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ABSTRACT Atomic force microscopy was used to investigate the cellular response to histamine, one of the major inflammatory
mediators that cause endothelial hyperpermeability and vascular leakage. AFM probes were labeled with fibronectin and used to
measure binding strength between a5b1 integrin and fibronectin by quantifying the force required to break single fibronectin-
integrin bonds. The cytoskeletal changes, binding probability, and adhesion force before and after histamine treatment on
endothelial cells were monitored. Cell topography measurements indicated that histamine induces cell shrinkage. Local cell
stiffness and binding probability increased twofold after histamine treatment. The force necessary to rupture single a5b1-
fibronectin bond increased from 34.0 6 0.5 pN in control cells to 39 6 1 pN after histamine treatment. Experiments were also
conducted to confirm the specificity of the a5b1-fibronectin interaction. In the presence of soluble GRGDdSP the probability of
adhesion events decreased.50% whereas the adhesion force between a5b1 and fibronectin remained unchanged. These data
indicate that extracellular matrix-integrin interactions play an important role in the endothelial cell response to changes of external
chemical mediators. These changes can be recorded as direct measurements on live endothelial cells by using atomic force
microscopy.

INTRODUCTION

The vascular endothelium forms a semipermeable membrane

that controls blood-tissue exchange. The integrity of this bar-

rier is maintained by equilibrium between the contractile/

retractile force generated by the endothelial cytoskeleton and

the adhesive forces produced at cell-cell junctional connec-

tions and cell-matrix focal contacts. Dynamic interactions

occur among these structural elements in response to external

chemical or physical stimuli, resulting in opening of the

paracellular pathways for blood components to move across

the vessel wall (1,2). This process, namely, endothelial

hyperpermeability, is a major factor underlying the develop-

ment of vascular leakage and tissue edema during inflamma-

tion and injury. In view of the importance of integrins in

maintaining the interactions between cell and the extracel-

lular matrix (ECM) it was hypothesized that changes in

integrin function would be an important component of the

responses to an inflammatory mediator.

Integrins are heterodimeric cell surface receptors com-

posed of two noncovalently associated transmembrane sub-

units-a and -b, which connect adhesive proteins in the ECM

to the cytoskeleton, and are also involved in intracellular

signal transduction. There are 17 different a-subunits and

eight different b-subunits identified at present, which

associate to form .20 different receptors recognizing one

or more extracellular ligands (3,4). Integrins are involved in

force transmission, due to their connection with the cell

matrix and cytoskeleton, and signal transduction due to their

association with focal contacts. Fibronectin is one of the

ECM proteins that promotes adhesion of endothelial cells to

the basal membrane by binding to integrin receptors through

functional specialized domains such as arginine-glycine-

aspartate (RGD sequence) (5). Among the multitude of

integrin receptors identified on the surface of vascular endo-

thelial cells, integrin a5b1 appears to be critical in the es-

tablishment of the endothelial monolayer (6). Also, it has

been identified as the major fibronectin receptor recognizing

the RGD sequence in fibronectin type III. Endothelial cell

detachment from fibronectin has been observed as a result of

cell treatment with soluble synthetic peptides that compete

with ECM proteins at integrin binding sites. RGD-containing

peptides are also reported to produce significant increases in

permeability of isolated venules (6). These studies suggest an

important role for fibronectin and the a5b1 integrin.

Histamine is a hyperpermeability mediator involved in the

inflammatory response. Conventionally, this type of medi-

ator is known to cause vascular barrier dysfunction by in-

ducing endothelial cell contraction and intercellular gap

formation (5). Accumulating experimental evidence indi-

cates that inflammatory mediators may affect the barrier

function by altering endothelial cell-matrix adhesions (7–9).

Within this context, the intracellular signaling response to

inflammatory mediators could induce an inside-out reduction

in cell-matrix adhesion, weakening the attachment or even

causing detachment of the endothelial lining from its base-

ment membrane. Conversely, the inflammatory signals may

activate cell-matrix interactions, resulting in focal contacts

assembly and redistribution. This could lead to a strengthened

Submitted December 1, 2004, and accepted for publication July 7, 2005.

Address reprint requests to Gerald A. Meininger, PhD, Texas A&M

University, Health Science Center, Dept. of Medical Physiology, 336 Joe

H. Reynolds Medical Bldg., College Station, TX 77843-1114. Tel.:

979-845-7491; Fax: 979-862-4638; E-mail: gam@tamu.edu.

� 2005 by the Biophysical Society

0006-3495/05/10/2888/11 $2.00 doi: 10.1529/biophysj.104.057026

2888 Biophysical Journal Volume 89 October 2005 2888–2898



cell-matrix binding and provides an anchorage support for

cells to adhere and form intercellular gaps (10). At this time

it is unclear how the processes of intercellular gap formation

and cell-ECM binding to the basement membrane cooperate

to increase permeability. A goal of this study is to investigate

the ability of histamine to alter integrin function with respect

to fibronectin.

This study reports on the interaction between a5b1 and

fibronectin in endothelial cells in the absence and presence

of histamine using atomic force microscopy. We hypothe-

sized that histamine would induce detectable morphological

changes at cellular level and would alter activity and binding

force between fibronectin and a5b1 integrin present on the

endothelial cell surface.

MATERIALS AND METHODS

Cell isolation and cell culture

Porcine aortic endothelial cells (EC) or bovine coronary venular endothelial

cells were isolated and maintained as described previously (11,12). The cells

were trypsinized and then centrifuged to form a pellet. The cell pellet was

dispersed in cell-culture media and the cells were grown on gelatin-coated

dishes in a humidified incubator (Heraeus Instruments, Newtown, CT) in

5% CO2 at 37�C in Dulbecco’s modified eagle medium (DMEM/F-12)

supplemented with 20% (for aortic EC) or 10% (for coronary venular EC)

fetal bovine serum and 10 mM HEPES (Sigma, St. Louis, MO), 2 mM

L-Glutamine, 1 mM sodium pyruvate, 25 units/ml heparin, and 100 units/ml

penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml amphotricin B (PSA).

After 48 h the cells were placed in serum-free media supplemented with 1%

bovine serum albumin (Sigma) for 16–20 h. All experiments were performed

using cells in serum-free cell culture media, at room temperature. Unless other-

wise specified, all reagents were purchased from GibcoBRL (Carlsbad, CA).

Instrumentation

The atomic force microscope (AFM) is an important tool (13) for studying

biological samples due to its ability to image surfaces in liquids. The prin-

ciple of operation of the AFM consists of physically interacting a cantilever

tip with the molecules on the cell surface. Adhesion forces between the tip

and cell surface molecules are detected as cantilever deflections. Thus, the

cantilever tip can be used to image live cells with atomic resolution (14–17),

and to probe singular molecular events in living cells under physiological

conditions (18–22). Currently, this is the only technique available to directly

provide both structural and functional information at high resolution.

The experiments were performed using a Bioscope system from Digital

Instruments (Santa Barbara, CA), which was mounted on top of a modified

Axiovert 100 TV inverted optical microscope (Carl Zeiss, Jena, Germany).

The Bioscope system is equipped with a Nanoscope IIIa controller and

Nanoscope III 5.12 software. Also, special glass holders and protective

silicon sleeves allow use of the instrument for measurements in liquid. The

inverted microscope permits cell visualization using a Zeiss objective 323

air, N.A.¼ 0.4. The real-time images are displayed on the computer monitor

using a video camera (Pulnix, model TM 34KC, Yokohama, Japan). All

force data were processed with proprietary software NForceR (copyright

pending).

AFM probe labeling

Experiments were performed with unsharpened silicon nitride cantilevers

purchased from ThermoMicroscopes (Sunnyvale, CA). The triangular can-

tilever configuration was used, measuring 320 mm in length and 22 mm

width with a pyramidal half-angle of 35� and a spring constant of 136 1 pN/nm.

The cantilever spring constant was measured by Asylum Research (Santa

Barbara, CA) using the thermal noise method (23,24).

For adhesion forcemeasurements the probes were coated (25) with 1 mg/ml

fibronectin (FN). Polyethylene glycol ((PEG) Sigma) 10 mg/ml was used to

cross-link fibronectin onto the probes at room temperature (26). After the tip

was mounted on the glass holder and washed, it was incubated with PEG for

5 min, washed five times with deionized water, and then incubated for

1 min with fibronectin. The tip was then washed again five times with

phosphate buffered saline and mounted on the AFM head. The coating was

performed only at the very end of the cantilever. The spring constant was

assumed to be unchanged after protein labeling.

Histamine treatment

For all experiments, histamine (Sigma) was used at 10 mM. For imaging

experiments, histamine was added directly to the cell culture dish and cells

were incubated for 30 min. For adhesion force measurements, the histamine-

containing media were added to the cells 5 min before the start of the

experiment.

Single-cell AFM imaging

To obtain images of single cells in culture, the AFM was operated under

fluid in contact mode. In the scanning process, the instrument was set to

apply a constant force on the cell. In each horizontal line scan, both height

data (z axis) and the position of the probe (deflection data) were recorded in

the Nanoscope software. The maximum scanned image size was 1003 100

mmwith a scan speed of;40 mm/s. Image acquisition time was on the order

of 20–25 min for one image. Single cell imaging experiments were repeated

for six cells.

AFM adhesion force and elasticity measurements

For force measurements the AFM was operated in force mode. In this mode,

measurements on the relative stiffness of the cell surface (approach curve)

were acquired in combination with force adhesion measurements between

the AFM tip and the cell surface (retraction curve) (Fig. 1 a). In force mode,

the piezotransducer (PZT) was set to drive the cantilever to touch and retract

over a predefined distance in the z axis. The z axis movement of the PZT and

the deflection signal from the cantilever were recorded in a force curve.

When the probe was extended toward the cell surface (A), a cell contact point

was established (B) and thereafter the cell surface was indented. Because of

the cell stiffness, further probe extension causes an opposing force of

increasing magnitude to be generated along with increasing indentation in

the cell membrane (B–C). The upward deflection of the cantilever as it bends

in response to this force, results in an increasing deflection signal. The

membrane indentation part of the force curve was analyzed using the Hertz

model (27) to obtain the apparent values of the Young modulus of elasticity.

When the probe was retracted from the sample (C–D), the force between

probe and sample gradually decreased until the cantilever returned to the

original position. At this point the deflection signal also returned to the

original value. However, if adhesion occurred between the probe and sample

surface, the adhesion force causes the cantilever to bend downward, and the

deflection signal fell below the original value. When the adhesion was

broken (D), the cantilever rapidly returned to the original position, and

a deflection (unbinding or adhesion event) was recorded on the retraction

force curve. The adhesion force was calculated by multiplying the deflection

height associated with the unbinding event and the spring constant of the

cantilever. The labeled probes were set to repeatedly touch and retract from

the cell surface at 0.8 mm/s. All force measurements were acquired at

positions midway between the nucleus and the edge of the cell for 30 min/

cell and repeated for six cells. The time necessary to acquire one set of force

curves (approach and retraction) was 2 s. Force measurements lying within
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the noise region (,18 pN) were excluded from analysis (28,29). The data

processing for force and stiffness measurements was performed using pro-

prietary software NForceR (copyright pending) that detected and recorded

all deflections associated with adhesion events in each of the experimental

force curves.

As explained above, controlled movement of the AFM probe in the

z-direction was used to apply various forces to the sample. On soft samples

such as cells this resulted in an indentation of the cell, which is a measure of

the local elastic properties of the cell. If the cell was rigid, then for each 1 nm

of PZT movement in the negative z-direction, there would be 1 nm of probe

deflection in the positive z-direction caused by bending of the cantilever.

Because of the elastic properties of the cell membrane, however, only a por-

tion of the PZT movement causes deflection of the probe; the remainder re-

sults in depression or indentation of the membrane. The difference between

the actual plot of deflection versus displacement and the theoretical line ex-

pected for an inelastic solid gives a measure of the indentation (Fig. 1 b). The

degree of bending or curvature of the displacement curve after cell surface

contact describes the local elastic properties of the cell (e.g., the softer the cell

the less the curve bends upward and away from the horizontal precontact part).

To calculate the elasticity of a sample quantitatively, a theoretical model

was fitted to the portion of the approach curve between the initial point of

cell contact and the point of maximal probe displacement. Hertz (27) was the

first to report a simple analytical solution for the elastic deformation that

takes place between two spheres in contact under load. Sneddon (30), using

a modern mathematical approach in cylindrical coordinates, extended this

model to a cone indenting a flat surface. His approach continues to be

referred to as the Hertz model (31,32). The model was designed for the ideal

case of a homogeneous, flat, and elastic sample, and was applied here in an

approximate manner to derive the apparent modulus of elasticity of the cell

at the point of indentation (33). This model gives a direct relationship

between the loading force F and the indentation d into the cell body:

F ¼ 2

p

E

ð1� n
2Þ

d
2

tana
with rcone ¼

2

p

d

tana
; (1)

where E is the apparent Young’s modulus of the cell at the point of

indentation, a the half-opening angle of the indenting cone, and n the

Poisson ratio of the cell, assumed to be 0.5. In applying the Hertz model, the

probe tip is considered a cone, and the cell membrane, though curved at cell

scale, is considered as a flat surface. Given the small area of the probe tip in

contact with the membrane, the initial curvature of the surface over this

region was assumed insignificant. For analyzing experimental data, the

z-displacement and the cantilever deflection d were expressed relative to an

offset, taken as the point at which the probe tip first contacted the cell sur-

face. If the point of contact (offset) is given by (z0, d0), then Eq. 1 becomes:

F ¼ k dm ¼ 2

p

E

ð1� n
2Þ
ðzm � dmÞ2

tana
; (2)

where zm ¼ z� zo indicates the relative probe displacement and dm ¼ d� do
the relative probe deflection. Note that the force F is estimated from the

product of the relative probe deflection dm and the cantilever spring constant

k, and the quantity (zm � dm) denotes the difference between the relative

probe displacement and relative probe deflection being a measure of the

membrane indentation. Equation 2 can be rearranged to give:

dm ¼ 2

p

E

kð1� n
2Þtana

� �
ðzm � dmÞ2: (3)

The apparent elastic modulus E can be calculated by fitting the

relationship between relative probe displacement and indentation, knowing

k, n, and a. On average, similar results are obtained by using the initial

portion of the retraction curve, up to and including the point corresponding

to the offset that was determined from the approach curve.

a5b1 Specificity

To test the specificity of the fibronectin-a5b1 integrin interaction, force

measurements were repeated in the presence of GRGDdSP (Bachem

Biosciences, King of Prussia, PA), an a5b1 specific ligand (6,34), or

GRGESP (GibcoBRL, Carlsbad, CA), an inactive control. The concentra-

tion used in the experiments was 0.5 mM for both the active ligand as well as

the inactive control peptide. The peptide-containing media were added to the

cell culture dish, with an incubation time of 15 min at room temperature. Force

measurements were acquired for 2 min per cell and repeated for 20 cells.

Statistical analysis

To test for significant changes in force or apparent elastic modulus over time,

regression lines were fitted to each set of data and the slopes (trends) were

compared statistically. Differences in adhesion counts were tested two ways.

To evaluate adhesion counts globally between the control and histamine-

treated cells, the number of adhesion events was tabulated for 30 min at

5-min intervals. Significance was tested with theMantel-Haenszel x2 test with

continuity correction (SPLUS v. 6.1, Insightful, Seattle, WA). Differences in

FIGURE 1 (a) Diagram of generic

force curves (approach curve, solid line;

retraction curve, dashed line). The x axis
represents the PZT displacement and

the y axis represents the force calculated

as the product between the cantilever

deflection and the spring constant of

the cantilever. When the AFM tip ap-

proaches the sample (going from right

to left) first there is no deflection (non-

contact) regime (A). Moving the tip

further toward the sample, there is a

moment when the tip reaches the sur-

face and establishes contact (B). Mov-

ing the tip further in the same direction

causes deflection of the cantilever (contact regime). At a certain indentation (C), the tip begins to move away from the sample, causing the tip to bend upward,

and finally detach from the sample (D) and loose contact (A). (b) Diagram of two combined approach force curves of elastic and inelastic material: the x axis

represents the PZT displacement and y axis represents the deflection of the cantilever. For inelastic materials that are not deformable (elastic constant of the

surface� spring constant of cantilever) the amount of deflection of the tip in the contact regime (B–C) is equal to the amount of PZT movement (dashed line).

If the sample is elastic and deformable, then the tip motion is larger than the deflection of the cantilever (B–C9). The difference between the tip motion and the

cantilever deflection represents the tip indentation in the sample surface.
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adhesions between the two treatment groups at each time were evaluated

using Pearson’s x2 test with Yates’ continuity correction (SPLUS v. 6.1,

Insightful). The force curves with no adhesion events were also counted.

Note that the number of force curves analyzed and reported in this article is

in thousands of curves per measurement. All results were presented as means

6 SE. Significance was assumed at p # 0.05.

RESULTS

AFM imaging and endothelial cell topography

An AFM contact mode set of images of an isolated coronary

venular EC before and after 30 min of treatment with

histamine is presented in Fig. 2. The AFM deflection images

are presented in the top row and the enhanced contrast height

images are presented at the bottom. The deflection images

are created by acquiring the cantilever deflection data on the

z axis whereas the enhanced contrast images are obtained

from height image data using a mask-based background cor-

rection technique to remove residual noise present at the time

of the experiment. The deflection image emphasizes the main

features of the cell: the round nucleus is surrounded by cyto-

plasm against the flat bottom of the dish. The main features

of the cytoskeleton (actin filaments) are also visible as rod-

like filaments around the cell edges. The enhanced contrast

height image provided a more detailed image of the structure

of the cytoskeleton with visible stress fibers in the cell cortex

area and tight rod-like bundles around the peripheral edges.

Using the topographical cell data, direct measurements of

cell coverage area, cell volume, and cell height of coronary

venular ECs before and after histamine treatment were

performed. The average values before and after histamine

treatment are presented in Table 1. The percent change in cell

coverage area, cell volume, and cell height was calculated as

% change ¼ ((treatment � control) / control) 3 100. In

nontreated cells over the 30-min period, there was a slight

decrease (,2%) in coverage area and a 5 and 4% increase in

volume and height, respectively. These changes in control

experiments were not statistically significant.

In contrast, histamine-treated cells displayed notable

changes in cell shape with visible rearrangement of the cor-

tical cytoskeleton after histamine treatment. In several parts

of the cell, the peripheral rod-like actin bundles were dis-

rupted and some small actin bundles look diminished or lost,

but in the other parts the initial small actin bundles become

more visible with formation of new strong rod-like structures

(the actin network appeared to lose fine structure at the ex-

pense of enhancing the more robust structure; see arrows in
Fig. 2). Also, important morphological changes took place.

The average coverage area of the cells was reduced by 8%

and volume decreased by 13% after the histamine treatment

in comparison with control (Fig. 3). No significant change in

cell height was observed probably because the nucleus plays

the dominant role in determining the cell height. As a con-

trol to assess the ability of the AFM to detect cell volume

FIGURE 2 Contact mode images of an isolated coronary venular EC before and after histamine treatment. The upper row presents the deflection images and the

lower row displays enhanced contrast height images. Rearrangement of cortical cytoskeleton and cell shrinkage after histamine treatment is visible (see arrows).

Panels A and B in the graph represent two topographical profiles along the white dashed lines in the bottom panels. The xy scan rate used for imaging was 0.225 Hz

for a scan size of 100 3 100 mm with a scan speed ,40 mm/s. The deflection images were acquired directly in Nanoscope software and the enhanced contrast

images were obtained by further processing of height data in Matlab software (MathWorks, Natick, MA). The bar represents 10 mm.
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changes, the coronary venular ECs were placed in a hyper-

tonic solution (500 mOsm). A significant overall shrinkage

of the cells was measured, with a decrease of 21% in cell

volume and 10% decrease in cell coverage area, as well as

gap formation between the cells. Likewise, when the

coronary venular ECs were treated with 120 mM mannitol

(Sigma) to induce cell swelling, a significant increase of 25%

in cell volume was measured.

Fig. 4 shows an image of several coronary venular ECs in

a subconfluent monolayer before (a) and after histamine

treatment (b). Histamine induced visible gaps between the

adjacent cells. The intercellular gaps began to form within

minutes after the histamine treatment (,1 min). The process

of gaps formation was completed within 20 min, at which

point in time the post treatment images were acquired.

AFM force curve analysis of a5b1 adhesion to
fibronectin and histamine effect

To calculate the elasticity of a sample quantitatively, the

theoretical model developed by Hertz was fitted to the

portion of the approach curve between the initial point of cell

contact and the point of maximal probe displacement. Fig. 5

shows changes in elastic modulus as a function of time and

treatment. Histamine increased the stiffness of aortic ECs

from an average value of the apparent elastic modulus of 86

2 kPa (n ¼ 6) for controls to an average value of 206 5 kPa

(n ¼ 6) after treatment. This change represented more than

a twofold increase. Based on statistical goodness of fit

criteria (r2 . 0.9), the data appeared well described by the

Hertz model. The apparent elastic modulus represents the

local elastic properties of the cell measured in an area

midway between nucleus and the cell edge. The time-

dependence curves for the apparent elastic modulus in-

dicated that there was no significant change over time. In the

case of coronary venular ECs the average value for the

apparent elastic modulus was 106 3 kPa (n ¼ 6) for control

experiments and was not significantly changed by histamine

treatment 7.5 6 2.5 kPa (n ¼ 6).

The retraction trace of the force curves was used to char-

acterize the specific interactions taking place between the

functionalized probe and the surface of the cell. Analysis of

the retraction trace of the force curves allowed determination

of the number of adhesion events and the forces required to

break each adhesion (i.e., integrin-fibronectin bonds). Fig. 6

shows a pair of force curves for an experiment with no

adhesion events (a) and one with multiple adhesion events

(b). When no adhesion events took place between the AFM

probe and the cell (a) the force curves (approach and

retraction) are almost superimposable with no remarkable

events in the horizontal portion of the retraction curve. In

panel b, however, three distinct adhesion events were

discernable. Each adhesion that ruptures as a result of the

retraction of the tip from the cell surface was characterized

by a force, calculated by multiplying the height of the step in

the deflection associated with the unbinding event and the

spring constant of the cantilever.

Fig. 7 a presents the adhesion force measurements for an

untreated (control) group of aortic ECs (n ¼ 6). Adhesion

forces were characterized by constructing histograms of the

number of events detected at various forces. The midpoints

in each histogram bar were then connected to approximate

the envelope of the distribution. The distributions were ana-

lyzed further by fitting the entire envelope with multiple

Gaussian density curves using a deconvolution algorithm.

The analysis results in good agreement between the exper-

imental points (squares) and the fitted envelope (solid line).

TABLE 1 Geometrical parameters

Coronary

venular EC

Control Histamine

Control Vehicle Control Treatment

Cell coverage

area (mm2)

2069 6 307 2039 6 313 2362 6 297 2154 6 291

Volume (mm3) 964 6 145 1016 6 100 1884 6 166 1732 6 223

Maximum

height (nm)

2694 6 243 2808 6 115 2846 6 266 2983 6 366

FIGURE 3 Relative change in geometrical parameters of the coronary venular EC for control experiment (open bar) and after histamine treatment (solid bar)

(*p , 0.05).
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For control aortic ECs, three distinct Gaussian populations

were apparent. The first dashed distribution (from left to
right) represents the adhesion force of a single integrin-

fibronectin bond having a value 34.0 6 0.5 pN. This

interpretation was suggested by the presence of a second and

a third distribution with peaks equally spaced and at higher

values 516 1 and 676 1 pN, respectively. It is possible that

these peaks correspond to simultaneous rupture of two and

three bonds, respectively. The vertical bar in the same figure

presents the probability of adhesion events in the same

experiment.

As mentioned before, all adhesion and nonadhesion

events were counted and normalized to unity. The average

probability of adhesion for the control experiment was 0.30

6 0.05. Using this procedure, the control experimental data

for aortic ECs already described were compared with those

obtained after histamine treatment (Fig. 7 b). By comparing

the force distributions before and after histamine treatment

one can observe that the general shape of the resolved dis-

tributions are preserved. In the histamine-treated cells, peak

forces occurred at 39 6 1, 60 6 2, and 81.5 6 1.5 pN. Note

that although the values of the peak force for all three

Gaussian distributions are shifted toward higher values, they

are not shifted to the same degree. The largest peak increased

by ;5 pN, the middle peak by ;10 pN, and the smallest

peak increased by ;15 pN (Fig. 8).

After histamine treatment the probability of adhesion

increased (Fig. 9). In addition, the number of adhesion events

was higher at short relative displacements (;70 nm), and

decreased to control level at long relative displacements (a).
The relative displacement represents the distance between

the deflection point and the location where an adhesion event

occurs. In comparison, the number of adhesion events in

control experiments was fairly constant over time but for

histamine treatment it peaked at;12 min after treatment (b).
Analysis of the adhesion probability data (Fig. 10) indicated

that the effect of histamine treatment was highly significant

(p ¼ 0.001) and reflects the fact that histamine caused

a doubling of the number of adhesions compared with the

control. Trend analysis of adhesion event probability

indicates a slight decline in adhesions over time when both

treatment groups were pooled (p ¼ 0.04). However, within

either individual group, no significant trend was detected

(control p ¼ 0.32; histamine p ¼ 0.07) and the 95%

confidence interval around the slopes of each of the

regression lines included zero. The treatment over time

interaction term was not significant (p ¼ 0.30) confirming

the visual impression that the trend lines for both treatment

groups were essentially parallel. Given the lack of corre-

lation between treatment and time, the Mantel-Haenszel test

FIGURE 4 Image of a confluent coronary venular EC culture (a). Gaps

were forming in the cell monolayer after histamine treatment (b). The bar

represents 10 mm.

FIGURE 5 Elastic modulus for aortic EC. One can observe that there is no

time dependence, but histamine treatment doubled the elastic modulus value

(control, dashed line; histamine treatment, solid line). The apparent elastic

modulus measurements were performed in a region midway between

nucleus and the cell edge.

FIGURE 6 Approach (thin line) and retraction (thick line) force curves

without adhesions (a) and with adhesions (b). The labeled probes were set to
touch and retract from the cell surface at a speed of 0.8 mm/s. If specific

adhesion events occurred between fibronectin and a5b1 integrin during

approach procedure, the retraction curve recorded the appearance of distinct

bond ruptures indicated by arrows in panel b. Deflection point and relative

displacement were calculated as explained in text.
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was used to globally assess the association between treat-

ment and number of adhesion events. The x2 value was 330,

which at one degree of freedom gave p ¼ 0. Separate tests

comparing treatment at each of the five times gave x2 values

ranging from 30 to 101, all of which were associated with

p ¼ 0.

The same analysis was performed for coronary venular

ECs. The peak forces for control experiments occurred at 35

6 1, 52.5 6 3.7, and 72 6 4 pN. There were no significant

changes after the histamine treatment in peak forces or in

adhesion events.

Selectivity of fibronectin for a5b1 integrin

To confirm the specificity of the integrin-fibronectin interac-

tion (6,34), experiments with soluble GRGDdSP (D-serine

form of theGRGDSP) andGRGESPwere conducted. Specificity

results are summarized as distribution curves in Fig. 11. In

the experiments with GRGDdSP the overall shape of

the distribution was preserved, such that the position

of the force peaks remained unchanged, but the binding

probability was reduced .50% with respect to the experi-

ments with GRGESP. Another observation that supports the

specificity of interaction is that all Gaussian distributions

were affected by the presence of soluble GRGDdSP in direct

proportion with number of adhesions observed. The third

peak was abolished.

DISCUSSION

The ability to image and study the surface of living cells

under physiological conditions is one of the important

advantages of using the AFM for biological investigations.

The cell surface imaged by AFM provides three-dimensional

quantitative information that allows analysis of endothelial

cell mechanics and biochemistry at cellular and molecular

levels. After histamine treatment of coronary venular ECs

there were significant morphological changes and cortical

cytoskeleton rearrangement. An 8% reduction in cell cover-

age area occurred along with a 13% decrease in cell volume.

These changes were attributed to cell contraction and a resul-

tant uniform shrinkage of the cell surface that is consistent

with previous documentation of intercellular gap forma-

tion in histamine-treated endothelial monolayers (5,10,35).

FIGURE 7 Analysis of force distributions of aortic EC before (a) and after (b) histamine treatment performed by simultaneous deconvolution of the

experimental data (n) with Gaussian distributions to resolve the integrin-fibronectin binding forces. Although histamine treatment preserved the overall shape

of the force distribution, it increased adhesion probability and shifted the entire force distribution toward higher force values. The histogram bar shows the

probability of adhesion events.

FIGURE 8 (a) Force versus time diagrams show that the force does not change in time, but increases as value after histamine treatment (*p, 0.05); (b) the

relative change in adhesion force for each peak after histamine treatment.
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In addition to the morphological changes there was a visible

rearrangement of the cortical cytoskeleton after histamine

treatment. In several parts of the cell, the peripheral rod-like

actin was disrupted and some small actin bundles look

diminished or lost, but in the other parts the initial small actin

bundles become more visible with formation of new strong

rod-like structures. The change in the distribution of the actin

network was not the result of AFM-induced damage to the

cell surface, but resulted from a coordinated restructuring of

the entire cytoskeleton network after histamine treatment

(1,36). The cells were under continuous video observation

during the imaging experiments and membrane dissection

during AFM scanning was not observed.

For measuring the EC stiffness before and after histamine

treatment the Hertz model was applied (27,30). To fit this

model to the experimental force curves, the probe tip was

approximated with a cone and the cell membrane assumed to

be a flat surface. The Hertz model is designed to study a

homogeneous, flat, and elastic sample. Even though the cells

are heterogeneous in their elasticity and structural features

(33), it was assumed that the Hertz model provides a good

measure of the local apparent elastic modulus of the cell.

This assumption is based on the consideration of the small

area of the probe tip in contact with the cell membrane (tip

radius ;50 nm), the thickness of the cell at the location

where the measurement was performed (;1 mm) and the

maximum measured indentation (,200 nm). Based on the

Hertzian analysis, histamine treatment of aortic ECs caused

the cells to become stiffer, such that the local apparent elastic

modulus was twice the control value. The apparent elastic

modulus values obtained in this study agree well with those

reported in the literature. Weisenhorn et al. (32) reported

values for the apparent elastic modulus of a living cell to be

in the range of 13–15 kPa, Mathur et al. (37) reported for

human umbilical vein endothelial cells a value for E between

1.4 and 6.8 kPa depending on the location of the measure-

ment on the cell surface, Wojcikiewicz et al. (18) measured

values for Young’s modulus between 0.5 and 3 kPa for 3A9

cells, and Radmacher (38) reported values for apparent

elastic modulus for living cells to be ,20 kPa. All these

values were obtained from AFM experiments.

The adhesion probability and the force necessary to break

a5b1-fibronectin bond were also increased by histamine

treatment. To identify individual populations of adhesion

forces, the overall force histogram obtained from adhesion

measurements was deconvoluted using a method that

resolves the experimental distribution into its components.

In this way three distinct Gaussian distributions were sep-

arated under the main envelope of the overall histogram. The

first resolved distribution was interpreted to represent the

rupture of a single integrin-fibronectin bond, and subsequent

distributions to represent ‘‘simultaneous’’ rupture of multi-

ple adhesion bonds, with a time resolution of ;50 ms. Two

arguments support the interpretation that the measurements

represent ‘‘simultaneous’’ rupture of multiple bonds. First,

the deconvoluted histograms of the force distributions appear

as a series of discrete peaks and have their probabilities de-

creasing with the number of ruptured bonds. It is suggested

that the measured force is actually the resultant force of the

‘‘simultaneous’’ rupture of multiple adhesion bonds. Sec-

ond, this model is consistent with the force values obtained

FIGURE 9 (a) After histamine treatment, not only the number of adhesion events increased, but the number was higher at short relative displacements

followed by a decrease to the control level at long relative displacements. (b) For control experiments the number of adhesion events did not vary in time, but

for histamine treatment it peaked at ;12 min and remained high for the duration of the experiment (dotted line, control; solid line, histamine treatment).

FIGURE 10 Probability of adhesion events increased twofold after

histamine treatment (n) (*p ¼ 0.001). Control experiment is presented

with diamonds. Trend analysis indicated the same decline in adhesion events

over time for both experiments (error bars represent 6 SE).
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after histamine treatment where the peak forces are shifted at

higher values in a progressive manner with an average value

of ;5 pN for a single a5b1-fibronectin bond.

The force values obtained through these experiments are

in good agreement with those reported in the literature.

Weisenhorn et al. (39) reported molecular forces on bio-

logical surfaces to be in the range of tens of piconewtons.

Lehenkari and Horton (25) reported an AFM experiment for

a5b1 integrin-RGD peptide interaction on osteoblast a value

of 32 6 2 pN. Jiang et al. (40) measured adhesion forces in

an optical trap experiment between fibronectin-coated beads

and integrin on 3T3 fibroblasts in the range of 35–39 pN.

The possibility that the force measurements might

represent processes other than rupture of a5b1-fibronectin

specific bonds was taken into consideration. Examples in-

clude: PEG or fibronectin detachment from the tip, PEG or

fibronectin unfolding, integrin receptor pulling from the cell

membrane, multiple binding conformations of FN on the

probe tip, other FN receptors, or nonspecific binding. All of

these possibilities could conceivably cause spread in force

histograms. A possibility for not obtaining exact multiple

integers for force peak values might be that the fibronectin

could be adsorbed in multiple conformations (41) on the

surface of the AFM tip. The method used for functionalizing

the AFM tips does not provide any control of the possible

fibronectin conformations on the tip. Also, based on the

GRGDdSP data it appears that a major portion of adhesion

events is specific. However, one cannot rule out completely

the nonspecific binding to other receptors on the cell surface.

It was concluded that the forces measured in this study were

due primarily to the adhesion breakage between fibronectin

and integrin based on the following arguments. Both, the

absorption of PEG to the cantilever and PEG-fibronectin

bond are much stronger than the measured adhesion forces

(26,28). Also, protein unfolding requires a force of 11–15

pN, which is in the experimental noise and therefore is

discarded due to a cutoff at 18 pN. It is unlikely that the

receptors were being extracted from the membrane because

the force needed to extract a transmembrane protein is;160

pN, which is much larger than our measured forces (42).

Also, it is unlikely that membrane rupture was being mea-

sured. Hundreds of cycles of binding and unbinding events

per cell have been acquired with a single functionalized tip

(43,44). If portions of the membrane were removed from the

cell surface, then the contaminated tip would have a limited

life span and cell death would occur. Neither of these events

occurred in the studies reported here. Collectively, it was

concluded that the adhesion forces measured in this study

were primarily between the fibronectin functionalized tip and

integrin receptors on the cell surface.

The increase in adhesion force between a5b1 integrin and

fibronectin in response to histamine may be part of the

inflammatory process that reflects changes in cell-ECM in-

teraction such as focal contacts assembly and redistribution.

Moy et al. (10) estimated cell-ECM adhesion in confluent

endothelial monolayers using electrical conductivity mea-

surements and a theoretical model of current flow between

adjacent cells and between the cells and underlying ECM.

The parameter predicting cell-ECM adhesion fell below

control through the first minute of histamine application.

Cell-ECM adhesion returned to the normal level at 3 min, but

continued to increase above the control level. Twenty min-

utes after exposure of the endothelial monolayer to histamine,

cell-ECM adhesion was still above the control level. The

AFM adhesion force measurements in our study were per-

formed at 30 min and are consistent with the findings of Moy

et al. (10). Thus, existing data support rapid changes in cell-

ECM interactions in response to histamine.

Another possibility for increasing the adhesion after hista-

mine treatment might be attributed to more integrins being

able to bind the fibronectin on the apical cell surface because

some of the cell-ECM interactions at the basal cell surface

were severed (2), and more integrins are now free to diffuse

to the apical cell surface. This is in good agreement with the

FIGURE 11 Analysis of force distributions for the GRGESP/GRGDdSP experiment. The GRGESP control force distributions (a) and the treatment

GRGDdSP (b) are preserving the same overall shape, but GRGDdSP treatment recorded an important decrease in adhesion events. None of these peptides

affected the magnitude of the adhesion force between fibronectin and a5b1 integrin.
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fact that the unbound integrins are freely diffusive in the

membrane plane (45). A redistribution of integrins would hy-

pothetically occur if focal contacts with the substrate were de-

creased in size or number (46,47).

The increase in cell stiffness that was recorded after hista-

mine treatment may account for the increase in the adhesion

force. In a study by Chen and Moy (42) it was shown that in

an AFM experiment, after chemical fixation of the cell, the

center of the first peak of the ligand-receptor adhesion force

histogram was shifted in a small amount toward higher

values, from 68 to 83 pN. This chemical fixation induces an

increase in the loading rate by increasing cell stiffness that is

similar to the cell stiffening after histamine treatment. The

mechanism for the stiffness change after histamine treatment

may be cytoskeletal in nature. Trepat et al. (48) used optical

magnetic twisting cytometry to measure the cell complex

elastic modulus calculated from the Fourier transform of the

torque applied to magnetic beads (coated with RGD peptide)

bound to membrane receptors. They showed that histamine

induced reorganization of the actin cytoskeleton and for-

mation of actin bundles, with a twofold increase in the

complex elastic modulus of the cell.

Synthetic peptides that compete with ECM proteins for the

integrin binding sites can be used to verify the specificity of

a5b1-fibronectin interaction. GRGDdSP is one such peptide

that selectively inhibits a5b1 integrin binding to fibronectin

(6,34); a5b1 is the major fibronectin receptor recognizing

the RGD sequence on fibronectin type III. The RGD motif is

displayed at the tip of a flexible loop projecting ;10 Å from

the FN III domain (49). In our experiments the binding

probability between integrin and fibronectin was reduced

.50% in the presence of soluble GRGDdSP peptide. It is

suggested that the soluble specific ligand RGD competes

with the FN-RGD sites on the AFM tip. It is important to

note that the soluble RGD affects only the binding prob-

ability by reducing available integrin binding partners for the

FN but does not affect the adhesion force.

Although our experiments were performed in cultured

cells there are a few reports to indicate that AFM study of

the intact EC layer of a vessel is possible. In these studies,

vessels are splayed open to expose the EC layer to provide

access for the AFM. Miyazaki and Hayashi (50) reported

AFM measurements on living endothelial cells in fresh aorta

segments under static strain from different areas. They found

a high variability in the shape of force-indentation curves

between cells, with the endothelial cells in the medial wall

being stiffer than those in the lateral wall. Davies et al. (51)

compared cell characteristics of the cultured cells with the

vessel measurements, using confluent monolayers of aorta

ECs in culture and aorta splayed vessels under flow. Using

computational fluid dynamics combined with the AFM

topographical measurements they found considerable varia-

tions in the distribution of forces on the individual cells and

between neighboring cells. They concluded that the

endothelial cell topography defines the detailed distribution

of shear stresses at the single cell level. Further investi-

gations using a splayed vessel with an intact EC layer for

AFM studies could be pursued to assess the possibility of

determining consistent parameters for stiffness and adhesion

forces. This type of experiment might be useful for inves-

tigation of adhesion molecules on endothelial cells.

CONCLUSIONS

In this study we used AFM to image coronary venular EC

before and after histamine treatment. Histamine affects mor-

phological properties of the endothelial cells, producing cell

shrinkage and endothelial gap formation in cultured ECs. By

using the AFM to record direct measurements of the adhe-

sion forces on the surface of the living endothelial cells, we

have shown that the histamine treatment could change the

binding probability but not the magnitude of adhesion force

between a5b1 and fibronectin. The force necessary to rup-

ture single a5b1-fibronectin bond increased from 34.06 0.5

pN in control aortic ECs to 39 6 1 pN after histamine

treatment, whereas the adhesion probability increased two-

fold. Also, histamine treatment of aortic EC had a dramatic

effect on local cell stiffness. The local apparent elastic mod-

ulus of the cell in a region midway between nucleus and cell

edge was observed to increase twofold after histamine treat-

ment. In summary, these data suggest that alteration in

integrin binding probability and adhesion force may play

a role in regulating the vascular endothelial barrier structure

by altering cell-ECM interactions.
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