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Rheology of Passive and Adhesion-Activated Neutrophils Probed by
Atomic Force Microscopy

Pere Roca-Cusachs, Isaac Almendros, Raimon Sunyer, Nuria Gavara, Ramon Farré, and Daniel Navajas
Unitat de Biofisica i Bioenginyeria, Facultat de Medicina, Universitat de Barcelona—IDIBAPS, 08036 Barcelona, Spain

ABSTRACT The rheology of neutrophils in their passive and activated states plays a key role in determining their function in
response to inflammatory stimuli. Atomic force microscopy was used to study neutrophil rheology by measuring the complex
shear modulus G*(w) of passive nonadhered rat neutrophils on poly(HEMA) and neutrophils activated through adhesion to
glass. G*(w) was measured over three frequency decades (0.1-102.4 Hz) by indenting the cells 500 nm with a spherical tip and
then applying a 50-nm amplitude multi-frequency signal. G*(w) of both passive and adhered neutrophils increased as a power
law with frequency, with a coupling between elastic (G') and loss (G”) moduli. For passive neutrophils at 1.6 Hz, G' = 380 *
121 Pa, whereas G” was fourfold smaller and the power law coefficient was of x = 1.184. Adhered neutrophils were over twofold
stiffer with a lower slope (x = 1.148). This behavior was adequately described by the power law structural damping model but
not by liquid droplet and Kelvin models. The increase in stiffness with frequency may modulate neutrophil transit, arrest,

and transmigration in vascular microcirculation.

INTRODUCTION

The mechanical properties of leukocytes, and neutrophils in
particular, and the changes they suffer during activation play
a key role in determining their function in response to in-
flammatory stimuli (1,2). Pulmonary microcapillaries, with
diameters that can be smaller than those of neutrophils (3),
induce retention of neutrophils (4). This retention, which
increases the probability of transendothelial migration (1), is
probably due to the process of deformation that neutrophils
undergo when entering microcapillaries, which is dependent
on neutrophil mechanical properties. Indeed, the retention
of neutrophils in microcapillaries is known to increase with
neutrophil stiffness (4). Additionally, the stiffness of leuko-
cytes could also regulate their adhesion to the endothelium in
larger blood vessels by modulating the contact area between
leukocytes and the endothelium (5-7). Neutrophil deforma-
tion and recovery during microvascular transit are dynamic
processes involving a wide range of timescales. Therefore,
apart from a characterization of stiffness, knowledge of neu-
trophil rheology as a function of activation and for a broad
range of frequencies or timescales is necessary to better
understand the pathophysiological implications of neutrophil
mechanics. However, existing techniques measuring neutro-
phil rheology present limitations in controlling the activation
state of neutrophils, in unambiguously determining their com-
plex shear modulus G*(w), or in providing measurements
at a range of frequencies wide enough for an adequate charac-
terization. G*(w) defines the mechanical constitutive equation
of the cell and provides knowledge of the cell stress-strain re-
sponse in a model-independent manner. The limitations of
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existing techniques have led to contradictory descriptions of
the rheology of passive neutrophils and its changes with
activation.

Leukocyte rheology has been studied extensively through
the micropipette aspiration technique (8—11). This technique
consists generally in the aspiration of a leukocyte with a
micropipette having a diameter smaller than that of the leu-
kocyte, which causes the cell to extend a protrusion into the
micropipette. The evolution of this protrusion is then re-
corded through the acquisition of optical microscopy images
as a function of time, aspiration pressure, and micropipette
radius. The observed resistance of leukocyte protrusions to
enter micropipettes and the subsequent resistance to flow
were interpreted through different viscoelastic mechanical
models. These models, which were characterized by one or
two time constants, described leukocytes as either an elastic
cortex enclosing a Newtonian (8,9,12) or Maxwell (10,13)
liquid or as standard viscoelastic (Kelvin) bodies (11,14).
However, micropipette aspiration experiments present sev-
eral limitations. First, the high levels of deformation involved
might alter the state of the leukocyte. Indeed, leukocytes
have been observed to activate and modify their mechanical
properties when forced to enter narrow channels (15). Second,
the considerable deformation and the complicated contact
geometry present in experiments require complex calcula-
tions to obtain leukocyte mechanical parameters. This results
in calculated mechanical parameters which generally depend
on the assumed leukocyte mechanical model and do not
provide a direct estimation of G*(w). Finally, the range of
timescales or frequencies observable in micropipette aspira-
tion tests is reduced due to the limitations given by image
acquisition rate (high frequency limitation) and by the time it
takes for leukocyte protrusions to extend fully (low fre-
quency limitation).

doi: 10.1529/biophys;j.106.088831
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The limitation in frequency range has been overcome by
rheological measurements on neutrophils made with mag-
netic twisting cytometry (MTC), a technique which probes
cell mechanical properties by binding magnetic microbeads
(~5 wm in diameter) to the cell membrane with specific
cytoskeletal receptors, oscillating the beads horizontally with
an external magnetic field, and measuring the resulting bead
displacement. By calculating an apparent complex modulus
g*(w) (defined as the ratio between applied torque and bead
displacement) over four frequency decades (0.1-1000 Hz)
with MTC, Fabry et al. (16) observed a scale-free behavior
with frequency. These results were analyzed with a power
law structural damping model and interpreted through soft
glassy rheology (SGR) (17). SGR explains this behavior as a
scale-free relaxation of the structural elements of the cells
and characterizes modifications in the cell mechanical state
as changes in the power law exponent. However, MTC also
presents limitations. In MTC, cells must be firmly adhered to
a substrate to ensure that the stresses applied by the beads
deform the cytoskeleton locally and do not move the cell as a
whole. However, neutrophil adhesion (which in MTC takes
place both with substrate and bead) is known to change the
activation state of neutrophils (18) as well as their mechan-
ical properties (4). Passive neutrophils thus cannot readily be
probed with existing MTC techniques. Moreover, obtaining
the magnitude of G*(w) from the value of g*(w) measured
with MTC requires knowledge of the degree of microbead
embedding, which is difficult to determine.

Atomic force microscopy (AFM) may overcome most of
the limitations of the above techniques for probing neutro-
phil rheology. AFM can obtain G*(w) of single cells by
applying oscillatory indentations to the cell with a microtip
attached to a cantilever of a known bending constant and
then measuring the resulting force (19). Measurements can
be made for oscillations spanning a range of three frequency
decades. Moreover, neutrophils can be maintained in a pas-
sive state by plating them on substrates rendered almost non-
adhesive through coating with poly(HEMA) (20) and by
applying only small deformations. Finally and given the ge-
ometry of measurements, the use of microspheres as cantilever
tips allows the application of the simple two-sphere Hertz
contact equation, which has few assumptions and provides a
direct estimation of G*(w). The use of microspheres with
sizes comparable to that of neutrophils also provides a
measurement at the whole cell level, which is the length scale
of neutrophil dynamics during microvascular circulation.

The aim of this work was thus to measure G*(w) for
passive and activated rat neutrophils with AFM over a broad
frequency range. For this purpose, neutrophils were isolated
from Sprague-Dawley rats and seeded onto glass slides with
a part coated with poly(HEMA), where cells remain almost
nonadhered and are thus prevented from activating, and
another uncoated part where cells firmly adhere and activate.
G*(w) was measured by indenting the neutrophils with
spherical AFM tips and then applying a multi-frequency
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signal of 50-nm amplitude with six sinusoidal components
of frequencies ranging from 0.1 to 102.4 Hz. The effect of
cytoskeletal structure in neutrophil rheology was assessed by
disrupting the F-actin cytoskeleton with cytochalasin D. Cell
rheological behavior was interpreted by means of the Kelvin
body model and the power law structural damping model.

METHODS
Isolation of rat neutrophils

Neutrophils were isolated from male Sprague-Dawley rats (Charles River,
Wilmington, MA) following a three-step gradient (1.083 mg/ml/1.119
mg/ml) technique (21). All products used in the process were obtained from
Sigma (St. Louis, MO) unless otherwise stated. First, rats were anesthetized
with pentobarbital sodium (Laboratorios Normon, Madrid, Spain). The blood
of the animal was then extracted by cardiac puncture and anticoagulated with
sodium citrate 1:9. Next, 7 ml of blood were left to sediment in a solution
containing 2/3 (v/v) 3% dextran (0.9% saline solution) for 30 min at room
temperature. The buffy coat was then collected and layered on 3 ml of
Histopaque 1.083 and 3 ml of Histopaque 1.119 in a Falcon tube, which was
centrifuged for 35 min at 380 X g and 4°C. The solution present at the
interphase between the two Histopaque solutions was then collected, resus-
pended in 10 ml NH4C1 0.83% (w/v) (lysis solution, pH 7.4) for 5 min, and
centrifuged again for 10 min at 330 X g and 4°C. Finally, the pellet obtained
was suspended in phosphate buffer saline (PBS), centrifuged for 10 min at
330 X g and 4°C, and resuspended with Hanks’ balanced salt solution
(HBSS). The purity of isolated neutrophils was >95%.

Sample preparation

To prepare glass slides, a stamp (1 cm? area) of poly(dimethylsiloxane)
(PDMS, Dow Corning, Midland MI) was first placed in conformal contact
with a coverslip of 18 mm diameter. A solution (150 ul) containing 1.5
ung/ml of poly(HEMA) (Sigma) in 95% ethanol was then deposited on the
coverslip and left to dry at 40°C for 3 h. After removing the PDMS stamp,
the slide showed a coated portion (corresponding to a rim around the PDMS
stamp) and an uncoated portion (corresponding to the zone protected by the
PDMS stamp). The used concentration of poly(HEMA) was high enough to
prevent neutrophil activation in contact with glass, but low enough that cells
would not move freely, allowing thus for AFM measurements. A solution of
HBSS containing from 10° to 5 X 10’ cells was then placed on the coverslip,
incubated for 10 min at room temperature, and rinsed with HBSS. In
cytochalasin D experiments, cells were then incubated with cytochalasin D
2 uM (Sigma) for 30 min before AFM measurements. For cell diameter
measurements and F-actin imaging, cells were plated in coverslips either
completely coated with poly(HEMA) or uncoated without using PDMS
stamps.

AFM measurements

G*(w) of cells was measured with a custom-built AFM attached to an
inverted optical microscope (Zeiss Axiovert S 100, Oberkochen, Germany)
by using a previously described method (Fig. 1) (19,22). Cells were probed
by V-shaped Au-coated silicon nitride cantilevers (nominal spring constant
of k = 0.01 N/m) with a spherical polystyrene bead of radius r, = 2.25 um
glued at their end (Novascan Technologies, Ames, IA). First, the spring
constant of the cantilevers was calibrated using the thermal fluctuations
method (23,24). Before measurements, the relationship between the photodiode
signal and cantilever deflection was calibrated by taking a force-displacement
curve at a bare region of the glass coverslip and measuring its slope.

At the time of measurements, the bright-field image from the microscope
attached to the AFM was used to position the spherical tip of the cantilever
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FIGURE 1 llustration of the measurement method.
\ (Left) Example of a force-indentation (F-8) curve
obtained as the cantilever tip approached and contacted
the cell (solid line) and then retracted (dashed line). The
curve was then used to determine the contact point
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between tip and cell (arrow). Starting from the arrow,
positive values of & indicate indentation, and negative
values indicate tip-cell distance. Once the contact point
was determined, the cantilever was placed at an operat-
ing indentation (8) of ~500 nm and a multi-frequency
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over the central region of a neutrophil. Ten force-displacement (F-z) curves
(where F = kd, d being cantilever deflection) were obtained by ramping the
cantilever in the vertical direction at a constant speed (2.5 wm amplitude,
1 Hz, indentation ~1 um) to determine the zero force offset and the contact
point (F, z.) between the cell and the cantilever tip. The tip was then placed
at an indentation 6 = (z — z.) — d of ~0.5 wm, and a small vertical
oscillation containing a multi-frequency signal composed of six sine waves
(0.1,0.4,1.6,6.4,25.6, and 102.4 Hz, 50 nm amplitude) was applied for 140 s.
Finally, the contact point was determined again as described to account for
possible drifts. To determine the viscous drag of the cantilever, three force-
displacement curves (2.5 wm amplitude, 0.1 Hz, maximum indentation
1 wm) with a superimposed sinusoidal oscillation of 50-nm amplitude and
102.4 Hz were obtained over the cell (25). AFM was also used to evaluate
cell height by taking a force curve in a bare region of the coverslip next to the
cell. The difference between the contact point between the tip and the sub-
strate and the previously found contact point between the tip and the cell was
taken as the cell height. Neutrophils were measured sequentially from the
same sample for 1 h, switching randomly between the poly(HEMA )-coated
part and the uncoated part. Rounded neutrophils were selected on the coated
portion, whereas spread polarized neutrophils were selected on the uncoated
portion (both morphologies represented the vast majority of neutrophils in
each respective portion).

Data processing

G*(w) was calculated from AFM measurements as described previously
(19,22). Briefly, the contact point z. and the apparent Young’s modulus E
were determined by least squares fitting of the Hertzian force-indentation
relationship of a spherical punch with infinite stiffness indenting an elastic
sphere (26):

4E Rl/zgs/z7
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where v is the Poisson ratio (assumed to be 0.5) and 1/R = 1/r, + 1/r,, with
ry = 2.25 um being the radius of the spherical cantilever tip and r,, being the
average neutrophil radius. For each cell, E and z. were taken as the average
of the values determined from the force-displacement curves obtained before
and after the multi-frequency oscillations. Once the contact point was
determined, force-displacement curves were also used to obtain the value
predicted for E from Eq. 1 as a function of indentation to evaluate whether
the measurements were affected by the underlying substrate (22). Equation
1 can be approximated for oscillations around an operating indentation 8, by
taking the first term of the Taylor expansion. Expressing, then, Eq. 1 in terms
of the shear modulus G = E/2(1 + v) and converting to the frequency

domain (19),
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signal of 50-nm amplitude was applied. (Right) Corre-
sponding multi-frequency indentation (fop) and force
(bottom) signals used to calculate G*(w).
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where w = 27f is the angular frequency and iwb(0) is the correction for the
viscous drag force exerted by the liquid medium on the cantilever. The
viscous drag factor b was calculated at different heights from the cell surface
and extrapolated to the cell surface (b(0)) by analyzing the noncontact parts
of the curves as described in Alcaraz et al. (25). G*(w) was expressed in
terms of its real and imaginary parts as G* = G’ + iG”, with G’ and G”
being the elastic and loss moduli, respectively.

Immunofluorescence and optical microscopy

To observe the organization of the F-actin cytoskeleton, cells were fixed
with 4% formaldehyde in PBS, incubated with Phalloidin-Tetramethylrho-
damine (Sigma), and then visualized with a charge-coupled device camera
(ORCA-AG, Hamamatsu, Morimoto, Japan) attached to an inverted optical
microscope (Eclipse TE 2000 microscope, Nikon, Tokyo, Japan) using a
60X objective. Sample manipulation and rinsing were done with extreme
care to prevent detachment of cells from poly(HEMA) substrates. Live cells
were also visualized with phase contrast (10X) and differential interference
contrast (DIC, 60X) microscopy using the same microscope. Phase contrast
images were also used to measure mean cell diameters after visual iden-
tification.

Modeling
Liquid droplet and Kelvin models

In some studies, leukocytes have been modeled as a liquid droplet consis-
ting of a cortex with cortical tension T enclosing either a viscous Newtonian
liquid (with viscosity ux) (8,9,12) or a viscoelastic Maxwell liquid (repre-
sented by a spring constant ky; in series with a dashpot with viscosity )
(10,13). In other studies, leukocytes have been modeled as a whole as a
standard viscoelastic or Kelvin body, with two springs ks; and ks, and a
dashpot ug (11,14) (Fig. 2). The complex shear modulus of a Kelvin body
can be expressed as (27)

2 2
* Mskszw /-Lskszw
K R A

It is, however, less straightforward to fit liquid droplet models to the data,
as force-indentation data were processed considering the cell as a single
body and without distinguishing between cortex and interior. This distinc-
tion can be made by considering that the cell cortex exerts a force on the
spherical tip which is calculated as (28)
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-

t
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where a is the contact radius between the tip and the cell, which is related to
the indentation 8 as ® = 8R for small indentations (26). Neglecting cortex
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FIGURE 2 Mechanical models commonly used to interpret leukocyte
rheology. The Newtonian liquid droplet model is composed of a cell cortex
with cortical tension T enclosing a Maxwell liquid droplet with viscosity ux.
In the Maxwell liquid droplet model, the cell cortex encloses a viscoelastic
liquid (represented by a spring ky in series with a dashpot wyy). In the Kelvin
model, cortex and cell interior are represented as a viscoelastic body
composed of a spring ks in parallel with a series combination of a spring ks,
and a dashpot wgs. For the small indentations used in this study, the cortical
tensions in parallel present in the liquid droplet models can be considered as
springs (see Methods).

thickness, the total force on the cantilever is the sum of the forces exerted by
the cortex and the cell interior:
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where E; is the Young’s modulus of the interior of the cell. Equating Eq. 1
with Eq. 5, we can relate E as calculated in the data processing section with
the liquid droplet model parameters. After expressing in terms of G, ap-
proximating around an indentation point 8y, and converting to the frequency
domain, it can be seen that

Gy(®) = G (0) + kr, ©6)

where
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G*ym(w) in Eq. 6 corresponds to the liquid droplet model prediction of
the measured G*(w) (defined in Eq. 2), which in this model should be equal
to the sum of G*;(w) (the complex shear modulus of the cell interior) and a
frequency-independent term kt given by cortical tension. For the purposes of
this study, the cortical tension present in the liquid droplet models can be
considered as a spring in parallel to the cell interior with spring constant kr.
Note that k1 depends on the specific measurement conditions and is thus a
function of 8y, 1, and r,,. The Maxwell liquid droplet model becomes, thus,
equivalent to the Kelvin model with kg; = k1. The Newtonian liquid droplet
model becomes a particular case of the Kelvin model with ks; = kr and
ks> = o (Fig. 2). Given that the Kelvin model (with G*(w) defined in Eq. 3)
comprises all other models, it was chosen to fit the data. Equation 3 was also
used to estimate values of G*(w) from previous publications reporting
parameters obtained with liquid droplet or Kelvin models from micropipette
aspiration tests in leukocytes. To estimate G*(w) from works using New-
tonian and Maxwell liquid droplet models, values of r, = 2.25 um, 8, =
0.5 um, and the mean r, obtained in this study were used to calculate kr.
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Power law structural damping model
The power law structural damping model describes G*(w) as (29)
. ® x—1 . T )
Gy = G, (@) (I+iql'2- x)cosz(x —1) +iop,
®)

where G and @ are scaling factors for stiffness and frequency, respectively,
n = tan((x — 1)7r/2) is the hysteresivity or structural damping coefficient,
x — 1 is the power law exponent, and iwu is an additional Newtonian
viscous term. In the model, x = 1 corresponds to a purely elastic solid, and
x =2 corresponds to a Newtonian liquid. This equation predicts a scale-free
power law behavior of both G’ and G” and a coupling between them (G” =
nG') at low frequencies (where iwu is small). It has been reported that ®q
can be assumed to be constant within a given cell type, and even across cell
types (16,30,31). We therefore took @, = 2.5 X 108 rad/s, a value which has
been shown to provide an adequate fit for many cell types, including neu-
trophils (29). Equation 8 was fitted independently to G*(w) data for each cell
condition (on poly(HEMA) or on glass and with or without cytochalasin D).

Fits to the data for the Kelvin and structural damping models were done
for the mean values of G*(w) for each cell condition. Fits were obtained by
minimizing the sum of squares of the differences between the logarithm of
G*(w) and that of the predictions of the models (Eqgs. 3 and 8) (31). Software
developed in MATLAB (The MathWorks, Natick, MA) using a nonlinear
least-squares trust-region algorithm was used for fitting.

Statistics

Data are shown as mean *= SE for neutrophils extracted from n = 6 rats
(G*(w) of untreated cells and cell height data) or n = 3 rats (G*(w) of
cytochalasin D treated cells and cell diameter data). For each rat and
condition, data were taken as the average of all measured neutrophils (~4
neutrophils per rat and condition for G*(w) and cell height data and 15 for
cell diameter data). The combined effects of activation and cytochalasin
D on G’ at 1.6 Hz were analyzed with two-way analysis of variance. Cell
heights and diameters and correlation coefficient () values obtained from
Kelvin and structural damping fits were analyzed with Student’s #-tests.
All analyses were performed with SigmaStat software (Systat Software,
Richmond, CA). Statistical significance was assumed at p < 0.05.

RESULTS

Differences were found between neutrophils depending on
whether they were allowed to adhere to their substrate or not.
On the one hand, neutrophils on poly(HEMA) had a
diameter of 8.15 = 0.33 um and a height of 4.95 = 0.47
pm and most showed a rounded shape (Fig. 3). These cells
did not adhere firmly (as they could be removed from the
coverslip by means of a few rinses) and showed a mainly
cortical and nonpolar F-actin organization. On the other
hand, neutrophils firmly adhered to bare glass had a larger
diameter (13.19 = 0.90 um, p < 0.01) and a lower height
(3.62 = 0.32 wm, p < 0.05). The shape of neutrophils on
glass was generally less rounded and more polarized and
allowed us to distinguish between a lamellipodium and a
uropod (usually referred to as leading and trailing edges).
Moreover, F-actin organization was polarized on cells plated
on glass, with a clear accumulation on the lamellipodium.
Round neutrophils on poly(HEMA) had a mean value of
E =893 = 275 Pa. The dependence of E on indentation was
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FIGURE 3 Differences between neutrophils plated on poly(HEMA) and
glass. (A) DIC image showing the border between the portion coated with
poly(HEMA) (left) and the uncoated part (right). A neutrophil can be seen in
each of the portions, with the cell on glass being larger and less rounded.
(B and C) Magnified DIC image of a neutrophil on poly(HEMA) (B, lef) and
on glass (C, right). (D and E) Immunofluorescence images of F-actin of a
neutrophil on poly(HEMA) (D, left) and glass (E, right). The leading edge
with an accumulation of F-actin is clearly visible in the cell on glass, and the
cell on poly(HEMA) shows a more uniform distribution of F-actin. (F) Mean
cell diameter and height of neutrophils on poly(HEMA) (open bars) and
glass (solid bars).
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evaluated for the obtained force-displacement curves (Eq. 1).
The results showed that E (and thus G*(w)) was independent
of indentation around the operating point 6, = 500 nm (Fig.
4). The working indentation was thus high enough to be
beyond the contact zone, where E is misestimated (22), and
low enough to prevent substrate effects (which lead to an
overestimation of E (32)).

The changes observed in neutrophil morphology and
cytoskeletal organization were associated with changes in
rheology. At 1.6 Hz, round neutrophils on poly(HEMA) had
G' = 380 *= 121 Pa, whereas spread neutrophils on glass
showed a higher mean G’ value of 909 = 135 Pa (p < 0.05).
Similar changes were found in G’ and G” for all frequencies
(Fig. 5). The frequency dependence of G’ and G" for
neutrophils on both poly(HEMA) and glass followed a scale-
free behavior with a value for 7 which was nearly constant
for the lower frequencies (Fig. 5). When neutrophils were
exposed to cytochalasin D to disrupt the actin cytoskeleton,
the scale-free behavior was maintained (Fig. 6), and G’
decreased significantly at 1.6 Hz by 64% for cells on glass
(p < 0.05) but not significantly (51%) for cells on
poly(HEMA). G” for cytochalasin D treated cells followed
a similar behavior (Fig. 6).

Adjusting the Kelvin model (Eq. 3) to G*(w) data resulted
in poor fits (¥ = 0.534 for cells on poly(HEMA) and r* =
0.334 for cells on glass). By contrast, structural damping
model fits (Eq. 8) were excellent (Table 1) with  values
significantly higher than those of the Kelvin model when
G*(w) data were fitted separately for each rat (p < 0.001).
The parameter x, indicative of the slope of the fitted power
law, was higher for cells plated on poly(HEMA) than for
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FIGURE 4 Effect of cell thickness on the determination of the apparent
Young’s modulus E. Plots showing the Hertz contact model calculation of
E as a function of indentation for representative force-displacement curves
of a very thin cell on glass (solid line, 2066-nm thickness) and a thick cell on
poly(HEMA) (dashed line, 5591-nm thickness). The plateau observed for
the thick cell indicates that there is no substrate effect. Substrate effects for
the thin cell (observed as an increase in E as a function of indentation) only
become important at indentations higher than the working indentation
(~500 nm).
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FIGURE 5 Dependence of G*(w) on frequency and activation. (A and B) Measured G’ (solid symbols) and G" (open symbols) for neutrophils on
poly(HEMA). Solid and dotted lines represent, respectively, the best fits for G’ and G” of the Kelvin model (A) and the power law structural damping model
(B). (C) Corresponding values of 7 for measured data (solid symbols), the Kelvin model fit (dashed line), and the power law structural damping model fit (solid

line). (D—F) Same data for neutrophils on glass.

cells on glass, with nonoverlapping confidence intervals. The
Newtonian viscous term u was higher for cells on glass than
for cells on poly(HEMA), also with nonoverlapping confi-
dence intervals. However, G, was very similar for both states
with overlapping confidence intervals. The fits of the struc-
tural damping equation to cells treated with cytochalasin D
showed a decrease in Gy and x with respect to untreated cells.
These parameters were similar for treated cells on both poly
(HEMA) and glass, with overlapping confidence intervals.
G*(w) data for passive neutrophils are compared in Fig. 7
with values of G*(w) predicted by taking the liquid droplet or
Kelvin model parameters reported in different micropipette
aspiration studies and using them in Eq. 3 as described in

Methods. These values correspond to the G*(w) that the
models predict for our particular measurement conditions
and are therefore dependent on &, r, and r,,. The measured
G' was considerably higher than values predicted from the
micropipette aspiration studies. Moreover, the frequency
dependence and values of both G” and 7 predicted from the
micropipette studies were very different from the values
measured in this study.

DISCUSSION

We used AFM to measure the complex shear modulus of rat
neutrophils from 0.1 to 102.4 Hz for passive cells and cells
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FIGURE 6 Dependency of G*(w) on cytochalasin D

treatment. (A and B) Measured values for neutrophils
treated with cytochalasin D on poly(HEMA) of G’ and
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=
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G" (A, solid and open symbols, respectively) and n (B,
solid symbols). (C and D) Same data for treated cells on
glass. Plotted lines represent the best fits of the structural
damping model.
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TABLE 1 Comparison of fitted structural damping parameters for the different experimental conditions used (bold font)

Treatment Substrate Gy (Pa) X n (Pa.s) r

No treatment Poly(HEMA) 11071 1.184 0.616 0.996
7940-14203 1.167-1.201 0461-0.771

Glass 13596 1.148 2.321 0.991
10389-16802 1.134-1.163 1.951-2.690

Cytochalasin D Poly(HEMA) 2368 1.139 0.376 0.982
1752-2985 1.123-1.155 0.301-0451

Glass 2785 1.112 0.743 0.978
1649-3921 1.09-1.143 0.515-0.971

Italic subscripts indicate the lower and upper bounds of the corresponding 95% confidence intervals.

activated through adhesion. Rheology of both passive and
adhered neutrophils revealed a scale-free behavior of G*(w),
which increased with frequency as a weak power law and
showed a coupling between elastic and loss moduli. Passive
neutrophils exhibited an elastic modulus at low frequencies
of ~350 Pa with a loss modulus ~4-fold smaller and a
power law exponent of ~0.2. Adhered neutrophils were over
twofold stiffer and had a smaller power law exponent,
indicative of a more solid-like behavior. Disruption of the
actin cytoskeleton with cytochalasin D resulted in softer but
more solid-like cells. The Kelvin model was unable to ac-
count for the scale-free behavior. By contrast, the power law
structural damping model captured the most important fea-
tures of neutrophil rheology.

AFM allowed us to measure G*(w) of neutrophils with
minimal cell perturbation by indenting cells with micro-
sphere probes attached to the cantilever end. The use of
microspheres instead of the more common pyramidal tips
served different purposes. First, it minimized the slipping
of the loosely adhered neutrophils on poly(HEMA) when
squeezed by the tip, which permitted us to perform stable
measurements without having to physically confine non-
adhered cells as done previously (33,34). Second, the di-
ameter of the used microspheres (4.5 wm) is comparable to
that of neutrophils, which implied that measurements were
done at the whole cell level. Additionally, the large diameter
of the microspheres allowed us to neglect the role of cortex
bending stiffness (35), thereby discarding the effects of this
parameter in the interpretation of the results with liquid
droplet models. Finally, the use of microspheres allowed us
to approximate tip-cell contact with the simple Hertz contact
equation between two spheres (cantilever tip and neutrophil).
It should however be noted that the force applied by the tip
also causes a small deformation of the neutrophil at the cell-
substrate interface, resulting in a slightly underestimated
G*(w). We modeled neutrophils as spheres with a constant
diameter taken as the mean diameter of passive neutrophils
as observed with phase contrast microscopy. This option was
chosen for simplicity and because the effect of this parameter
on G*(w) computation is relatively small. In the extreme case
of considering the cells as semiinfinite planes, for example,
the resulting increase in R would only imply a 24% decrease

Biophysical Journal 91(9) 3508-3518

in G*(w) (Eq. 2). With respect to the measurement process,
we used an operating indentation of ~500 nm with a super-
imposed multi-frequency oscillation of 50-nm amplitude.
This indentation depth was high enough to prevent the uncer-
tainty in G*(w) present near the contact point (22) but low
enough to minimize substrate effects (Fig. 4) and to ensure
that measurements were done in the range where the Hertz
contact equation is valid (36). These last two assumptions are
confirmed by the observed plateau in E around the working
indentation, even for the thinnest cells. Moreover, earlier
work showed that our range of cell thicknesses could only
have had a small effect in G*(w) determination (32). The
indentation used was also selected to be small enough to
prevent a mechanical activation of the neutrophils. Indeed,
deformations of neutrophils of up to ~3 wm (when passing
through 5-um-diameter pores) have been observed not to ac-
tivate neutrophils (15). Regarding the multi-frequency measure-
ments, the oscillations applied to the cells simultaneously
provided measurements at different frequencies, minimizing
the problems associated with cantilever drifts or cell move-
ment. No cross talk between frequencies was noted as con-
cluded after observing that 99.5% of the energy of the
spectral response of cells to a 0.1-Hz sinusoidal signal was
contained in this same frequency (data not shown).

Cells plated on glass coverslips coated with poly(HEMA)
showed important morphological and cytoskeletal differ-
ences with respect to cells plated on uncoated coverslips.
Poly(HEMA) is a polymer coating used to prevent cell adhe-
sion to substrates (20). However, neutrophils on poly(HEMA)
were loosely adhered to the substrate. Although this weak
adhesion could reflect a small degree of activation, cells on
poly(HEMA) were considered to be passive according to
their morphological and cytoskeletal characteristics (a round
appearance with no visible protrusions and a nonpolar
F-actin distribution). On the other hand, the formation of a
lamellipodium and a uropod as well as the accumulation of
F-actin in the leading edge (all observed in adhered cells
plated on glass) are characteristics associated with neutrophil
adhesion to the endothelium in immune responses (2). More-
over, the changes in cell spreading observed in the two cases
have also been described to occur in leukocyte adhesion to
the endothelium (37,38). Plating cells on glass seems thus to
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FIGURE 7 Comparison of measured G*(w) for neutrophils on poly
(HEMA) with predictions obtained from the liquid droplet and Kelvin model
parameters reported in different studies. Measured values of G', G”, and 0
(solid symbols in A, B, and C, respectively) are plotted with the Newton
model prediction from Evans and Yeung (8) (solid lines), the Maxwell
model prediction from Dong et al. (10) (dashed lines), and the Kelvin model
prediction from Sung et al. (11) (dotted lines).

induce a neutrophil response which has elements in common
with the physiological activation of neutrophils adhered
to the endothelium. We thus took round neutrophils on
poly(HEMA) and adhered neutrophils on glass as models of
passive and activated neutrophils, respectively.

To our knowledge, this study provides the first measure-
ments of G*(w) as a function of frequency of passive whole
neutrophils. Our results showed that G*(w) was scale free at
the frequencies probed and that both G’ and G” (and thus
also cell stiffness) increased with frequency. These findings
for the frequency dependence thus extend the results found
in activated neutrophils by Fabry et al. (16) with MTC to
passive neutrophils. The increase in stiffness with frequency
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observed in this study for small deformations has also been
reported for large deformations with AFM (33). Additionally
and for the low frequencies, 1 was approximately constant
with a value of ~0.3, which is indicative of a coupling
between elastic and loss components. These results resemble
those obtained with several types of adherent cells (19,29,39)
and show that neutrophils and adherent cells have more sim-
ilar rheological properties than previously believed. Although
no former measurements of G*(w) for passive neutrophils
exist, our value of E estimated from F-z curves (~900 Pa) falls
in the broad range of previously reported data (200—1400 Pa)
(4,5,33,40). Our study showed that G*(w) was higher for
adhesion-activated cells, which is probably due to an increase
in F-actin polymerization (Fig. 3) caused by activation (4).
The higher G*(w) of activated cells could also be explained
by an increase in membrane tension caused by adhesion (41).
However, a high membrane tension should have been asso-
ciated with a failure of the Hertz force-indentation relation-
ship, which was not observed (Fig. 4). That the F-actin
cytoskeleton regulates the observed mechanical response to
activation is also sustained by the fact that disrupting F-actin
with cytochalasin D was associated with a smaller decrease
in G*(w) in passive cells than in activated ones. Results from
former studies stimulating leukocytes either with fMLP or by
adhesion to the endothelium and using MTC (16,42), cell
poker (4), and micropipette aspiration (14) also showed an
increase in stiffness with activation. Interestingly, results
obtained by tracking the motion of endogenous granules (43)
showed a decrease in stiffness of the neutrophil cytoplasm
after mechanical activation caused by the large deformation
of cells into 3-um pores. This could reflect differences in the
response of neutrophils to mechanical stimulation with re-
spect to activation through adhesion or fMLP or differences
in the mechanical response of the cytoplasm with respect to
that of the actin-rich cortex. These two cell regions could
exhibit different mechanical properties. Indeed, values for
G* of the cytoplasm of activated neutrophils reported with
optical tweezers (OT) at ~1 Hz (44) were two orders of
magnitude lower than our values. This difference, together
with the small expected contribution of the nucleus to our
measurements given by the small indentations used, suggests
that the global mechanical properties of neutrophils mea-
sured in this study were dominated by the cell cortex. The
neutrophil cortex would then show viscoelastic scale-free
dynamics and not a purely elastic behavior as previously
considered.

The Kelvin model (Eq. 3) was not able to reproduce
measured G*(w) data. We only fitted this model and not
liquid droplet models since these can be regarded as par-
ticular cases of the Kelvin model for our experimental setup
if cortex thickness is neglected (see Methods). For our com-
parative purposes this is a reasonable assumption as the
cortex thickness is generally considered to be of ~0.1 wm
(35) and thus much smaller than the indentation depth
(0.5 wm). The Kelvin model is characterized by two plateaus
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for G’ at low and high frequencies, a peak in G” between the
plateaus, and no energy dissipation in frequencies away from
the peak (Fig. 5). None of these features were observed in
our data, which resulted in a very poor fit of the model to
G*(w) of both passive and activated neutrophils. Moreover,
the magnitude and frequency dependence of G*(w) predicted
by the liquid droplet or Kelvin parameters taken from
different micropipette aspiration tests did not agree with the
measured values. Although this discrepancy might arise
from differences in cell types and species, important dis-
agreements were also found in 7. The measured 7 at low
frequencies for passive neutrophils was approximately con-
stant and of ~0.3, which is of the order of measured values
in several cell types (19,29,30). However, the predictions
from liquid droplet and Kelvin models showed a strong fre-
quency dependence and could be several orders of magni-
tude below or above measured values (Fig. 7). This seems to
indicate that the commonly used combinations of springs and
dashpots cannot explain the measured G*(w). To further
confirm this, G*(w) was fitted with an expansion of the
Kelvin model in which a dashpot was added in series to kg,
to account for cortex viscoelasticity. Even though this model
has two time constants, the quality of the fit remained signifi-
cantly poorer than that of the structural damping fit (> =
0.708 for cells on poly(HEMA) and 0.583 for cells on glass,
p < 0.001). Both the liquid droplet and the Kelvin models
have nevertheless been used successfully to describe leuko-
cyte behavior in micropipette aspiration experiments. An
explanation for this apparent discrepancy is that micropipette
aspiration experiments generally measure the cell creep
response (cell deformation as a function of time given a
constant aspiration pressure). The predictions for the creep
function of the liquid droplet and Kelvin models are either
exponential or linear functions, which can be difficult to
distinguish from a power law behavior if the range of time-
scales or frequencies is limited, as is the case in most micro-
pipette aspiration experiments. Fitting power law data over a
narrow frequency range using models with a reduced number
of springs and dashpots will provide values for the fitted
parameters with time constants of the order of the timescales
of the measurement. Indeed, calculating the time constants of
the models as 7, = u/k (with w and & being any of the springs
and dashpots in the models), the values obtained from dif-
ferent micropipette aspiration tests (9,11,13) are of the order
of 10°~10" s. These values agree with the timescales of most
micropipette aspiration tests. The fit of the Kelvin model to
our data, on the other hand, provides time constants of the
order of 1072 s, which reflects the scale of our wider fre-
quency range.

The power law structural damping model (Eq. 8) re-
produced G*(w) of whole neutrophils very accurately in all
cases. A power law rheology has also been reported for the
neutrophil cytoplasm. Tsai et al. (45) reported from high
deformation micropipette aspiration tests that cytoplasmic
viscosity increased with shear rate as a power law, which is
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consistent with a similar frequency dependency of cytoplas-
mic G"”. Recently, a power law structural damping behavior
for the cytoplasm of adherent neutrophils was observed by
Yanai et al. after displacing intracellular granules with OT
(44). Interestingly, the value of x ~ 1.5 obtained with OT
was remarkably higher than the figures found for whole
neutrophils in this study with AFM (x ~ 1.15) and by Fabry
et al. with MTC (x ~ 1.20) (16). These differences suggest
that the cytoplasm is more liquid-like than the actin-rich
cortex, which as we argued above is probably the cell com-
ponent that accounts for most of the mechanical response in
AFM and MTC measurements. The power law rheology
observed in neutrophils with MTC has been interpreted with
the theory of SGR (17,29). SGR features cell rheology as a
scale-free relaxation of structural elements of the cell, which
are bound by weak interactions and trapped in energy wells
with energies higher than thermal agitation. SGR understands
the parameter x as an effective temperature that regulates the
probability of the elements of hopping between wells and
determines the cell mechanical state between an elastic solid
(x = 1) and a viscous liquid (x = 2). Interestingly, results
obtained with MTC for several adherent cell types showed
that the modifications in G*(w) produced by many different
pharmacological treatments could be modeled by adjusting
only x and leaving all other parameters fixed (16,31,39).
Consistently, the activation-induced stiffening resulted in a
decrease in x without changing G, (Table 1), supporting the
idea that neutrophil rheology is similar to that of adherent
cells. However, when cytochalasin D was applied to disrupt
the actin cytoskeleton, the observed cell softening was as-
sociated with a reduction in G, and x for both passive and
activated neutrophils. A decrease in cytoplasmic stiffness not
paralleled by an increase in x was previously reported by
Yanai et al. (44). By contrast, Fabry et al. (16) reported a
higher x after cytochalasin D treatment, in agreement with
results obtained with adherent cell types. It should however
be noted that the fitting used by Fabry et al. imposed a single
value of Gy for all treatments. This procedure might have
resulted in an increased x caused by the decreased stiffness
rather than by the power law slope. Indeed, when we imposed
a single G, for all treatments (and not one per treatment), the
fitted x for cytochalasin D treated cells rose, even though the
quality of the fit was reduced (data not shown). Further work
is needed to ascertain the different effect of cytochalasin D
on the rheology of neutrophils and adherent cells.

The observed power law rheology of neutrophils could
help to better understand the implications of cell mechanics
in neutrophil function in the microcapillary circulation. In
the pulmonary microcapillary circulation, neutrophils (with
diameters ranging from 6 to 8 um) must cross 40—-100 cap-
illary segments when circulating from arterioles to venules
(1). The time neutrophils take to deform into microcapillaries
that have diameters smaller than their own is determined
by neutrophil rheology (4) and is believed to regulate their
adhesion to the endothelium and subsequent migration into
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the damaged tissue. Passage from arterioles to venules lasts
from 1 s to over 20 min (46). This range is probably given by
the different times it takes for neutrophils to deform into
differently sized individual capillaries, which have diameters
ranging from 2 to 15 wm (1). Considering the number of
segments crossed, the timescale of neutrophil deformation
in individual capillaries might span from a few milliseconds
to minutes. The understanding of the passage of neutrophils
through microcapillaries thus requires knowledge of cell
mechanics for the wide range of timescales or frequencies
involved. As seen in this work for small deformations, G’
increases over 3-fold and G” over 10-fold when frequency is
increased from 0.1 to 100 Hz, making the cell stiffer and
more viscous. Even though the magnitude of G*(w) might
vary for high deformations, the power law behavior and the
increase in stiffness with frequency seem to be maintained
(33,45). Given that the scale-free frequency dependence is
not predicted by liquid droplet or Kelvin models, simulations
using these models (47,48) will probably only be valid at the
timescale of the measurements from which the parameters
were derived. The observed power law behavior of G*(w)
could also help to explain neutrophil dynamics in arrest and
transmigration. Although the initial process of deformation
and arrest takes place fast as the neutrophil hits the capillary
at over 100 wm/s (49), transmigration occurs at a slower rate.
A fast deformation process implies a high stiffness, which
would facilitate neutrophil arrest at the capillary entrance and
subsequent adhesion. On the other hand, cell softening for
slow deformations would smooth the progress of neutrophil
transmigration. Cell rheology might also mediate neutrophil
rolling and adhesion to the vascular endothelium in the sys-
temic circulation. Once neutrophils establish an initial mo-
lecular bond with the endothelium through the selectin
family of adhesion proteins, shear stress in the blood vessel
exerts a torque which increases the contact area between the
cell and the endothelium (7). The adhesion strength to the en-
dothelium (which determines whether the cell will sequester
or not) depends on this contact area, which increases with
cell deformability (5,6). The initial adhesive contact between
neutrophils and the endothelium slows down the cell and
prolongs the timescale of shear stress application. This
increases cell deformation and contact area, which could
facilitate adhesion to the endothelium and vascular transmi-
gration.

In conclusion, we used an AFM technique which readily
allowed us to measure G*(w) for passive and activated
neutrophils, for a broad frequency range, and with minimal
cell perturbation. G*(w) increased with frequency as a weak
power law. The measured neutrophil rheology appears to be
dominated by the cell cortex, which would then exhibit a
power law behavior and not a purely elastic response. The
scale-free dynamics conformed to the power law structural
damping model but not to liquid droplet and Kelvin models.
In accordance with results obtained on adherent cell types,
the stiffening induced by activation could be modeled by
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simply reducing the power law slope. However, the effect of
cytoskeleton disruption with cytochalasin D on the power
law slope seems to be different in neutrophils and adherent
cells. The increase in stiffness with frequency may modulate
neutrophil transit, arrest, and transmigration in vascular mi-
crocirculation.
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