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Abstract
Objective—To evaluate the role of membrane cholesterol on human neutrophil and HL-60
biomechanics, capture, rolling, and arrest to P-selectin or IL-1-activated endothelium.

Methods and Results—Methyl-β-cyclodextrin (MβCD) removed up to 73% and 45% of
membrane cholesterol from HL-60 cells and neutrophils, while MβCD/cholesterol complexes
resulted in maximum enrichment of 65% and 40%, respectively, above control levels. Cells were
perfused at a venous wall shear rate of 100 s−1 over adherent P-selectin-coated 1-µm diameter beads,
uncoated 10-µm diameter beads, P-selectin-coated surfaces, or activated endothelium. Elevated
cholesterol enhanced capture efficiency to 1-µm beads and increased membrane tether growth rate
by 1.5- to 2-fold, whereas cholesterol depletion greatly reduced tether formation. Elevated cholesterol
levels increased tether lifetime by 17% in neutrophils and adhesion lifetime by 63% in HL-60 cells.
Deformation of cholesterol-enriched neutrophils increased the contact time with 10-µm beads by
32% and the contact area by 7-fold. On both P-selectin surfaces and endothelial-cell monolayers,
cholesterol-enriched neutrophils rolled more slowly, more stably, and were more likely to firmly
arrest. Cholesterol depletion resulted in opposite effects.

Conclusions—Increasing membrane cholesterol enhanced membrane tether formation and whole
cell deformability, contributing to slower, more stable rolling on P-selectin and increased firm arrest
on activated endothelium.
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INTRODUCTION
While macrophages are widely accepted as primary modulators of atherosclerosis, neutrophils
may also contribute (1,2). Neutrophils are prevalent in ruptured plaques (3) and activated
neutrophils secrete proteinases that may promote plaque rupture. In pathological states of high
cholesterol levels or impaired cellular cholesterol processing, high membrane cholesterol
levels in neutrophils may impact vascular disease via biomechanical and/or biological
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mechanisms. Leukocyte adhesion and emigration are elevated in mice placed on a high-
cholesterol diet (4). Neutrophils from HC (hypercholesterolemic) subjects produce more
superoxide and display increased adhesion to HUVEC (5,6).

Cholesterol-associated changes in cellular biomechanics have been investigated in several cell
types. In endothelial cells, cholesterol depletion increases membrane stiffness (7) and decreases
lateral lipid diffusion (8). Lower cholesterol levels result in decreased protein mobility in the
plasmalemma of skin fibroblasts (9). Similarly, in leukocytes, cholesterol depletion decreases
deformability during aspiration (10,11), suppresses fMLP-induced ruffling and polarization
(12), and reduces actin polymerization (13). In contrast, cholesterol enrichment increases
membrane stiffness in pure lipid (14). While Abbal et al. found that cholesterol extraction
reduced T-cell rolling (15), others did not detect changes in rolling behavior from cholesterol
extraction (16).

Responses to cholesterol enrichment or depletion may vary depending on each cell type and
are difficult to predict without direct measurement. Also, membrane mechanics and whole cell
mechanics, while inter-related, are independent entities. Neutrophil mechanics and membrane
tether dynamics can affect neutrophil rolling (17–19) and various agents such as ethanol can
alter these processes (20). The effect of cholesterol on neutrophil adhesion remains
understudied because most cholesterol enrichment protocols involve overnight incubation
which is not feasible with neutrophils (21). We modified existing protocols to increase
cholesterol content within 30 min in neutrophils and HL-60 cells, a well-established model
system for neutrophils (22), using MβCD/cholesterol complexes at defined molar ratios. We
deployed a methodology to enrich or deplete cholesterol concentration and examined the effect
on neutrophil and HL-60 cell mechanics during capture, membrane tether extension, rolling
and adhesion at venous shear rates to P-selectin or activated endothelium.

METHODS
Additional descriptions of Materials, Cell Culture, Whole-cell Deformation Assay Parameters,
Fluorescence Recovery After Photobleaching (FRAP) and Flow Cytometry are available as
Supplemental Materials.

Membrane cholesterol depletion and enrichment
MβCD solution was prepared by dissolving MβCD in RPMI1640 medium without phenol red
and without serum. For cholesterol depletion, cells were incubated with MβCD solution at
varying concentrations (5 to 20 mM) for 30 min. Cholesterol enrichment was performed by
treatment with MβCD/cholesterol complexes as described previously (23). Briefly, cholesterol
stock solution was added to a glass tube, the solvent was evaporated, and 5 mM MβCD was
added to the dried cholesterol.

The tube was sonicated for 10 min and placed in a shaking incubator overnight at 37°C. The
ratio of MβCD:cholesterol was varied to determine the equilibrium and saturation ratios for
HL-60 cells and neutrophils (See Results). The amount of cholesterol was quantified using the
Amplex Red® assay (Molecular Probes) as described in Supplemental Materials.

Neutrophil-microbead collision assay
The neutrophil-microbead collision assay was used to probe interactions between neutrophils
under flow and a small point source. Polystyrene 1.05-µm-diamter microspheres coated with
Protein A (Bangs Labs) were labeled with recombinant human CD62P/Fc chimera P-selectin
with IgG1 Fc region (R&D Systems) as previously described (24). Flow chambers were
assembled using rectangular glass capillaries (Vitrocom) with a dimension of 0.2 × 2.0 × 70
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mm and a wall thickness of 0.15 mm. The P-selectin-coated beads (1.7 × 104 P-selectin/bead)
were incubated for attachment to glass capillary flow chambers, rinsed, and blocked with HBSS
with 2% HSA. Since anti-PSGL-1, calcium-free buffer, or P-selectin-free beads all result in
zero detectable adhesion events, this assay probes the specific interactions with P-selectin.

Whole-cell deformation assay
Flow chambers were assembled as described above. The 10-µm-diameter Polystyrene
“Polybeads” (Polisciences) were incubated for 2 hr at 4°C with 200 µg/ml fibrinogen to
facilitate attachment to the chamber. Fibrinogen does not cause β2-integrin-mediated adhesion
in this assay (24). The 10-µm beads in HBSS with 2% HSA and were perfused into the capillary
flow chambers for attachment to the bottom overnight at room temperature. The chambers
were washed and blocked HBSS with 2% HSA.

P-selectin-coated surface perfusion assay
To prepare P-selectin–coated surfaces, flow chambers were incubated with affinity-purified
human P-selectin (R&D Systems) in Ca2+- and Mg2+-free HBSS at 1 µg/ml final concentration
for at least 3 h at room temperature. Excess unbound protein was removed by by perfusing
HBSS through the chamber for 30 min. The final P-selectin site density was previously
determined as ~10 sites/µm2 (18) at identical coating conditions.

Endothelial Cell Parallel Plate Flow Chamber
Confluent monolayers of HAEC on glass slides were exposed to steady laminar shear stress
in parallel plate flow chambers attached to flow loops for media recirculation (15 mL) in a 37°
C incubator as previously described (25). HAEC were treated with Interleukin-1 (IL-1;
BioLegend) for 5 hr for activation under continuous flow conditions (26).

Imaging and video analysis
Microcapillary flow chambers were observed with an inverted microscope (Zeiss Axiovert
135) using differential interference contrast (DIC) with a 63X oil immersion objective (Zeiss,
Plan-Apochromate) and high-illuminating aperture with automatic-aplanatic condenser
(Numerical Aperture 1.4). Data were recorded and analyzed (Scion Image and ImageJ) to
obtain rolling length, velocity, and firm arrest data as previously described (20) (See
Supplemental Materials).

The following definitions were used (as defined in (20)). Adhesive interactions refer to
collisions with visible pauses in neutrophil motion lasting for at least one frame during frame-
by-frame analysis. Adhesive tether-forming neutrophils are neutrophils that translate in the
direction of flow at a velocity below the hydrodynamic stream velocity, form a tether, and are
rapidly released. The following parameters were obtained from the neutrophil-bead collision
assay: adhesion efficiency (ε), which is the number of collisions resulting in an adhesive
interaction divided by the total number of collisions; membrane tethering fraction (f), which
refers to the ratio of tether-forming events to the total number of adhesive interactions;
lifetimes are the duration of adhesive and tether-forming interactions; tether lengths are the
distance from the center of the adhesive bead to the lagging edge of the neutrophil as measured
by the ImageJ software. The mean tether growth velocity (vt) was calculated by dividing the
tether length by the tether lifetime. Parameters for the whole-cell deformation assay are
explained in Supplemental Materials.

Cells rolling on P-selectin surfaces were analyzed using the following parameters: average
rolling velocity, which is the total distance traveled by a rolling cell divided by the time;
variance of velocity, which indicates the fluctuations of cell velocity during cell rolling
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behavior; flux of rolling cells, the ratio of rolling cells to total number of flowing cells in a
given field of view (FOV), which was about 0.01 mm2 in this assay; and fraction arrested,
which is the ratio of to all flowing cells in a field of view.

For the neutrophil-HAEC assay on flow chambers, the following definitions were used: firmly
arrested neutrophils refer to cells that remain motionless during time of observation in FOV
(10 s); rolling distance is the distance between the point of first adhesive contact between a
neutrophil and the endothelial cells and the point at which the neutrophil stops rolling and
remains stationary.

RESULTS
Cholesterol depletion and enrichment in HL-60 and neutrophils

We measured the baseline cholesterol content of HL-60 cells and neutrophils as 3.5 ± 0.5 nmol/
106 cells and 1.31 ± 0.23 nmol/106 cell, respectively. To deplete cells of membrane cholesterol,
we incubated cells with MβCD for 30 min and verified that this incubation time did not cause
significant changes in morphology or viability in either cell type. With fixed incubation time,
we varied only the MβCD concentration from 5 mM to 20 mM to control the extent of
cholesterol extraction (Fig. 1A). At each MβCD concentration tested, the same concentration
resulted in a larger decrease in cholesterol levels in HL-60 cells than in neutrophils. A 10 mM
MβCD treatment resulted in a 60% reduction in HL-60 membrane cholesterol levels, compared
to 34% in neutrophils. As specific doses, MβCD had distinct effects on the two cell types, as
expected (27).

The use of MβCD/cholesterol complexes to enrich cell membranes with cholesterol requires
attention to the equilibrium and saturation ratios deployed for each cell type (27). These ratios
have not been established for HL-60 or neutrophils. We determined the optimal
MβCD:cholesterol ratio for neutrophils and HL-60 (Fig. 1B). The enrichment response was
significantly different in neutrophils compared to HL-60 cells. While a ratio of 8:1 resulted in
65% enrichment in HL-60 cells, the same ratio had no effect on the cholesterol content of
neutrophils. Increasing the ratio to 4:1 yielded 65% enrichment in HL-60 cells, compared to
40% enrichment in neutrophils. The saturation ratios were different for the two cell types: 8:1
for HL-60 and 4:1 for neutrophils. The maximum percent increase was 65% in HL-60 and 43%
in neutrophils.

We measured the levels of integrin expression on surfaces of cholesterol-depleted or enriched
neutrophils, and compared them to expression levels of fMLP-stimulated neutrophils. As
expected, fMLP stimulation more than doubled surface CD11b and CD18 levels, while changes
in membrane cholesterol levels did not cause neutrophils to activate, since expression of
MAC-1 subunits remained unchanged from control levels (Fig. 1C).

We performed adhesion and rolling assays after increasing the cholesterol content by 65% in
HL-60 cells and 40% in neutrophils. These levels are similar to the concentrations we measured
in neutrophils obtained from hypercholesterolemic (HC) patients (plasma cholesterol >300
mg/dL), which we found to be 73% higher than concentrations found in normal subjects (2.26
±0.09 nmol/106 cells in HC patients, N=4, compared to 1.31±0.23 nmol/106, N=5; p<0.01).
Seres et al. have previously reported an 89% increase in cholesterol concentration in neutrophils
from HC patients (28).

Membrane cholesterol regulates P-selectin/PSGL-1 mediated adhesion
To study the adhesion and tethering response of HL-60 cells and neutrophils, we analyzed
collisions with P-selectin-coated, 1-µm diameter beads using high-speed, high-resolution
videomicroscopy to obtain adhesion and tethering parameters. In both cell types tested at 100
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s−1, cholesterol enrichment increased adhesion efficiency, tethering fraction, length of tethers,
and tether growth velocity (Table 1). Cholesterol enrichment resulted in a significant increase
in the membrane tether length and growth rate. The tether growth rate more than doubled in
HL-60 cells and increased by a factor of 1.8 in neutrophils. Tether length increased by a factor
of 1.6 in HL-60 cells and doubled in neutrophils. Cholesterol depletion decreased the adhesion
efficiency of HL-60 cells, while it resulted in a slight increase for neutrophils. Adhesion
lifetimes of HL-60 cells were enhanced with increasing concentrations of cholesterol, while
the adhesion lifetimes of neutrophils were unaffected. Interestingly, the tether lifetimes of
neutrophils were enhanced with increasing levels of cholesterol, while that of HL-60 cells were
unaffected. The tethering fraction of control HL-60 cells was much lower (0.29 compared to
0.63 for neutrophils) and was abolished entirely in cholesterol-depleted cells (Table 1),
indicating that the ability to resist tether extraction in HL-60 cells was greater.

Membrane tether growth is enhanced with increasing cholesterol
Using frame-by-frame analysis of neutrophil tether extraction, we obtained instantaneous
tether lengths for 10 cholesterol-depleted, cholesterol-enriched, and untreated neutrophils (Fig.
2). The length, lifetime, and growth rate of tethers all increased with higher cholesterol content.
The average of all 10 tethers under each condition reveals that tether growth is highly linear
and that tethers of cholesterol-depleted cells grow at a much slower rate compared to control
or cholesterol-enriched cells (Fig. 2). These results suggested faster lipid flow as the membrane
stretched out into tethers.

We also performed fluorescence recovery after photobleaching (FRAP) measurements of lipid
diffusivity in a pulled tether. We found that cholesterol loading caused a statistically significant
increase of 1.38-fold (p = 0.04) in lipid diffusivity in the neutrophil tether (0.147 ± 0.022
µm2/s control vs. 0.223 ± 0.053 µm2/s with cholesterol; n = 8 tethers).

Cholesterol increases whole cell deformability
To test the hypothesis that cholesterol alters whole cell deformability, we perfused cholesterol-
depleted or enriched cells into glass capillary flow chambers which presented adherent 10-µm
diameter beads (no P-selectin). Since the beads were comparable to neutrophils in size, the
cell-bead collisions enabled us to study cell deformation at the whole cell scale. Compared
with untreated neutrophils colliding with the beads (Fig. 3A), cells with increased cholesterol
concentration in the membrane appeared more deformed during collision (Fig. 3B). To further
quantify the changes in deformation, we measured the distance between the center of the cell
and the center of the bead, and subtracted the value for rigid spheres to obtain R (Fig. 3C, inset),
which equals zero for two rigid spheres.

Fig. 3C shows that cells without any treatment did not deviate significantly from the R = 0
centerline, with a maximum deviation of R = −0.2 µm (Table 2). Since the average lengths of
microvilli on the neutrophil surface are also about 0.2 to 0.3 µm (29), this value likely reflects
compression of microvilli rather than global cellular deformation. Cholesterol-enriched cells,
however, displayed a much more significant degree of compliance, as shown in Fig. 3B and
Fig. 3C. The value of R for cholesterol-treated cells continued to decrease as θ increased, which
shows that the deformation continued to increase throughout the collision. Maximum
deformation was reached at a contact angle of 74 degrees, after which deformation continuously
decreased. For comparison, we observed the deformability of cells treated with 0.3% ethanol
(Fig. 3C), which has been previously shown to significantly alter membrane and tether
mechanics (20). Ethanol-treated cells deformed during collision as well, but the magnitude was
substantially smaller than cholesterol-treated cells (R = −0.8±0.04 µm, compared to R = −1.8
±0.03 µm for cholesterol-treated cells). This supports a view that the mechanics of the
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membrane and tether do not predict whole cellular deformability and that these characteristics
must be examined separately.

We measured the length of contact time during collisions between the cells and the beads using
high-speed imaging (240 fps). The duration of contact time was 32% longer in cholesterol-
treated cells (Table 2). Since the large beads used in this study did not present P-selectin for
the molecules on the cell surface to bind (and no adhesion was detected as indicated by delayed
release), the increase in contact time can be attributed primarily to changes in the inherent
compliance of the cell, which provides direct evidence that cholesterol affects cells at sub-
membrane structures and whole cell level.

Based on the changes in R values, we also calculated the maximum contact area between the
cell and the bead during collision and found that the area increased 3-fold for ethanol-treated
cells and 7-fold for cholesterol-enriched cells (Table 2). In addition to the prolonged contact
time, the increase in contact area would markedly increase the chances of bond formation when
cells interact with selectin- or integrin-expressing surfaces.

Neutrophils with higher cholesterol levels roll more slowly and uniformly on P-selectin
To test whether enhanced deformability and tether formation rate would alter neutrophil
rolling, we perfused cells with different membrane cholesterol levels over P-selectin-coated
surfaces. Rolling velocity decreased with increasing cholesterol concentration. The average
velocity was 11.2 µm/s for cholesterol-depleted neutrophils, but 4.5 µm/s for cholesterol-
enriched cells, both of which differed significantly from untreated cells (Table 3). Cells with
higher membrane cholesterol content also rolled more uniformly on P-selectin-coated surface.
The variance in rolling velocity was 5.2 (µm/s)2 for cholesterol-enriched cells, compared to
15.2 (µm/s)2 for depleted cells. While the flux of rolling cells was unaffected, the fraction of
cells converting to firm arrest increased from 35.3 cells/FOV for untreated cells to 41.1 cells/
FOV for cholesterol-treated cells (p<0.01) (Table 3).

In tests with neutrophils from HC patients (N = 4, average age: 64 ± 3) free of statin therapy,
Table 3 demonstrates that HC neutrophils rolled more slowly (p<0.01) and with less variance
(p<0.01) on P-selectin-coated surfaces than neutrophils from healthy donors. Additionally, the
rolling flux on P-selectin coated surfaces (cells/unit area) increased by 19 % (p<0.01) and
conversion to firm arrest increased by 22 % (p<0.01) compared to neutrophils from non-age
matched healthy donors (average age: 30).

Rolling and arrest on activated endothelium
HAEC monolayers were treated with IL-1 for 5 hr before a neutrophil adhesion assay in a
parallel-plate flow chamber at wall shear rate of 100 s−1. We have previously shown that
without IL-1 stimulation, neutrophils displayed little rolling or firm arrest (20) and shear
exposure alone for 5 hr alone did not promote subsequent adhesion tested at 100 s−1 (26).
Cholesterol-enriched neutrophils rolled more slowly on IL-1-activated HAEC monolayers,
compared to untreated cells or cholesterol-depleted cells, as they did on P-selectin. Cells with
higher cholesterol content were more likely to roll and convert to firm arrest compared to
control cells. The flux of rolling cells increased from a control value of 41.1 cells/FOV to 52.7
cells/FOV, and the percentage of firmly arrested cells in a given FOV increased from 33.2%
to 43.6% with cholesterol enrichment (p<0.01). Cells with reduced cholesterol levels exhibited
the opposite behavior, as flux decreased to 31.9 cells/FOV and firm arrest percentage decreased
to 22.7% (Table 3).
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DISCUSSION
Elevated cholesterol enhanced capture efficiency to 1-µm beads and increased membrane
tether growth rate by 1.5- to 2-fold, whereas cholesterol depletion greatly reduced tether
formation. The increased cell deformability and faster membrane tether growth was consistent
with the slower rolling and increased probability of firm arrest we observed for cholesterol-
enriched cells (Table 3). On both P-selectin surfaces and endothelial-cell monolayers,
cholesterol-enriched neutrophils rolled more slowly, more stably, and were more likely to
firmly arrest. Cholesterol depletion resulted in opposite effects.

More than 90% of cellular cholesterol is found in the plasma membrane (30,31). Thus, we
examined tether extrusion from cells under flow which provides insight to the lipid flow from
the membrane as well as the adhesion strength between the bilayer and the underlying
cytoskeleton, with important implications on bond loading and neutrophil rolling dynamics as
studied previously(18). We have found that with increasing cholesterol content, a higher
fraction of both neutrophils and HL-60 pulled tethers (Table 1). Also, the 1.5- to 2-fold increase
in average tether length suggests that the cholesterol-enriched membrane is more likely to
dissociate from the cytoskeleton to form longer tethers, while the increase in the growth
velocity of the tethers indicate increased fluidity.

A mechanical mechanism is well supported by the experimental data. As previously shown
(18,24), longer tethers reduce the force loading on the bonds by changing the angle of the
mechanical lever arm(17), thus resulting in a longer lifetime of bonds. To help verify the
mechanical-level mechanism underpinning the observation of enhanced tether growth with
elevated cholesterol, we have taken FRAP measurements of lipid diffusivity in a pulled tether.
We found that cholesterol loading increased lipid diffusivity in the tether by 1.38-fold (p =
0.04). By lowering the viscosity, the elevated cholesterol makes it easier to pull a tether at a
given mechanical loading, which leads to faster growing and longer tethers (Fig. 2) that reduced
the lever arm and consequently shielded the bond from force loading, thereby lengthening the
bond lifetimes (Table 1) and stabilizing rolling (Table 3).

Cholesterol-enriched membrane fluidity has been previously measured using fluorescence
polarization (FP) to probe the molecular rotational diffusivity of fluorescent lipids. Typically,
cholesterol will reduce “membrane fluidity”(28,32), but molecular membrane fluidity is not
predictive of translational diffusivity measured by FRAP. In contrast, others have shown an
increase in fluidity with cholesterol loading(8,33,34). The FP probe localizes in the membrane
whereas FRAP samples larger areas of membrane that may have heterogeneity. Cholesterol
effects on the membrane-cytoskeletal linkage, which would also alter mechanically-driven
lipid flow into tethers, would not be predicted by FP. Changes in cell shape (Fig. 3) indicate
that cholesterol effects on the cytoskeleton result in more compliant cells and faster tether
growth. Clearly, the effect of membrane cholesterol varies greatly from one cell type to another
and depend on experimental technique which measures lipid mobility on length scales of
nanometer (FP), micron (FRAP) or several microns (tether pulling and deformation).

We also examined the effect of varying cholesterol levels on whole cell deformation. Previous
studies have suggested that the mechanism of actin polymerization may be separate from the
mechanism governing pseudopod formation and viscoelastic recovery (35). During collision
with 10-µm diameter beads, cells with elevated cholesterol deformed to an extent that the
distance between the centroids of the cell and the bead decreased by 1.8 µm compared to two
hard spheres during collision. The magnitude of the effect of cholesterol on cell rigidity
becomes more apparent when compared to the effect of ethanol (0.3% by vol.), which also
influences tether mechanics and rolling behavior (20).
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Deformability of neutrophils at the whole-cell level has several physiological implications. In
vivo, leukocytes flatten against the endothelial wall to reach aspect ratios of up to 1.4 (36).
Mechanosensing abilities of compliant neutrophils have been suggested from studies of
mechanical deformation into narrow channels (19,35), while large-scale deformation of
neutrophils has been shown to lead to activation (37). According to computational studies,
cellular deformation decreases the drag on the cell and may help account for a plateau of rolling
velocity with increasing shear rate (38). We conclude that cholesterol-induced changes in
membrane tether growth and cell deformability are likely to contribute toward enhanced
adhesion and firm arrest that have been observed in vivo in high-cholesterol environment (4,
6).

The increased deformability after cholesterol enrichment led to a 7-fold increase in contact
area between cells and 10-micron beads, as well as a 32% increase in contact time (Table 2),
both of which may favor increased bonding. In fact, cholesterol enrichment stabilized rolling
behavior, decreased rolling velocity, and increased firm arrest (Table 3).

Cholesterol enrichment and depletion are expected to have a number of differing effects on
neutrophils and neutrophil signaling beyond the direct effects of changing membrane
mechanics, which in itself is a complex effect that impacts bonding dynamics with P-selectin.
The prominent effect of cholesterol on both tether mechanics and cellular rigidity suggests a
link between cholesterol and the actin cytoskeleton (8,9). Since cholesterol removal by MβCD
has been shown to inhibit polymerization (13) and disruption of actin cytoskeleton has been
shown to interfere with intrinsic selectin adhesiveness (16), it is also possible that cholesterol
effects on the actin network alter the mobility of adhesion molecules in the membrane which
affects their binding ability. Also, disruption of the interaction between PSGL-1 and the actin
cytoskeleton has been previously shown to reduce adhesion and rolling on P-selectin (39).

We observed faster P-selectin-mediated rolling and reduced adhesion for cholesterol-depleted
cells, in contrast to cholesterol-enriched cells, which confirms previous observations (10) and
computational modeling studies (40) of faster rolling of stiffer cells. It is also consistent with
prior observation that faster rolling attenuates activation of integrin-mediated arrest (41), and
that cholesterol extraction disrupts integrin-mediated adhesive process (16).

The effect of membrane tethers on rolling stability (i.e. reduced variance, Table 3) has been
well established (42). Since rolling has been shown to be unaffected by the intracellular domain
of PSGL-1 (43), we conclude that the reduction in variance of rolling velocity by cholesterol
loading or with neutrophils from HC patients was due to enhanced membrane tether growth
(Table 1) and increased deformability with a consequent increase in contact area during rolling
(Fig. 3). A functional consequence of altered rolling dynamics, namely increased firm arrest,
was detected with neutrophils from HC patients.

Inspection of Table 3 indicates that by all measures the neutrophils from HC patients are
strikingly similar to cholesterol-loaded neutrophils (from healthy donors) and strikingly
dissimilar from cholesterol-depleted neutrophils. However, cholesterol depletion has complex
biochemical effects on neutrophils, distinct from mechanical changes, that include ablation of
caveolae and changes in calcium entry (44). Still, the rolling flux and percent arrested on P-
selectin surfaces were not statistically different for cholesterol depleted cells and control
neutrophils (Table 3), however both these attributes were reduced (but not ablated) on IL-1
stimulated HAEC. These observations are consistent with cholesterol depletion causing a
biomechanical change in rolling dynamics, but a biochemical change in signaling dynamics
related to firm arrest. Clearly, PSGL-1 dependent signaling dynamics such as Syk-dependent
activation of LFA-1 (43) and subsequent conversion to firm arrest of neutrophils from HC
patients or cholesterol-enriched neutrophils from healthy donors remains an important subject
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of future study. Furthermore, the cell softening in cholesterol-loaded cells (Fig. 3) was clearly
a result of changes in whole cell mechanics that include cytoskeletal function.

Overall, our results show that elevated cholesterol levels yield a slower, more stable rolling
behavior, likely due to longer tethers with increased lifetime and increased whole cell
deformability with increased contact area during rolling. Distinct from purely biochemical
effects, membrane cholesterol is a biomechanical regulator of tether growth and whole-cell
mechanics of neutrophil which, in turn, modulates their neutrophil rolling and adhesion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cholesterol depletion and enrichment of neutrophils and HL-60 cells and the effect on
surface integrin expression
Cells were cholesterol-depleted by incubation with MβCD (A) or cholesterol-enriched with
MβCD-cholesterol complexes (B). Cholesterol content after each treatment was normalized to
control levels. N=4 donors. Mean Fluorescence Intensity (MFI) of FITC-conjugated CD11b
and CD18 were normalized to control levels for each (C). N=3 donors.
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Figure 2. Instantaneous tether growth of cholesterol-depleted, control, and cholesterol-enriched
neutrophils
Tether length was measured frame-by-frame during neutrophil-bead adhesion for 10
representative tethers under each condition. The averages and the linear fit are compared. Mean
± standard deviation. N=3 donors.
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Figure 3. Neutrophil whole-cell deformation by centroid tracking
Image sequences were obtained during neutrophil collision with 10-µm-diameter beads at 240
fps videomicroscopy for untreated neutrophils (A) and cholesterol-enriched neutrophils
(B).The distance between the centroids of the cell and the bead, R, was tracked (C). Mean ±
standard deviation of 10 cells under each condition.
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Table 2
Neutrophil deformation during collisions with adherent 10-µm diameter beads (uncoated) at 100 s −1.

Neutrophils (no
treatment)
(n=21 int)

Neutrophils + ethanol
(n=24 int)

Neutrophils + cholesterol
(n=25 int)

Average contact lifetime (s) 0.17±0.09 0.19±0.08 0.25±0.10 *

Max deformation (minimum R) −0.2±0.03µm −0.8±0.04 µm * −1.8 ±0.03 µm *

Max contact area 5 µm2 18 µm2 35 µm2

(1X) (3X) (7X)

*
p<0.01 compared to control. n=int, interactions.
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