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ABSTRACT Disruption of pulmonary endothelial cell (EC) barrier function is a critical pathophysiologic event in highly morbid
inflammatory conditions such as sepsis and acute respiratory disease stress syndrome. Actin cytoskeleton, an essential regulator
of endothelial permeability, is a dynamic structure whose stimuli-induced rearrangement is linked to barrier modulation. Here, we
used atomic force microscopy to characterize structural and mechanical changes in the F-actin cytoskeleton of cultured human
pulmonary artery EC in response to both barrier-enhancing (induced by sphingosine 1-phosphate (S1P)) and barrier-disrupting
(induced by thrombin) conditions. Atomic force microscopy elasticity measurements show differential effects: for the barrier
protecting molecule S1P, the elastic modulus was elevated significantly on the periphery; for the barrier-disrupting molecule
thrombin, on the other hand, it was elevated significantly in the central region of the cell. The force and elasticity maps correlate
with F-actin rearrangements as identified by immunofluorescence analysis. Significantly, reduced expression (via siRNA) of
cortactin, an actin-binding protein essential to EC barrier regulation, resulted in a shift in the S1P-mediated elasticity pattern to
more closely resemble control, unstimulated endothelium.

INTRODUCTION

The pulmonary endothelium functions as a semipermeable

barrier separating vascular contents from the interstitium and

airspaces of the lung (1). Increased endothelial permeability

to circulating fluid, proteins, and cells is a characteristic

pathophysiologic feature of many inflammatory conditions

and often results in pulmonary edema and respiratory failure

(2). Endothelial cell (EC) actin cytoskeleton plays a critical

role in dynamically regulating the vascular barrier in re-

sponse to multiple stimuli as well as during other cellular

processes such as cell division or migration (1,3). Agonist-

induced actin rearrangements result in EC shape changes and

altered cell-cell and cell-matrix linkages that combine to

modulate barrier function (4). However, the change in cell

mechanics caused by the actin rearrangement as well as the

effects of the altered mechanical properties on altered EC

permeability remain poorly defined.

Atomic force microscopy (AFM) permits the acquisition

of structural and elasticity data (5–8) that could be used to

define the relation between cell mechanics and cytoskeletal

reorganization as a consequence of physiological stimuli (8–

12). For example, AFM studies were able to demonstrate that

disruption of the cytoskeleton with actin-disrupting agents

results in decreased mechanical strength and loss of structural

integrity in various cell types, including mammary epithelial

cells, fibroblasts, and bovine pulmonary artery EC (10–12).

In this study, we examined cell micromechanical proper-

ties in response to barrier-modulating stimuli. We used AFM

to mechanically characterize the effects of F-actin cyto-

skeleton rearrangement mediating permeability changes

in cultured human pulmonary artery EC (HPAEC). The

permeability change is commonly linked to the barrier-

enhancing and barrier-disrupting properties. Here, we used

sphingosine 1-phosphate (S1P), a biologically active phos-

pholipid generated by hydrolysis of membrane lipids in

activated platelets and other cells that produces significant

EC barrier enhancement by means of peripheral actin

rearrangement and ligand-receptor binding, strengthening

both intercellular and cell–matrix adherence (4,13). We also

used thrombin, which acts as a barrier-disrupting agonist

causing immediate and profound EC barrier impairment,

actin stress fiber formation, and paracellular gap formation

(1). We measured differential changes in the local elastic

modulus of HPAEC after stimulation with S1P, thrombin,

and cortactin. S1P-induced elasticity changes are related to

the expression of cortactin, an actin-binding protein with

multiple functional domains (14), and is shown to participate

in S1P-induced barrier enhancement (15). Our results de-

scribe a functional link among actin network organization,

micromechanical properties, and endothelial permeability.

MATERIALS AND METHODS

Reagents

Unless otherwise specified, reagents (including S1P and thrombin) were

obtained from Sigma (St. Louis, MO). Mouse anticortactin antibody (4F11)

was obtained from Upstate Biotechnology (Lake Placid, NY).

doi: 10.1529/biophysj.107.127167

Submitted December 4, 2007, and accepted for publication March 18, 2008.

Address reprint requests to Fernando Terán Arce or Steven M. Dudek, Center

for Nanomedicine, Section for Pulmonary and Critical Care, Department of

Medicine, University of Chicago, 5841 South Maryland Ave., Chicago, IL

60637. E-mail: ftarce@uchicago.edu or sdudek@medicine.bsd.uchicago.edu.

Editor: Stuart M. Lindsay.

� 2008 by the Biophysical Society

0006-3495/08/07/886/09 $2.00

886 Biophysical Journal Volume 95 July 2008 886–894



Cell culture

HPAEC obtained from Clonetics (Walkersville, MD) were cultured as pre-

viously described in EBM-2 complete medium (Clonetics) at 37�C in a

humidified atmosphere of 5%CO2/95% air, with passages 6–10 used for

experimentation (15).

Cortactin siRNA treatment

Small interfering RNA (siRNA) targeting human cortactin was obtained as a

pool of four siRNA duplexes from Dharmacon (Lafayette, CO) (catalog No.

L-010508-00, accession No. NM_005231, NM_138565). Control siRNA

(siCONTROL) used was targeting a nonhuman protein, luciferase. EC were

treated with siRNA 3 h postseeding, where siRNA were premixed with

transfection reagent for 30 min and then diluted with low-serum medium for

a final concentration of 50–100 nM siRNA and 6 ml/ml siPORT Amine

(Ambion, Austin, TX). After 24 h, an equal volume of serum medium was

added to the cells containing siRNA. Silenced cells were used 3–5 days

posttransfection, and the medium was replaced a day before all experiments.

Transendothelial monolayer electrical resistance

EC were grown to confluence in polycarbonate wells containing evaporated

gold microelectrodes, and transendothelial monolayer electrical resistance

(TER) measurements were then performed using an electrical cell-substrate

impedance sensing system (Applied Biophysics, Troy, NY) as previously

described in detail (13).

Endothelial immunofluorescent imaging

HPAEC were grown on gelatinized coverslips before exposure to various

conditions as described for individual experiments. EC were then fixed in

3.7% formaldehyde, permeabilized with 0.25% Triton X-100 for 5 min,

washed in phosphate-buffered saline (PBS), blocked with 2% bovine serum

albumin in PBS for 30 min, and then incubated for 60 min at room tem-

perature with primary antibody (anticortactin). After washing, EC were then

incubated with secondary antibody conjugated to Alexa-488 (or Texas red-

conjugated phalloidin for actin staining) for 60 min at room temperature.

After further washing with PBS, coverslips were mounted using Slow Fade

(Molecular Probes, Eugene, OR) and analyzed using a Nikon Eclipse TE 300

microscope and Sony Digital Photo camera DKC 5000. Images were re-

corded and saved in Adobe Photoshop.

AFM imaging

All measurements were carried out either with a Bioscope AFM (a prototype

of Digital Instruments Bioscope) integrated with a Zeiss Axiovert 135TV

inverted light microscope, using the NanoScope III software (Version

5,12R3) or with a Nanoscope III Extended Multimode AFM from Veeco

(Santa Barbara, CA) using a 150 3 150 mm2 ‘‘J’’ scanner. To fix HPAEC for

AFM imaging, the cells were first rinsed with 2 ml of 10 mM PBS, pH 7.4

containing 0.5 mM CaCl2 and 2 mM glutamine. Next, the cells were fixed

using 2 ml of 0.5% glutaraldehyde final concentration from a stock solution

of 50% (Sigma-Aldrich, St. Louis, MO) for 5 min, followed by washing three

times with water, ACS grade (Sigma-Aldrich). The coverslips were then left

to air dry. Imaging of glutaraldehyde-fixed cells was performed in PBS

buffer using contact mode. Cantilevers with nominal spring constants of k¼
0.06 N/m purchased from Veeco were utilized for imaging and elasticity

measurements. The same cantilever was used to compare mechanical prop-

erties of control cells and S1P- and thrombin-treated cells. Cantilever spring

constants were measured using standard calibrated cantilevers (CLFC-

NOBO, Veeco) (16,17). The tip radius was determined using gold colloidal

nanoparticles (Ted Pella, Redding, CA) (18).

Mechanical properties were measured by acquiring point-by-point force

versus distance curves over 32 3 32 and 64 3 64 arrays (force-volume)

(9,12). For each point in the array, a force curve can be recalled, from which

physical properties, such as the elasticity, can be derived quantitatively. At

each point of the array of force versus distance curves, the piezo continuously

moves the sample toward the tip until a threshold cantilever deflection is

reached. The position of the piezo at the deflection threshold determines the

height of the sample at each point of the array. The collection of these data

points generates the height image. A force-volume image is formed by

plotting the cantilever deflection at a given piezo position for each of the

approach or retraction curves. The tip velocities for these measurements

varied between 1 mm/s and 3 mm/s. The sensitivity of the photodetector was

calibrated by acquiring force versus distance curves on a clean glass sub-

strate.

Data analysis

Large-scale AFM images (Fig. 1, A and B) were acquired to ensure that the

analyzed cells displayed characteristic features compatible with fluorescence

images. In this region, an individual cell was selected for further imaging

and elasticity measurements. A home-written MATLAB (The MathWorks,

Natick, MA) code was used to obtain elasticity maps (Fig. 1 C) from force-

volume data (19). The cell’s periphery and nucleus in the elasticity map (Fig.

1 D) were defined from AFM height images acquired in contact mode. Our

program allowed data points to be selected in the associated height image

from the force volume file and their indices to be transferred to the elasticity

map for analysis. Dozens to hundreds of data points inside each region were

selected by choosing the start and end points of polygonal segments. These

segments were then connected together to find the elastic moduli in the cell’s

nucleus and peripheral region. If only two points were selected, the program

delivered a cross section of the selected line. To obtain ratios of elastic

moduli at the peripheral and central regions of cells, average values and

standard errors of all data points inside each region were calculated. These

values were subsequently used to determine the elasticity ratio. To obtain

elasticity maps, force versus distance curves (Fig. 1 E) were transformed into

indentation curves (Fig. 1 F), and subsequently these were fitted according to

the Hertzian model to obtain the values of the elastic modulus plotted in the

maps (9,12,20–24). To measure the heights of cells (Table 1), the grain size

analysis option in the nanoscope software was utilized.

To obtain indentation curves, a line of zero force was defined from the

average deflection of the points in the force curve that correspond to the

positions of the cantilever far away from the surface. The number of these

points depended on the force-volume data set. The origin of the indentation

curve was chosen as the point where the retraction curve intersected the

line of zero force. The cell’s vertical deformation (penetration depth of the

tip) was obtained by subtracting the cantilever deflection from the dis-

placement of the piezo. These values were plotted along the x axis of the

indentation curve. Forces were calculated by multiplying the elastic con-

stant of the cantilever by the cantilever deflection. To check the consis-

tency of these results, a manual one-by-one analysis of a representative

subset of force curves was performed, and, if necessary, the data were

reanalyzed until the computed and manual results agreed. When the sample

was either too thin (,200 nm) or absent in a region of the image, the elastic

modulus exceeded the values found typically in the analysis. Conse-

quently, a value of 0 was assigned to the elastic modulus in that region, and

it was excluded from further analysis. The same procedure was followed

for data points that exceeded typical values, regardless of the specimen’s

thickness in the region. The threshold value was usually between 1 MPa

and 2.5 MPa.

RESULTS AND DISCUSSION

To first characterize our AFM analysis relative to established

cultured EC light microscopy, parallel dishes of HPAEC
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were grown to confluence, stimulated with vehicle, S1P, or

thrombin for 5 min, and then fixed and analyzed as shown in

Fig. 2. Light microscopy with standard immunofluorescence

for F-actin revealed a fairly disorganized pattern in vehicle-

treated EC (Fig. 2 D), whereas stimulation with either S1P or

thrombin produced rapid reorganization of actin filaments.

The potent EC barrier-enhancing agent, S1P, induced a

substantial increase in peripheral F-actin (indicated by small
arrows in Fig. 2 E) as previously described (13), whereas the

barrier-disrupting agent thrombin induced transcellular stress

fiber formation (small arrows in Fig. 2 F) (1). These differ-

ential effects on F-actin distribution are consistent with our

previous observations and reflect cytoskeletal patterns asso-

ciated with permeability changes in cultured EC. Thrombin-

induced stress fiber formation results in a well-characterized

sequence of events including increased actomyosin interac-

tion, cellular contraction along these cables, subsequent in-

tercellular gap formation (arrows in Fig. 2, C, F, and I), and

increased permeability. In contrast, even though increased

peripheral F-actin has been observed in association with

multiple barrier-enhancing stimuli including S1P, shear

stress, HGF (hepatocyte growth factor), ATP, and simva-

statin (13,25–28), the mechanistic translation of this cyto-

skeletal rearrangement into the functional effect of decreased

permeability remains poorly defined.

S1P and thrombin also induced differential cellular local-

ization of the actin-binding protein, cortactin (Fig. 2, G–I).

FIGURE 1 Correlation between elasticity and morphol-

ogy for human pulmonary EC. AFM images, (A) height and

(B) deflection, showing the morphology of human pulmo-

nary EC grown to confluence. Network of actin fibers and

cell processes are visible, particularly in the deflection

image. Elasticity maps (C) were obtained to find the ratio,

EC/En, between elastic moduli at the cell periphery (EC) and

cell nucleus (En). (D) The crosses in the elasticity map

indicate the peripheral region of the analyzed cell, and the

nucleus region is enclosed. Subsequently, the average value

of all data points inside each region was determined to find

EC/En. In this particular case, a value EC/En ¼ 1.05 6 0.02

was found. Elasticity maps were obtained by transforming

(E) force versus distance curves into (F) indentation curves

and fitting the approach portion of the curves (black solid

lines) with the Hertz model (red solid lines). The retraction

curve (E) is displayed with dashed lines. At forces used

during contact mode imaging (;1 nN), the cell deformation

(penetration depth of the tip) was typically between 50 nm

and 200 nm.

TABLE 1 Summary of EC/En ratios and heights for all

analyzed cells

Treatment Hn (nm) HC (nm) EC/En

Control 3152 6 179 2284 6 91 0.81 6 0.01

Thrombin 4079 6 901 2770 6 278 0.61 6 0.12*

S1P 2965 6 81 2163 6 99 1.11 6 0.08*

HC refers to the maximum height in the cell’s cytoplasm. Heights above this

value correspond to the cell’s nucleus. Hn indicates the maximum height of

the cell’s nucleus and therefore of the entire cell. Heights were measured for

five different cells in the case of control and S1P-treated cells, but only four

cells were analyzed in the case of thrombin (4). The EC/En ratios provided

in the table are values obtained after taking the ratio of the combined

average results from four different cells of each sample. The number of data

points analyzed in the regions corresponding to the cell’s nucleus and

cytoplasm, NC and Nn, from which these ratios were obtained are NC ¼ 487

and Nn ¼ 199 for control cells, NC ¼ 2821 and Nn ¼ 392 for thrombin-

treated cells, and NC ¼ 2692 and Nn ¼ 380 for S1P-treated cells. Quantities

represent average values 6 standard errors of the mean.

*After Anova testing, EC/En are statistically significantly different for S1P

and thrombin treatments (p ¼ 0.02).
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We have previously reported that cortactin, a multidomain

protein that both stimulates peripheral actin polymerization

(via its interaction with the Arp2/3 complex) as well as

crosslinks and stabilizes these actin filaments after formation

(14), plays an integral role in S1P- and ATP-induced EC

barrier enhancement (15,27). In our current study, light

microscopy with standard immunofluorescence revealed

scattered peripheral and cytoplasmic cortactin staining in

vehicle-treated cells (Fig. 2 G), whereas S1P rapidly induced

redistribution of cortactin to the EC periphery as previously

described (Fig. 2 H) (15). In contrast, the barrier-disrupting

agent thrombin produced a loss of peripheral cortactin

staining (Fig. 2 I). These cytoskeletal changes were associ-

ated with altered HPAEC barrier function as measured by

TER, a highly sensitive measure of permeability, with S1P

and thrombin rapidly increasing or decreasing barrier func-

tion, respectively (Fig. 3).

We then characterized these permeability states via AFM.

HPAEC were grown to confluence, fixed, and imaged in PBS

buffer. EC were first imaged using contact mode, and then

force-volume data were collected immediately thereafter.

AFM images of untreated cells used as control (Fig. 4, A–C)

as well as of cells treated either with the barrier-disrupting

agonist thrombin (Fig. 4, D–F) or with the barrier-enhancing

antagonist S1P (Fig. 4, G–I) showed an overall cell mor-

phology consistent with features observed in light micros-

copy (Fig. 2, D–I). For the control cells, the measured height

of the cell nucleus was ;2.5 mm, and the cytoplasmic region

had a height of ;650 nm (Fig. 4 B). Elasticity maps (Fig. 4,

C, F, and I) revealed inhomogeneities in the elasticity maps

of cells, which correlated with their morphological features.

For untreated cells (Fig. 4 C), the elastic modulus on the cell’s

nucleus (En) was generally comparable to, or somewhat

higher than, the elastic modulus measured in the peripheral

cytoplasmic region (Ec). Values of Ec/En were generally

FIGURE 2 S1P and thrombin induce differential effects

on EC cytoskeletal structure. Cultured HPAEC were treated

with vehicle (control: images A, D, and G), S1P (1 mM:

images B, E, and H), or thrombin (1 unit/ml: images C, F,

and I) for 5 min and then fixed as described in Materials and

Methods. Separate samples were then analyzed by AFM

(top row; images A, B, and C) or standard immunofluores-

cence for F-actin (middle row; images D, E, and F) and

cortactin (bottom row; images G, H, and I) distribution.

Vehicle-treated EC exhibited disorganized F-actin staining

and scattered peripheral and cytoplasmic cortactin staining

(D and G), whereas S1P induced peripheral F-actin (small

arrows, E) and cortactin redistribution (open arrows, H) as

previously described (15). In contrast, thrombin produced

intercellular gap formation (arrows, F and I), F-actin stress

fiber formation (small arrows, F), and loss of peripheral

cortactin staining (I). All AFM images are displayed in

deflection mode and have a size of 80 3 80 mm2. The scale,

displayed as white bar in F-actin control image¼ 10 mm, is

the same for all fluorescence images.

FIGURE 3 S1P and thrombin induce differential effects on EC barrier

function. HPAEC were plated in monolayer on gold microelectrodes and

grown to confluence to measure TER as described in Materials and Methods.

After 30 min of baseline measurements, S1P (1 mM) or thrombin (1 unit/ml)

were added at time 0 to individual wells. S1P (solid squares, solid line)

induced rapid and sustained increased barrier function (indicated by

increased resistance across the EC monolayer), whereas thrombin (open
squares, dashed line) rapidly and potently decreased EC barrier function

(indicated by decreased resistance). Representative TER tracings normalized

to starting resistances are shown. Experiments were independently per-

formed dozens of times and are consistent with previously published results

(13).
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0.5–1. Values of the cell’s elastic modulus were typically in

the 0.1–1 MPa range, in agreement with previous work that

studied the effect of glutaraldehyde fixation on the elastic

modulus of mouse fibroblasts and the RDX2C2 cell line (29).

For the maximum loads applied during our experiments

(;5 nN), deformation of the HPAEC under the AFM tip was

typically ;200 nm. For comparison with the just described

results obtained in PBS medium, similar measurements were

carried out in air with dried cells, resulting in a flattening of

cells and an increase of ;3 orders of magnitude in the

measured values of the elastic modulus, which is attributed to

dehydration effects.

FIGURE 4 Elasticity changes in human pulmonary EC induced by barrier-disrupting (thrombin) and barrier-enhancing agents (S1P). Deflection and height

AFM images are displayed alongside elasticity maps for comparison between morphological and mechanical properties. (A–C) Untreated cells used as control,

(D–F) cells treated with thrombin and (G–I) cells treated with S1P. Data were acquired using the same cantilever with 0.06 N/m spring constant in PBS buffer

at room temperature, as described in Materials and Methods.
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Changes in cell morphology and elasticity in response to

thrombin and S1P treatments were imaged. The change in the

overall elastic modulus as a result of agonist/antagonist

action is complicated by several effects, including sample

preparation and AFM measurement technique. Among ef-

fects caused by the sample itself, variability in mechanical

properties among individual cells, possibly because of dif-

ferent stages of growth of individual cells inside a given cell

population and effects from cell fixation can be mentioned

(30). On the other hand, variability in tip radius and spring

constant among cantilevers used for AFM indentation mea-

surements, even after appropriate calibration has been

performed, also affect a fair comparison of mechanical

properties. Furthermore, experiments with live HPAEC are

complicated by poor cell adhesion and the rapid action of

agonist/antagonist agents in timescales difficult to follow

with the AFM. Therefore, for these initial experiments, rel-

ative variations in the elastic modulus of the peripheral cy-

toplasm to the elastic modulus in the cell nucleus were

studied using fixed cells, and these results were compared

with the results using techniques mentioned in the previous

sections.

Thrombin treatment resulted in an increase in cell height

and overall disruption of cell morphology (Fig. 4, D and E),

in accordance with the induced retraction of EC and widening

of interendothelial junctions as a result of ‘‘rounding up’’ of

the cells (31). S1P had the converse effect of ‘‘flattening’’ the

cells, thus resulting in a decrease of the measured height (Fig.

4, G and H). For thrombin, the cells’ cytoplasm had typical

heights of ;1.4 mm, and the cells’ nuclei reached values of

;5 mm, often surpassing the vertical range of the AFM-

scanner (Fig. 4 E), for S1P the heights of the cytoplasm and

nucleus were ;1 mm and ;3 mm, respectively (Fig. 4 H).

Table 1 shows this tendency in more detail. Heights for the

cells’ nuclei, Hn, are underestimated for the control and in

particular for the thrombin-treated cells because only the cells

with heights lower than the vertical range of our AFM

scanner could be analyzed. Along with this tendency, a minor

increase (decrease) in the maximum height, HC, of the cy-

toplasmic region is also observed for the thrombin (S1P)-

treated cells. Accompanying these morphological changes,

an increase in the elastic modulus of the nucleus region with

respect to the peripheral cytoplasmic region was observed for

the thrombin-treated cells (Fig. 4 F). Ec/En ratios for EC

decreased to values of 0.25–0.5 after this treatment. In con-

trast, S1P treatment increased the modulus of the cytoplasmic

region relative to the nucleus region while slightly decreasing

the overall elastic modulus of the cell (Fig. 4 F). Typically,

Ec/En ratios increased to ;1.0–1.25, but sometimes higher,

FIGURE 5 Differential effects of S1P and throm-

bin on distribution of endothelial elasticity. (A–C)

Cross sections for multiple cells (four per condition)

illustrating differences in elasticity at the cell’s

periphery (edges) and nucleus (central region) for

(A) control, (B) thrombin-treated, and (C) S1P-

treated cells. The scale in the x axis is common to

all panels. In each panel, the y axis is the same for all

cross sections.

FIGURE 6 Depletion of cortactin protein expression does not attenuate

S1P-induced cortical F-actin rearrangement. HPAEC were treated with

control or cortactin siRNA as described in Materials and Methods. (A)

Western blot of whole-cell lysates demonstrated depletion of cortactin

protein expression by ;90% in the cortactin siRNA-treated EC. (B) Control

and cortactin siRNA-treated HPAEC were stimulated with vehicle (control)

or S1P (1 mM) for 5 min and then fixed and immunostained for F-actin. S1P

rapidly induced a dramatic increase in peripheral F-actin in both types of

siRNA-treated EC. Scale for all images: white bar in Control siRNA control

image ¼ 10 mm.
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and were statistically different from ratios measured in

thrombin-treated cells when data from multiple cells were

averaged (Table 1).

The differential effects of S1P compared to thrombin and

vehicle treatment on the spatial distribution of EC elastic

properties are illustrated in Fig. 5, which represents cross

sections for four different cells after each treatment. In these

graphs, the x axis represents the distance across the cell where

the nucleus was chosen as the central region in the plot and

the sides were chosen in the cytoplasmic peripheral region

(as represented in Fig. 4, C, F, and I), whereas the y axis

denotes the elastic modulus range. Both control and thrombin-

stimulated EC show higher elastic modulus in the center of

the cells, but for the thrombin-stimulated EC this was more

pronounced (note the difference in scale for the elastic mo-

dulus in the thrombin compared with control or S1P graphs).

This differential effect likely represents the effects of in-

creased transcellular actin stress fibers shown previously

(Fig. 2 F). In contrast, S1P treatment induced a flattening in

the central portion of the cells, and the highest elastic moduli

occurred at the EC periphery in correlation with the enhanced

peripheral actin and cortactin observed by light microscopy

(Fig. 2 E). Table 1 summarizes the results of Ec/En ratios for

the different analyzed cells.

As described above, cortactin concentrates at the cell pe-

riphery after S1P stimulation, where it appears to participate

in cytoskeletal rearrangements necessary for increased EC

barrier function because suppression of cortactin protein

expression inhibits S1P-induced TER elevations (15). To

determine the effect of cortactin expression on EC elasticity

distribution, we utilized siRNA to specifically deplete

cortactin protein levels by ;90% (Fig. 6 A). Interestingly,

the HPAEC were still able to exhibit increased peripheral

F-actin concentration in response to S1P despite this level of

cortactin depletion (Fig. 6 B). We next measured the elas-

ticity of S1P-stimulated EC in which cortactin expression

was suppressed by siRNA and compared that with EC

treated with control siRNA (Fig. 7). Significantly, in the

cortactin-depleted EC, S1P stimulation resulted in an elastic

modulus on the periphery relatively decreased compared to

the more central elastic modulus surrounding the nucleus

(Fig. 7 C), with Ec/En � 0.3–0.9. In fact, these values are

FIGURE 7 Depletion of cortactin alters morphology and elastic properties for S1P-stimulated cells. (A–C) Cortactin levels were depleted using cortactin-

SiRNA, and (D–F) cells were treated with control-SiRNA; thus, cortactin levels were not suppressed. (C) The elastic modulus at the cells periphery, Ec,

decreased noticeably with respect to that at the cell’s nucleus, En, for EC having depleted cortactin content, but (F) Ec remained slightly increased compared to

En for cells treated with control RNA. Shown is a representative sample of multiple analyzed cells.
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most similar to those measured for the unstimulated control

cells described in Fig. 4, Fig. 5, and Table 1. However, in

cells treated with control siRNA (in which cortactin ex-

pression was not suppressed), the elastic modulus at the

cell’s periphery increased in relation to the elastic modulus

around the nucleus after S1P stimulation. Ec/En � 1.1–1.7

was found in this case, in agreement with other sets of ex-

periments for S1P-treated cells (Fig. 4, Fig. 5, and Table 1).

Thus, depletion in cortactin protein levels prevented the

redistribution of elasticity to the EC periphery induced by

S1P, indicating an important role for this actin-binding

protein in mediating EC structural changes associated with

enhanced barrier function.

CONCLUSION

In summary, the differential effects of S1P-induced barrier

enhancement and thrombin-induced barrier disruption on the

distribution of the cytoskeletal proteins F-actin and cortactin

correlate with differential elasticity measurements by AFM.

S1P rapidly increases EC TER in association with a periph-

eral distribution of F-actin, cortactin, and elasticity, whereas

thrombin decreases TER as actin stress fibers and elasticity

concentrate in the midportions of the cell. Moreover, novel

functional insights into the role of cortactin in mediating S1P-

induced barrier enhancement (15) are provided by siRNA

depletion of its protein expression. Although S1P still in-

duces strong peripheral F-actin accumulation in cortactin-

deficient EC (Fig. 6 B), the elastic modulus of these cells

resembles that of unstimulated control cells. These data

suggest that one important function of cortactin in S1P-in-

duced barrier enhancement may be to crosslink and stabilize

peripheral F-actin fibers to mechanically promote increased

EC barrier function. Further study using similar approaches

would broaden our understanding of the mechanistic regu-

lation of vascular permeability and perhaps lead to the clin-

ically important goal of effective modulation of this barrier

function.
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