the actin cytoskeleton in the cell
response to cyclic mechanical stretching. Future studies
should focus on quantitating cytoskeletal changes in the
response of the endothelial cells to different types of
mechanical stretching. Preliminary studies from this
group have shown that the extent of actin cytoskeleton
disruption depends on the type of stretching applied to
the cells and the time after initiation of the stretching
(Wang et al., 2000a, b).

Intact microtubules appear to be necessary for cell
reorientation in response to shear flow (Malek and
Izumo, 1996). In contrast, with cyclic mechanical
stretching, disrupting the microtubules with nocodazole
did not block the cell reorientation. The difference in the
cell reorientation response to shear flow and cyclic
mechanical stretching is further evidence of the specifi-
city of cell responses to different mechanical stimuli.
However, it is not clear from this study whether the
reorientation rate of the nocodazole-treated cells in
response to cyclic stretching is altered compared to
untreated cells, and this requires further studies. In
addition, note that although the microtubules in the
nocodazole-treated cells were largely eliminated (com-
pare Figs. 8A and B), there were some sparse micro-
tubule fragments in the nuclear region. We found that,
to completely eliminate the microtubule fragments,
much higher dosages (>1 mM instead of 0.33 mM) of
nocodazole must be used. At the high dosages, however,
many cells became rounded, presumably because of the
toxicity of this drug. This made it impossible to examine
cell reorientation response.

A striking feature of endothelial cells on healthy
arterial walls in vivo is their elongated shape and
alignment along the longitudinal direction of the aorta,
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which is perpendicular to the predominantly radial
vessel stretching direction. Since the arterial wall is
undergoing uniaxial radial stretching, the endothelial
cells are in the direction with the minimal stretching, and
hence there is no stimulus for the cells to reorient. When
a vessel wall is injured, however, e.g., denuded by
balloon dilation, the cells that migrate to the injured
area will be expected to reorient in order to be subjected
to the minimal stretching like the cells in an intact vessel.
In addition, it should be noted that many types of cells
are generally embedded in extracellular matrix. The
matrix itself can influence the cell reorientation response
to cyclic mechanical stretching. For example, smooth
muscle cells, when embedded in a collagen matrix, align
in the stretching direction instead of orienting away
from the stretching direction (Kanda and Matsuda,
1994). Moreover, the matrix influences phenotypic
expression of the cells, including gene expression and
protein synthesis (Ingber, 1991). Thus, to study biolo-
gical responses of these cells with a surrounding matrix,
the matrix should be included along with mechanical
stretching.

In summary, this study shows that in response to
cyclic stretching, human aortic endothelial cells reorient
very specifically to the direction with minimal substrate
deformation, regardless of the type of mechanical
stretching applied. Furthermore, this study shows that
the rate and extent of early cell reorientation depend
predominantly on the stretching magnitude, not the
stretching rate. The actin cytoskeleton of the stretched
cell is remodeled into stress fibers which are also
oriented in the direction of minimal substrate deforma-
tion, no matter what type of mechanical stretching is
applied. Finally, microtubules are not necessary for the
stress fiber formation and cell reorientation to occur in
response to cyclic mechanical stretching.
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