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ABSTRACT Platelet-leukocyte adhesion may contribute to thrombosis and inflammation. We examined the heterotypic inter-
action between unactivated neutrophils and either thrombin receptor activating peptide (TRAP)-stimulated platelets or P-selectin-
bearing beads (Ps-beads) in suspension. Cone-plate viscometers were used to apply controlled shear rates from 14 to 3000/s.
Platelet-neutrophil and bead-neutrophil adhesion analysis was performed using both flow cytometry and high-speed video-
microscopy. We observed that although blocking antibodies against either P-selectin or P-selectin glycoprotein ligand-1
(PSGL-1) alone inhibited platelet-neutrophil adhesion by;60% at 140/s, these reagents completely blocked adhesion at 3000/s.
Anti-Mac-1 alone did not alter platelet-neutrophil adhesion rates at any shear rate, though in synergy with selectin antagonists it
abrogated cell binding. Unstimulated neutrophils avidly bound Ps-beads and activated platelets in an integrin-independent
manner, suggesting that purely selectin-dependent cell adhesion is possible. In support of this, antagonists against P-selectin or
PSGL-1 caused dissociation of previously formed platelet-neutrophil and Ps-bead neutrophil aggregates under shear in a
variety of experimental systems, including in assays performed with whole blood. In studies where medium viscosity and shear
rate were varied, a shear threshold for P-selectin PSGL-1 binding was also noted at shear rates ,100/s when Ps-beads
collided with isolated neutrophils. Results are discussed in light of biophysical computations that characterize the collision
between unequal-size particles in linear shear flow. Overall, our studies reveal an integrin-independent regime for cell adhesion
and weak shear threshold for P-selectin PSGL-1 interactions that may be physiologically relevant.

INTRODUCTION

Diverse clinical and animal studies support the proposition

that cross talk between leukocytes (specifically monocytes

and polymorphonuclear leukocytes) and platelets contributes

to inflammatory and thrombotic processes. Platelet-leukocyte

adhesive interactions in the systemic circulation are enhanced

after percutaneous coronary interventions (1), unstable angina

(2), myocardial infarction (3), and sepsis (4). Studies with

animals also suggest that the interaction between these cell

types can contribute to both inflammatory and thrombotic

events during atherosclerosis (5), leukocyte recruitment at

sites of vascular injury (6), and microvascular occlusion after

ischemia-reperfusion injury (7). Besides the physical asso-

ciation between leukocytes and platelets, bioactive peptides

including cytokines and growth factors secreted by these

cells also influence both cells and the vascular endothelium.

The adhesion molecules involved in platelet-leukocyte

interactions have been identified. The recognition of P-selectin

expressed on activated platelets (8,9) by its neutrophil

counter-ligand P-selectin glycoprotein ligand-1 (PSGL-1)

(10,11) has been shown to mediate the rolling of neutrophils

on stimulated, immobilized platelet monolayers and to facili-

tate platelet-neutrophil adhesion in suspension. The neutro-

phil CD18 integrin subunit Mac-1 (CD11b/CD18) mediates

the firm arrest of neutrophils on platelet monolayers (12,13).

This molecule also contributes to platelet-neutrophil hetero-

typic cellular aggregation in suspension (10,14,15). Putative

ligands for integrins on platelets are numerous and their

contribution to platelet-neutrophil adhesion appears to depend

on the nature of the experimental system used. These ligands

include ICAM-2 (16,17), junctional adhesion molecule-3

(JAM-3) (18), GpIba (19), and aIIbb3 (16). Among these,

aIIbb3 is bridged to Mac-1 via plasma fibrinogen.

Besides the functional importance of platelet-leukocyte

interactions in human physiology, there is also considerable

interest in understanding the biophysical parameters regu-

lating selectin and integrin binding at both the cellular and

molecular levels. Such studies have quantified the on- and

off-rates of selectins and integrins, and reported on a ‘‘shear-

threshold’’ phenomenon for selectins (20).

In this article, we examined the dynamic contributions of

selectins and integrins to heterotypic platelet-neutrophil ag-

gregation under controlled fluid shear, with focus on the

contrast between the roles of L-selectin in homotypic neu-

trophil adhesion and those of P-selectin in neutrophil-platelet

attachment. The contrast between the contributions of

P-selectin PSGL-1 bonds to neutrophil-platelet adhesion in

suspension and its role in mediating leukocyte localization

on immobilized platelet substrates is also emphasized. In this

regard, the molecular requirements for cell adhesion in

suspension can be different from those required for locali-

zation on ligand-bearing substrate. There are several reasons

for this. 1), When neutrophil PSGL-1 binds P-selectin on

immobilized platelets, the neutrophil cell membrane is

Submitted May 4, 2005, and accepted for publication December 5, 2005.

Address reprint requests to Sriram Neelamegham, 906 Furnas Hall, Dept. of

Chemical and Biological Engineering, State University of New York,

Buffalo, NY 14260. Tel.: 716-645-2911, ext. 2220; Fax: 716-645-3822;

E-mail: neel@eng.buffalo.edu.

� 2006 by the Biophysical Society

0006-3495/06/03/2221/14 $2.00 doi: 10.1529/biophysj.105.065789

Biophysical Journal Volume 90 March 2006 2221–2234 2221



stretched and forms tethers that shield the application of high

fluid tensile forces on the P-selectin bond (21). Leukocyte

tethers, however, are not formed when cells adhere in

suspension due to the rapid rotation of aggregates (22,23). 2),

At a given shear rate, the maximum force applied on platelet-

neutrophil aggregates in suspension is expected to be ;20-

fold lower than the force applied when neutrophils tether

onto platelet-bearing substrates (22). 3), The nature of cell-

cell contact and the frequency of receptor-ligand encounter

on apposing cells is also very different when two cells bind

in suspension compared to cell-substrate attachment.

Two specific questions are addressed in this manuscript: 1),

Are functional integrins necessary for stable platelet-neutrophil

adhesion? 2), Do P-selectin PSGL-1 interactions exhibit a

shear threshold in suspension assays? To address these

questions, we performed cell-adhesion experiments with iso-

lated blood cells, reconstituted systems with P-selectin bearing

beads, and whole blood. Cone-plate rheometers were used to

apply defined shear rates to the cell and bead suspensions.

Flow cytometry-based analysis of aggregate distribution was

noted to be reliable only at the higher shear rates .100/s.

Thus, high-speed videomicroscopy coupled with a rheometer

was applied to directly visualize, in real-time, shear-induced

cell and bead collisions at low shear rates ,100/s. These

studies at low shear rates (,100/s) distinguish this article in

relation to previous rheometer studies (24,25), since we were

able to study P-selectin PSGL-1 interactions at low force-

loading rates that are of interest to the biophysics community

(26,27). Our experiments suggest a weak shear-threshold

behavior for P-selectin PSGL-1 interaction at shear rate

,100/s. Although previous studies have demonstrated a

dominant role of selectins in mediating platelet-leukocyte

binding (10,24,25,28,29), they were unable to unambigu-

ously rule out the possibility that other molecular pairs like

integrins are necessary for this cellular aggregation process.

This is because data from cellular systems are complex to

interpret since activated platelets can secrete (or express on

their surface) an array of cytokines and proteases that can

affect neutrophil function. To overcome this limitation, we

developed a simpler reconstituted system with P-selectin-

bearing beads. These beads were observed to adhere to

quiescent human neutrophils efficiently, in the absence of

functional CD18-integrins. Antagonists against P-selectin

PSGL-1 interactions were also able to dynamically dissoci-

ate previously formed platelet-neutrophil aggregates under

fluid shear in a range of experimental systems, including in

studies conducted using whole blood. Together these

experiments reveal an integrin-independent regime for cell

adhesion that may be physiologically important.

METHODS

Materials

All antibodies were frommouse hosts unless otherwise stated, and were used

at saturating concentrations (;15–20 mg/mL) for blocking studies. Mono-

clonal antibody (mAb) against human P-selectin/CD62P G1 was from

Ancell (Bayport, MN), Ep5C7 (humanized IgG2) was a gift from Protein

Design Laboratory (Fremont, CA), and phycoerythrin-labeled AK-4 was

from Becton Dickinson (San Diego, CA). Function-blocking mAb against

PSGL-1/CD162 KPL-1 was from Pharmingen (San Diego, CA), anti-

ICAM-2/CD102 B-T1 from Serotec (Raleigh, NC), anti-GpIba/CD42b

VMD16d from Cell Sciences (Norwood, MA), and anti-aIIbb3 7E3 was

kindly provided by Dr. J. Balthasar (SUNY-Buffalo, Buffalo, NY).

Blocking mAbs against human b2-integrin/CD18 IB4, aL-chain/CD11a

TS1/22, aM-chain/CD11b 44, and L-selectin/CD62L DREG-56 were

produced from hybridomas obtained from ATCC (Manassas, VA). F(ab9)2
fragments of IB4 were purchased from Ancell. Nonfunction-blocking,

fluorescein isothiocyanate (FITC)-conjugated anti-b3/CD61 mAb Y2/51

was from Dako (Carpinteria, CA). FITC-conjugated CBRM1/5, an mAb that

recognizes an activation-dependent epitope on Mac-1 (CD11b/CD18), was

from eBiosciences (San Diego, CA). All isotype-matched control mAbs

were from Becton Dickinson. Sialyl Lewis-X analog TBC1269 (1,6-bis

[3-(3carboxymethylphenyl)-4-(2-a-D-mannopyrano-syloxy)phenyl]hex-

ane) was generously provided by Kurt Berens (Encysive Pharmaceuticals,

Houston, TX). Thrombin receptor-activating hexapeptide (TRAP) was from

Bachem Bioscience (King of Prussia, PA) and nuclear stain LDS-751 from

Molecular Probes (Eugene, OR). P-selectin fusion protein (P-selectin-IgG)

containing the human P-selectin lectin and EGF domains fused to a mouse

IgG2a Fc portion was produced using the baculovirus expression system

(Invitrogen, Carlsbad, CA) (30). When required, FITC conjugation of mAbs

was performed by addition of 50-fold molar excess fluorescein-5-isothio-

cyanate (Molecular Probes) to protein in 0.1 M sodium bicarbonate buffer at

pH 8.6 for 1 h, followed by quenching of reaction with 50 mM Tris, and

separation of labeled product from unconjugated FITC using PD-10

desalting column (Amersham, Piscataway, NJ).

Neutrophil and platelet isolation

Human blood was obtained by venipuncture from healthy, nonsmoking

adult volunteers. d-Phe-Pro-Arg-chloromethyl ketone (PPACK, Bachem;

100 mM) was used as an anticoagulant for platelet isolation, and 10 U/mL

heparin was used for neutrophil isolation. Blood was drawn into 30 U/mL

heparin for whole-blood studies. Platelet-rich plasma (PRP) was obtained

from blood supernatant after first-step centrifugation at 135 3 g for 15 min

(31). Platelet-poor plasma (PPP) was obtained after a second centrifugation

step at 2000 3 g for 30 min. For viscometer studies, polymorphonuclear

cells (PMNs) were isolated using PMN isolation media (Robbins Scientific,

Sunnyvale, CA), as described elsewhere (32). Isolated cells were maintained

in calcium-free HEPES buffer containing 0.1% human serum albumin at

4�C until use. For rheoscope experiments, PMNs were isolated from blood

using a two-step centrifugation procedure (23), suspended in Ca21, Mg21-

free Tyrodes containing human serum albumin, and kept on ice until use. In

all cases, neutrophils constituted.90% of the PMNs. Thus, we refer to these

isolated PMNs as neutrophils. Experiments were completed within 2 h of

neutrophil isolation. Whole-blood studies were completed within 1 h of

drawing blood.

P-selectin-bearing bead (Ps-bead) preparation

Fluoresbrite YO carboxylate microspheres (YO beads) 3.0 and 5.7 mm in

diameter and nonfluorescent polybead carboxylate microspheres (white

beads) of the same sizes were purchased from Polysciences (Warrington,

PA). Primary amine groups on (Fab9)2 fragments of polyclonal goat antimouse

IgG (Jackson ImmunoResearch, West Grove, PA) were covalently coupled

to these microspheres using carbodiimide chemistry (Application Notes

238C, Polysciences). To couple P-selectin to goat antimouse-bearing mi-

crospheres, soluble P-selectin-IgG was incubated with beads overnight at

4�C. Selectin site density on beads was varied by serial dilution of soluble

protein during this step. Before experimentation, beads were washed twice

and resuspended in HEPES buffer containing either 0.03 w/v % Pluronic
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P105 or 1% BSA to block nonspecific adhesion. Before each experiment, a

small aliquot of the Ps-beads (P-selectin beads) was incubated with

humanized Ep5C7-FITC to quantify the selectin site density. Since the

antibody is humanized, it binds minimally to free goat antimouse sites on

the beads. Also, it is possible to quantify the selectin density on YO beads

since these beads fluoresce in the FL2 (yellow-orange) channel of the

FACSCalibur instrument (Becton Dickinson) and their effect on the FITC

channel (FL1) can be readily accounted for by cytometry compensation.

Quantum Simply Cellular microspheres (Bangs Laboratories, Fishers, IN)

were used to determine the absolute P-selectin density (sites/mm2) on

Ps-beads and platelets. YO beads were used for flow-cytometry-based ex-

periments and white beads for videomicroscopy runs (see below).

Flow-cytometry analysis of platelet-neutrophil
and bead-neutrophil adhesion

All runs of platelet-neutrophil adhesion and some runs of bead-neutrophil

binding were performed using a VT550 cone-plate viscometer (Haake,

Paramus, NJ) to apply defined shear rates. This instrument consists of a 1�
rotating cone placed over a stationary plate. Both the cone and plate were

machined in plexiglass. Rotation of the cone at fixed angular velocity pro-

duces an approximately linear shear field (33).

Before platelet-neutrophil binding runs, three separate samples were

prepared and incubated at room temperature for 5 min followed by 5 min

incubation at 37�C, either in the presence or absence of function-blocking

reagents. The three samples included platelets in PRP incubated with 1:15

CD61-FITC mAb, neutrophils with 4 mM LDS-751, and a third vial with

PPP. HEPES buffer containing 1.5 mM calcium was used as the diluent in

the above step. After the incubation, PRP, neutrophils, and PPP were placed

as separate drops on the viscometer plate surface along with a fourth drop of

TRAP stimulus. The plate was then quickly raised to the cone via a spring-

mounted mechanism and shear was initiated. Thus, shear and stimulus were

applied simultaneously. Unless otherwise stated, the final neutrophil con-

centration was 1 3 106 cells/ml, there were 8.12 6 0.16 platelets per

neutrophil, and plasma constituted 40% of the sheared sample volume.

Physiological concentrations of platelets were not included in the study since

this results in excessive platelet-platelet aggregation and precludes the

accurate quantitation of cellular adhesion efficiency (discussed below).

Samples withdrawn from the viscometer at fixed time intervals during

experimentation were fixed in 1% paraformaldehyde at 4�C. In controls, ag-
gregating samples were fixed with paraformaldehyde on the viscometer plate

surface while shear was being applied. No difference was observed with runs

where samples were withdrawn before fixation.

After overnight fixation at 4�C, samples were read in the flow cytometer.

The neutrophil population was gated based on forward versus side scatter.

Single neutrophils [N1] and percent platelet-neutrophil adhesion (100 3
SPNi/S(Ni 1 PNi); i ¼ 1–4) were quantified (Fig. 1 A). Here, Ni denotes the

number of homotypic neutrophil aggregates with i cells and PNi is the

number of aggregates with i neutrophils and at least one attached platelet.

Percent platelet-neutrophil adhesion is a measure of the fraction of total

cytometry events detected that consist of heterotypic events. The percent of

neutrophils in homotypic and heterotypic aggregates was measured using

two additional parameters, percent neutrophil homotypic adhesion (100 3
(SiNi � N1)/S(Ni 1 PNi)i; i ¼ 1–4) and percent neutrophil heterotypic

adhesion (100 3 (SiPNi)/S(Ni 1 PNi)i; i ¼ 1–4), respectively. Platelet

aggregation was also monitored in all runs using the fluorescence due to

CD61-FITC, but this was negligible due to the low concentration of

platelets. Platelet microparticle formation was not observed. Representative

cell-aggregation samples were observed under the microscope to confirm the

validity of our cytometry measurements. Specific antibody-blocking studies

described in this article provide additional validation for the cytometry

detection methods employed.

The procedure for bead-neutrophil binding studies was similar to that for

platelet-neutrophil runs, described above, except that PPP and TRAP were

absent. Here, samples were read in the flow cytometer immediately (within

5–10 s) after sample collection, without fixation. Neutrophil concentration

was 1 3 106 cells/ml. Bead concentration exceeded that of neutrophils by

13.09 6 0.63-fold for runs with 3.0-mm beads and 2.14 6 0.22-fold for

those with 5.7-mm beads. Percent of bead-neutrophil adhesion was quantified

as number of neutrophil events with bound beads/number of total neutrophil

events (100 3 (SNBi)/(N1 1 SNBi); i ¼ 1–4), where NBi is the number of

aggregates with i beads and at least one neutrophil.

Cell- and bead-adhesion data were also analyzed in terms of ‘‘adhesion

efficiency’’, as we have described elsewhere (34,35). Briefly, adhesion

efficiency is defined as the fraction of cell-cell or bead-cell rectilinear

collisions that result in cell adhesion. This was calculated for neutrophil-

neutrophil, platelet-neutrophil, and bead-neutrophil collision events. In per-

forming adhesion-efficiency computations for neutrophil-platelet adhesion

runs, it is noted that the exact number of platelets bound to each neutrophil is

not available from the cytometry data, though an approximate idea can be

obtained based on the fluorescence of single platelets and that of aggregates

with bound platelets. The exact computation of adhesion efficiency thus

involved the fitting of percent platelet-neutrophil adhesion, neutrophil

homotypic adhesion, and neutrophil heterotypic adhesion data from experi-

ments using the model predictions while accounting for the approximate

number of platelets bound to each neutrophil.

High-speed imaging of bead-neutrophil adhesion

Two-body bead-neutrophil collisions in linear shear flow were visualized in

a rheoscope, which consists of an MR-1 transparent counter-rotating cone-

plate rheometer (Myrenne, Fremont, CA) with a 2� cone maintained at 226
1�C, mounted on a Zeiss Axiovert inverted microscope (Montreal, Quebec,

Canada) (36). Data were acquired using a high-speed digital camera (Kodak

Motion-Corder SR-500c, Roper Scientific, San Diego, CA) connected to a

PowerMac G4 computer. Frame-by-frame analysis was performed using NIH

Image1.62. In runs with 5.7-mm beads, equal concentrations of neutrophils

and beads (5.03 106/ml) were mixed in Tyrodes buffer containing Mg21 and

Ca21 with either 5 or 10% Ficoll added to increase media viscosity to 2.7 or 5.5

mPa�s, respectively. In 3.0-mm bead runs, 1.25 3 107/ml beads were mixed

with 5.0 3 106/ml neutrophils. Two types of experiments were performed:

Adhesion-efficiency experiments

Detailed cell/bead trajectories before and after collision were recorded at

shear rates of 14, 66, and 110/s at 60, 125, and 250 frames/s, respectively

(23). Cells and beads traveling along adjacent streamlines in the flow field

came together, and upon collision were subject to compressive forces be-

tween particles (Supplemental Materials, Fig. S1 and Movies). Doublets

thus formed orbited about the center of free rotation, which lies along the

axis joining the centers of the two colliding species. Beyond the point where

the axis was oriented normal to the direction of flow, the forces became

tensile for one-quarter orbit, and they attempted to break the doublet apart.

‘‘Nonseparating doublets’’ (Supplemental Materials, Movie A) were defined

as those in which selectin bonds withstood the tensile force during this

quarter orbit. These were followed until they broke-up (Movie B) or dis-

appeared from view. ‘‘Transient doublets’’ were defined as those that broke

up within this quarter-orbit of tensile force-loading. Bead-neutrophil adhesion

efficiency was quantified by dividing the number of nonseparating doublets

by the total number of collisions analyzed.

Doublet lifetime is reported in a normalized form as tnormalized ¼ Ætmeasæ/
Ættheoræ, for all nonseparating doublets. Here, mean doublet lifetime Ætmeasæ
(lifetime of aggregate) corresponds to the period between the time of first

apparent contact of neutrophil with bead either to the time of doublet

separation/break-up or the time when the doublet leaves the field of view.

Ættheoræ is the predicted theoretical average lifetime of the transient doublet

formed without any adhesive contacts between the colliding species (i.e., in

the absence of intercellular selectin bond formation). The calculation of

Ættheoræ ¼ p rDe 11=rDe
� �

=
� �

GÞrDe 11ÞÞÞ assumes that the rectilinear ap-

proaches between the colliding spheres along all angles of approach result

Neutrophil-Platelet Adhesion 2223

Biophysical Journal 90(6) 2221–2234



in the formation of a rigid doublet with an equivalent ellipsoidal axis ratio,

re
D (37). Values of rDe for rotating rigid dumbbells of unequal diameter have been

tabulated (38). Thus, rDe ¼ 1:72 and 1.36 for the 3.0- and 5.7-mmbead-neutrophil

doublets, respectively. Ættheoræ is 2.79/G and 2.66/G for the two cases above.

Aggregation-kinetics experiments

These were obtained by recording bead-cell collisions at a lower framing

rate (60 frames/s) at all shear rates. Single frames at intervals of 0.8 s were

analyzed. Neutrophils in this frame were binned into single cells, homotypic

or heterotypic aggregates. The time and shear-rate-dependent increase in the

number of heterotypic aggregates was then computed and this was termed

‘‘percent bead-neutrophil adhesion’’.

Overall, percent bead-neutrophil adhesion and bead-neutrophil adhesion

efficiency quantified using both the rheoscope (this section) and cytometry

(previous section) methods have very similar physical meaning, even though

they were determined using different experimental methods. Both methods

offer distinct advantages: 1), The rheoscope is superior in that it allows direct

visualization of collisions, whereas cell adhesion rates in the cytometer-

based assay must be indirectly inferred after sample fixation in most cases.

Although indirect inferences are reasonably reliable above shear rates

of 100/s, they are not reliable at lower shear rates (see Results). 2), The

statistics of data obtained from the cytometer, on the other hand, are superior

to the rheoscope measurements since several thousand particles are analyzed

at each time point in this device. The effect of the stochastic nature of bond

formation on cell adhesion and its implications on the rheoscope experi-

ments are discussed elsewhere (39). 3), In another distinction, the rheoscope

follows the detailed trajectory of beads and cells before and after collision.

Thus, this method accounts for the curvilinear trajectory of particles (36,37),

whereas the modeling of cytometry data assumes that all linear trajectories

result in cell collision (34). This may result in slightly lower estimates of

‘‘adhesion efficiency’’ using the cytometry method when the particle sizes

are unequal, and when curvilinear trajectories are marked. As noted in

Results, both systems yield adhesion efficiencies in the same range at;100/s.

Platelet and neutrophil activation

Platelet activation was quantified by measuring cell-surface P-selectin

expression using flow cytometry and labeled mAbs, AK-4, and Ep5C7. Two

indices were measured (10): 1), the percent of platelets with greater-than-

baseline P-selectin expression (percent P-selectin positive); and 2), the

expression of P-selectin on activated cells based on the geometric mean

fluorescence intensity of bound mAbs. Experimental conditions for these

runs were designed to exactly mimic conditions in corresponding adhesion runs.

We observed that platelet P-selectin expression was dependent on TRAP

stimulus dose, and independent of applied shear and the presence of neutrophils.

Neutrophil activation was quantified by monitoring the binding of

CBRM1/5-FITC to activated Mac-1 on the neutrophil surface, after 5 min

incubation at 4�C.

Statistics

All data are presented as mean 6 SE. Statistical significance was assessed

using Students’ t-test with unequal variance for dual comparisons, and

ANOVA along with Student-Newman-Keuls test for multiple comparisons.

p , 0.05 was considered significant.

RESULTS

TRAP-stimulated platelet-neutrophil adhesion
under shear

Platelet-neutrophil adhesion was studied in the presence

of serum proteins and physiological calcium levels using a

cone-plate viscometer to apply fluid shear and flow cytom-

etry to monitor cell adhesion (Fig. 1). Fig. 1 A shows rep-

resentative cytometry data at a shear rate of 650/s 60 s

FIGURE 1 TRAP augments platelet-neutrophil adhe-

sion. Neutrophils labeled with LDS-751, PRP labeled with

CD61-FITC antibody, and PPP were mixed in a 1� cone
and plate viscometer at 37�C in the presence or absence of

TRAP stimulus. Samples obtained during the run were

fixed in buffer containing 1% paraformaldehyde and read

using a flow cytometer. (A) Neutrophil populations were

gated based on their characteristic forward- versus side-

scatter profile. Single neutrophils (N1), platelet-neutrophil

(PNi, i ¼ 1–4), and neutrophil homotypic (Ni, i . 1)

aggregates were identified based on the red fluorescence of

LDS-751 (neutrophil marker) and green fluorescence due

to CD61-FITC (platelet marker). Data are representative of

shear runs at 650/s, where cells were stimulated with 10

mM TRAP at 0 s, and samples were collected at 60 s after

shear. Upon comparison of the mean fluorescence of indi-

vidual platelets with that of singlet neutrophils with bound

platelets (PN1 population), we estimate that on average

;2.2 6 0.1 platelets were bound to each neutrophil. (B)

Cell adhesion kinetics in the absence of stimulus. (C) Cell

adhesion kinetics upon addition of 10 mM TRAP at 0 s.

Shear rate is 650/s in panels B and C. Insets show platelet

P-selectin expression in these runs. Platelet-neutrophil ad-

hesion was more pronounced in the presence of TRAP. (D)

Adhesion efficiency for platelet-neutrophil and neutrophil-

neutrophil adhesion estimated by modeling aggregation

data at 650/s over the first 60 s. Error bars represent the

standard error for four to seven independent experiments.

*p , 0.05 with respect to no TRAP runs.
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after application of shear and stimulus. In the absence of

stimulus, ;20% of neutrophils formed aggregates with

platelets in 2 min (Fig. 1 B). Platelet stimulation with 10 mM
TRAP at zero time markedly augmented cell adhesion rates,

and;80% of neutrophils were bound to platelets within 2 min

(Fig. 1 C). The extent of heterotypic cell adhesion correlated
with the expression of P-selectin on the platelet surface (Fig. 1,

B and C, insets). In both cases, within 15 s, ;20% of neu-

trophils were observed to rapidly form homotypic aggre-

gates. This homotypic cell binding became reversible within

2 min. The more rapid decrease in neutrophil homotypic

adhesion in the presence of TRAP suggests that some of the

homotypic aggregates also bound activated platelets to form

heterotypic aggregates. The homotypic neutrophil aggrega-

tion process could be blocked by antagonizing the Src

tyrosine kinase signaling pathways in neutrophils (Xiao and

Neelamegham, State University of New York at Buffalo, un-

published). Blocking antibodies against L-selectin and CD18

also abrogated this homotypic adhesion process in a manner

similar to that described previously (32,34). Adhesion effi-

ciency (fraction of intercellular collisions resulting in adhesion)

was quantified for neutrophil-neutrophil and platelet-neutrophil

collisions (Fig. 1 D). Platelet-neutrophil and neutrophil

homotypic adhesion were higher in the presence of TRAP.

Approximately 4% of platelet-neutrophil collisions resulted

in adhesion upon TRAP addition.

Cooperativity between platelet P-selectin and
neutrophil Mac-1 over a range of shear rates

We next examined the contribution of P-selectin and Mac-1

to platelet-neutrophil adhesion over a range of shear rates

(Fig. 2). Function-blocking antibodies to P-selectin partially

inhibited cell adhesion at low shear rates and completely

abrogated platelet-neutrophil binding at the higher shear rate,

3000/s (shear stress ¼ 2.15 Pa or 21.5 dyn/cm2). Antibodies

to CD18-integrin or Mac-1 alone did not markedly alter cell

binding at any shear rate, though these reagents abrogated cell

adhesion when added with P-selectin antibodies. Blocking

antibody against LFA-1 did not alter heterotypic adhesion

when added alone or in combination with P-selectin (data not

shown). The observation that neither P-selectin nor CD18-

integrin mAbs completely blocked heterotypic cell adhesion

at low shear rates suggests that either adhesion molecule may

be capable of individually mediating cell binding under these

conditions.

Unactivated neutrophils avidly bind
P-selectin-bearing beads under shear

Blocking studies in Fig. 2 suggest that P-selectin bonds

alone, without CD18-integrin participation, may be capable

of mediating platelet-neutrophil adhesion in a purely selec-

tin-dependent fashion. However, in the above studies, it is

also possible that cytokines and proteases secreted or borne

on the activated platelet surface may affect the function of

either the CD18-integrins or their ligands. To clearly dis-

tinguish between these two features and to study the bio-

mechanics of P-selectin PSGL-1 interactions under flow, we

developed a reconstituted system where the adhesion of 3.0-

and 5.7-mmPs-beads to isolated human neutrophils was studied.

Experiments were conducted using both flow cytometry to

detect bead-cell adhesion (Fig. 3, A–C) and the rheoscope to

visually observe this phenomenon (Fig. 3 D, Supplemental

Movies). Flow cytometry was suited for studies conducted at

higher shear rates (100-3000/s), whereas the rheoscope was

better at lower shear (14–110/s).

Fig. 3 A presents representative cytometry histograms

that quantify the expression of P-selectin on microspheres

compared to activated human platelets. Platelets stimulated

with 25 mM TRAP for 3 min expressed 16,000 6 1170

P-selectins/cell, which is in reasonable agreement with pub-

lished data (40,41). In comparison, 3.0- and 5.7-mm Ps-beads

expressed selectins in the range of 37,000–83,000 and

64,000–190,000 sites/bead, respectively. After accounting

for platelet size and contours of its cell membrane, selectin

densities on our beads are ;2.5–10 times greater than that

on platelets. As discussed later, such high densities are

necessary in bead experiments, due to the pronounced cur-

vilinear trajectory and reduced receptor-ligand encounter

frequency as smooth particles approach cells. Such trajec-

FIGURE 2 Contribution of P-selectin and Mac-1 as a function of shear

rate. Effect of blocking antibodies against P-selectin (G1), CD18 integrin

(IB4), and Mac-1 (mAb44) on heterotypic cell adhesion efficiency was

studied over a range of shear rates. A 10-mMTRAP stimulus was added at 0 s

in these runs. Anti-P-selectin antibody acted in cooperation with anti-Mac-1

to abrogate adhesion at all shear rates. Error bars represent the standard error

for three to six experiments. p, 0.05 with respect to: *, no mAb and CD18

integrin; #, all other treatments; and §, no mAb, P-selectin, and CD18

integrin.
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tories dramatically reduce the frequency and duration of

bead-cell interactions in comparison with platelet-neutrophil

collisions.

When Ps-beads were mixed with unactivated neutrophils,

we observed the rapid formation of bead-neutrophil aggre-

gates suggesting that exogenous leukocyte activation is not

necessary for cell adhesion (Fig. 3 B). Consistent with other

reports (42), Ps-bead binding to neutrophils also did not

augment activation of neutrophils as measured using mAb

CBRM1/5 binding to these cells (data not shown). At 120 s,

;60% of neutrophils formed aggregates with 5.7-mm
Ps-beads at 650/s (Fig. 3 C). Adhesion of Ps-beads to

neutrophils was abrogated by TBC1269 (sLeX analog) to

levels comparable to control goat anti-mouse beads without

P-selectin. Similar binding specificity was observed in

rheoscope studies (Fig. 3 D).

Dependence of P-selectin-mediated adhesion
on shear rate, shear stress, receptor density,
and cell size

We measured neutrophil adhesion to platelets and Ps-beads

over a range of shear rates to determine if P selectin-mediated

adhesive interactions exhibit a shear-threshold phenomenon

similar to L-selectin-mediated homotypic neutrophil aggre-

gation (23,32). In platelet-neutrophil studies, two different

TRAP doses were applied (Fig. 4 A). P-selectin receptor

expression at 15 s at the higher TRAP dose was ;25 times

that at the lower dose. Under both stimulus conditions,

platelet-neutrophil adhesion efficiency was observed to

decrease continuously with increasing shear rate from 79 to

3000/s. The efficiency of Ps-bead adhesion to neutrophils

also decreased with increasing shear from 139/s to 1077/s

(Fig. 4 B), and the shear-threshold phenomenon was not

observed. The efficiency of 5.7-mm Ps-bead adhesion to

neutrophils was similar to that of platelet-neutrophil binding

after 10-mMTRAP stimulus. Overall, heterotypic aggregates

were observed over the range of shear rates tested (shear

stress ¼ 0.035–2.15 Pa). This suggests that platelet-neutro-

phil aggregation is viable in both the venous and arterial

circulation.

Rheoscope experiments were performed to contrast the

dependence of adhesion rate on applied shear rate versus

shear stress, and to study cell adhesion at low shear rates. We

observed that bead-neutrophil adhesion increased with shear

rate (Fig. 4 C). Approximately 50% of the neutrophils bound

at least one 5.7-mm Ps-bead after 22 s when the shear rate

FIGURE 3 Neutrophil binding to Ps-beads. (A)

P-selectin expression detected on 5.7 mm white Ps-beads

using FITC-conjugated humanized antibody Ep5C7

(upper) compared to platelets activated with 25 mM

TRAP for 3 min (lower). Flow cytometry settings are the

same in both panels. Control beads (goat anti-mouse

IgG-bearing beads without recombinant P-selectin)

incubated with Ep5C7-FITC was the negative control

for the upper panel. Unstimulated platelets were used as

the negative control for the lower panel. (B) Binding of

5.7-mm Ps-beads to neutrophils was detected using

yellow-orange fluorescence of beads and red fluores-

cence of LDS 751-labeled neutrophils. (C) Binding of

5.7-mm Ps-beads (1400 6 103 P-selectin/mm2) to

neutrophils at 650/s is completely blocked by 2 mM

soluble sLeX analog TBC1269 in flow cytometry runs.

Inset presents calculated adhesion efficiency. (D) Bind-

ing of 5.7-mm Ps-beads (650 P-selectin/mm2) to neutro-

phils at 110/s (shear stress 0.6 Pa) is also blocked by

2 mM TBC1269 in rheoscope runs. Error bars represent

the standard error for three or more experiments in panels

A–C and five or more experiments in panel D.
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was 110/s. Aggregation kinetics were low at 14/s. Increasing

shear rate proportionally increases the frequency of particle

collisions (34,43); thus, we normalized the adhesion kinetics

by collision number by changing the x axis in Fig. 4 D from

time to time 3 shear rate. After normalization, we still ob-

served lower aggregation kinetics at 14/s compared to higher

shear rates. When the suspending-medium viscosity was

doubled by the addition of 10% Ficoll (Fig. 4 E), thereby
doubling the applied shear stress without altering the cell

collision frequency (23,32), we noted a marked increase in

bead-neutrophil adhesion rate upon increasing medium

viscosity (Fig. 4, C versus E). Similar observations as in

Fig. 4, C–E, were made during studies where 3.0-mm Ps-beads

collided and aggregated with human neutrophils in the

rheoscope apparatus (Fig. 5).

With the goal of more carefully examining the above

observations, we acquired rheoscope data at higher framing

rates and analyzed individual collisions (Tables 1 and 2).

Such studies complement data in Figs. 4 and 5, since in ad-

dition to quantifying stable bead-cell aggregates after multiple

rotations, they also account for nonseparating doublets that

form for a few orbits before breaking up. These experiments

revealed that the efficiency of 3.0-mm Ps-bead adhesion to

neutrophils increased with shear rate from 66/s to 110/s. In

another set of experiments (Table 2) performed with 5.7-mm
beads at a shear rate of 14/s and two different medium vis-

cosities, we observed a statistically lower level of adhesion

efficiency in runs performed at the lower shear stress (lower

medium viscosity) compared to runs where the applied shear

stress was higher. Studies performed at the lower shear

stress also exhibited a greater (;52%) rate of breakage of

nonseparating Ps bead-neutrophil doublets compared to runs

at the higher shear stress (;15%). The above observations

are consistent with the proposition that P selectin-PSGL 1

interactions in suspension exhibit a shear threshold at low

shear stresses.

FIGURE 4 Shear dependence of P-selectin PSGL-1

binding. (A) Platelet-neutrophil adhesion experiments

were conducted from shear rates of 79/s to 3000/s using

flow cytometry to detect adhesion rates. Adhesion effi-

ciency was quantified at low (10 mMTRAP at 0 s) and high

(25 mM TRAP added to PRP 3 min before shear) stimulus

conditions. Platelet-neutrophil adhesion efficiency de-

creased monotonically with shear from 79 to 3000/s. (B)

Neutrophil adhesion to Ps-beads was examined for both

3.0- and 5.7-mm beads over the shear-rate range from 139/s

to 1077/s using flow cytometry to quantify cell-bead

adhesion. P-selectin density was 13006 136 sites/mm2 for

3.0-mm beads and 1400 6 103 sites/mm2 for 5.7-mm

beads. Bead-neutrophil adhesion efficiency was quantified.

It displayed a decrease with increasing shear. (C–F)
Adhesion of 5.7-mm Ps-beads to neutrophils was measured

using the rheoscope. In panels C and E, the P-selectin

density was kept constant at 1899 sites/mm2 while sus-

pending fluid viscosity was increased from 2.76 mPa�s (C)
to 5.49 mPa�s (E) by addition of ficoll. Data in panel D

are identical to those in panel C, except that the x axis is

normalized to account for the linear increase in bead-cell

collision number with increasing shear rate. Conditions in

panel F are identical to those in panel E, except that

P-selectin density was reduced to 650 sites/mm2. Error bars

represent the standard error for three or more experiments

in the first two panels, and five or more experiments

in panels C–F.
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To determine whether the shear-dependent selectin-binding

interaction observed in the rheoscope runs also took place

when activated platelets collided with neutrophils, studies

were undertaken at low shear rates (15–180/s) using the

viscometer to apply defined shear and flow cytometry to

detect cell adhesion rates. These studies, which were con-

ducted in the presence of an F(ab9)2 blocking mAb against

CD18, were, however, inconclusive since the level of shear

and the number of cell-cell collisions taking place during

preparation for these low-shear runs and during the sampling

step were comparable to the shear rates studied in the in-

dividual runs. Neutrophil-platelet adhesion studies could

also not be performed using the rheoscope due to limitations

of the microscope’s optics. Taken together, the above studies

provide evidence of a weak shear-dependent process con-

trolling P-selectin-mediated neutrophil adhesion to Ps-beads

at low shear rates. This is unlike L selectin-mediated

neutrophil-neutrophil binding, where the shear-threshold

phenomenon is very prominent (23,32,34).

Platelet-neutrophil (Fig. 4 A) and Ps bead-neutrophil (Fig. 4,
E versus F) adhesion rates decrease when P-selectin cov-

erage is low. Collision analysis (Table 1) revealed that al-

though decreasing P-selectin density on Ps-beads did not

affect the adhesion efficiency, the fraction of nonseparating

doublets that broke up before leaving the field of view was

greater at the lower densities. Thus, high selectin densities

likely favor the sustenance of platelet-neutrophil aggregates

in circulation.

P-selectin PSGL-1 bonds alone can hold
platelet-neutrophil aggregates together
over multiple rotations

We examined whether P-selectin PSGL-1 bonds alone can

stably form platelet-neutrophil aggregates under hydrodynamic

shear. To test this, PRP was first stimulated with 25 mM
TRAP for 3 min to achieve high platelet P-selectin

expression. Stimulated platelets were then mixed with un-

activated neutrophils at a shear rate of 650/s for 60 s before

addition of blocking mAbs. Anti-P-selectin or anti-PSGL-1

mAbs added at 60 s, but not anti-CD18-integrin antagonists,

rapidly dissociated platelet-neutrophil aggregates formed in

the first 60 s (Fig. 6, A and B). Break-up of previously formed

FIGURE 5 Shear threshold during the

interaction between 3-mm Ps-beads and

neutrophils. Neutrophil adhesion to 3.0-

mm Ps-beads was measured using the

rheoscope and methods identical to

those described in Fig. 4, C–E, legend.

P-selectin density was 2938 sites/mm2 in

all cases. Suspending fluid viscosity was

increased from 2.76 mPa�s (A) to 5.49

mPa�s (B) by addition of ficoll. Data in

panel C are identical to those in panel B,
except that the x axis is normalized to

account for the linear increase in bead-

cell collision number with increasing

shear rate. Error bars represent the stan-

dard error for at least five experiments.

TABLE 1 Frame-by-frame analysis of P-selectin PSGL-1 interactions in rheoscope

Site density,

selectin (mm2) Shear rate (/s) Shear stress (Pa)

No. of doublets

analyzed

Bead-neutrophil

adhesion efficiency*

% Nonseparating

doublets that break upy tnormalized
§

5.7-mm diameter Ps-beads

650 66 0.36 347 0.150 6 0.025 (n ¼ 32) 6.8 (3/44) 9.69 6 0.83

650 110 0.60 222 0.133 6 0.025 (n ¼ 24) 6.3 (2/32) 11.72 6 2.45

1899 66 0.36 200 0.141 6 0.018 (n ¼ 12) 0 (0/27) 16.02 6 4.63

1899 110 0.60 216 0.124 6 0.025 (n ¼ 26) 0 (0/28) 12.14 6 1.63

3.0-mm diameter Ps-beads

2938 66 0.36 202 0.023 6 0.011 (n ¼ 18) 0 (0/4) 9.75 6 2.36

2938 110 0.60 139 0.099 6 0.029 (n ¼ 34)z 0 (0/12) 19.3 6 6.32

Medium viscosity was 5.49 mPa�s in all runs.

*Data are presented as mean 6 SE. Numbers in parentheses denote the number of sequences for each condition. Mean 6 SE was calculated based on the

adhesion efficiency measured in each sequence.
yPercentage of all nonseparating doublets that were seen to break up after surviving tensile forces in alternate quarter orbits before being lost from the field

of view.
zp , 0.05 with respect to 66/s run with 3.0-mm Ps-beads.
§Doublet lifetime [tnormalized ¼ Ætmeasæ/Ættheoræ] 6 SE is reported for nonseparating doublets as defined in Methods.
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aggregates was also observed when 10 mM TRAP was

applied as a stimulus at 0 s.

We distinguished between the effects of the P-selectin/

PSGL-1 antibodies above in preventing the formation of new

platelet-neutrophil aggregates and in breaking up previously

formed aggregates. To this end, we performed experiments

where sheared samples were diluted with sevenfold excess

buffer after 60 s of shear (Fig. 6 C). Sevenfold dilution ef-

fectively reduces the rate of aggregate formation by 49-fold

without altering the break-up kinetics (34). If platelet-

neutrophil binding were indeed spontaneously reversible,

such treatment would be expected to lead to a rapid decrease

in percent of platelet-neutrophil adhesion. In our runs, we did

not observe such break-up of heterotypic aggregates after

dilution. Even reduction of the shear rate to 49/s along with

sample dilution did not promote break-up. Thus, platelet-

neutrophil aggregates once formed via selectin bonds

alone appear stable over multiple rotations, and addition of

P-selectin PSGL-1 antagonists at 60 s (Fig. 6, A and B) breaks
up previously formed heterotypic aggregates.

The dynamic break-up phenomenon could also be ob-

served in whole-blood experiments (Fig. 6 D) and in studies

where neutrophils bound Ps-beads (Fig. 6 E). In whole-blood
studies, the break-up of platelet-neutrophil aggregates was

observed when P-selectin antagonist was added at either 30 s

(Fig. 6 D) or 150 s (data not shown). This suggests that the

contribution of CD18 integrins to platelet-leukocyte adhesion

is low even at longer times. In bead experiments, dilution

after 60 s of shear did not break up previously formed bead-

neutrophil aggregates. Similarly, Ps-bead neutrophil aggre-

gates formed at 110/s in the rheoscope did not break up when

shear rate was suddenly dropped to 14/s. Moreover, as

shown by the values of tnormalized in Table 1, most non-

separating platelet-bead doublets had long lifetimes and were

seen to rotate over multiple orbits. Overall, our results dem-

onstrate an integrin-independent regime for cell adhesion.

Results of our studies with whole blood suggest that such a

phenomenon may be physiologically relevant.

DISCUSSION

The biophysics of P-selectin interaction with neutrophil

PSGL-1 was studied using a variety of experimental systems.

To facilitate the Discussion, Table 3 compares the intercel-

lular hydrodynamic forces, collision frequency, and recep-

tor-ligand encounter frequencies for neutrophil binding in

different experimental systems. These results are in part

based on an earlier publication (22). Table 3 provides

theoretical estimates of the degree to which results from the

Ps-bead-neutrophil adhesion experiments mimic platelet-

neutrophil adhesion runs.

Platelet-neutrophil aggregation in suspension was ob-

served over both venous and arterial shear rates from 50 to

3000/s and shear stresses from 0.04 to 2.15 Pa. In contrast,

neutrophil tethering on immobilized platelets occurs only

below a shear stress of 0.4 Pa (9,12,44). This difference is

likely due to the ;23-fold higher magnitude of fluid force

applied on selectin bonds at a given shear rate, in the parallel-

plate flow-chamber experiments compared to the suspension

assay (Table 3).

The important role of P-selectin PSGL-1 binding, and

CD18-integrin subunit (Mac-1) recognition by its platelet

ligand(s) during cell adhesion was noted. Although formyl

peptide and other chemokine-stimulated homotypic neutro-

phil aggregation is completely blocked at all shear rates by

anti-CD18-integrin mAbs alone (32), in agreement with

other published reports (24,25,28,29), CD18 antagonists

were only marginally effective at blocking platelet-neutro-

phil binding when added alone. These reagents acted in

synergy with P-selectin blockers to abrogate cell adhesion.

This feature is likely due to the low off-rates of P-selectin

PSGL-1 bonds, as discussed in detail below. Detailed studies

performed using a panel of blocking mAbs against putative

Mac-1 ligands (ICAM-2, aIIbb3 and GpIba) did not reveal

any potent inhibitor over the range of shear rates tested when

these reagents were added alone (Supplemental Material,

Fig. S2). When added in combination with an anti-P-selectin

blocking antibody, this panel of molecules also did not block

cell adhesion more than the P-selectin antagonist alone.

Blocking antibodies to JAM-3, which has also been impli-

cated in platelet-neutrophil adhesion (18), were not available.

As Santoso et al. (18) suggest, it is possible that multiple

ligands have to be blocked along with JAM-3 to observe

marked inhibition of heterotypic adhesion.

Observations of leukocytes rolling on substrates has

firmly established the idea that selectin-mediated cell

tethering/rolling is only the first step in a multistep

process that is required for cell adhesion on vessel walls

in vivo (45). Our studies extend this notion. They

demonstrate that leukocyte-platelet aggregation in sus-

pension is possible via both selectin-independent and

integrin-independent mechanisms (Fig. 7). This is

supported by observations that P-selectin PSGL-1 antag-

onists, but not CD18-integrin blockers, can break up

TABLE 2 Rheoscope studies with 5.7-mm-diameter

Ps-beads at shear rate of 14/s

Shear

stress (Pa)

No. of doublets

analyzed

Bead-neutrophil

adhesion efficiency*

% Nonseparating

doublets that break upy

0.039 221 0.092 6 027 (n ¼ 15) 52.1 (12/23)

0.077 241 0.225 6 024 (n ¼ 15)z 18.4 (9/49)

Medium viscosity was 2.76 mPa�s at the lower shear stress and 5.49 mPa�s
at the higher stress. Selectin site density was ;2000/mm2.

*Data are presented as mean 6 SE. Numbers in parentheses denote the

number of sequences for each condition. Mean 6 SE was calculated based

on the adhesion efficiency measured in each sequence.
yPercentage of all nonseparating doublets that were seen to break up after

surviving tensile forces in alternate quarter orbits before being lost from the

field of view.
zp , 0.05 with respect to a shear stress of 0.039 Pa.
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platelet-neutrophil doublets formed in both isolated cell

systems and in whole blood. Our observations are reasonable

given the following. 1), P-selectin PSGL-1 bonds have high

tensile strengths that can withstand mechanical forces up to

165 pN (46). 2), Such interactions also exhibit lower

off-rates in leukocyte-rolling experiments compared to

L-selectin (47). Surface plasmon resonance measurements

also show that L-selectin-GlyCAM-1 bonds are short-lived

(koff. 10/s) (48) compared to P-selectin PSGL-1 interactions

(koff ¼ 1.4 6 0.1/s) (49). 3), The hydrodynamic forces that

attempt to separate platelets from neutrophils are also

approximately sixfold smaller than those that attempt to

break neutrophil-neutrophil doublets at any given shear rate

(Table 3). This is due to the small size of platelets, which

shield the intercellular bonds from fluid forces. 4), Finally,

P-selectin is present at high densities on both activated

platelets and beads, and thus multiple bonds can engage as

the aggregates rotate in shear flow. Real-time videomicro-

scopy observations of Ps-bead-neutrophil collisions reveal

that although the initial efficiency of transient nonseparating

Ps bead-neutrophil doublet formation was independent of

P-selectin density, bead-cell doublets with higher P-selectin

density were more stable after multiple orbits. Thus,

P-selectin is important not only for the formation of

nonseparating heterotypic aggregates but also for their

sustenance over multiple rotations. Such sustenance extends

the time available for neutrophil Mac-1 activation and thus

enhances leukocyte-platelet adhesion rates.

FIGURE 6 Antagonists against P-selectin PSGL-1 bind-

ing dynamically break up previously formed platelet-

neutrophil aggregates. (A and B) PRP was incubated with

25 mMTRAP for 3 min before being sheared with PPP and

unactivated neutrophils in the viscometer. Anti-P-selectin

mAb G1, anti-CD18 integrin mAb IB4, or anti-PSGL

1 mAb KPL-1 were added to the cell suspension at 60 s in

some runs and shear was continued. mAbs to P-selectin

and PSGL-1, but not CD18 integrin, broke up previously

formed platelet-neutrophil aggregates. (C) The control

sample (same as no mAb treatment in A) was diluted

sevenfold at 60 s with excess HEPES buffer containing

calcium. Shear was also dropped to 49/s at the time of

dilution in some cases. Neither sample dilution nor

reduction in shear caused previously formed aggregates

to dissociate. (D) Undiluted heparinized blood was stim-

ulated with 2 mMTRAP at 0 s in the presence of GpIIb/IIIa

blocking antibody 7E3 and sheared. Anti-P selectin mAb

G1 or CD18-integrin mAb IB4 was added at 30 s in some

cases. P-selectin antagonist broke up previously formed

heterotypic aggregates. (E) Adhesion of 3-mm Ps-beads to

neutrophils was studied. Addition of 2 mM TBC1269

(sLeX analog) at 60 s caused previously formed cell-bead

aggregates to break up. Applied shear rate was 650/s for all

runs. Error bars represent the standard error for three or

more experiments.
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We tested whether P selectin-mediated platelet-neutrophil

adhesion in suspension exhibits the shear-threshold phe-

nomenon. This phenomenon has been observed during

L-selectin-mediated neutrophil homotypic aggregation

(23,32) and during leukocyte rolling on peripheral node

addressin (50). Leukocyte rolling on P-selectin substrates

also exhibits the shear-threshold phenomenon, though this is

only observed in a narrow range of selectin densities (;150

sites/mm2) and when the applied shear stress is low (26,51).

Shear threshold during leukocyte rolling occurs at ;0.025–

0.05 Pa for P-selectin versus 0.1 Pa for L-selectin (50,51).

Shear-threshold phenomena in suspension assays have

shown that 1), homotypic neutrophil aggregation is low at

,250/s and.1200/s, and it peaks at intermediate shear rates

(32); 2), unstimulated neutrophils spontaneously form

nonseparating doublets at 110/s, but these doublets dissoci-

ate when shear is reduced to 14/s (23); and 3), increasing

shear stress by altering suspending medium viscosity also

augments neutrophil-neutrophil binding rates below 250/s

(23,32). In contrast to these observations, we did not observe

the break-up of heterotypic doublets upon abrupt reduction

in shear. We did, however, visualize augmented Ps bead-

neutrophil binding upon doubling suspending medium

viscosity at low shear rates. An increase in Ps bead-

neutrophil aggregation rates was observed upon increasing

shear rate from 14/s to 66/s in the case of 5.7 mm bead-

neutrophil aggregates (site density of 1899 sites/mm2), and

between 14 and 110/s in the case of 3.0-mm bead-neutrophil

aggregates. As seen in Table 3, the estimated receptor-ligand

encounter frequency for both cases is very comparable and it

coincides closely with the encounter rates in the cellular

systems. Further, the force loading rates on single selectin-

ligand bonds is estimated to be;287 pN/s at 30/s for 5.7 mm
bead-neutrophil doublets, and 325 pN/s at 60/s for 3.0-mm-

bead-neutrophil doublets. This estimate of force loading rate

observed in our experiments matches remarkably well with

the estimates of Evans et al. (27). Using the biomembrane

force probe, these authors suggest that the strength and

lifetime of PSGL-1 P-selectin bonds drops anomalously

when loaded below 300 pN/s. Taken together, our observa-

tions suggest a shear-dependent regulation of P-selectin

PSGL-1 bonding at low shear rates.

Although the extent of platelet-neutrophil adhesion was

lower than that of neutrophil-neutrophil adhesion when

10-mM TRAP was used as a stimulus, the efficiency of the

homotypic and heterotypic adhesion processes was comparable

when 25 mM TRAP was the stimulus. This is a little

surprising given the low on-rate of P-selectin bonds com-

pared to L-selectin bonds (52). Although the off-rate and

cell-surface densities of this molecule undoubtedly contrib-

ute to these efficiencies, our data also highlight an important

role of platelet surface roughness in augmenting adhesion

rates. In this context, fluid mechanical theory (53) shows that

smooth unequal-sized spheres/discs with diameters equiva-

lent to those of platelets and neutrophils cannot collide and

adhere with the high efficiencies noted in our work (;0.42 at

TABLE 3 Biophysical parameters regulating neutrophil adhesion in a variety of experimental systems

Cell adhesion in suspension* Cell attachment to substratey

Cell parameter

Neutrophil-

neutrophil

Platelet-

neutrophil

5.7-mm Ps-bead

neutrophil adhesion

3.0-mm Ps-bead

neutrophil adhesion

Neutrophil binding

to immobilized P-selectin

Radius of second species (mm) 4.5 1.5 2.85 2.85 1.5 –

Separation distance (mm) 0.63 2.33 0.315 0.315 0.315 0.315

Ligand density on second species (sites/mm2) 235.8 246.0 650.0 1899.0 2938.0 250.0

Maximum intercellular force (pN)z 267.3 48.6 164.0 164.0 66.7 1139

Collision frequency (normalized)§ 0.423 0.637 0.302 0.302 0.186 –

Receptor-ligand encounter frequency (number/collision){ 7.36 1.72 2.95 8.62 7.79 –

All calculations were performed assuming that the fluid is Newtonian with a viscosity (m) of 0.001 Pa�s, and applied shear rate (G) is 600/s. Cells were
approximated to be equivalent to spheres with surface protrusions dictated by their microvilli length. Neutrophils were designated to be the ‘‘first species’’

and these were modeled as spheres of radius 4.5 mm and 0.315-mm-length microvilli bearing PSGL-1 at 235.8 sites/mm2. The ‘‘second species’’ refers to the

cells or particles that interact with neutrophils. This may be another neutrophil with L-selectin density at 235.8 sites/mm2, an activated platelet of size 1.5 mm

with surface extensions up to 2.01 mm or smooth P-selectin-bearing beads of varying size and ligand density.

*Such attachment may occur in suspension either in viscometer studies or in vivo.
ySuch attachment may occur in flow-chamber experiments or on the injured blood vessel walls. Force calculations are based on previously published work

(52,57), without accounting for neutrophil tether formation/extension.
zCalculations, performed as described elsewhere (22), were used to determine maximum intercellular force. Force varies linearly with m and G.
§To calculate cell collision frequency, particle trajectories were simulated by solving the creeping-flow equation (22) assuming that there are no attractive/

repulsive forces acting between the colliding species. Cell-cell collision was defined as occurring when the separation distance between the first and second

species was less than the sum of the surface microvilli/protrusions. Collision-frequency data are presented as collision number/time/volume normalized by

collision frequency predicted by two-body linear collision theory (43).
{Receptor-ligand encounter frequency was calculated by determining the surface area on the two colliding species that came in contact with each other during

the intercellular collision simulations described above. A contact zone size of 50 nm was assumed to form between the two colliding species. The number of

receptors and ligands that entered this contact zone during a single collision was then defined to contribute to receptor-ligand encounter frequency. This

parameter varies linearly with G, receptor density, and ligand density.
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49/s). Due to their smaller size, upon approach, these smooth

spheres tend to follow a pronounced curvilinear trajectory,

which reduces the number of collisions from that predicted

by Smoluchowski’s linear two-body collision theory (43).

Such a feature is also evident in Table 3, which predicts that

only ;42% of linear neutrophil-neutrophil trajectories are

expected to result in collision events. In the case of platelets,

however, the roughness of the cell allows ;64% of trajec-

tories to result in collision events. This fraction is dramat-

ically lower in the case of encounters between 3.0-mm beads

and neutrophils, where only ;18% of the rectilinear tra-

jectories result in collision. Due to the curvilinear trajectory

of cells/particles and the absence of surface roughness on

beads, the P-selectin density was kept high on the Ps-beads

used in this study.

Overall, our study highlights the important biophysical

features that contribute to platelet-leukocyte interactions.

This understanding and the model of cell adhesion (Fig. 7)

are likely to be important in the context of various thera-

peutic studies that suggest that inhibition of platelet-leukocyte

binding with anti-P-selectin or recombinant PSGL-1 can be

beneficial in treating vascular diseases including venous (54)

and arterial thrombosis (55) and in-stent restenosis (56).

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.

We acknowledge grant support from the National Institutes of Health

(HL63014 and HL76211) and the Quebec Heart and Stroke Foundation.

REFERENCES

1. Mickelson, J. K., N. M. Lakkis, G. Villarreal-Levy, B. J. Hughes, and
C. W. Smith. 1996. Leukocyte activation with platelet adhesion after
coronary angioplasty: a mechanism for recurrent disease? J. Am. Coll.
Cardiol. 28:345–353.

2. Ott, I., F. J. Neumann, M. Gawaz, M. Schmitt, and A. Schomig. 1996.
Increased neutrophil-platelet adhesion in patients with unstable angina.
Circulation. 94:1239–1246.

3. Furman, M. I., M. R. Barnard, L. A. Krueger, M. L. Fox, E. A. Shilale,
D. M. Lessard, P. Marchese, A. L. Frelinger 3rd, R. J. Goldberg, and
A. D. Michelson. 2001. Circulating monocyte-platelet aggregates are
an early marker of acute myocardial infarction. J. Am. Coll. Cardiol.
38:1002–1006.

4. Gawaz, M., S. Fateh-Moghadam, G. Pilz, H. J. Gurland, and
K. Werdan. 1995. Platelet activation and interaction with leucocytes
in patients with sepsis or multiple organ failure. Eur. J. Clin. Invest.
25:843–851.

5. Huo, Y., A. Schober, S. B. Forlow, D. F. Smith, M. C. Hyman, S. Jung,
D. R. Littman, C. Weber, and K. Ley. 2003. Circulating activated
platelets exacerbate atherosclerosis in mice deficient in apolipoprotein
E. Nat. Med. 9:61–67.

6. Smyth, S. S., E. D. Reis, W. Zhang, J. T. Fallon, R. E. Gordon, and
B. S. Coller. 2001. Beta(3)-integrin-deficient mice but not P-selectin-
deficient mice develop intimal hyperplasia after vascular injury:
correlation with leukocyte recruitment to adherent platelets 1 hour
after injury. Circulation. 103:2501–2507.

7. Lefer, A. M., B. Campbell, R. Scalia, and D. J. Lefer. 1998. Synergism
between platelets and neutrophils in provoking cardiac dysfunction after
ischemia and reperfusion: role of selectins. Circulation. 98:1322–1328.

8. Yeo, E. L., J. A. Sheppard, and I. A. Feuerstein. 1994. Role of
P-selectin and leukocyte activation in polymorphonuclear cell adhesion
to surface adherent activated platelets under physiologic shear condi-
tions (an injury vessel wall model). Blood. 83:2498–2507.

9. Buttrum, S. M., R. Hatton, and G. B. Nash. 1993. Selectin-mediated
rolling of neutrophils on immobilized platelets. Blood. 82:1165–1174.

10. Konstantopoulos, K., S. Neelamegham, A. R. Burns, E. Hentzen, G. S.
Kansas, K. R. Snapp, E. L. Berg, J. D. Hellums, C. W. Smith, L. V.
McIntire, and S. I. Simon. 1998. Venous levels of shear support
neutrophil-platelet adhesion and neutrophil aggregation in blood via
P-selectin and beta2-integrin. Circulation. 98:873–882.

11. Moore, K. L., K. D. Patel, R. E. Bruehl, F. Li, D. A. Johnson, H. S.
Lichenstein, R. D. Cummings, D. F. Bainton, and R. P. McEver. 1995.
P-selectin glycoprotein ligand-1 mediates rolling of human neutrophils
on P-selectin. J. Cell Biol. 128:661–671.

12. Diacovo, T. G., S. J. Roth, J. M. Buccola, D. F. Bainton, and T. A.
Springer. 1996. Neutrophil rolling, arrest, and transmigration across
activated, surface-adherent platelets via sequential action of P-selectin
and the beta 2-integrin CD11b/CD18. Blood. 88:146–157.

13. Sheikh, S., and G. B. Nash. 1996. Continuous activation and deac-
tivation of integrin CD11b/CD18 during de novo expression enables
rolling neutrophils to immobilize on platelets. Blood. 87:5040–5050.

14. Evangelista, V., S. Manarini, S. Rotondo, N. Martelli, R. Polischuk,
J. L. McGregor, G. de Gaetano, and C. Cerletti. 1996. Platelet/
polymorphonuclear leukocyte interaction in dynamic conditions:
evidence of adhesion cascade and cross talk between P-selectin and
the beta 2 integrin CD11b/CD18. Blood. 88:4183–4194.

FIGURE 7 Model for platelet-neutrophil adhesion. Purely Mac-1-depen-

dent (selectin-independent) heterotypic cell adhesion can take place at low/

moderate shear rates (,650/s) as seen in Fig. 2. This process is driven by the

modest activation of neutrophils when mixed with platelets, PPP, and

TRAP. TRAP-stimulated platelets also upregulate their P-selectin expres-

sion. Due to the low off-rate and high tensile strength of P-selectin

PSGL-1 bonds, this molecular interaction alone can mediate the formation of

platelet-neutrophil aggregates over most shear conditions in an integrin-

independent manner. CD18 integrins may help further stabilize these

interactions, though the contribution of these molecules varies with time

after stimulation (58). Thus, the contribution of CD18 integrins in forming

heterotypic cellular aggregates depends on their affinity and avidity state.

Addition of antagonists to P-selectin PSGL-1 bonds can dynamically break

up previously formed platelet-neutrophil aggregates, provided integrins are

not engaged.

2232 Xiao et al.

Biophysical Journal 90(6) 2221–2234



15. Brown, K. K., P. M. Henson, J. Maclouf, M. Moyle, J. A. Ely, and G. S.
Worthen. 1998. Neutrophil-platelet adhesion: relative roles of platelet
P-selectin and neutrophil beta2 (DC18) integrins. Am. J. Respir. Cell
Mol. Biol. 18:100–110.

16. Weber, C., and T. A. Springer. 1997. Neutrophil accumulation on
activated, surface-adherent platelets in flow is mediated by interaction
of Mac-1 with fibrinogen bound to aIIbb3 and stimulated by platelet-
activating factor. J. Clin. Invest. 100:2085–2093.

17. Kuijper, P. H., H. I. Gallardo Tores, J. W. Lammers, J. J. Sixma, L.
Koenderman, and J. J. Zwaginga. 1998. Platelet associated fibrinogen
and ICAM-2 induce firm adhesion of neutrophils under flow condi-
tions. Thromb. Haemost. 80:443–448.

18. Santoso, S., U. J. Sachs, H. Kroll, M. Linder, A. Ruf, K. T. Preissner, and
T. Chavakis. 2002. The junctional adhesion molecule 3 (JAM-3) on
human platelets is a counterreceptor for the leukocyte integrin Mac-1.
J. Exp. Med. 196:679–691.

19. Simon, D. I., Z. Chen, H. Xu, C. Q. Li, J. Dong, L. V. McIntire, C. M.
Ballantyne, L. Zhang, M. I. Furman, M. C. Berndt, and J. A. Lopez.
2000. Platelet glycoprotein iba is a counterreceptor for the leukocyte
integrin Mac-1 (CD11b/CD18). J. Exp. Med. 192:193–204.

20. Neelamegham, S. 2004. Transport features, reaction kinetics and
receptor biomechanics controlling selectin and integrin mediated cell
adhesion. Cell Commun. Adhes. 11:35–50.

21. Schmidtke, D. W., and S. L. Diamond. 2000. Direct observation of
membrane tethers formed during neutrophil attachment to platelets or
P-selectin under physiological flow. J. Cell Biol. 149:719–730.

22. Shankaran, H., and S. Neelamegham. 2004. Hydrodynamic forces
applied on intercellular bonds, soluble molecules, and cell-surface
receptors. Biophys. J. 86:576–588.

23. Goldsmith, H. L., T. A. Quinn, G. Drury, C. Spanos, F. A. McIntosh,
and S. I. Simon. 2001. Dynamics of neutrophil aggregation in Couette
flow revealed by videomicroscopy: effect of shear rate on two-body
collision efficiency and doublet lifetime. Biophys. J. 81:2020–2034.

24. Ahn, K. C., A. J. Jun, P. Pawar, S. Jadhav, S. Napier, O. J. McCarty, and K.
Konstantopoulos. 2005. Preferential binding of platelets to monocytes over
neutrophils under flow. Biochem. Biophys. Res. Commun. 329:345–355.

25. Hu, H., D. Varon, P. Hjemdahl, N. Savion, S. Schulman, and N. Li.
2003. Platelet-leukocyte aggregation under shear stress: differential
involvement of selectins and integrins. Thromb. Haemost. 90:679–687.

26. Marshall, B. T., M. Long, J. W. Piper, T. Yago, R. P. McEver, and C.
Zhu. 2003. Direct observation of catch bonds involving cell-adhesion
molecules. Nature. 423:190–193.

27. Evans, E., A. Leung, V. Heinrich, and C. Zhu. 2004. Mechanical
switching and coupling between two dissociation pathways in a
P-selectin adhesion bond. Proc. Natl. Acad. Sci. USA. 101:11281–11286.

28. Theoret, J. F., J. G. Bienvenu, A. Kumar, and Y. Merhi. 2001. P-selectin
antagonism with recombinant p-selectin glycoprotein ligand-1 (rPSGL-Ig)
inhibits circulating activated platelet binding to neutrophils induced by
damaged arterial surfaces. J. Pharmacol. Exp. Ther. 298:658–664.

29. Fernandes, L. S., I. D. Conde, C. Wayne Smith, G. S. Kansas, K. R.
Snapp, N. Bennet, C. Ballantyne, L. V. McIntire, E. O’Brian Smith,
J. A. Klem, S. Mathew, N. Frangogiannis, N. A. Turner, K. J. Maresh,
and N. S. Kleiman. 2003. Platelet-monocyte complex formation: effect
of blocking PSGL-1 alone, and in combination with aIIbb3 and
aMb2, in coronary stenting. Thromb. Res. 111:171–177.

30. Beauharnois, M. E., K. C. Lindquist, D. Marathe, P. Vanderslice, J.
Xia, K. L. Matta, and S. Neelamegham. 2005. Affinity and kinetics of
sialyl Lewis-X and core-2 based oligosaccharides binding to L- and
P-selectin. Biochemistry. 44:9507–9519.

31. Shankaran, H., P. Alexandridis, and S. Neelamegham. 2003. Aspects
of hydrodynamic shear regulating shear-induced platelet activation and
self-association of von Willebrand factor in suspension. Blood. 101:
2637–2645.

32. Taylor, A. D., S. Neelamegham, J. D. Hellums, C. W. Smith, and S. I.
Simon. 1996. Molecular dynamics of the transition from L-selectin- to
b 2-integrin-dependent neutrophil adhesion under defined hydrody-
namic shear. Biophys. J. 71:3488–3500.

33. Shankaran, H., and S. Neelamegham. 2001. Nonlinear flow affects

hydrodynamic forces and neutrophil adhesion rates in cone-plate

viscometers. Biophys. J. 80:2631–2648.

34. Neelamegham, S., A. D. Taylor, J. D. Hellums, M. Dembo, C. W. Smith,

and S. I. Simon. 1997. Modeling the reversible kinetics of neutrophil

aggregation under hydrodynamic shear. Biophys. J. 72:1527–1540.

35. Hentzen, E. R., S. Neelamegham, G. S. Kansas, J. A. Benanti, L. V.

McIntire, C. W. Smith, and S. I. Simon. 2000. Sequential binding of

CD11a/CD18 and CD11b/CD18 defines neutrophil capture and stable

adhesion to intercellular adhesion molecule-1. Blood. 95:911–920.

36. Tees, D. F., O. Coenen, and H. L. Goldsmith. 1993. Interaction forces

between red cells agglutinated by antibody. IV. Time and force de-

pendence of break-up. Biophys. J. 65:1318–1334.

37. McDonough, D. B., F. A. McIntosh, C. Spanos, S. Neelamegham, H. L.

Goldsmith, and S. I. Simon. 2004. Cooperativity between selectins and

b2-integrins define neutrophil capture and stable adhesion in shear

flow. Ann. Biomed. Eng. 32:1179–1192.

38. Adler, P. M. 1981. Interaction of unequal spheres.1. Hydrodynamic

interaction - colloidal forces. J. Colloid Interface Sci. 84:461–474.

39. Long, M., H. L. Goldsmith, D. F. Tees, and C. Zhu. 1999. Probabilistic

modeling of shear-induced formation and breakage of doublets cross-

linked by receptor-ligand bonds. Biophys. J. 76:1112–1128.

40. Hsu-Lin, S., C. L. Berman, B. C. Furie, D. August, and B. Furie. 1984.

A platelet membrane protein expressed during platelet activation and

secretion. Studies using a monoclonal antibody specific for thrombin-

activated platelets. J. Biol. Chem. 259:9121–9126.

41. McEver, R. P., and M. N. Martin. 1984. A monoclonal antibody to a

membrane glycoprotein binds only to activated platelets. J. Biol. Chem.
259:9799–9804.

42. Ma, Y. Q., E. F. Plow, and J. G. Geng. 2004. P-selectin binding to

P-selectin glycoprotein ligand-1 induces an intermediate state of aMb2
activation and acts cooperatively with extracellular stimuli to support

maximal adhesion of human neutrophils. Blood. 104:2549–2556.

43. Smoluchowski, M. V. 1917. Versuch einer mathematischen Theorie

der Koagulationskinetik kolloider Lösungen. Z. Phys. Chem. 92:
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