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Neutrophil adhesion to pulmonary microvascular endothelial cells
(ECs) initiates intracellular signaling, resulting in remodeling of
F-actin cytoskeletal structure of ECs. The present study determined
the mechanical properties of ECs and the changes induced by
neutrophil adhesion by atomic force microscopy. The elastic moduli
of ECs were compared before neutrophils were present, as soon as
neutrophil adhesion was detected, and 1 minute later. ECs that were
adjacent to those with adherent neutrophils were also evaluated.
Neutrophil adhesion induced a decrease in the elastic moduli in the
6.25-mm rim of ECs surrounding adherent neutrophils as soon as
firmly adherent neutrophils were detected, which was transient and
lasted less than 1 minute. Adjacent ECs developed an increase in
stiffness that was significant in the central regions of these cells.
Intercellular adhesion molecule–1 crosslinking did not induce signif-
icant changes in the elastic modulus of ECs in either region, suggest-
ingthatcrosslinkingintercellularadhesionmolecule–1 isnotsufficient
to induce the observed changes. Our results demonstrate that
neutrophil adhesion induces regional changes in the stiffness of ECs.

Keywords: neutrophils; pulmonary microvascular endothelial cells;

mechanical properties; intercellular adhesion molecule–1

Interactions between neutrophils and pulmonary microvascular
endothelial cells (ECs) are one of the first events during host
defense. This interaction is often mediated through binding
of CD11a/CD18 and CD11b/CD18 (integrin-aLb2 and -aMb2)
on neutrophils to intercellular adhesion molecule (ICAM)–1 on
ECs. Intracellular signaling cascades initiated by neutrophil
adhesion are mediated by p38 mitogen-activated protein kinase,
and result in increased F-actin levels in ECs (1–3). This signal-
ing results in stiffening of ECs within 2 minutes, as measured by
magnetic bead twisting cytometry. Inhibition of p38 activity
attenuates neutrophil migration along ECs to their borders. The
intracellular signaling events initiated by neutrophil adhesion to
pulmonary microvascular ECs are closely mimicked by cross-
linking ICAM-1 using anti–ICAM-1 antibodies and a secondary
anti-Fc antibody (2).

Atomic force microscopy (AFM) measures the displacement
of a sample that results from the force applied by the AFM
probe. Mechanical properties of living cells are determined by
analyzing the relationship between the loading force and the
displacement of the cell (4, 5). Force-indentation curves ob-
tained at each x, y position of the entire surface of the cell are

assembled into a map of elastic moduli, which is then correlated
with the topography of the cell. AFM studies have measured
the mechanical properties of living cells in the time course of
biological processes (e.g., the real-time changes in microme-
chanical properties of human umbilical vein ECs during mono-
cyte adhesion [6], the elastic moduli of human embryonic kidney
cells during stimulation with angiotensin II [7], the elastic moduli
of human mesenchymal stem cells during osteogenic differenti-
ation [8], and the apparent elastic modulus of skeletal muscle
cells throughout differentiation [9]). The observations that in-
tracellular signaling in ECs initiated by neutrophil adhesion re-
sults in local alteration in the F-actin cytoskeleton, and is critical
for neutrophil migration to EC borders, led to the hypothesis that
neutrophil adhesion leads to regional changes in the mechanical
properties of ECs.

The present study determined the mechanical properties of
cultured pulmonary microvascular ECs and the global and re-
gional changes induced by neutrophil adhesion and by ICAM-1
crosslinking by AFM. The mechanical properties were quanti-
fied by calculating the elastic modulus for each force-displacement
curve. Our data demonstrate that, soon after neutrophil adhe-
sion, the stiffness of ECs decreased in the EC rim surrounding
the adherent neutrophils. This decreased stiffness lasts less than
1 minute. The adjacent ECs show no significant change soon
after neutrophil adhesion to their neighbor, but 1 minute later,
their stiffness is increased, particularly in the central regions.
ICAM-1 crosslinking over the entire EC surface did not induce
a significant change in the apparent stiffness of ECs. Our find-
ings demonstrate that neutrophil adhesion induces regional
changes in the stiffness of ECs.

MATERIALS AND METHODS

Cell Culture

Human pulmonary microvascular ECs were purchased from Cambrex
(Walkersville, MD), and plated on fibronectin-coated 35-mm cell
culture polystyrene dishes, according to the manufacturer’s protocols.
Confluent ECs between passages 7 and 15 were studied. ECs were
exposed to TNF-a (20 ng/ml) overnight before experiments to increase
neutrophil adhesion and to mimic the inflammatory process.

Neutrophil Isolation

Blood was collected by venipuncture from healthy donors after in-
formed consent was obtained. Human neutrophils were isolated from
blood with histopaque density gradients (Sigma, St. Louis, MO), ac-
cording to the manufacturer’s protocol.

CLINICAL RELEVANCE

Neutrophil adhesion and migration along endothelial cells
(ECs) and into the lung tissue occur in all pulmonary
diseases in which the acute inflammatory response contrib-
utes. These studies demonstrate that neutrophil adhesion
induces signaling processes that modulate EC mechanics.
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AFM

AFM force maps of ECs were obtained with a Nanoscope IV Bioscope
AFM (Digital Instruments, Santa Barbara, CA) equipped with a G-type
scanner. AFM images and force maps were obtained with silicon
nitride probes of 0.06 N/m (Digital Instruments) while the cells were
covered with culture medium. Briefly, AFM force–displacement curves
were measured at every pixel on a topographic image of the cells.
Mechanical properties were calculated as the elastic modulus from
each force–displacement curve (see below), and the elastic moduli were
arranged into maps corresponding to the spatial position of each x, y
pixel in the image.

Analysis of Cell Thickness from AFM Force-Displacement Data

Force-displacement data were obtained from the AFM force–displacement
curves, which record the AFM cantilever deflection against the dis-
placement of the Z-piezo, as previously discussed (5). Briefly, the force
was calculated as the cantilever deflection multiplied by the spring
constant of the cantilever (nominal value of 0.06 N/m), and the
displacement of the cell was calculated as the Z-piezo displacement
minus the deflection of the cantilever.

The thickness of ECs was determined from the topography, and
indentation depth from the force-displacement curve of each pixel. The
thickness was calculated as (10):

thicknesspixel 5 z-heightpixel 2 z-height0 1

maxðindentation depthÞpixel;

where z-heightpixel is the piezo z-height of each pixel from the AFM
topographic image; z-height0 is the smallest piezo z-height among all
the pixels in the AFM topographic image; max(indentation depth)pixel

is the maximum indentation depth determined for each pixel from the
force-displacement data.

The maximum indentation depth is calculated for each force-
displacement curve as:

maxðindentation depthÞ5 z-heightcontact2 z-heightmax displacement 2

maxðcantilever deflectionÞ;

where z-heightcontact is the z-height of piezo at the point of contact;
z-heightmax displacement is the z-height of piezo at which the displace-
ment of the cell underneath the AFM probe reaches its maximum;
max(cantilever deflection) is the maximum deflection of cantilever.

Analysis of Elastic Moduli from AFM Force-Displacement Data

Apparent elastic moduli were determined by optimizing the elastic
moduli parameter, E, in the following equations based on Hertz’s
contact theory to minimize the difference between the theoretical
force–displacement equations and the experimental AFM data (Figure

1). The contact between the AFM probe and the EC monolayer was
modeled as a conical indenter with a spherical tip in contact with an
elastic half space. The force–displacement relationships during the
contact of rigid blunt-conical indenter and an elastic half space can be
expressed as previously described (11):
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where F is applied force, E is apparent elastic modulus of the elastic
half-space, n is Poisson’s ratio, a is contact radius, b is the point along the
axis perpendicular to the tip’s axis of symmetry where the transition
between cone and sphere occurs (Rcos u), R is the radius of a sphere
(100 nm), w0 is indentation depth, and u is the half-open angle of a cone
(nominal value of 37.58 for the standard silicon nitride cantilever).

Curve fitting was performed in Matlab 7.0 (The MathWorks, Natick,
MA) with the Nelder-Mead simplex algorithm (12). Values of E with
zero or negative coefficient of correlation (R2 < 0) between the data
and the theoretical model were excluded.

To compare the mechanical response of the ECs by using different
indentation depths, the apparent elastic moduli were categorized
according to the depth of indentation used in the optimization: E0–100 nm

for indentation depths 0–100 nm; E.100 nm for indentation depths
greater than 100 nm; and Etotal for the total indentation depths.

Effects of Neutrophil Adhesion and Migration on the

Mechanical Properties of ECs

To determine the effect of neutrophil adherence to ECs, changes in the
elastic moduli of ECs and neutrophils were determined before and
during neutrophil adhesion and migration in time-series maps of elastic
moduli obtained every minute from 2 to 6 minutes after neutrophil
adhesion (1 3 106 per 35-mm culture dish; .95% purity). All AFM
images were taken at 378C. AFM force maps were obtained in a square
area of 100 mm2 containing 16 3 16 pixels (6.25 3 6.25 mm per pixel).
Each curve was collected with a stroke of 1 mm and a cycling time of

Figure 1. Force-displacement curves obtained during a single
indentation with atomic force microscopy (AFM). (A) The

contact point (1) between the AFM probe and the endothelial

cell (EC) was identified in the force-displacement curve as the

point where the difference between the force-displacement
curve and a straight line drawn from a point offset from the

starting point by 500 nm on the x-axis (x02500, y0) and the last

point of the curve is maximal. The shaded rectangle denotes the

in-contact region where the AFM probe was applying force to
the cells. (B) Apparent elastic moduli were determined by

optimization of the elastic modulus parameter in the force-

displacement equation given by Hertz’s and Sneddon’s in-
finitesimal strain theory. The value of E that provided a positive

correlation (R2 . 0) between the data and the theoretical

model was considered the elastic modulus for that pixel. The

elastic moduli were determined in different ranges of indenta-
tion depths: E0–100 nm for the indentation depth 0–100 nm;

E.100 nm for the indentation depth greater than 100 nm; and

Etotal for the entire indentation depth.
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0.125 second. A topographic map was simultaneously generated with
the cantilever deflection signal at maximum stroke over each pixel. The
presence of adherent neutrophils and their migrating directions were
detected from the thickness maps reconstructed from the topographic
information, and the force-displacement curve from each pixel, as
described previously here.

An adherent neutrophil was identified when two criteria were met:
(1) more than three neighboring pixels increased in height by at least
1 mm compared with their height before neutrophil adhesion; and (2)
this increase in thickness remained within 0–10 mm for at least two
images (1 min apart). An increase in thickness of more than 1 mm was
chosen to represent a neutrophil following comparisons of two
topographic maps obtained from AFM measurements performed 1
minute apart with the same ECs, but without addition of neutrophils.
The Gaussian distribution of the differences between these two
sequential measurements of height for each pixel had an average of
20.13 (60.10) mm and the SD of 0.45 (60.04) mm (n 5 5). Thus, an
increase in height greater than twice this SD value in three neighboring
pixels was considered to be due to an adherent neutrophil. This
approach may result in missing adherent neutrophils (false negatives),
but false positives that result in identifying a neutrophil when none is
present are very unlikely.

ECs were considered to be adjacent to ECs with adherent neutro-
phils when: (1) more than 25 mm of their border was in contact with an
EC to which a neutrophil had adhered; and (2) all or a large portion of
the EC that included the central and peripheral regions was within the
AFM field.

The topographic map was used to divide each EC into peripheral
(within 10 mm from the intercellular junctions between neighboring ECs)
and central regions with ImageJ (National Institutes of Health, Bethesda,
MD) to determine the properties of these subcellular regions. The pixels
(6.25-mm square) immediately surrounding the adherent neutrophils were
categorized as rim 1 and rim 2 (Figure 2). These rims were further divided
into four subregions according to the direction of neutrophil migration:
the migrating direction, the opposite direction, and the directions
perpendicular to the axis of migration (Figure 2). Apparent elastic
moduli of these regions (central, peripheral, rim 1, and rim 2) were
determined at three time points: (1) before adding neutrophils (baseline);
(2) after neutrophils were allowed to adhere for 2 minutes and as soon as
neutrophil adhesion was detected from the thickness images (at firm
adhesion); and (3) in the consecutive image (1 min later). Apparent
elastic moduli of the four subregions were determined at two time points:
(1) before adding neutrophils (baseline); and (2) after neutrophils
adhered for 1 minute and before their migration was detected from
the AFM topography images (onset of migration). To determine the
changes in the elastic moduli after neutrophil adhesion compared with
the baseline values, the same pixels before and after adding neutrophils
were compared for each region and each time point, and the areas
occupied by adherent neutrophils were excluded from both the baseline
maps and the maps after neutrophil adhesion. Median and interquartile
range of elastic moduli were calculated from the elastic moduli map of
each region using a custom-written code in Matlab 7.0.

Changes in the Mechanical Properties of ECs Induced

by ICAM-1 Crosslinking

To determine the effect of ICAM-1 crosslinking on the changes
in mechanical properties of ECs, the following experiments were
performed.

ECs were incubated with murine monoclonal anti–human ICAM-1
antibodies (6.65 mg/ml; Dako, Carpinteria, CA) or 0.1% BSA in PBS
for 0.5 hour, followed by washing with culture medium. Immediately
before AFM imaging, secondary antibody (goat F(ab9)2 anti-mouse
IgG F(C), 50 mg/ml; ICN/Cappel, Irvine, CA) or 0.1% BSA in PBS was
added. To determine the effect of ICAM-1 crosslinking, four groups
were compared: (1) buffer control group treated with 0.1% BSA in
PBS instead of antibodies; (2) secondary control group treated with
0.1% BSA in PBS, followed by secondary antibody; (3) primary control
group treated with anti–ICAM-1 antibody, followed by 0.1% BSA in
PBS; and (4) ICAM-1 crosslinked group treated with anti–ICAM-1
antibody, followed by secondary crosslinking antibody.

All ICAM-1 crosslinking experiments were performed at room
temperature (258C). The AFM force map was obtained in a square area
of 100 mm2 immediately after the crosslinking antibody was added or
control treatments were finished. Each data set consisted of a 64 3 64
array of force-indentation curves (1.56 3 1.56 mm per data point). Each
curve was collected using a stroke of 1 mm and a cycling time of 0.125
second. Collection of the entire array took 20 minutes from start to
finish. The entire EC or the peripheral (within 10 mm from the border)
and central (excluding the regions over the nucleus) regions of each EC
were outlined from the topographic AFM images with ImageJ. Regions
near the nucleus were excluded in the analysis, as the height of the region
often exceeded the vertical scanning range of AFM (6 mm). An elastic
moduli map was derived from each region with a custom-made program
in Matlab 7.0. Median, interquartile range, and skewness of elastic
moduli were calculated from the elastic moduli map derived from each
region, also employing a custom-made program in Matlab 7.0.

Summary of Analysis of Elastic Moduli

For studies determining the effect of neutrophil adhesion and migra-
tion on ECs, the median Etotal values were calculated for the entire
surface and for the peripheral and central regions, as well as for the
regions around neutrophils (rim 1 and rim 2). Moreover, the average
Etotal values were calculated in the four subregions of rim 1 and rim 2
determined by the direction of neutrophil migration, Emig, Eopp, E90,
and E270. For studies of ICAM-1 crosslinking in ECs, the elastic moduli
were determined with different indentation depths: E0–100 nm for in-
dentation depths 0–100 nm; E.100 nm for indentation depths greater
than 100 nm; and Etotal for the total indentation depths. The median
E0–100 nm, E.100 nm, and Etotal values were calculated for the entire
surface and for the peripheral and central regions.

Statistical Analysis

All data are expressed as medians (6 interquartile range) unless other-
wise specified. Interquartile range is defined as the value of the third

Figure 2. Apparent elastic moduli of ECs during neutrophil

adhesion and migration were determined in central and periph-
eral regions of ECs, as well as in quadrants around adherent

neutrophils. The elastic moduli were determined in the periph-

eral regions within 10 mm of EC borders and in the central

regions excluding the area near the nucleus. The elastic moduli
were also determined in the EC regions immediately surrounding

the adherent neutrophils. Rim 1 consisted of the first pixels

around neutrophils (within 0–6.25 mm from the adherent

neutrophils). Rim 2 consisted of the second pixels around
neutrophils (from 6.25 to 12.50 mm). The rims around neutro-

phils were divided into four subregions according to the di-

rection of neutrophil migration, and the elastic moduli of each

subregion were determined in the migrating direction (Emig), in
the opposite direction (Eopp), and perpendicular to the axis of

migrating direction (E90, E270).
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quartile minus the value of the first quartile. The skewness of elastic
moduli was calculated to determine the distribution: normally distrib-
uted values have the skewness of 0, and a positive skewness value
indicates that the values are skewed right, which means that the right
tail is longer than the left tail. Because the mechanical properties over
the surface of ECs were found to be right skewed, nonparametric
statistics were used to analyze elastic moduli, except for the four
quadrants of regions around adherent neutrophils, where the number
of samples was small. The Sign test and Wilcoxon’s matched-pair test
were used to compare two dependent measures; for example, compar-
ison of the elastic moduli before and after adding neutrophils, and
two different regions of the same cell. The Mann-Whitney U test and
Kolmogorov-Smirnov test were used to compare two independent mea-
sures. The Kruskal-Wallis ANOVA was used for comparison of more
than two independent measures. Changes were regarded as significant
if the P value was less than 0.05.

RESULTS

Changes in the Mechanical Properties of ECs during

Neutrophil Adhesion and Migration

To determine the effects of neutrophil adhesion and migration
on the mechanical properties of ECs, these properties were
determined before and during neutrophil adhesion and migra-
tion. The mechanical properties were measured over the entire
EC surface, and were analyzed in the central and peripheral
regions, as well as in the regions around adherent neutrophils.
The mechanical properties of ECs were determined as the ap-
parent elastic moduli calculated from the force-displacement
curves obtained in each cell before and 2 to 6 minutes after
neutrophils were added to the EC media. Changes were iden-
tified by comparing the elastic moduli of EC regions soon after
neutrophil adhesion and 1 minute later to the baseline values
measured in the same regions before adding neutrophils. E0–100 nm

of ECs in regions around adherent neutrophils were not avail-
able, due to increased noise and decreased resolution of the
force-displacement data obtained in the presence of neutro-
phils. Thus, only Etotal was used in the analysis of EC response
during neutrophil adhesion and migration.

The effect of neutrophil adhesion on the Etotal of ECs was
determined in the regions surrounding the adherent neutrophils,
designated rim 1 and 2 (Figure 2). Neutrophil adhesion induced
a significant decrease in rim 1 as soon as firm adhesion of
neutrophils was detected (Figure 3A), but not in rim 2 (Figure
3B). This change was transient, and was not present 1 minute
later. The thickness in rim 1 and rim 2 did not exhibit significant
changes at neutrophil adhesion or afterwards (data not shown).

The mechanical properties of the entire EC and the peripheral
and central regions were examined, and the effects of neutrophil
adhesion were determined. Figure 4 shows the data from these
studies normalized to baseline values before neutrophil adhesion.

All neutrophils were adherent to the peripheral region at the
time of firm adhesion. Neutrophil adhesion induced no significant
change in Etotal in either the peripheral or the central regions
upon firm adhesion or by 1 minute later (Figures 4A and 4B). In
contrast, ECs adjacent to the ECs displaying adherent neutro-
phils showed an increase in Etotal at 1 minute after firm adhesion,
which was not yet apparent upon firm adhesion (Figures 4C and
4D). This increase was significant in the central regions of these
ECs. These data suggest that neutrophil adhesion induced rapid
local changes in the mechanical properties of ECs to which they
were bound, and also impacted more diffusively on the mechan-
ical properties of adjacent ECs.

The thickness of ECs to which neutrophils were adherent
did not change in any region at the time of firm adhesion or
1 minute later, compared with their thickness before neutrophil
adhesion (Figures 5A and 5B) In contrast, the adjacent ECs
demonstrated first a decrease in thickness of 11% upon firm
adhesion of neutrophils to their neighbor, and then an increase
to 8 to 30% of their baseline value after 1 minute (Figures 5C
and 5D).

To determine the regional changes in the mechanical prop-
erties of ECs upon neutrophil migration, images were selected
of time points at the onset of migration, when the neutrophils
had adhered for 2 minutes, but before their migration was
detectable. The elastic moduli were compared in the migrating
direction (Emig), the opposite direction (Eopp), or the perpen-
dicular directions (E90, E270) of rim 1 with the elastic moduli of
these same regions before adhesion of neutrophils (Figure 2).
Adhesion of neutrophils did not change the average elastic
moduli of any of the four subregions (data not shown). The
average elastic moduli in the quadrants were not significantly
different from each other at baseline, or at the onset of
neutrophil migration. No significant changes in elastic moduli
were observed in rim 2 (data not shown).

ICAM-1 Crosslinking Did Not Induce Significant Changes

in the Elastic Moduli of ECs

To determine the effects of ICAM-1 crosslinking on elastic
moduli of ECs, the elastic moduli from the three control groups
(buffer, secondary antibody alone, and primary antibody alone)
and the ICAM-1 crosslinked ECs were compared. Figures 6A
and 6B show a representative topographic image and map of
elastic moduli of TNF-a–treated ECs. Brighter regions in the
images represent the areas that are taller in the topographic
images or stiffer in the maps of elastic moduli, as indicated in
the scale bar on the right. Topographic images demonstrated
that the EC monolayers were confluent, with occasional small
gaps exposed between the neighboring ECs due to the effects of
TNF-a (13). Elastic moduli could not be determined in some

Figure 3. Changes in the Etotal of the EC regions surrounding

adherent neutrophils. The changes were determined by com-

paring the elastic moduli of rim 1 and rim 2 around adherent
neutrophils compared with the baseline values (please see Figure

2 for definition of these regions). (A) The stiffness in rim 1

significantly decreased at firm adhesion (shaded area in A; #P ,

0.05 in Wilcoxon’s matched-pair test). This change was tran-
sient, and was not observed 1 minute later. (B) No change was

observed in rim 2.
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regions near the nuclei, due to the limited scanning range of
AFM in the vertical direction (6 mm). The regions above the

nuclei (tallest area of each cell in topography) were not

included in calculating the average elastic moduli.
The distribution of the apparent elastic moduli was de-

termined for all data points in the entire surface of each TNF-
a–treated EC. A representative dot plot of the apparent elastic

moduli of the entire surface of an EC indicates that the
apparent elastic moduli were not normally distributed (Figure

6C). The median skewness for Etotal, E0–100 nm, and E.100 nm

were 0.81 (60.14), 1.47 (60.38), and 0.91 (60.18), respectively,
indicating that the distribution of all three elastic moduli was

skewed to the right.
To determine the subcellular properties of the ECs, each EC

was divided into peripheral (within z10 mm from cell borders)
and central regions. The median value of the apparent elastic

moduli was determined for the entire surface and for the central
and peripheral regions (Figure 6D). The median E0–100 nm (but

not E.100 nm) values of peripheral regions were significantly

greater than those of central regions. E.100 nm was significantly
greater than E0–100 nm over the entire surface and in the central

and peripheral regions.

The effects of ICAM-1 crosslinking on elastic moduli of ECs
were determined by comparing the elastic moduli maps from the
three control groups (buffer, secondary antibody alone, and
primary antibody alone) and the ICAM-1 crosslinked ECs. The
median Etotal, E0–100 nm, and E.100 nm of ECs after ICAM-1
crosslinking or control treatments were determined for the entire
surface of the ECs or for the peripheral and central regions
(Figures 7A–7I). No significant differences were found between
ICAM-1 crosslinked ECs and the three controls for Etotal,
E0–100 nm, or E.100 nm for the entire surface or for the central
or peripheral regions when tested with Kruskal-Wallis ANOVA.
The skewness of Etotal, E0–100 nm, and E.100 nm of ICAM-1
crosslinked ECs was not significantly different from that of
controls. These findings indicate that ICAM-1 crosslinking did
not induce significant changes in the elastic moduli of ECs.

DISCUSSION

The present study tested the hypothesis that neutrophil adhe-
sion alters the mechanical properties of pulmonary microvascular
ECs. The mechanical properties were measured by calculat-
ing the apparent elastic moduli with force-displacement curves
obtained by AFM. Our results demonstrate that neutrophil

Figure 4. Changes in the Etotal of EC regions soon after

neutrophil adhesion and 1 minute later. The changes were
assessed by comparing the values of elastic moduli and the

thickness after neutrophil adhesion compared with the base-

line values before adding neutrophils; the difference was

regarded as significant if P was less than 0.05 in Wilcoxon’s
matched-pair test or in sign test. The elastic moduli after

neutrophil adhesion were normalized as a percentage of the

baseline values in the same region before adding neutrophils.
(A and B) ECs to which neutrophils were adherent. Neutrophil

adhesion induced no significant changes in the Etotal in either

the central or the peripheral regions of the ECs at the time that

firm adhesion was first detected (A) or 1 minute later (B). All
neutrophils (n 5 8) were located at the peripheral regions of

ECs at firm adhesion (n 5 10 ECs from 7 monolayers). (C and D)

ECs adjacent to the ECs on which neutrophils were adherent.

Adjacent ECs showed no change in Etotal at the time when firm
adhesion was identified (C ). However, within 1 minute,

neutrophil adhesion induced an increase in stiffness that was

significant in the central regions of the adjacent ECs (D) (n 5 6
ECs). *P , 0.05 by the sign test and Wilcoxon’s matched-pair

test when the raw values were compared.

Figure 5. Changes in the thickness of EC regions soon after
neutrophil adhesion and 1 minute later compared with their

thickness before neutrophil adhesion. (A and B) ECs to which

neutrophils were adherent. Neutrophil adhesion induced no

significant changes in the thickness of any EC region at the
time when firm adhesion was first detected (A) or 1 minute

later (B) (n 5 10 ECs from 7 monolayers). (C and D) ECs

adjacent to the ECs on which neutrophils were adherent.
Adjacent ECs showed a significant decrease in thickness at the

time when firm adhesion was identified (C ). Within 1 minute,

the thickness of these adjacent ECs had increased to values

above the baseline value before neutrophil adhesion (D) (n 5

6 ECs). *P , 0.05 by the sign test and Wilcoxon matched-pair

test.
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adhesion initially decreases the stiffness transiently in ECs
immediately surrounding adherent neutrophils (EC rim 1). This
change was statistically significant when the raw elastic moduli
were compared with the baseline values. The decreases in the

mechanical properties were transient, and were over by 1
minute after firm adhesion. Adherent neutrophils also altered
adjacent ECs, resulting in an increased stiffness that was sig-
nificant in the central regions. Mimicking neutrophil adhesion

Figure 6. Representative
topographic image (A),

map of elastic moduli (B),

dot plot of elastic proper-

ties over the entire surface
of a TNF-a–treated EC

(C ), and median Etotal,

E0–100 nm, and E.100 nm of

TNF-a–treated ECs (D). (A
and B) In the topographic

image and map of elastic

moduli, the Z height and

elastic modulus of each
pixel is represented as

the brightness of that pixel

in respective images, as
shown in the scale bar on

the right. The scale bar

in the topographic image

represents 10 mm. (C ) The
dot plot of all elastic mod-

uli values of a single TNF-

a–treated EC shows that

these moduli are not nor-
mally distributed, but are

right-skewed. (D) The me-

dian Etotal, E0–100 nm, and
E.100 nm of the entire sur-

face and of the central

and peripheral regions of

TNF-a–treated ECs were
compared. E.100 nm was

significantly greater than

E0–100 nm in both the cen-

tral and the peripheral re-
gions (*P , 0.05 in sign

test and Wilcoxon’s matched-pair test). E0–100 nm of the peripheral regions were significantly greater than those of the central regions (*P , 0.05
in sign test and Wilcoxon’s matched-pair test).

Figure 7. Elastic moduli of ECs before and after
intercellular adhesion molecule (ICAM)–1 cross-

linking. The median Etotal (A), E0–100 nm (B), and

E.100 nm (C ) were determined over the entire

surface of each EC for ICAM-1 crosslinked ECs
(Xlinked), and for control groups treated with

buffer only, secondary antibodies only, or

primary antibodies only (Buffer, 28, and 18,

respectively). Similarly, the median Etotal,
E0–100 nm, and E.100 nm of ICAM-1 crosslinked

ECs and control groups were determined in the

central (D–F ) and peripheral (G–I ) regions for
each EC. No significant difference was found

between the ICAM-1 crosslinked ECs and the

three control groups in any indentation depth

or any region (n 5 10, 10, 10, and 9 ECs from 3
monolayers for Buffer, 28, 18, and Xlinked

groups, respectively).
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by crosslinking ICAM-1 was not sufficient to induce significant
changes in stiffness.

After neutrophil adhesion, the stiffness of ECs was initially
decreased in the regions within 0–6.25 mm from the adherent
neutrophils as soon as firm adhesion was detected. The changes
induced by neutrophils were not present when averaged over
the entire surface of ECs, indicating that these changes were
localized to the regions, and not induced globally. Previously,
Riethmuller and colleagues (14) measured the stiffness of
leukocyte–endothelial interface after glutaraldehyde fixation,
followed by removing adherent leukocytes by using the AFM tip.
They did not detect a change in the stiffness at the leukocyte–EC
interface, which could be due to the transient nature of the
mechanical changes that cannot be detected after fixation.

It is possible that the changes in regions within 0–6.25 mm
from the adherent neutrophils (rim 1) might be due to the
extension of thin lamellipodia from neutrophils that are less
than 1-mm thick. However, it is very unlikely that a lamellipodia
would occupy the entire 6.25- 3 6.25-mm pixel. Because the elastic
modulus was determined at the center of the pixel, the lamellipodia
(usually measuring 1–2 mm) would have needed to extend over
3 mm before they would be included in the measurement.

Intriguingly, neutrophil adhesion to an EC induced changes in
the neighboring ECs within 1 minute that resulted in increased
stiffness. This increase was observed in every adjacent EC from
which we could obtain AFM measurements. This change was par-
ticularly significant in the central regions, although there was
a strong trend in the periphery as well, so that this change was
actually more diffuse than the changes in the EC to which the
neutrophil was adherent. Furthermore, adherent neutrophils
induced changes in the thickness of adjacent ECs. The mech-
anisms for both these changes in stiffness and in thickness are
uncertain. The possibility that a neutrophil was touching the
adjacent EC cannot be excluded. However, perhaps more likely
are the possibilities that neutrophils are secreting a locally
active signal to ECs, or that the ECs with adherent neutrophils
are signaling to their neighbors, resulting in changes in stiffness
and thickness. Because neutrophil adhesion and migration to
the borders of ECs is usually in preparation for transmigration
between ECs, these changes in adjacent cells may serve to
facilitate this process. Furthermore, neutrophil adhesion can
also be the predecessor for neutrophil-induced EC injury. In
this light, it is interesting to note that Birukova and colleagues
(15) measured the changes in elastic moduli in the periphery (Ep)
and in the center (Ec) of human pulmonary artery ECs during
stimulation with barrier-disruptive or barrier-enhancing agonists.
They showed that barrier-disruptive agonists induced a decrease
in the ratio of Ep:Ec, whereas barrier-enhancing agonists induced
an increase in the ratio of Ep:Ec. The changes that we observed in
adjacent ECs may be the earliest step in disruption of the
endothelial barrier induced by adherent neutrophils.

The median Etotal of TNF-a–treated ECs were 14 (64) kPa in
the present study, which is comparable to the elastic moduli of
ECs reported in other AFM studies of ECs, ranging from 0.5 to
10 kPa (16–19). Reported values of elastic moduli of ECs show
large variability, between 0.1 and 1 kPa when measured by
micropipette aspiration (20–22), and less than 0.1 kPa when
measured by magnetic bead twisting cytometry (1, 2, 23–25).
The wide range of these values likely results from the different
technologies and experimental conditions used for each type of
measurement, including probe size, amount and type of applied
force, and whether cell receptors are required for the measure-
ment. The elastic moduli increased by an order of magnitude
when measured by probes bound to the receptors linked to
cytoskeleton compared with the stiffness measured by using
non-cytoskeleton linked receptors, such as transferrin and acetyl

low-density lipoprotein receptor (26, 27). Similarly, the degree of
contact between the probe and the cell also affects the stiffness, as
shown by a decrease in stiffness when the number of incompletely
bound probes was increased (28). The amount and type of applied
force also affects the resulting value of stiffness. Cells appear
stiffer when higher stress is applied, or when a lateral shear force
is applied in the horizontal direction instead of a twisting torque
(23, 24). The mechanical response of the crosslinked actin
network is dependent on the applied stress, so that the elasticity
increases as strain becomes greater (29, 30). Thus, the high values
of elastic moduli observed in the present study may be due to the
high stress applied to the cells during the measurement of force-
displacement curves with AFM, which is in the order of 5 kPa, as
well as to the mechanical models used in calculating the elastic
moduli, which tend to overestimate the elastic moduli due to the
effect of rigid substrates (10, 31).

The elastic moduli depended on the indentation depths
that were used to calculate E, and on the region. The median
E.100 nm of the TNF-a–treated ECs was significantly greater than
E0–100 nm in the peripheral and central regions. Moreover, the
median E0–100 nm was significantly greater in the peripheral
regions than in the central regions. These data suggest that the
mechanical properties of TNF-a–treated ECs appear different
when probing 0- to 100-nm indentations than those greater than
100 nm. The differences between E.100 nm and E0–100 nm may be
due to increased substrate effects at larger indentations, which
were not considered in Hertz’s model used in the present study.
However, the differences between E0–100 nm in the peripheral and
central regions is not likely due to the significantly greater
thickness of the central regions compare with the peripheral
regions (1.86 6 0.18 mm and 1.41 6 0.16 mm, respectively; P ,

0.01) for several reasons. First, the correlation between the elastic
moduli of ECs and the thickness is very weak (y 5 24.5176x 1

41889, where y is the elastic moduli in Pa, and x is the thickness in
nanometers; R2 5 0.0043). Second, if the elastic moduli appeared
stiffer due to increased substrate effect, then the difference would
appear greater for E.100 nm than for E0–100 nm, which was not the
case. One possible explanation for the difference in E0–100 nm of
the peripheral and central regions is that the distribution of
subcellular structures, such as organelles and cytoskeleton, which
affect the mechanical properties, may differ in these regions.

The application of a stress to living cells can itself induce
changes in mechanical properties. Other investigators have
reported strain-induced hardening in cells, indicating that the
application of force alone may induce stiffening of the cells (24,
32). However, changes in apparent moduli of ECs were not
observed after repeated measurements of force-displacement re-
lationships without adding neutrophils (data not shown) or after
neutrophil adhesion, despite a large amount of applied force. These
data indicate that the force applied during measurement alone did
not induce changes in mechanical properties of ECs.

ICAM-1 crosslinking did not induce significant changes in
the stiffness of pulmonary microvascular ECs, suggesting that
the changes in EC stiffness induced by neutrophil adhesion may
require more than ICAM-1 crosslinking. ICAM-1 crosslinking
occurs globally in the entire surface of ECs, whereas ICAM-1
ligation during neutrophil adhesion occurs only at the site of
neutrophil adhesion. Moreover, the changes in mechanical prop-
erties of ECs induced by neutrophils occurred within 5 minutes
of adhesion, which might have been missed in the ICAM-1
crosslinking experiments, which took approximately 20 minutes
for capturing each image. Furthermore, the ICAM-1 ligation is
only one of many processes that occur during the adhesion and
migration of neutrophils on ECs, and other molecular mech-
anisms that occur during the interaction between neutrophils
and ECs may be responsible for the changes in elastic moduli
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of ECs induced by neutrophil adhesion, when measured by
AFM.

Our findings differ from the previous observations measured
by magnetic bead twisting cytometry (1, 2), where both neutro-
phil adhesion and ICAM-1 crosslinking induced an increase in
pulmonary microvascular EC stiffness. The difference in these
results may be due to differences in contact area, the type and
amount of applied forces, or other changes induced by ICAM-1
that might have affected the stiffness, such as an increase in the
contact area or the number of b1-integrin bonds between the
magnetic bead and ECs. In the magnetic bead twisting cytom-
etry, the stress is applied through spherical probes of 4.5 mm in
diameter that are bound to b1-integrin on ECs, and this stress
consists of a torque of 21 dyne/cm2 or 2.1 Pa. The stiffness
measured by magnetic bead twisting cytometry is dependent on
the contact area between the ferromagnetic bead and ECs. In
AFM, a blunt-conical rigid probe of 100 nm in tip radius and
37.58 of half-open angle was used to apply a compressive
pressure of approximately 5 kPa. Moreover, the contact area
between the magnetic bead and EC is in the order of a few
square microns, compared with a maximum of approximately
0.25 mm2 during AFM nanoindentation.

In conclusion, our study demonstrates that neutrophil adhe-
sion induces local changes in the stiffness of pulmonary
microvascular ECs and more diffuse changes in the stiffness
of adjacent ECs. This change was not mimicked by ICAM-1
crosslinking, suggesting that ICAM-1 crosslinking is not suffi-
cient to induce these changes, or that focal ligation of ICAM-1
results in changes that are not observed after ligation of this
molecule over an entire monolayer of ECs. The changes
induced by neutrophil adhesion may require molecular mech-
anisms during interactions between neutrophils and ECs other
than or in addition to ICAM-1 ligation.
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