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Abstract

Endothelial cell (EC) alignment to directional flow or stretch supports anti-inflammatory 

functions, but mechanisms controlling polarized structural adaptation in response to physical cues 

remain unclear. This study aimed to determine whether factors associated with early actin edge 

ruffling implicated in cell polarization are prerequisite for stress fiber (SF) reorientation in 

response to cyclic uniaxial stretch. Time-lapse analysis of EGFP-actin in confluent ECs showed 

that onset of either cyclic uniaxial or equibiaxial stretch caused a non-directional increase in edge 

ruffling. Edge activity was concentrated in a direction perpendicular to the stretch axis after 60 

min, consistent with the direction of SF alignment. Rho-kinase inhibition caused reorientation of 

both stretch-induced edge ruffling and SF alignment parallel to the stretch axis. Arp2/3 inhibition 

attenuated stretch-induced cell elongation and disrupted polarized edge dynamics and microtubule 

organizing center reorientation, but it had no effect on the extent of SF reorientation. Disrupting 

localization of p21-activated kinase (PAK) did not prevent stretch-induced SF reorientation, 

suggesting that this Rac effector is not critical in regulating stretch-induced cytoskeletal 

remodeling. Overall, these results suggest that directional edge ruffling is not a primary 

mechanism that guides SF reorientation in response to stretch; the two events are coincident but 

not causal.
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Introduction

Endothelial cells (ECs) in vivo are constantly subjected to hemodynamic forces such as 

shear stress and cyclic strain that result from pulsatile blood flow and circumferential and 
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longitudinal deformation of the vessel wall. The local mechanical environment plays an 

important role in regulating EC structure and function. In straight sections of arteries that are 

characterized by unidirectional laminar flow and uniaxial circumferential strain, ECs are 

elongated and align parallel to the direction of flow and perpendicular to the principle axis 

of stretch, a morphology which has been linked to an atheroprotective phenotype. 

Cytoskeletal filaments in these cells are oriented parallel to the axis of elongation.3 In 

contrast, ECs in regions of arterial bifurcations or high curvature with a small net forward 

flow component and no clear stretch axis adopt a polygonal, cobblestone morphology with 

random cytoskeletal filament orientations.3 These sites of disturbed hemodynamics correlate 

with the focal pattern of atherogenesis.39,45 Consistent with cell and cytoskeletal alignment, 

shear stress and cyclic strain enhance EC migration parallel to the flow direction31 and 

perpendicular to the stretch axis,33 respectively. These results demonstrate that external 

physical cues induce spatially polarized EC adaptation.

During the initial stages of polarization, cells actively probe the composition and rigidity of 

the extracellular matrix (ECM) by extending actin-rich lamellipodia and edge ruffles in 

search of spatial cues. For example, a step increase in shear stress causes a transient increase 

in non-directional actin edge ruffling and area expansion in subconfluent ECs that peaks 

after 12–15 min and then subsides. By 10–15 min, lamellipodium formation occurs 

preferentially in the downstream direction and coincides with the formation of new focal 

complexes and with cell migration.4,29,34 The location and time scale of edge ruffling is 

consistent with that of Rac activation by flow.42 Thus, force-induced spatial asymmetry of 

actin polymerization at cell edges at this early time scale may represent an active 

mechanosensing response that guides the establishment of planar cell polarity.44

While it is established that cyclic uniaxial stretch causes perpendicular alignment of ECs 

over a time scale of hours,3,25 mechanisms controlling cell polarization in response to ECM 

stretch have not been elucidated. Static (constant magnitude) equibiaxial stretch inhibits 

edge ruffling in subconfluent vascular smooth muscle cells within minutes through global 

deactivation of Rac, whereas static uniaxial stretch causes increased lamellipodium 

extension at the ends of the cells and decreased extension along the stretched sides of cells 

through vectorial deactivation of Rac.24 In contrast to static stretch, onset of either cyclic 

uniaxial or equibiaxial stretch triggers increased edge ruffling in ECs within minutes, 

consistent with responses to onset of shear stress.19 In subconfluent fibroblasts, although 

Rac activity remains constant during the first 30 min of cyclic uniaxial stretch, edge 

protrusion activity perpendicular to stretch increases and protrusion activity parallel to 

stretch decreases over an alignment time scale of 3 h.7 Together with the observation that 

constitutively active V12Rac blocks stretch-induced stress fiber (SF) alignment,24 these 

results suggest that rapid edge dynamics, which are mediated by Rac, may contribute to SF 

reorientation at later time scales.

A causal link between structural dynamics at early time scales (e.g. early edge ruffling 

dynamics triggered by stretch onset19) and adaptation time scales (adaptation of SF 

orientation) has not been established. Mathematical models that describe stretch-induced SF 

reorientation are based on the premise that changes in cytoskeletal tension due to periodic 

matrix stretch is sufficient to cause disassembly of SFs whose level of extension is perturbed 
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from a set-point level.16 SF disassembly begins within minutes after onset of cyclic stretch 

by a process that is accelerated in SFs experiencing the greatest amplitude of stretch. SF 

reassembly occurs preferentially in the direction of minimum stretch, resulting in the 

accumulation of SFs perpendicular to the stretch axis.16 Whether cycles of spatially 

polarized edge ruffling contribute to contractility-modulated SF self-adjustment and 

subsequent reorientation remains unclear.

Although cell edge protrusions perpendicular to the stretch axis are increased over a time 

scale of hours during cell alignment,7 quantitative measurements of edge ruffling dynamics 

at shorter time scales more relevant to mechanosignaling events are lacking. This study 

tested the hypothesis that dynamic, directional edge ruffling is a prerequisite for SF 

reorientation in response to cyclic uniaxial stretch. By measuring the degree and orientations 

of actin edge ruffling in confluent aortic ECs, we show that onset of either cyclic uniaxial or 

equibiaxial stretch (12%, 1 Hz) caused an increase in edge ruffling that was initially non-

directional. After 60 min of stretch, edge ruffling orientations were concentrated 

perpendicular to the stretch axis, consistent with the eventual SF alignment direction. Rho-

kinase (ROCK) inhibition caused edge ruffling orientations to concentrate parallel to the 

stretch axis after 60 min, remaining correlated with the eventual SF alignment direction. 

Inhibition of actin-related protein-2/3 (Arp2/3) attenuated cell elongation, disrupted 

polarized edge dynamics, and inhibited microtubule organizing center (MTOC) 

reorientation. However, Arp2/3 inhibition had a negligible effect on SF reorientation 

perpendicular to the stretch axis. Taken together, these results suggest that directional edge 

ruffling is not a determining factor of SF reorientation in response to stretch. Furthermore, 

disrupting localization of the Rac effector p21-activated kinase (PAK) had no effect on the 

extent of stretch-induced SF reorientation, suggesting that PAK is not critical in regulating 

cytoskeletal remodeling in response to substrate stretch.

Materials and Methods

Cell culture, transfection, and inhibitors

Bovine aortic ECs were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 

Gaithersburg, MD) supplemented with 10% heat-inactivated newborn calf serum (HyClone, 

Logan, UT), 2.92 mg/ml L-glutamine (Gibco), 50 u/ml penicillin (Gibco), and 50 μg/ml 

streptomycin (Gibco) using established techniques.12 Cells were transiently transfected with 

pEGFP-actin (Clontech, Mountain View, CA) using a liposome-mediated method according 

to manufacturer’s recommendations (Lipofectin, Invitrogen, Carlsbad, CA). After 24 h, 

transfected cells were seeded onto a sterilized elastic membrane coated for 2 h with 1.2 

μg/cm2 fibronectin (Sigma-Aldrich, St. Louis, MO). Fluorescent microspheres (0.1 μm, 

Molecular Probes, Eugene, OR) that were pre-adhered by drying on the elastic membrane 

prior to fibronectin coating were used for image registration and to measure the imposed 

substrate strain. In experiments using the Rho-kinase inhibitor Y27632 (Calbiochem), cells 

were pretreated for 30 min, and Y27632 (10 μM) was present throughout the experiment. In 

experiments using the Arp2/3 complex inhibitor CK-869 (Calbiochem) or its inactive 

control compound CK-312 (Calbiochem), cells were pretreated for 2 h, and either CK-869 

or CK-312 (10 μM) remained present throughout the experiment. To inhibit PAK, cells were 
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pretreated with a cell-permeant inhibitory peptide that corresponds to the Nck-binding 

sequence of PAK or a control peptide27 (20 μg/ml; kind gifts from A.W. Orr, LSU Health 

Sciences Center) for 1 h, and the peptides were present throughout the experiment.

Stretch application and live-cell image acquisition

Cells were subjected to mechanical stretch using a custom-built device as described 

previously.19 The stretch device was enclosed in an Okolab microscope cage incubator 

(Warner Instruments, Hamden, CT) and maintained at 37 °C and 5% CO2. In cyclic stretch 

experiments the indenter motion was sinusoidal (12% linear stretch, 1 Hz), and time-lapse 

images of ECs expressing EGFP-actin were acquired every 3 min through a 40×/0.75 NA 

objective lens (Olympus, Center Valley, PA) using a DeltaVision RT Restoration 

Microscope (Applied Precision, Issaquah, WA) and a cooled CCD camera (MicroMax, 

Princeton Instruments, Trenton, NJ). The elastic membrane was held at the stretched 

position for ~30 s during acquisition of multi-wavelength 3-D image stacks (3–4 optical 

sections spaced 300 nm apart for registration in the z-axis). The motion profile was 

immediately restarted after image acquisition. Acquired images were deconvolved in 

softWoRx software (Applied Precision) using a constrained iterative algorithm and an 

experimentally measured point spread function14 and exported in TIFF format. Constant-

intensity background subtraction and unsharp mask filtering were performed.

Immunofluorescence

ECs were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.2% Triton 

X-100 in PBS. To measure SF orientations, F-actin was labeled with TRITC-phalloidin 

(Sigma). To determine the location of the MTOC, cells were labeled with an antibody 

against γ-tubulin (Sigma) followed by Cy3-conjugated IgG (Sigma). Cell nuclei were 

counterstained with bisBenzimide (Hoechst 33258, Sigma). Samples were imaged using a 

40×/0.75 NA objective lens as described above.

Image analysis of edge dynamics

We implemented an image analysis strategy that measures the spatiotemporal distribution of 

actin edge ruffling.20 Briefly, time-lapse images of ECs expressing EGFP-actin were 

segmented using an active contour method. In intensity line profiles oriented normal to the 

cell edge, peak detection identified the angular distribution of polymerized actin within 3 μm 

of the cell edge, which was localized to lamellipodia and edge ruffles. Edge features 

associated with filopodia and peripheral SFs were removed. To enable analysis of multiple 

cells with varying perimeter lengths, cell edge coordinates were grouped based on the polar 

angle with respect to the centroid position (angular bin size = 1°). To capture dynamic 

ruffling edges in time, locations of sustained ruffling (angular bins positive for ruffling in at 

least 3 out of 5 frames) were found using a temporal accumulator.

A nonparametric circular statistics approach5 was used to assess edge ruffling orientations. 

In individual ECs, angular distributions of edge ruffles detected by image analysis were 

represented as unit vectors on the circle with vector angles θi (i = 1…N) and used to 

compute the mean resultant length and the mean orientation angle. The Rayleigh test was 

used to assess whether edge ruffles were uniformly distributed or were concentrated around 
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a unimodal direction. If the null hypothesis of uniform distribution was rejected, edge 

ruffling activity was considered directional with a mean ruffling orientation of θ̄. To 

compare directionality in multiple cells, mean ruffling orientations of individual ECs θj̄ (j = 

1…M), where M = number of cells, were then represented as unit vectors on the circle and 

used to compute a sample mean resultant length and sample mean orientation. Before stretch 

and during cyclic equibiaxial stretch, the Rayleigh test was used to assess uniformity against 

a unimodal alternative with unspecified mean direction. During cyclic uniaxial stretch, it 

was hypothesized that stretch-induced edge ruffles concentrate around the eventual SF 

alignment direction.7 The modified Rayleigh test (v-test) was used to test uniformity against 

a specified, hypothetical unimodal alternative that was set as either perpendicular (90°) or 

parallel (0°, in the presence of Y27632) to the stretch axis. For measures of spread (i.e. 

circular variance), axial data were transformed to vector data for analysis.

In computing the mean ruffling orientation in single ECs, we assumed that stretch-induced 

edge ruffling distribution was either unimodal or unimodal axial (θ̄ and θ̄+180°). To 

distinguish between these two possibilities a method of moments estimation5 was used to 

determine whether the distribution could be fitted as a mixture of two von Mises 

distributions: component 1 with proportion p, mean orientation μ1, concentration κ1, and 

component 2 with proportion 1 p, mean orientation μ2, concentration κ2. Estimates of the 

five parameters were found by minimizing the least squares criterion at a specified tolerance 

for convergence.22 Edge ruffling distributions were considered unimodal axial if 

0.75>p>0.25 and |μ1 − μ2|>135° (within 45° of a true unimodal axial distribution). As p 

approaches 1 or 0, the choice of distribution has less effect on the analysis. Mean orientation 

was not computed for cells with low edge activity (sustained ruffling detected in <10% of 

the perimeter).

Image analysis of SF orientations

From acquired images of F-actin, local filament orientations were computed from the pixel-

by-pixel gradient vector.23 The 1024×1024-pixel SF image was divided into 64×64-pixel 

subimages, and the horizontal and vertical gradient in pixel intensity in each subimage I was 

computed using Sobel operators hx = [−1 −2 −1; 0 0 0; 1 2 1] and hy = hx′. Each kernel was 

convolved with I: Gx = (hx*I), Gy = (hy*I). The gradient magnitude G and direction Φ were 

computed as G = (Gx
2+Gy

2)1/2 and Φ = tan−1(Gy/Gx). The local direction of orientation ϕ 

was found perpendicular to the intensity gradient Φ. Local filament orientations ϕi (i = 1…

N), where N = number of subimages with unimodal axial SF orientation, were then 

represented as unit vectors on the circle and used to compute the mean SF orientation in a 

field of view. Axial data were transformed to vector data, and the modified Rayleigh test (v-

test) was used to test uniformity against a specified, hypothetical unimodal alternative that 

was set as perpendicular (90°) to the stretch axis.

MTOC polarity and nucleus orientation

MTOC position was determined by finding the local maximum intensity of γ-tubulin 

fluorescence in the perinuclear region, and its orientation relative to the geometric center of 

the nucleus was computed. For nucleus orientation, cell nucleus contour determined by 

Hoechst staining was fit to an ellipse, and the angle between the major axis of the ellipse and 
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the stretch axis was computed. Both MTOC orientation with respect to the nucleus and 

nucleus orientation with respect to the stretch axis were converted to the interval [0°, 90°] 

and grouped (angular bin size = 30°).

Results

Actin edge ruffling dynamics in response to cyclic stretch

We have shown qualitatively that onset of either cyclic uniaxial or equibiaxial stretch causes 

an increase in edge ruffling in ECs within minutes,19 but spatiotemporal dynamics of 

stretch-induced edge activity on this early time scale have not been characterized. In this 

study we implemented an image analysis strategy20 to measure the degree and orientation of 

edge ruffling in response to cyclic stretch. Time-lapse images of ECs expressing EGFP-actin 

in a confluent monolayer were acquired every 3 min before and after onset of either cyclic 

uniaxial or equibiaxial stretch. Ruffling edges were defined as locations on the perimeter 

with polymerized actin within 3 μm of the cell edge, as indicated by concentrated EGFP-

actin fluorescence (Fig. 1). Substrate stretch triggered a rapid increase in edge ruffling, as 

indicated by the cyan perimeter contour segments and the length of angular bins in 

corresponding rose plots (Fig. 2A, B, also see Supplemental Movies 1, 2). To quantify the 

degree of ruffling, the fraction of perimeter engaged in ruffling was computed as the ratio of 

the number of angular bins engaged in ruffling to the total number of angular bins and 

averaged over a 15-min measurement window. Mean ruffling perimeter fraction computed 

across multiple cells shows that edge ruffling was increased after 15 min of either cyclic 

uniaxial or equibiaxial stretch compared to no-stretch (p < 0.05, t-test) (Fig. 2C). The 

stretch-induced increase in edge activity was sustained over the 30- and 60-min 

measurement windows. The mean projected cell area derived from EGFP-actin fluorescence 

remained constant over 60 min in response to either cyclic stretch profile (data not shown).

Mean ruffling orientations in single ECs over corresponding measurement windows were 

computed from angular distributions of sustained ruffling activity (Fig. 1B, C). These 

orientations were then represented as unit vectors and used to compute a sample circular 

variance and mean orientation across multiple cells (Fig. 2D, E). Before stretch, mean 

ruffling orientations of individual ECs were uniformly distributed (p > 0.05, Rayleigh test, 

assuming distribution is not multimodal) (Fig. 2D, E, t = 0 min). Cyclic stretch increased 

mean ruffling perimeter fraction by ~10% but mean ruffling orientations initially remained 

uniformly distributed, indicating that the initial ruffling response to stretch was non-

directional. After 60 min of uniaxial stretch, mean ruffling orientations were not uniformly 

distributed and were concentrated perpendicular to the stretch axis (p < 0.05, v-test, 

unimodal alternative of 90°) (Fig. 2D). In contrast, mean ruffling orientations of ECs 

subjected to equibiaxial stretch remained uniformly distributed during the first 60 min of 

stretch (Fig. 2E).

A change in stress fiber orientations coincided with a change in edge ruffling orientations

When the Rho pathway is intact, cyclic uniaxial stretch induces perpendicular alignment of 

SFs. Inhibition of the Rho effector ROCK attenuates SF formation in ECs and causes SFs to 

form parallel to the stretch axis in response to cyclic stretch.25,28 To test the hypothesis that 
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directional edge ruffling is a prerequisite for SF reorientation, we measured edge ruffling in 

ECs treated with the ROCK inhibitor Y27632. ECs were pretreated for 30 min with 10 μM 

Y27632 and subjected to cyclic uniaxial stretch for up to 4 h in the presence of the inhibitor. 

Phalloidin labeling revealed that while cortical F-actin began to reorient parallel to the 

stretch axis after 1 h, F-actin in the cell interior remained diffuse (Fig. 3C). After 4 h SF 

content was increased, and these newly formed filaments were aligned parallel to the stretch 

axis (Fig. 3D) consistent with previous reports.25,28 The degree of cell shape alignment 

parallel to the stretch axis was less pronounced than SF alignment (data not shown).

ROCK inhibition decreased the effect of cyclic stretch on the degree of edge ruffling, as 

demonstrated by time-lapse images of an EGFP-actin–expressing EC subjected to cyclic 

uniaxial stretch in the presence of Y27632 (Fig. 4A, also see Supplemental Movie 3). While 

some ECs showed increased ruffling in response to stretch onset, mean ruffling perimeter 

fractions measured at time intervals before and during the first 60 min of stretch remained 

constant (Fig. 4B). Similar to untreated cells, mean ruffling orientations of ECs treated with 

Y27632 were uniformly distributed on the circle before and initially after stretch (Fig. 4C). 

However, after 60 min mean ruffling directions became concentrated parallel to the stretch 

axis (p < 0.05, v-test, unimodal alternative of 0°), in agreement with the eventual SF 

alignment direction. Thus, our results suggest that a change in edge ruffling orientations 

after 60 min corresponds to the change in SF orientations observed after 4 h.

Arp2/3 inhibition disrupted stretch-induced directional ruffling but not perpendicular 
alignment of stress fibers

To determine whether spatially polarized edge dynamics is a primary mechanism guiding 

cytoskeletal alignment, we intervened against actin filament nucleation at cell edges using 

CK-869, a small molecule inhibitor of Arp2/3 complex.36 First, the inhibitor assay was 

validated by examining the effect of Arp2/3 inhibition on cell shape and actin structures in 

subconfluent ECs, where edge ruffling activity is more pronounced. Subconfluent ECs were 

maintained in low (0.5%) serum for 14–16 h and treated with Arp2/3 inhibitor CK-869 (10 

or 20 μM) or its inactive control compound CK-312 (20 μM). Low serum conditions were 

chosen to reduce baseline edge ruffling activity that may be caused by serum components 

such as platelet-derived growth factor and lysophosphatidic acid. Cell morphology was not 

noticeably perturbed after a 2 h incubation with the inactive control, and phalloidin labeling 

showed higher intensity staining in edge ruffles. In contrast, ECs treated with either 10 or 20 

μM of Arp2/3 inhibitor adopted a rounded morphology without detaching from the substrate 

(Fig. 5A). Contrast changes observed in both brightfield and fluorescence images suggest 

that cell thickness was increased in the perinuclear region and decreased at cell edges. 

Additionally, Arp2/3 inhibition decreased F-actin content in edge ruffles, as indicated by 

decreased intensity and uniform distribution of F-actin staining of edge ruffles (Fig. 5B, C). 

These measurements on subconfluent ECs under no-stretch conditions validate the 

effectiveness of Arp2/3 inhibition.

In order to measure stretch-induced edge ruffling dynamics in a confluent monolayer of 

ECs, cells were first pretreated with the Arp2/3 inhibitor or its inactive control (both 10 μM, 

2 h pretreatment) and then were subjected to cyclic uniaxial stretch in the presence of the 
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compounds (Fig. 6). The effect of Arp2/3 inhibition on a confluent monolayer of ECs was 

more gradual than on a subconfluent cell layer. ECs in a confluent monolayer exhibited a 

rounded morphology after pretreatment with the Arp2/3 inhibitor, whereas confluent EC 

monolayers pretreated with the inactive control did not show altered morphology. Although 

the degree of cell elongation was reduced by Arp2/3 inhibition, image analysis of EGFP-

actin dynamics showed that actin polymerization at cell edges was not prevented 

completely. Dynamic ruffling edges associated with concentrated EGFP fluorescence were 

detected in cells treated with either the inactive control (Fig. 6A, t = 0 min) or the Arp2/3 

inhibitor (Fig. 6B, t = 0 min; also see Supplemental Movies 4, 5) and the mean ruffling 

perimeter fraction was not different between the two groups (Fig. 6C, t = 0 min).

After onset of cyclic uniaxial stretch, EGFP-actin dynamics reflected a difference in edge 

ruffling behaviors (Fig. 6, t > 0 min). In ECs treated with the inactive control, cyclic stretch 

onset induced a transient increase in non-directional edge ruffling that was observed at 15 

min (p < 0.05, t-test) (Fig. 6C). After 60 min, mean ruffling perimeter fraction was not 

different from the no-stretch baseline; however, mean ruffling orientations were not 

uniformly distributed but were concentrated perpendicular to the stretch axis (p < 0.05, v-

test, unimodal alternative of 90°) (Fig. 6D). In contrast, when Arp2/3 was inhibited mean 

ruffling perimeter fraction remained constant before and during the first 60 min of cyclic 

stretch (Fig. 6C). While stretch application triggered an increase in edge ruffling in some 

cells, a synchronized response was not observed. After 60 min, edge activity remained 

variable among individual cells. In some cases, portions of the perimeter remained dynamic 

even though edge displacement was reduced. Visually, these dynamic edges did not exhibit 

a characteristic convex shape with a concentrated band of polymerized actin that is normally 

associated with edge protrusions. In other cases, attenuation of actin assembly at cell edges 

was more pronounced and only cortical actin associated with quiescent edges remained. 

Furthermore, Arp2/3 inhibition disrupted directional edge ruffling in response to stretch, 

since mean ruffling orientations of ECs treated with Arp2/3 inhibitor were uniformly 

distributed on the circle before and during the first 60 min of cyclic stretch (Fig. 6E). At the 

60-min measurement window, edge activity in 33% (6 out of 18) of the cells was non-

directional (angular distribution of sustained edge ruffles was neither unimodal nor 

unimodal axial). This was caused in part by cells with quiescent edges and a low degree of 

sustained edge activity, from which mean orientations could not be computed.

To determine whether polymerized actin at cell edges coincided with edge protrusions, the 

projected cell area derived from EGFP-actin fluorescence was tracked. Relative area change 

in regions parallel and perpendicular to the stretch axis (quadrants designated “ends” and 

“sides”, respectively) between t = 15–60 min of cyclic stretch was compared (Fig. 7A). In 

cells treated with the inactive control, projected area decreased at cell ends and relative area 

change was significantly different from that at cell sides (p < 0.05, t-test). In contrast, when 

Arp2/3 was inhibited, projected area remained relatively unchanged and no difference was 

observed between cell ends and sides (Fig. 7B). Furthermore, while the magnitude of 

relative area change computed over a 15-min window was small, orientations of projected 

area growth in cells treated with the inactive control concentrated perpendicular to the 

stretch axis after 60 min (p < 0.05, v-test, unimodal alternative of 90°) consistent with that 
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of detected edge ruffles. Directionally polarized edge extensions as indicated by projected 

area growth was disrupted when Arp2/3 was inhibited (Fig. 7C). These data suggest that 

polymerized actin at cell edges was not associated with directional edge extensions in the 

presence of Arp2/3 inhibitor.

We next assessed whether Arp2/3 inhibition affects stretch-induced SF reorientation. In cells 

treated with the inactive control, cyclic uniaxial stretch induced perpendicular reorientation 

of SFs after 2 h concomitant with cell elongation (Fig. 8A, B). Treatment with Arp2/3 

inhibitor did not prevent SF assembly, as SFs were observed in no-stretch control cells after 

5 h of treatment with the inhibitor (Fig. 8C). While Arp2/3 inhibition attenuated stretch-

induced cell elongation and ECs retained a rounded morphology, central SFs in stretched 

cells still reoriented perpendicular to the stretch axis (Fig. 8D, E). To quantify the extent of 

SF reorientation, filament orientations were first computed locally from the gradient vector 

in 64×64-pixel subimages. Local filament orientations were then used to compute the mean 

SF orientation across multiple fields of view. In cells treated with either Arp2/3 inhibitor or 

its inactive control, mean SF orientations were concentrated perpendicular to the stretch axis 

(inactive control: mean orientation = −87.7°, circular variance = 0.12; Arp2/3 inhibitor: 

mean orientation = −89.1°, circular variance = 0.05). The non-parametric Watson U2 test 

was used to test the hypothesis that SF orientations in the two groups are drawn from the 

same population. At the 0.05 significance level, the null hypothesis (H0: the two samples are 

drawn from the same population) could not be rejected, suggesting that across the 

monolayer Arp2/3 inhibition had no effect on the extent of stretch-induced SF reorientation. 

Since inhibiting Arp2/3 disrupted polarized edge dynamics but not the extent of SF 

reorientation, edge ruffling is unlikely to be a primary mechanism that guides SF 

reorientation in response to stretch.

While central SFs were aligned perpendicular to the stretch axis, we observed thick cortical 

F-actin bundles in ECs treated with Arp2/3 inhibitor that did not reorient perpendicular to 

stretch and contributed to the rounded cell morphology (Fig. 8D, arrowheads). This 

difference in F-actin structure at cell edges accounted for the subtle differences between the 

circular histograms computed across multiple fields of view (Fig. 8A, 8D, rose plots, 

increased lengths of angular bins between 0°–30° and 150°–180°). We further investigated 

this effect by computing the circular variance of local F-actin orientations within individual 

fields of view, which accentuated the contribution of individual F-actin bundles. At this 

smaller length scale, Arp2/3 inhibition caused an increase in median circular variance of F-

actin orientations (p < 0.05, Wilcoxon rank-sum test compared to inactive control) (Fig. 8F). 

Thus, the increased variance of local filament orientations within individual fields of view 

reflected a change in cell shape (attenuated cell elongation due to Arp2/3 inhibition). Across 

the monolayer, the overall F-actin orientation is dominated by central SFs, whose force-

induced reorientation response was not affected by Arp2/3 inhibition.

Arp2/3 inhibition disrupted stretch-induced MTOC polarization and attenuated nucleus 
reorientation

Arp2/3 inhibition attenuated cell elongation but did not prevent SF reorientation to stretch, 

resulting in the decoupling of cell shape and cytoskeletal polarity. To further examine the 
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effects of Arp2/3 inhibition on stretch-induced cell polarization, we measured MTOC 

position relative to the nucleus, an indicator of planar cell polarity. Confluent ECs pretreated 

with Arp2/3 inhibitor or its inactive control were subjected to cyclic uniaxial stretch in the 

presence of the compounds. After 4 h of uniaxial stretch, ECs treated with the inactive 

control were elongated and reoriented perpendicular to the stretch axis, whereas the degree 

of cell elongation remained reduced in ECs treated with the inhibitor (Fig. 9A). To assess 

MTOC polarity, cells were labeled with anti-γ-tubulin and counterstained for cell nuclei 

(Fig. 9B). MTOC orientation relative to the nucleus (θ) was scored as perpendicular to the 

stretch axis if 60° < θ ≤ 90° (stretch axis = 0°). For ECs treated with the inactive control and 

subjected to stretch, the fraction of cells with MTOC perpendicular to the stretch axis was 

different from 0.33 (random distribution), suggesting a bias in MTOC orientations (p < 0.05 

compared to a mean of 0.33, t-test). In contrast, MTOC polarization was not observed in 

cells treated with the inhibitor or in cells kept as no-stretch control (Fig. 9C). Moreover, the 

fraction of cells with polarized MTOC was greater in cells stretched in the presence of the 

inactive control compared to other groups (p < 0.05, ANOVA and post hoc multiple 

comparison test). These results suggest that Arp2/3 inhibition disrupted stretch-induced 

MTOC polarization.

Shear stress causes nucleus shape alignment in the flow direction in addition to SF 

reorientation and MTOC polarization.6 To determine whether nucleus alignment occurs in 

response to stretch, cell nucleus contours were fitted to an ellipse, and the angle between the 

major axis of the ellipse and the stretch axis was computed. Nucleus orientation (θ) was 

scored as perpendicular to the stretch axis if 60° < θ ≤ 90° (stretch axis = 0°). Perpendicular 

reorientation of nuclei in response to stretch was observed in cells treated with either the 

Arp2/3 inhibitor or its inactive control, suggesting that Arp2/3 inhibition did not prevent 

nucleus orientation to stretch (p < 0.05 compared to a mean of 0.33, t-test) (Fig. 9D). In 

contrast, nuclei were randomly oriented in cells kept as no-stretch control. Comparing across 

groups showed that the fraction of cells with polarized nuclei was greater in cells stretched 

in the presence of the inactive control compared to other groups (p < 0.05, ANOVA and 

post-hoc multiple comparison test). Thus, while Arp2/3 inhibition did not prevent nucleus 

reorientation, the degree of polarization was decreased. Although static uniaxial stretch 

caused elongation of the nucleus in a previous study,2 we did not observe a change in 

nuclear eccentricity after 4 h of cyclic stretch (data not shown).

PAK inhibition did not prevent stretch-induced stress fiber reorientation

Blocking polarized Rac activity inhibits static stretch-induced SF reorientation in 

subconfluent smooth muscle cells,24 suggesting that Rac may regulate stretch-induced SF 

reorientation similar to that in response to shear stress.42 Furthermore, shear stress 

stimulates activation of the Rac effector PAK in ECs cultured on fibronectin,37 and 

expression of dominant negative PAK blocks shear stress-induced SF reorientation.1 Based 

on these observations, we hypothesized that PAK mediates SF reorientation in confluent 

ECs exposed to cyclic uniaxial stretch. To test the role of PAK in stretch-induced SF 

reorientation, ECs were maintained in 0.5% serum for 14–16 h, pretreated for 1 h with a 

cell-permeant PAK-Nck inhibitory peptide or a control peptide27 (20 μg/ml) and subjected 

to cyclic uniaxial stretch for 4 h in the presence of the peptides. The PAK-Nck peptide has 
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been shown previously to inhibit PAK function similarly to full length dominant negative 

constructs by preventing PAK translocation to sites of action such as cell-cell junctions. This 

inhibition of PAK activation was sufficient to inhibit its effects on EC migration, 

contractility, and permeability.27,37,38

In cells treated with either the PAK-Nck peptide or the control peptide, SFs reoriented 

perpendicular to the stretch axis (Fig. 10A, B) (Control peptide: mean orientation = 86.8°, 

circular variance = 0.03; PAK-Nck peptide: mean orientation = 89.3°, circular variance = 

0.04). The Watson U2 test was used to test the hypothesis that SF orientations in the two 

groups are drawn from the same population. At the 0.05 significance level, the null 

hypothesis (H0: the two samples are drawn from the same population) could not be rejected, 

suggesting that PAK inhibition had no effect on the extent of stretch-induced SF 

reorientation measured in multiple fields of view across the monolayer. Furthermore, 

median circular variance of local filament orientations measured within individual fields of 

view was not different in cells treated with the PAK-Nck peptide and the control peptide 

(Fig. 10C). These data suggest that PAK binding to Nck and subsequent localization is not a 

critical step in stretch-induced SF reorientation.

Discussion

In ECs, cytoskeletal alignment and directionally polarized cell motility are important 

adaptive responses to directional mechanical cues such as unidirectional shear stress and 

cyclic uniaxial stretch. However, mechanisms controlling cell polarization are not fully 

understood. It has been hypothesized that flow-mediated directional ruffling facilitates EC 

polarization and subsequent migration through positive feedback loops comprised of 

integrin signaling, Rac-mediated actin polymerization, and microtubule elongation at the 

leading edge. At the cell rear, Rho-mediated contractility and focal adhesion (FA) 

disassembly promote detachment from the substrate.30 Thus, analogous to the cell migration 

paradigm, spatial asymmetry of actin polymerization at cell edges may represent the first 

step in establishing planar cell polarity in response to mechanical cues. Force-induced 

polarization mechanisms in confluent monolayers are less clear, as the magnitude of shear 

stress-induced edge ruffling is lower and ruffling orientations remain non-directional after 

15 min.34 Furthermore, other rapid shear stress-induced structural changes such as strain 

focusing in the intermediate filament network13 and downstream displacement of FA sites 

and ECM fibrils34 appear to be transient over this time scale. Most intermediate filament 

displacement occurs within the first few minutes after flow onset, and over 15 min 

displacement patterns of subcellular structures become more heterogeneous. In contrast, 

significant cytoskeletal alignment6 and persistent migration31 in the flow direction is not 

observed until >10 h after flow onset. Thus, there exists a gap in knowledge on whether 

structural changes at early time scales such as actin edge ruffling is a prerequisite for long-

term force-mediated structural adaptation.

Cell shape and SF reorientation represent common functional readouts of cell adaptation to 

cyclic stretch. However, few studies have measured rapid structural changes that may be 

involved in mechanosignaling and directional sensing. In this study, we implemented an 

image analysis strategy to measure the degree and orientations of actin edge ruffling in 
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response to cyclic stretch. Our results show that cyclic stretch onset induced an increase in 

actin edge ruffling in confluent ECs. The initial (<15 min) response to stretch occurred in a 

non-directional manner, similar to the effect of shear stress in both subconfluent and 

confluent ECs.34 Moreover, increased edge ruffling was observed in response to either 

uniaxial or equibiaxial stretch. These results support the hypothesis that mechanical force 

onset represents a depolarizing signal that resets cell polarity,44 regardless of whether the 

stimulus is directional. Consistent with this hypothesis, human aortic ECs subjected to cyclic 

stretch first adopt a rounded morphology, which occurs after initial SF disassembly and 

precedes cell elongation perpendicular to the stretch axis.35 Although cyclic stretch-induced 

edge ruffling is initially non-directional, a unimodal mean ruffling orientation perpendicular 

to the stretch axis emerges after 60 min. It has been demonstrated using kymography that the 

average number of edge protrusions perpendicular to stretch increases over 3 h as cells 

aligned.7 Here, we show at higher spatial and temporal resolution that directional edge 

activity likely precedes complete cell and SF reorientation. Measuring actin edge dynamics 

may therefore provide a tool that is predictive of shape alignment for investigating 

molecular mechanisms.

Rho signaling and Rho-mediated cell contractility play important roles in determining the 

orientation response to stretch. Specifically, inhibiting Rho or Rho effectors such as ROCK, 

mDia, or myosin light chain kinase (MLCK) attenuates SF formation but causes stretch-

induced SF assembly oriented parallel to the stretch axis.25,28 These previous results provide 

a means to test the spatial correlation between edge ruffling and SF orientations. In ECs 

treated with ROCK inhibitor Y27632, mean ruffling perimeter fraction remained constant 

before and during the first 60 min of cyclic stretch. Since ROCK antagonizes Rac 

activation,41 its inhibition may cause an increase in constitutive edge ruffling activity and 

thereby mask the effect of cyclic stretch. Similar to non-treated ECs, edge ruffling during 

cyclic stretch was initially non-directional in the presence of Y27632. After 60 min, edge 

ruffles concentrated parallel to the stretch axis in the direction of eventual SF alignment. 

These data suggest that a change in SF orientations caused by ROCK inhibition coincides 

with a change in edge ruffling orientations, and the two remain spatially correlated. Our 

observation that F-actin remained diffuse in the cytoplasm after 60 min further supports a 

temporal relationship in which polarized edge dynamics may guide SF reorientation to 

stretch. Rho activity modulates actin-myosin contractility and cytoskeletal tension. It has 

been hypothesized that inhibiting Rho signaling prevented an increase in actin dynamics, 

and consequently SFs aligned passively in the direction of stretch.3 A change in edge 

ruffling orientations could be a reflection of this altered contractile state, but the functional 

significance remains unclear.

The Arp2/3 complex controls the assembly of actin filaments into dendritic networks at the 

leading edge of motile cells.8 We initially hypothesized that if edge ruffling is a determining 

factor of SF reorientation in response to stretch, disruption of spatially polarized actin edge 

activity through Arp2/3 inhibition would attenuate SF alignment. Actin filament nucleation 

at cell edges was perturbed pharmacologically using CK-869, a small molecule inhibitor of 

Arp2/3 complex that inserts into the hydrophobic core of Arp3 and alters its conformation.36 

Pretreatment with Arp2/3 inhibitor CK-869 (10 μM) induced a rounded morphology in ECs 

after 2 h, consistent with previous observations in fibroblasts.40 Actin polymerization near 
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cell edges was still observed, likely due to remaining Arp2/3 activity (IC50 = 11 μM against 

bovine Arp2/3 36). However, phalloidin labeling showed that F-actin content in edge ruffles 

was decreased compared to cells treated with the inactive control CK-312. In ECs 

expressing EGFP-actin and treated with Arp2/3 inhibitor, mean ruffling perimeter fraction 

remained constant before and during the first 60 min of cyclic stretch. However, the 

variability of both edge ruffling magnitude and orientation among individual ECs was 

increased after stretch onset. CK-869 causes mislocalization of Arp3 and N-WASP in 

wound-edge fibroblasts.40 In those cells, colocalization of Arp3, N-WASP, and actin was 

reduced at the leading edge and became more spatially heterogeneous. Our observation of 

reduced and randomly oriented actin edge dynamics is consistent with those results. After 60 

min of cyclic stretch, 66% (12 out of 18) of the cells exhibited directional ruffling, but 

compiled across multiple cells these mean ruffling orientations remained spatially uniform. 

By comparing relative changes in projected cell area and orientations of projected area 

growth (both derived from cell contours), we further demonstrate that Arp2/3 inhibition 

disrupted polarized edge extensions.

In cells treated with Arp2/3 inhibitor, the angular distribution of mean SF orientations 

measured across multiple fields of view was not different from that in cells treated with the 

inactive control, suggesting that inhibiting Arp2/3 had no effect on the extent of stretch-

induced SF reorientation. Instead, Arp2/3 inhibition increased circular variance of local 

filament orientations measured in subimages within individual fields of view. This increased 

variability could be attributed to thick F-actin bundles at cell edges, which did not align due 

to the inability of cells to elongate in response to stretch. Taken together, image analysis of 

F-actin orientations at different length scales suggests that stretch-induced remodeling of 

cortical and central SFs may involve distinct mechanisms. These results are consistent with 

previous work showing that dorsal SFs (assembled through formin-driven actin 

polymerization at FAs) are distinct from transverse arcs (that originated from the 

lamellipodial network and consisted of cortical Arp2/3-nucleated actin bundles).15 Similar 

differences in peripheral vs. central SF reorganization have also been reported in stretched 

ECs treated with inhibitors of ROCK or MLCK.28 In those cells, cyclic uniaxial stretch 

cause SFs to form parallel to the stretch axis. However, SFs in ECs treated with Y27632 are 

primarily located near cell-cell junctions, whereas SFs in ECs treated with MLCK inhibitor 

ML-7 are confined to central regions of the cell.28 Spatial asymmetry of actin 

polymerization in response to external cues guides the establishment of planar cell polarity. 

In motile cells, this is accompanied by redistribution of the MTOC to the leading edge.10 In 

ECs subjected to shear stress, microtubule dynamics is required for polarized edge 

protrusions and subsequent migration in the flow direction.18 Likewise in response to cyclic 

stretch, migration of fibroblasts perpendicular to the stretch axis was blocked by treatment 

with either nocodazole or taxol.7 However, disruption or stabilization of microtubules did 

not block cell and SF reorientation in response to cyclic stretch.7,43 Our observation that 

directional edge ruffling in response to cyclic stretch is not a determining factor of SF 

reorientation provides further evidence that cytoskeletal remodeling and cell motility may be 

independently regulated despite their spatially correlated orientations. Stretched ECs treated 

with Arp2/3 inhibitor retained a rounded morphology but exhibited SFs aligned 

perpendicular to the stretch axis. Decoupling of cell shape and cytoskeletal alignment in 
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response to stretch has been previously reported in smooth muscle cells, where inhibition of 

stretch-activated cation channels suppressed perpendicular reorientation of cell shape but not 

SFs.11 Similarly, stretch causes perpendicular alignment of SFs in focal adhesion kinase 

(FAK) -null mouse embryonic fibroblasts, but cell elongation is attenuated.17 These 

observations support the hypothesis that stretch-induced cell shape and SF remodeling 

involve distinct signaling pathways. Interestingly, inhibition of FAK phosphorylation has 

been shown to block stretch-induced EC migration in addition to elongation.46 While we did 

not measure migration in this study, reduced elongation and impaired wound healing was 

observed in fibroblasts treated with CK-869.40 Collectively, these data further suggest that 

directional motility in response to stretch is not mediated by SF reorientation, and the two 

processes are likely independently regulated.

To further examine the effects of Arp2/3 inhibition on stretch-induced cell polarization, we 

measured MTOC position relative to the nucleus, an indicator of planar cell polarity. Cyclic 

stretch causes redistribution of the MTOC to the elongated side of the cytoplasm 

perpendicular to the stretch axis after 24 h.21 Consistently, we observed cell elongation and 

a bias in MTOC distribution perpendicular to the stretch axis after 4 h in cells treated with 

the inactive control. Arp2/3 inhibition attenuated stretch-induced cell elongation and 

disrupted MTOC polarization, suggesting that although stretch-induced SF reorientation 

remained unaffected some aspects of planar cell polarity (including cell shape and MTOC 

polarization) were suppressed. The functional significance of these effects remains 

uncertain. MTOC polarization in wound-edge fibroblasts is not dependent on actin, Arp2/3, 

or WASP-family proteins.32 Specifically, delocalization of Arp2/3 by overexpression of 

Scar1-WCA does not affect MTOC polarization in wound-edge cells.32 This discrepancy 

may be due to asymmetries in cell-cell contact formed by the scratch wound (i.e. the 

presence of a free cell edge). Furthermore, MTOC reorientation occurs by rearward 

movement of the nucleus away from the leading edge in a process that is coupled with actin 

retrograde flow and during which the MTOC remains stationary at the cell centroid.9 We 

reason that since Arp2/3 inhibition attenuated cell elongation and shape polarization, 

nucleus movement as an initial polarizing event may be suppressed in the absence of an 

established leading edge or an elongated side. Consequently, MTOC polarization in these 

cells was blocked or delayed. Our observation of decreased nucleus reorientation 

perpendicular to the stretch axis in cells treated with Arp2/3 inhibitor further supports a role 

for Arp2/3 in nucleus movement.

Since Rac is upstream of SF reorientation in response to both flow and stretch,24,42 and 

since flow-mediated SF reorientation is blocked by expression of a dominant negative 

construct of the Rac effector PAK,1 we further tested whether PAK, an important regulator 

of EC contractility,26,38 mediates stretch-induced SF reorientation. Incubation with a cell-

permeant PAK-Nck inhibitory peptide, which in previous studies inhibited EC migration 

and angiogenesis,27,37 did not prevent SF reorientation perpendicular to the stretch axis and 

had no effect on the extent of stretch-induced SF remodeling. These results suggest that 

despite its role in promoting EC motility, PAK may not be critical in regulating cytoskeletal 

remodeling in response to substrate stretch.
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Overall, it is important that inhibiting directional edge ruffling in response to uniaxial stretch 

did not prevent SF alignment. Thus, a potential mechanism is ruled out: the original 

hypothesis that early polarization of actin-mediated ruffling is required for SF adaptation is 

false. As a result, the causal links between early Rac-mediated cytoskeletal dynamics and 

Rho-mediated cellular adaptations to mechanical stimuli remain elusive.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Spatial and temporal accumulator to detect dynamic ruffling edges. (A) EC expressing 

EGFP-actin subjected to stretch. (a,b) Representative intensity line profiles normal to the 

cell edge. Fluorescence intensity peaks detected inside a 3-μm-wide edge region (*) were 

assigned to ruffles. (B) Overlay of ruffling segments detected by image analysis during a 15-

min window. (C) Rose plot shows the angular distribution of sustained ruffle segments 

(angular bins detected in at least 3 out of 5 frames). Edge ruffling magnitude and orientation 

were compared across different measurement windows before and after onset of cyclic 

stretch.
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Figure 2. 
EGFP-actin dynamics in response to cyclic stretch. (A, B) Time-lapse images of ECs in a 

confluent monolayer subjected to (A) cyclic uniaxial stretch and (B) cyclic equibiaxial 

stretch. Rose plots show the angular distribution of edge ruffles in the corresponding image 

and during a 15-min measurement window. Arrows indicate stretch directions. Scale bars, 

20 μm. (C–E) Effect of cyclic stretch on the magnitude and orientation of actin edge 

ruffling. (C) Mean ruffling perimeter fraction, computed as the ratio of the number of 

angular bins engaged in ruffling to the total number of angular bins. (*, p < 0.05, t-test 

compared to t = 0 min) (D, E) Circular variance computed from the angular distribution of 

mean ruffling orientations of individual cells. Rose plots show mean ruffling orientations of 
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individual ECs at indicated times. Blue bar indicates mean ruffling orientation across 

multiple cells. Arrows indicate stretch directions. (*, p < 0.05, v-test, unimodal alternative of 

90°) (Uniaxial stretch: n = 20 cells; equibiaxial stretch: n = 14 cells from separate 

experiments)
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Figure 3. 
Effect of ROCK inhibition on stretch-induced SF reorientation. (A, B) Untreated ECs and 

(C, D) ECs treated with ROCK inhibitor Y27632 were subjected to cyclic uniaxial stretch 

for up to 4 h. Arrows indicate stretch directions. Scale bar, 20 μm. Rose plots show 

normalized angular distribution of F-actin orientations of the corresponding image.
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Figure 4. 
Effect of ROCK inhibition on stretch-induced edge ruffling. (A) EGFP-actin dynamics in an 

EC pretreated with Y27632 and subjected to cyclic uniaxial stretch in the presence of the 

inhibitor. Rose plots show the angular distribution of edge ruffles in during a 15-min 

measurement window. Arrows indicate stretch directions. Scale bars, 20 μm. (B) Mean 

ruffling perimeter fraction, computed as the ratio of the number of angular bins engaged in 

ruffling to the total number of angular bins. (C) Circular variance computed from the 

angular distribution of mean ruffling orientations of individual cells. Rose plots show mean 

ruffling orientations of individual ECs at indicated times. Blue bar indicates mean ruffling 

orientation across multiple cells. (*, p < 0.05, v-test, unimodal alternative of 0°) (n = 17 cells 

from separate experiments)

Huang and Helmke Page 22

Cell Mol Bioeng. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Effect of Arp2/3 inhibition on EC morphology and F-actin content. (A) Morphology of 

subconfluent ECs pretreated for 2 h with Arp2/3 complex inhibitor CK-869, inactive control 

CK-312, or left untreated. Scale bar, 100 μm. (B) F-actin staining. Scale bar, 20 μm. (C) 

Magnified view of regions of interest indicated by yellow boxes in (B). Arrowheads show 

higher intensity phalloidin staining in edge ruffles.
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Figure 6. 
Effect of Arp2/3 inhibition on stretch-induced edge ruffling. Time-lapse images of ECs 

pretreated for 2 h with (A) inactive control compound CK-312 or (B) Arp2/3 complex 

inhibitor CK-869 and subjected to cyclic uniaxial stretch in the presence of the compounds. 

Rose plots show the angular distribution of edge ruffles in during a 15-min measurement 

window. Arrows indicate stretch directions. Scale bars, 20 μm. (C) Mean ruffling perimeter 

fraction, computed as the ratio of the number of angular bins engaged in ruffling to the total 

number of angular bins. (*, p < 0.05, t-test compared to t = 0 min) (D, E) Circular variance 

computed from the angular distribution of mean ruffling orientations of individual cells. 

Rose plots show mean ruffling orientations of individual ECs at indicated times. Blue bar 

indicates mean ruffling orientation across multiple cells. (*, p < 0.05, v-test, unimodal 

alternative of 90°) (Inactive control CK-312: n = 15; Arp2/3 inhibitor CK-869: n = 18 cells 

cells from separate experiments)
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Figure 7. 
Effect of Arp2/3 inhibition on stretch-induced change in projected cell area. (A) Change in 

projected cell area between t = 15–60 min after cyclic stretch onset. Red and blue regions 

indicate area growth and retraction, respectively. Arrows indicate stretch directions. ECs 

were pretreated with inactive control CK-312 or Arp2/3 inhibitor CK-869 for 2 h and 

stretched in the presence of the compounds. (B) Relative change in projected area at cell 

“ends” parallel to stretch and “sides” perpendicular to stretch. Cells were divided into 

quadrants with respect to the stretch axis as shown in (A). (*, p < 0.05, t-test) (C) Rose plots 

show angular distribution of projected area growth over a 15-min window at t = 60 min. 

(Inactive control CK-312: n = 15 cells; Arp2/3 inhibitor CK-869: n = 18 cells from separate 

experiments)
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Figure 8. 
Effect of Arp2/3 inhibition on stretch-induced SF and cell reorientation. ECs were pretreated 

with (A, B) inactive control CK-312 or (D, E) Arp2/3 inhibitor CK-869 for 2 h and 

subjected to cyclic uniaxial stretch for 2 h in the presence of the compounds. Arrowheads 

show cortical F-actin bundles that did not align to stretch. Rose plots show normalized 

angular distribution of F-actin orientations computed from the gradient vector in 64×64-

pixel subimages (n > 3000 subimages in 15 fields of view in 3 experiments). (C) As control, 

ECs were treated with Arp2/3 inhibitor for 5 h in the absence of stretch. Arrows indicate 

stretch directions. Scale bars, F-actin images (A, C, D): 20 μm; brightfield images (B, E): 

100 μm. (F) Circular variance of SF orientations within individual fields of view. On each 

box, central mark: median; edges: 25th and 75th percentiles; whiskers: most extreme data 

points. (*, p < 0.05, Wilcoxon rank-sum test; n = 15 fields of view in 3 experiments)
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Figure 9. 
Effect of Arp2/3 inhibition on stretch-induced MTOC polarization and nucleus reorientation. 

(A) ECs were pretreated with inactive control CK-312 or Arp2/3 inhibitor CK-869 for 2 h 

and subjected to cyclic uniaxial stretch for 4 h in the presence of the compounds. Arrows 

indicate stretch directions. Scale bar, 100 μm. (B) Immunofluorescence staining of γ-tubulin 

and counterstaining of cell nuclei (blue). Red circles indicate MTOC positions determined 

from local maximum intensity in the perinuclear region. Scale bar, 20 μm. (C) MTOC 

polarization. Bars show fraction of cells with MTOC orientation between 60°–90° relative to 

the nucleus (60° < θ ≤ 90°, stretch axis = 0°). (D) Nucleus shape reorientation. Bars show 

fraction of cells with nucleus orientation between 60°–90° relative to the stretch axis (60° < 

θ ≤ 90°, stretch axis = 0°). Values shown are mean ± standard deviation. (n ≥ 5 experiments 

per group; 10 fields of view with ~200 cells per experiment were analyzed. *, p < 0.05, 

ANOVA and multiple comparison test)
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Figure 10. 
Effect of PAK inhibition on stretch-induced SF reorientation. (A–B) ECs were pretreated 

with (A) control peptide or (B) PAK-Nck inhibitory peptide for 1 h and subjected to cyclic 

uniaxial stretch for 4 h. Arrows indicate stretch directions. Scale bar, 20 μm. Rose plots 

show normalized angular distribution of F-actin orientations computed in 64×64-pixel 

subimages (n > 3000 subimages in 15 fields of view in 3 experiments). (C) Circular variance 

of SF orientations within individual fields of view. On each box, central mark: median; 

edges: 25th and 75th percentiles; whiskers: most extreme data points. (n = 15 fields of view 

in 3 experiments)
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