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PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

Neutrophil morphology and migration are affected by substrate elasticity
Patrick W. Oakes,1 Dipan C. Patel,2 Nicole A. Morin,2 Daniel P. Zitterbart,3 Ben Fabry,3 Jonathan S. Reichner,2 and
Jay X. Tang1

1Department of Physics, Brown University, Providence, RI; 2Department of Surgery, Rhode Island Hospital and the Warren Alpert Medical School of Brown
University, Providence; and 3Center for Medical Physics and Technology, Biophysics Group, University of Erlangen-Nuremberg, Erlangen, Germany

To reach sites of inflammation, neutro-
phils execute a series of adhesion and
migration events that include transmigra-
tion through the vascular endothelium
and chemotaxis through the vicinal extra-
cellular matrix until contact is made with
the point of injury or infection. These in
vivo microenvironments differ in their me-
chanical properties. Using polyacrylamide
gels of physiologically relevant elasticity
in the range of 5 to 100 kPa and coated
with fibronectin, we tested how neutro-
phil adhesion, spreading, and migration

were affected by substrate stiffness. Neu-
trophils on the softest gels showed only
small changes in spread area, whereas
on the stiffest gels they showed a 3-fold
increase. During adhesion and migration,
the magnitudes of the distortions in-
duced in the gel substrate were indepen-
dent of substrate stiffness, correspond-
ing to the generation of significantly larger
traction stresses on the stiffer gels. Cells
migrated more slowly but more persis-
tently on stiffer substrates, which re-
sulted in neutrophils moving greater dis-

tances over time despite their slower
speeds. The largest tractions were local-
ized to the posterior of migrating neutro-
phils and were independent of substrate
stiffness. Finally, the phosphatidylinosi-
tol 3-kinase inhibitor LY294002 obviated
the ability to sense substrate stiffness,
suggesting that phosphatidylinositol
3-kinase plays a mechanistic role in neu-
trophil mechanosensing. (Blood. 2009;
114:1387-1395)

Introduction

Cells interact with their environment both biochemically and
physically. The biochemical interaction has been widely studied in
several different systems. Only more recently has the study of how
the physical environment affects cell function gained momen-
tum.1-3 This process, termed mechanosensing, has been shown to
be relevant in several different cell types. Endothelial cells are
known to become activated in response to shear flow,4 fibroblasts
have been observed to migrate toward stiffer substrates,5 and cells
undergoing mitosis have been shown to redistribute proteins in
response to both intrinsic and externally induced shape asymme-
tries.6 These findings have shown that cells are able to respond to
mechanical cues in their local environment. Changes in cell shape
and speed based on substrate stiffness have been shown for
fibroblasts,1,7 neurites,8 myocytes,9 and smooth muscle cells.10

Substrate elasticity has also been shown to direct differentiation of
bone marrow–derived mesenchymal stem cells.11 These findings
illustrate the importance of determining cellular functions in
mechanical environments that more accurately mimic in vivo
conditions. As these environments can have a Young modulus
ranging from a few pascals to hundreds of kilopascals,11 substrates
of tunable stiffness, such as those made of polyacrylamide, have
been used.1,5,7,9-14 Specifically, this study made use of gels with a
Young’s modulus in the range of 5 to 100 kPa, consistent with
reported values in endothelial cells,15-17 breast tissue,18,19 and
skeletal muscle16,20 (supplemental Table 1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article). Furthermore, this range is reflective of pathophysiologic
changes in tissue, such as atherosclerosis21 and fibrosis.22

Of the studies investigating the interaction between cells and
flexible substrates, relatively few12,14 have focused on leukocytes.
Neutrophils, also known as polymorphonuclear leukocytes, are the
most abundant of the circulating white blood cells and are early
responders to sites of infection and injury.23 They are highly motile
cells, moving from the blood vessels, through tissue and the
extracellular matrix, to the point of injury or infection. Contact with
components of the extracellular matrix, including fibronectin, has
been shown to augment intracellular signaling and lead to cellular
responses to soluble mediators that do not occur in the absence of
adhesion.24 Through polarization and repetitive cycles of adhesion,
extension, contraction, and de-adhesion, neutrophils are able to
migrate through various extravascular environments in a short
period of time.25 During this process, neutrophils interpret several
extracellular signals from a variety of sources to direct their
migration.26 In addition to these biochemical cues, the local
physical environment offers mechanical cues,27 whose role in
directing neutrophil activity has yet to be explained. Because the
mechanical properties of cells and tissues can be affected by
disease and inflammation,3,21,22,28 we investigate whether a neutro-
phil’s response to inflammatory signals is mechanosensitive.

In this report, we explore the role of substrate rigidity on the
adhesion, migration, and force generation of human neutrophils.
Using fibronectin-coated polyacrylamide substrates across a physi-
ologically relevant range of stiffness, we show that the elastic
properties of the substrate dictate the ability and efficiency of the
neutrophil to adhere and migrate. Moreover, blockade of phospha-
tidylinositol 3-kinase (PI3K) activity is sufficient to obviate
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stiffness-dependent differences in neutrophil chemotaxis, suggest-
ing a regulatory role in neutrophil mechanosensing.

Methods

Reagents

Histopaque 1077, dextran (average molecular weight, 400-500 kDa),
formyl-methionyl-leucyl-phenylalanine (fMLP), and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich; Liebovitz L-15 medium and
Hanks Balanced Salt Solutions were purchased from Invitrogen; polymyxin
B and Sulfo-Sanpah were purchased from Pierce Biotechnology. Fibronec-
tin was purchased from Fisher Scientific; LY294002 was purchased from
Calbiochem.

Cell preparation

Neutrophils were isolated from healthy human volunteers by collection into
ethylenediaminetetraacetic acid–containing Vacutainer tubes (BD Bio-
sciences). Histopaque was used for the initial cell separation followed by
gravity sedimentation through 3% dextran. Contaminating erythrocytes
were removed by hypotonic lysis, yielding a neutrophil purity of more than
95%. Neutrophils were suspended in Hanks Balanced Salt Solution
(without Ca2!/Mg2!) on ice until use in the experiments. All reagents
contained less than 0.1 pg/mL endotoxin as determined by Limulus
amoebocyte lysate screening (BioWhittaker Inc). When necessary, endo-
toxin removal was achieved using immobilized polymyxin B (Affinity Pak
Detoxi-Gel; Pierce Biotechnology) followed by repeat Limulus testing.
Institutional Review Board approval was obtained from the Rhode Island
Hospital’s Committee on Protection of Human Subjects to allow donation
of venous blood from normal, healthy donors for isolation of peripheral
blood neutrophils. In addition, informed consent was obtained in accor-
dance with the Declaration of Helsinki.

For spreading, traction, and chemokinetic migration assays, approxi-
mately 106 neutrophils were resuspended at 37°C in 2 mL Liebovitz L-15
medium with 2 mg/mL glucose added. Neutrophils were allowed to settle
for 5 minutes before introducing fMLP (100 nM final concentration) to
activate and induce migration. For chemotaxis, a femptotip (Eppendorf
North America) was filled with a 1-mM concentration of fMLP and placed
with the tip at the gel surface. When indicated, neutrophils were pretreated
on ice for 30 minutes with either 20 "M LY294002 or 0.02% DMSO as a
vehicle control, in L-15 with 2 mg/mL glucose.

Substrate preparation

Substrates were prepared at 4°C following a method described by Pelham
and Wang.1 Briefly, a solution of acrylamide and bis-acrylamide was mixed
with 0.2 "m fluorescent beads (Invitrogen) and polymerized using tetram-
ethylethylenediamene and ammonium persulfate. Gels were made in
heatable glass-bottom DeltaT dishes (Bioptechs Inc) using AbGene frames
(AbGene Ltd) as molds. The gel mixture was centrifuged at 300g for
20 minutes at 4°C before polymerization, ensuring that the fluorescent
beads remained in a subapical layer of the surface. After centrifugation, the
gels were allowed to polymerize at room temperature. Once polymerized,
gels were soaked overnight in phosphate-buffered saline, allowing unpoly-
merized acrylamide to diffuse out. The final size of the gels was
approximately 1 cm # 1 cm # 300 "m.

Gel stiffness was regulated by varying the percentage of bis-
acrylamide in relation to the percentage of acrylamide in the initial
mixture,12 and elasticity was confirmed with a magnetically driven plate
rheometer.29,30 The elasticity of the gels has been shown to be unaffected
by the protein-coating procedure,1 and the density of protein on the
surface of the gel was unaffected by the elasticity of the gels
(supplemental data; supplemental Figure 1).5,8 The gels were coated
with fibronectin using the chemical crosslinker Sulfo-Sanpah. Sulfo-
Sanpah was allowed to covalently bond to the acrylamide gel for
approximately 1 hour at room temperature. Fibronectin, 10 "g/mL, was

then added to the gel and exposed to ultraviolet light for 10 minutes,
cross-linking the protein.

Microscopy

A Nikon TE-2000U inverted microscope, outfitted with a Bioptechs Inc
stage heater and a 20# Nikon Plan APO objective, was used for all
experiments. Both differential interference contrast (DIC) and fluorescence
images were captured over 30 minutes on a 10-second interval using the
Elements program (Nikon Inc). All data were analyzed using ImageJ
(National Institutes of Health) and MATLAB (MathWorks) computa-
tional software.

Migration analysis

Cells were tracked using a program written in MATLAB. The cell boundary
was determined through thresholding of the DIC images, and the cell center
determined through a center of mass calculation based on the cell border.
Using these trajectories, the mean squared displacement (MSD) was
calculated as

$%r2(%t)& ' $[r!(t ! %t) ( r!(t)]2&,

where r! is the position of the cell, %t is the time interval, and ($. . .&) brackets
represent a time average. The MSD is discussed in terms of the slope, as this
relates directly to a classification of the behavior of the motion. The MSD
can be described as

$%r2(%t)&)%t*,

where the value of * characterizes the behavior. A value of * ' 1 describes
random motion. A value of * ' 2 represents linear (ballistic) motion at a
constant speed and is a theoretical upper limit. As the persistence of the
motion increases, * increases from 1 to 2. When plotted as a log-log plot, *
is measured as the slope of the data. For further discussion of the MSD,
refer to our previous work.29 The root mean square speed was calculated by
taking the square root of the calculated MSD at the smallest time interval,
(%t ' 10 s), and dividing by (%t).

The distribution of turning angles during cell migration was determined
by the angle of displacement with respect to the previous step for the time
interval indicated. Positive angles indicate a direction counterclockwise to
the previous step. Negative angles indicate a direction clockwise with
respect to the previous step. Persistence, as measured in the inset of Figure
4B, was defined as the percentage of steps for which (+/2 , - , +/2.

Displacement measurements and Fourier transform traction
cytometry

The displacement field of the substrate was estimated by comparing
images of the diffuse fluorescence intensity of the beads embedded in
the gel over time. Each gel was checked to ensure that the beads were
contained in a layer at the surface within the focal depth of the objective.
Before calculating displacements, stacks of images were corrected for
drift using ImageJ. Images of the unstrained gel surface, before any
neutrophil attachment, were used as reference images for bead displace-
ment. The bead density at the surface of the gel was approximately
50 000 beads per field of view (1392 # 1040 pixels). The intensity
distribution of the unstrained image u(x,y) was transformed by a
displacement function f(x,y) to fit the intensity distribution of the
strained image g(x,y) using the Gauss-Newton-Algorithm, minimizing
the sum of squares of the errors between the transformed image
v(x,y) ' f(x,y) ! u(x,y) and the strained image g(x,y).

min. (v(x,y) ( g(x,y))2

The transformation of the reference fluorescence image by the displacement
function was performed for each individual pixel, and the squares of the
errors (differences) between the transformed and the strained image were
summed over all pixels. To achieve an accurate displacement field, the
computation of f(x,y) was done iteratively. The images were first strongly
smoothed with a Gaussian filter and rescaled to a small image size. This
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filtering process ensured that large-scale deformations could be followed
and that the fit did not end up in a local minimum. The first computation of
f(x,y) gave a rough estimate, v1(x,y), for the displacement field. With every
iteration, the smoothing filter size was reduced and the image size
increased, using the previous iteration as the source image, ie,

vn(x,y) ' f(x,y) ! vn ( 1(x,y)

The final f(x,y), which represented the displacement field, was computed as
the last iteration without smoothing the source image vn(x,y). To avoid
fitting to noise in the image, the intensity of a pixel was only taken into
account if the gradient between neighboring pixels was sufficiently large.
Consequently, to avoid discontinuities in the displacement function f(x,y), it
was smoothed with a Gaussian filter with a sigma of 2, 3, or 5 pixels,
depending on the iteration step. The resultant displacement matrix f(x,y),
which gave a displacement value for each pixel representing the function
that best fit the unstrained image to the strained image, was used in the
traction calculations.

Tractions were computed following the approach described by Butler et
al.31 This method solves the inverse Bousinessq equations32 in Fourier
space to simplify calculations. This technique has been shown to be
equivalent33 to other computational methods.34 After transforming the
displacement field into Fourier space, Fourier components at wave vectors
k ' 0 are set to zero to eliminate translational artifacts (ie, drift). The
displacements are then multiplied by K(k)(1, which is the Fourier transform
of the Bousinessq solution to the Green function that maps tractions to
displacements on an infinite elastic half-space. By applying the inverse
Fourier transform to the resultant product, the tractions exerted on the gel
are found.

Root mean square displacement and shear stress magnitudes were
determined using only the region directly underneath the neutrophil of
interest. The cell boundary was determined using the corresponding DIC
image taken during the experiment.

Statistics

Data were pooled from a minimum of at least 3 different donors, with the
total number of cells for each condition indicated in the figures. Analysis of
variance with Newman-Keuls post-hoc analysis as appropriate was per-
formed using MATLAB. The null hypothesis was rejected if P was
less than .01.

Results

Neutrophil spreading increases with substrate stiffness

Neutrophils were allowed to settle on fibronectin-conjugated
polyacrylamide substrates ranging in stiffness from 5 to 50 kPa.
Example DIC images of neutrophils on each stiffness are shown
in Figure 1A. On settling, the cells were approximately 100 "m2

in area, or the same size as cells suspended in the fluid phase, as
expected.35 Cell area is shown as a function of time in Figure
1B. Cells on the 5-kPa gel showed no statistically significant
change in average size over a period of 10 minutes. During the
same time period, cells on the 10-kPa gel showed a significant
increase in size (80% / 15%, P , .001). The largest differences
over this time span, however, were seen in the cells on the
20-kPa (162% / 29% increase, P , .001) and 50-kPa
(186% / 22% increase, P , .001) gels. P values reflect signifi-
cance with respect to t ' 0 values.

When spreading, the cell area increased rapidly, reaching
approximately 75% or more of its maximum area within the first
120 seconds. This is seen in the inset of Figure 1B, which shows the
area as a function of time for the 4 individual cells that are shown in
Figure 1A. This sharp increase was followed by a steady state
where cell area showed only small fluctuations but on average

remained constant for the duration of the experiment (30 minutes).
In addition, cells on the stiffer substrates (20 and 50 kPa) often
showed distinctive morphologic features not seen on the softer
substrates. These included ridges forming along what would
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Figure 1. Comparison of neutrophil spreading on substrates of different
stiffness. (A) DIC images show neutrophils spreading over a period of 100 seconds
on 4 gels of different stiffness (5, 10, 20, and 50 kPa), each at 3 time points. (B) The
average spread area for each stiffness condition is plotted over time. Neutrophils on
the softer gels maintained a smaller area and spread significantly less than the
neutrophils on the stiffer gels. The majority of spreading was completed within the first
120 seconds. Neutrophils on the softest substrate showed no statistical change in
size, even after 10 minutes, whereas those on the stiffest substrate more than tripled
in area in the same amount of time. The number of cells measured for each condition
is indicated in the legend. Error bars represent SE measurements. *Significant
increase for the 10-kPa gels (with respect to the t ' 0 point). #Significant increase for
the 20-kPa gels (with respect to the t ' 0 point). **Significant increase for the 50-kPa
gels (with respect to the t ' 0 point). Inset: The areas of the 4 neutrophils shown in
the DIC images are plotted for the full 10 minutes.
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become the leading edge and a distinctive edge ruffling pattern
during migration (Figure 1A; supplemental Video 4).

Neutrophils exert greater forces on stiffer substrates

The average magnitude of the displacements in the gel, as
determined by the fluorescent beads, was found to be indepen-
dent of gel stiffness (Figure 2A). This resulted, however, in an
increase in the average stress generated by the neutrophils on the
stiffer gels. In other words, neutrophils were able to exert
significantly stronger forces on the stiffer substrates (Figure
2B). We report the root mean squared magnitudes of stress to
avoid any complications of a cell having a larger area and, thus,
more adhesion sites, on a stiffer gel. Because traction and
displacement values were calculated for each pixel, root mean
square values were calculated by summing the squared magni-
tudes for each pixel covered by the cell and dividing by the
number of pixels summed before taking the square root. Thus,
the values presented in Figure 2 represent the root mean squared
magnitude of a pixel under the neutrophil and are unaffected by
the spread or size of the cell. All stress values were at least an
order of magnitude greater than the background noise measured
in the system. Root mean squared traction stress values showed
little fluctuation after the first 3 minutes.

Chemokinetic migration efficiency is a function of substrate
stiffness

An inverse correlation between cell speed and substrate stiffness
has been reported for fibroblasts5,7 and smooth muscle cells.36

For short time scales, the neutrophils on the stiffer gels moved
with significantly smaller average speeds, indicating that this
inverse correlation holds for neutrophils as well. Random
migration paths of neutrophils on gels of different stiffness are
shown in Figure 3. On the softer gels (5 and 10 kPa), the
neutrophils exhibited paths characteristic of random walks. This

result was confirmed by evaluating the MSD, which showed a
slope of approximately 1 (Figure 4A), where a value of 1.0
defines random diffusive behavior. As the stiffness of the
substrate was increased, the migration paths of the neutrophils
appeared to become more directed (Figure 3). Furthermore, the
cells moved more slowly (Figure 4A) and with increased
persistence (Figure 4B). In this case, a value of 2.0 defines
purely linear motility at a constant speed.

The increase in the slope of the MSD suggests that directional-
ity develops with substrate stiffness. Angular distributions showed
that, while the neutrophils moved faster on the softer gels, they
changed direction more often. Figure 4B shows the angular
distribution of turning angles for each gel stiffness. The distribution
peak increased with increasing stiffness. The inset in Figure 4B
shows the persistence value, a measure of how often a cell
continues to travel in its current direction of motion. The persis-
tence is defined as the probability that a step deviates in a direction
within 90° of the previous step. This value also increased with
substrate stiffness, consistent with the results of the MSD and the
migration paths shown in Figure 3. On the softer gels (5 and
10 kPa), the neutrophils moved a greater total distance, as
determined by path length, but changed direction more often,
resulting in less displacement. The cells were seen to traverse the
same areas repeatedly, moving quickly but not getting very far. On
the stiffer gels, the cells showed more directed migration, changing
direction less often, but moving less with each step. As a result, the
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Figure 2. Comparison of root mean square gel deformation and traction stress
exerted by neutrophils on substrates of different stiffness. (A) The root mean
square value of the displacements of the fiducial markers embedded in the gel under
the area of the cell is plotted as a function of time. There is no statistical difference
between gels of different stiffness. (B) The root mean square stress applied by the
neutrophil on the gel in the area occupied by the cell is plotted as a function of time for
each stiffness. Cell outlines for calculations were determined from DIC images. Error
bars represent SEM.
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Figure 3. Migration plots showing 8 random neutrophil migration paths for gels
of 5 different stiffnesses. On the softer gels (5 and 10 kPa), the neutrophils moved
quickly and changed direction often. On the stiffer gels, the neutrophils were more
efficient, moving slower but showing a much greater persistence and changing
direction less often.
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neutrophils actually traveled a greater distance after several
minutes while moving more slowly.

Stiffness-dependent migration behaviors remain during
chemotaxis

Neutrophils migrating toward a point source of fMLP exhibited the
same trends as neutrophils undergoing random migration. Gels
with a stiffness of 10 and 100 kPa were chosen as representative of
the 2 ends of the stiffness spectrum studied. It was necessary to
make a small modification to the tracking algorithm for the case of
chemotactic migration. This modification was more sensitive to
small variations in cell shape, especially along the leading edge,
and resulted in greater noise in the persistence measurements with
the 10-second interval used for the chemokinetic experiments. As
such, a 60-second interval was used for measuring the angular
distribution and persistence for the directed migration. The chemo-
kinetic data plotted in Figure 5 represent the equivalent data from
Figure 4 analyzed by the new method. Both methods revealed
equivalent trends in the data.

Neutrophils on the softer gels showed a greater MSD during
chemotaxis as shown in Figure 5A. For both the soft and the stiff

gels, the slope of the directed MSD was close to 2, consistent with
the prediction for directed behavior. Furthermore, the values of the
MSD on the smallest interval were consistent with the results of the
chemokinesis. Directionality on the stiffer gels also remained
greater during chemotaxis (Figure 5B). The angular distributions of
steps on both gels were more peaked during directed migration than
random migration, as expected. There was still, however, a
significant difference between the 10- and the 100-kPa gels, with
the neutrophils on the stiffer substrate having a more peaked
distribution. This narrower distribution resulted in straighter migra-
tion trajectories and thus greater directionality. These results
indicate that the behaviors displayed during chemokinesis remain
while the cells undergo chemotaxis.

Neutrophil tractions are concentrated in the posterior
of the cell

Smith et al14 reported that a migrating neutrophil exerts a concentra-
tion of tractions in the rear of the polarized cell, driving the cell
body forward. Our results confirmed that the greatest tractions were
localized in the rear of the cell relative the cell front, and that this
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for neutrophils on 10- and 100-kPa substrates are shown for both random and
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chemokinetic and chemotactic behavior, however, the angular distribution of steps
showed a greater peak on the 100-kPa substrates compared with the 10-kPa
substrate for each condition. Migration is thus more persistent on stiffer substrates.
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distribution was independent of substrate stiffness. An example of a
cell migrating on a 10-kPa gel is shown in Figure 6A and in
supplemental Video 2. The white outlines of the cell were
determined from DIC images. The greatest tractions exerted by the
migrating cell remained in its posterior throughout the time lapse.
Figure 6B shows that the large traction in the posterior was
balanced by more numerous small tractions located along the
periphery and the leading edge. In addition, the evolution of
tractions concentrated in the rear of the cell could be seen to evolve
cyclically, resulting in an intermediate step with a reduction of

traction as seen in the third panel of Figure 6A. This result is
consistent with typical migration models involving cyclical steps of
protrusion, adhesion, and retraction,37 and provides explicit evi-
dence that such stepwise models are still applicable, even for the
fast-moving neutrophil.

Inhibition of PI3K eliminates a neutrophil’s ability to sense the
differences in substrate stiffness during chemotaxis

The role of PI3K in leukocyte chemotaxis to fMLP has been shown
to include fine regulation rather than absolute dependence.38,39 For
example, PI3K inhibition delayed but did not abrogate polarization
and chemotaxis of murine neutrophils.38 Inhibition of PI3K in
neutrophilic differentiated HL60 cells impaired the ability of
migrating cells to respond rapidly to changes in direction of a
CXCL8 gradient while otherwise allowing normal chemotaxis.39

Here we determined whether PI3K is a mechanism underlying the
sensitivity of PMNs to substrate stiffness.

Neutrophils treated with the PI3K inhibitor LY 294002 behaved
identically whether they were placed on 10- or 100-kPa gel
substrates. Cells were pretreated for 30 minutes on ice with 20 "M
LY294002, before being placed on a substrate with a micropipette
filled with the chemoattractant fMLP. Drug activity was confirmed
by inhibition of phospho-AKT by immunoblotting (data not
shown). Cells treated with 0.02% DMSO, a vehicle control,
showed no difference from cells that were untreated. In both cases,
the root mean squared cell speed was approximately 2 times greater
on the 10-kPa substrates, compared with the 100-kPa substrate
(Figure 7). The difference between 10- and 100-kPa substrates was
significant in both the untreated and DMSO-treated neutrophils, as
indicated in Figure 7. When the neutrophils were pretreated with
the PI3K inhibitor, the cells were indistinguishable on the 10- and
100-kPa substrates. The PI3K inhibited cells showed a root mean
square speed that was significantly different from both the un-
treated and DMSO-treated cells on the 100-kPa substrates (Figure
7). Furthermore, cells pretreated with the PI3K inhibitor showed a
reduced ability to spread during migration on the stiffer substrates,
as shown in the DIC images at the bottom of Figure 7 and
supplemental Videos 3 through 6. These findings suggest a
mechanistic role for PI3K in neutrophil mechanosensing during
chemotaxis toward fMLP.

Discussion

Neutrophils represent an interesting cell type for study of move-
ment because of their quick migration dynamics and their impor-
tant role in the body’s immune response. Within only a few
minutes, the neutrophil experiences drastically different physical
environments, ranging from the viscous fluid in the blood vessel, to
the elastic extracellular matrix, to the highly variable points of
stiffness at sites of inflammation. Each of these physical environ-
ments offers its own unique mechanical cues, which can affect a
neutrophil’s function and guide its behavior. Furthermore, the
range of elasticity studied in this report correlate well with the
reported values of a variety of relevant normal16 and inflamed21,22

tissue types.
We have shown that the substrate elasticity has an immediate

impact on cell morphology, with cells spreading more quickly and
to larger areas on the stiffer substrates (Figure 1). Other cell types,
such as myotubes, fibroblasts, and endothelial cells,1,9-11,40 have
also shown changes in area as a function of matrix stiffness, but
none has responded as rapidly as neutrophils. Neutrophils on the

10 µm

0 s

100 s

300 s

200 s

Stress (kPa)
0              1              2              3             4

B

A

Figure 6. Distribution of tractional stresses in a migrating neutrophil. (A) A time
series of images showing a neutrophil migrating chemokinetically to the right on a
10-kPa gel. The DIC images show that the cell has moved over a full body length in
300 seconds (supplemental Video 2). The images to the right of the DIC images are
the corresponding traction images for those time points. The white outline over the
traction images represents the approximate boundary as determined from the DIC
images. The largest stresses occurred in the posterior of the neutrophil, a feature
independent of gel stiffness. The full series of images for this particular example can
be seen in supplemental Video 3. (B) A larger version of the last traction image in the
series from panel A is shown. The white arrows represent the overall direction and
magnitude of the applied tractional stresses. The few large tractions in the center of
the cell were balanced by more numerous small tractions in the surrounding areas.
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20- and 50-kPa gels showed more than a 2-fold increase within the
first 2 minutes, illustrating both the speed and the magnitude of this
response. It is puzzling that our findings contrast with those
reported by Yeung et al12 who used a similar fibronectin-coupled
polyacrylamide gel system but found no change in neutrophil size
on gels of different stiffness. It may be relevant to note that their
reported circumference ranged from 12 to 15 "m, which is
significantly smaller than the expected range of 30 to 40 "m for
unstimulated human neutrophils.35 Future work aimed at elucidat-
ing the effect of matrix stiffness on neutrophil phenotype and
function should provide further clarification.

We find that neutrophils were able to pull significantly harder on
the stiffer gels, consistent with reports of other cell types.5,7,41 Our
results also show, however, that, although neutrophils exert stron-
ger forces on the stiffer substrates, the average displacements in the
gel are statistically equivalent to the displacements seen on the
softer substrates. This indicates that, within a physiologically
relevant range of substrate stiffness, neutrophils produce relatively
constant displacements, which appear to be limited by the force
generation apparatus within the cell. As such, the forces reported
here can be considered as a lower bound for the maximum possible
force a neutrophil can generate. This finding is consistent with
recent strain-dependent findings in fibroblasts.42 Additional experi-
ments were performed with neutrophils on a 100-kPa gel. At this
stiffness, displacement measurements could not be distinguished
from background noise in the algorithm, suggesting that the gel
was too stiff for the neutrophil to deform.

Neutrophil motility showed a dependence on substrate stiffness,
with the cell speed decreasing with increasing substrate stiffness
during both chemokinesis and chemotaxis. A decrease in instanta-
neous speed on stiffer substrates has been previously reported in
fibroblasts1,5,7 and vascular smooth muscle cells.43 These reports,
however, do not take into account directionality, an advantage of
measuring the MSD. Because the persistence in direction increases
with substrate stiffness, neutrophils are able to compensate for the
reduction in instantaneous speed. Both of these effects, the
decrease in speed and the increase in persistence, are probably
related to the dynamic adhesion and de-adhesion of the neutrophil
to the substrate. Given that neutrophil spread area increases with
substrate stiffness, it is reasonable to postulate that there is a
proportional increase in the number of adhesion receptors via
integrins in contact with the substrate. These receptors are continu-
ously binding and unbinding as the cell migrates. With a large
number of adhesion sites, ie, on stiffer substrates, cell movement
could decrease because the coordinated detachment of a larger area
requires greater amounts of time. In addition, as new adhesion sites
are formed, they probably form near previous adhesion sites
because those areas of the membrane are already in close proximity
to the substrate, leading to an increase in persistence. During
chemotaxis, the smaller step size requires smaller angular correc-
tions to maintain a straight path toward the point source and thus
results in a more peaked angular distribution of steps. This effect
would be similar to previous reports that the density of adhesion
receptors in the extracellular matrix impacts cell migration,40,44

only in this case it is the number of adhesion receptors in the
membrane that is changing based on the substrate stiffness.

Substrate stiffness was seen to have no effect on the spatial
distribution of tractions exerted by neutrophils. On gels of all
stiffness, neutrophils exhibited large contractile stresses in the
posterior of the polarized cell. These posterior contractions often
appeared to push the front of the cell forward, as first suggested by
Smith et al14 and more recently as shown in fibroblasts.45 At times,
however, these strong concentrated tractions in the rear seemed to
impede the migration progress of the neutrophil. Indeed, it is
possible to explain the larger posterior tractions as a result of a
higher density of adhesions needed to balance the more disperse
tractions along the leading edge. Unfortunately, because each
traction map represents a brief equilibrium state (ie, all tractions
must sum to zero), the exact mechanism responsible for the
forward motion cannot be inferred from the traction maps. Further
experiments are necessary to determine whether protrusions along
the leading edge typical of slow-moving cells,37,46 or pressure
gradient driven amoeboid motion45 dominates in neutrophil migra-
tion. Regardless of mechanism, our results still clearly show the
migration of the large contractile stress from the posterior of the
cell forward. This observation suggests that an inchworm, or
stepwise, model of cell migration is valid, although in the case of
neutrophils it is more evident by the concentrated region of stresses
in the posterior of the cell. It is important to note that many of the
small balancing tractions spread beyond the apparent boundary of
the cell as determined by the DIC image. This suggests that there
are several small thin protrusions, similar to those seen in
Cukierman et al,47 that are unresolved using DIC. This practical
limitation, however, highlights one technical advantage of using
the unconstrained Fourier transform traction cytometry method
because it does not impose an artificial boundary around the cell to
determine the tractions, as required by other methods.34

Efforts directed at elucidating the mechanistic basis of neutro-
phil mechanosensing found precedence for the role of PI3K in the
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Figure 7. LY294002 inhibits the ability of the neutrophil to sense stiff sub-
strates. The root mean squared speed was calculated for neutrophils chemotaxing
toward a pipette tip loaded with fMLP. Untreated cells and cells treated with 0.02%
DMSO (vehicle control) and 20 "M LY294002 were recorded for a period of
30 minutes. No statistical difference was seen between the untreated cells and
vehicle (DMSO)–treated cells. *Both the untreated and vehicle (DMSO)–treated cells
showed a statistical difference between 10- and 100-kPa gels. Cells treated with
LY294002 were indistinguishable on the 10- and 100-kPa gels. **The cells treated
with LY294002 on the 100-kPa gels were significantly different from the untreated and
vehicle cells on 100-kPa gels. In addition, cells treated with LY294002 showed limited
ability to spread as shown in the representative DIC images below the plot. The DIC
images are snapshots of single cells taken from supplemental Videos 3 through 6,
respectively.
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response of endothelial cells to shear stress. Tzima et al48 showed a
tripartate complex mediating the response of cells to shear with
PI3K activation downstream of VEGFR activation. In those
studies, PI3K inhibition with LY294002 was sufficient to obviate
the stress response of endothelial cells. PI3K inhibition was also
shown to maintain endothelial 1v*3 integrin in an inactive state
after application of shear forces, suggesting that PI3K activates
integrins in an inside-out pathway as has been shown previously in
other cell types.49 An effect on neutrophil integrin function may
play a role in neutrophil mechanosensing and is consistent with the
selective effect of LY294002 on the morphology of neutrophils
migrating on stiff but not soft matrix. These cells (Figure 7)
acquired a more rounded, less spread, appearance, as may result
from diminished integrin activitation. Chemotaxis of neutrophils
toward fMLP has been shown to be minimally affected by PI3K
inhibition.38,39 Therefore, findings reported here are probably not a
consequence of direct PI3K activation by an fMLP gradient.
Whether PI3K plays a direct or indirect role in neutrophil
mechanosensing, or perhaps regulates other cell functions, such as
cell spreading, awaits further clarification.

In conclusion, we find that the mechanical properties of the
substrate strongly affect the principal functions of spreading, force
generation, and migration in polymorphonuclear leukocytes. Addi-
tional research will explore how substrate elasticity may affect
other biologic tests of neutrophil function, such as respiratory
burst, degranulation, and phagocytosis. Finally, future work will
also be needed to reveal whether neutrophil mechanosensing is
regulated differentially among other extracellular matrix compo-
nents compared with fibronectin as studied here, and in that regard,

whether PI3K is a global or specific regulator of mechanosensing.
The soft substrates used in this study may ultimately prove to be a
more accurate mimic of the in vivo conditions neutrophils encoun-
ter than the traditional experimental conditions of working with
cells on glass and plastic, thus providing a more appropriate
approach to many existing studies on cell adhesion and migration.
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