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Abstract

This study was undertaken to systematically investigate the binding kinetics of platelet recruitment by monocytes relative to neu-
trophils in bulk suspensions subjected to shear as well as the molecular requirements of leukocyte–platelet binding. Hydrodynamic
shear-induced collisions augment the proportion of monocytes with adherent platelets more drastically than that of neutrophils with
bound platelets. These heterotypic interactions are further potentiated by platelet activation with thrombin or to a lesser extent by
monocyte stimulation with N-formyl-methionyl-leucyl-phenylalanine (fMLP). Monocyte–platelet heteroaggregation increases with
increasing shear rate and shear exposure time. Platelet P-selectin binding to monocyte P-selectin-glycoprotein-ligand-1 is solely
responsible for maximal platelet adhesion to unstimulated monocytes in shear flow. However, the enhanced platelet binding to
fMLP-treated monocytes involves a sequential two-step process, wherein P-selectin-PSGL-1 interactions are stabilized by CD18-in-
tegrin involvement. Blocking platelet aIIbb3 or monocyte b1-integrin function had no effect. This study underscores the preferential
recruitment of platelets by monocytes relative to neutrophils in shear flow, and demonstrates that the shear environment of the vas-
culature coupled to the state of cell activation modulates the dynamics and molecular constituents mediating monocyte–platelet
adhesion.
� 2005 Elsevier Inc. All rights reserved.
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Accumulating evidence suggests that enhanced leuko-
cyte–platelet adhesion occurs in the circulation of pa-
tients with unstable angina [1], acute myocardial
infarction (AMI) [2], stroke [3] or after coronary angio-
plasty [4]. These heterotypic adhesive interactions are
thought to promote thrombosis and vascular occlusion,
thereby impairing blood flow and exacerbating ische-
mia. Indeed, disruption of leukocyte–platelet binding
has been shown to effectively reduce the incidence of
reocclusion in animal models of vascular injury [5,6].

To date, most of the previous work has focused on
delineating the binding kinetics and molecular mecha-
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nisms by which neutrophils interact with platelets, since
neutrophils represent the largest leukocyte subpopula-
tion in blood [7–11]. Consequently, very little is known
about the kinetics and molecular constituents mediating
attachment of other leukocyte subpopulations to plate-
lets. For instance, monocytes, although they comprise
<10% of circulating leukocytes in blood, may have a
competitive advantage over other leukocyte subtypes in-
cluding neutrophils, in binding activated platelets. In-
deed, clinical observations suggest that in the setting
of percutaneous coronary intervention, the number of
circulating monocyte–platelet aggregates is significantly
larger than that of neutrophil–platelet complexes [12].
Moreover, the in vivo half-life of circulating
monocyte–platelet aggregates in patients with AMI is
longer than that of neutrophil–platelet aggregates [12].
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Consequently, it has been suggested that the quantifica-
tion of circulating monocyte–platelet aggregates may be
a robust and sensitive marker of acute coronary syn-
dromes [12,13].

In accord with the neutrophil model, prior work has
revealed that the molecular interaction between CD162
(P-selectin glycoprotein ligand-1; PSGL-1) on mono-
cytes and platelet CD62P (P-selectin) was primarily
responsible for monocyte tethering, rolling, and adhe-
sion to surface-adherent, activated platelets in shear
flow [14]. Moreover, CD18-integrins were requisite
for optimal monocyte firm adhesion, as evidenced by
increased numbers of rolling monocytes on platelet lay-
ers upon CD18-integrin blockade [14]. The aforemen-
tioned in vitro model in which monocytes interact
with surface-adherent platelets simulates events that
take place at sites of vascular injury, as may occur after
coronary angioplasty, in which platelet deposition to
denuded endothelial cell surfaces had occurred. How-
ever, monocytes are more likely to bind to free-flowing
platelets throughout the vascular system rather than to
limited sites of immobilized platelets. The fundamental
physical and molecular requirements of monocyte
binding to either resting or activated platelets in free-
cell suspensions as opposed to immobilized, activated
platelet substrates remain largely obscure. Although
evidence suggests that in the absence of flow activated
platelets attach to monocytes more extensively than do
resting platelets [15], no quantitative comparisons have
been reported under well-defined hydrodynamic shear
conditions in the absence of homotypic platelet aggre-
gation which could interfere with the heterotypic adhe-
sion process. Moreover, the effects of hydrodynamic
shear and cell activation on the comparative binding
kinetics of monocytes versus neutrophils to platelets
have yet to be resolved. Consequently, this study was
undertaken to systematically investigate the dynamics
of monocyte–platelet and neutrophil–platelet heteroag-
gregation in reconstituted free-cell suspensions contain-
ing monocytes, neutrophils, and platelets suspended in
plasma, subjected to controlled levels of hydrodynamic
shear by the use of a cone-and-plate rheometer. Exper-
imental data were analyzed using a mathematical model
based on Smoluchowski�s two-body collision theory that
yields numerical estimates of capture efficiency, an index
that reflects the binding affinity of interacting cells
[16–18]. Moreover, we wished to investigate the influence
of shear rate (0–800 s�1), shear exposure time (15–120 s),
and exogenous cell activation on the molecular require-
ments of monocyte–platelet heteroaggregation.
Materials and methods

Reagents and monoclonal antibodies. The IgG murine monoclonal
antibodies (mAbs) 6.7 (blocking anti-CD18), KPL-1 (blocking anti-
CD162 (anti-PSGL-1)), AK-4 (blocking anti-CD62P (anti-P-selectin),
purified as well as conjugated with fluorescein isothiocyanate (FITC)),
Dreg-56 (anti-CD62L (anti-L-selectin) conjugated with FITC), and
MOPC-21 (an irrelevant control IgG antibody conjugated with FITC)
were from BD-Pharmingen (San Diego, CA). The Fab anti-aIIbb3 mAb
c7E3 was obtained from Centocor (Malvern, PA). The nonpeptide
small-molecule platelet aIIbb3 (CD41/CD61) antagonist XV454 [19]
and the blocking anti-CD29 (anti-b1-integrin) mAb 13 were kind gifts
of Dr. S.A. Mousa (Albany College of Pharmacy, Albany, NY) and
Dr. S.K. Akiyama (National Institutes of Health, Research Triangle
Park, NC), respectively. The fibrin polymerization inhibitor Gly-Pro-
Arg-Pro-amide (GPRP-NH2), thrombin, N-formyl-methionyl-leucyl-
phenylalanine (fMLP), PKH26 Red Fluorescent Cell Linker Kit for
cell membrane labeling (PKH26 Red), Vybrant DiD, and a Fluoro
FITC Conjugation Kit, which was used to conjugate c7E3 with FITC,
were from Sigma (St. Louis, MO).

Isolation of monocytes and staining. Human venous blood was
drawn by venipuncture from healthy volunteers into 10 mM ethyl-
enediaminetetraacetic acid (EDTA) anticoagulant. Ten milliliter ali-
quots of whole blood specimens were diluted by addition of 25 ml of
0.9% NaCl saline, then layered on 9 ml of 1.079 g/ml Percoll solution,
and centrifuged at 500g for 20 min at room temperature (RT).
Mononuclear cells aspirated from the interface were further diluted
with Dulbecco�s phosphate-buffered saline (D-PBS) lacking Ca2+/
Mg2+ containing 2.5 mM EDTA, layered on Accuprep (Axis-Shield
PoC, Oslo, Norway), and centrifuged at 160g for 20 min at 4 �C. The
upper layer containing residual platelets was removed by suction, and
mononuclear cells were further centrifuged at 350g for 20 min at 4 �C.
After centrifugation, lymphocytes and monocytes (i.e., mononuclear
cells) harvested from the interface using a Pasteur pipette were stained
with PKH26 dye (1 · 10�7 M) according to manufacturer�s instruc-
tions. Mononuclear cells were washed three times at 400g for 5 min at
4 �C with filtered D-PBS without Ca2+/Mg2+ containing 0.1% bovine
serum albumin (BSA). Monocytes were negatively isolated from a
mononuclear cell sample by using the Dynal Monocyte Negative
Isolation Kit (Dynal Biotech, Lake Success, NY). Monocytes were
centrifuged at 225g for 8 min at 4 �C, resuspended in D-PBS con-
taining 0.1% BSA at a concentration of 1 · 107 cells/ml, and stored at
4 �C for no longer than 3 h before use in aggregation assays or flow
cytometry. Monocyte purity, determined by flow cytometry, was
>90%, and monocyte viability, assessed by trypan blue exclusion, was
>97%. Moreover, the percentage of monocytes with adherent platelets
was <10% as detected by flow cytometry using a platelet specific anti-
aIIbb3 mAb, c7E3, conjugated with FITC.

Isolation of neutrophils and staining. Human neutrophils were ob-
tained from citrate phosphate dextrose (Sigma–Aldrich) anticoagu-
lated venous blood of healthy volunteers (1.4 ml citrate phosphate
dextrose/10 ml blood) by centrifugation through a neutrophil isolation
medium (Robbins Scientific, Sunnyvale, CA). Isolated neutrophils
were then mixed with sterile filtered water for 30 s to lyse erythrocytes.
The lysis reaction was stopped by adding 10· pipes buffer [20]. Neu-
trophils were then washed once, resuspended in D-PBS lacking Ca2+/
Mg2+ at a concentration of 107 cells/ml, and then incubated with
2.5 lM Vybrant DiD per 1 · 106 neutrophils/ml for 60 s at RT.
Vybrant-DiD-stained neutrophils were washed once, resuspended in
Ca2+/Mg2+-free D-PBS/0.1% BSA, and stored at 4 �C for no longer
than 3 h before use in aggregation assays or flow cytometry. Neither
the expression levels of L-selectin on resting neutrophils nor the extent
of homotypic neutrophil aggregation in response to hydrodynamic
shear and chemotactic stimulation was affected by DiD (data not
shown). It is of note that both monocytes and neutrophils were isolated
from the same blood donor in all experiments reported herein.

Platelet preparation. Human blood was drawn by venipuncture
from healthy volunteers into sodium citrate (0.38% wt/v) anticoagu-
lant. Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) were
prepared as previously described [18]. The final platelet count of the
PRP was adjusted to the desired levels with PPP. Specimens were
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stored at RT in capped polypropylene tubes and used within 2 h of
isolation.

Cone-and-plate rheometry assays. Platelets (5 · 107 cells/ml) and
PKH red-stained monocytes (1 · 106 cells/ml) were allowed to equili-
brate separately to 37 �C for 1 min, and then placed onto the sta-
tionary plate of a cone-and-plate rheometer (RS150; Haake, Paramus,
NJ) pretreated with Sigmacote (Sigma) for 1 min to prevent non-spe-
cific cell binding. Shear rates varied from 100 to 800 s�1 (typical of
microcirculation) for prescribed periods of time ranging from 15 to
120 s. Static conditions were achieved by setting the shear rate to 0 s�1.
Upon termination of shear or static incubation, samples (50 ll) were
obtained and instantly fixed with 1% formaldehyde. Specimens were
then allowed to incubate with a FITC-labeled platelet-specific mAb
directed against aIIbb3 (5 lg/ml, C7E3 FITC) for 30 min in the dark at
RT. The labeling reaction was then stopped by further dilution with
1% formaldehyde, and specimens were subsequently analyzed in a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). The 1�
cone and plate of the rheometer were maintained at 37 �C during the
entire experiment.

In triple-color assays, the aforementioned procedure was
performed by using platelets (5 · 107 cells/ml), PKH-stained mono-
cytes (1 · 106 cells/ml), and Vybrant-DiD-stained neutrophils
(4 · 106 cells/ml).

Cell treatment with fMLP, thrombin, and mAbs. In selected runs, to
potentiate platelet activation, PRP specimens were incubated with
thrombin (2 U/ml) in the presence of the fibrin polymerization inhib-
itor GPRP-NH2 (2 mM) for 10 min at 37 �C before shear exposure
[18]. In other experimental runs, monocytes and neutrophils were
stimulated with fMLP (1 lM) 1 s before the application of shear.

For inhibition studies, platelets were pretreated for 10 min with a
function-blocking anti-P-selectin mAb (20 lg/ml AK4) or an aIIbb3
antagonist (100 nM XV454) at RT prior to being mixed with mono-
cytes in the shear field of a cone-and-plate rheometer. Alternatively,
monocytes were preincubated with 20 lg/ml function-blocking mAbs
specific for PSGL-1 (KPL-1), CD18-integrins (6.7) or CD29-integrins
(mAb 13) for 10 min at 37 �C before the application of shear. In
parallel, matched control experiments were performed in which
platelets and monocytes were treated exactly as stated above, but in the
absence of any receptor antagonist. Monocyte–platelet adhesive
interactions in response to hydrodynamic shear were unaltered by the
presence of an irrelevant IgG control mAb. For instance, the pro-
portion of fMLP-stimulated monocytes with bound platelets in the
absence and presence of an IgG control mAb was 60.5% ± 3.5 and
64.5% ± 6.5, respectively, after 60 s of shear exposure at 400 s�1.
Similarly, no significant differences were detected for all other experi-
mental conditions tested.

Quantitation of L-selectin expression. Monocytes collected after
Percoll isolation and after the final step of isolation were incubated
with a FITC-labeled anti-L-selectin mAb, Dreg-56-FITC, for 45 min
at 4 �C. Thereafter, specimens were fixed with 1% formaldehyde and
analyzed by flow cytometry. Monocytes treated with chymotrypsin
(0.4 U/106 cells) for 10 min at RT were used for the determination of
background FITC-fluorescence [21]. The background FITC-fluores-
cence intensity was subtracted from anti-L-selectin-FITC-labeled
monocytes. Results were expressed as the percentage of anti-L-selectin-
FITC specific fluorescence intensity of monocytes after Percoll isola-
tion. A similar procedure was used to quantify L-selectin expression
levels in neutrophils.

Quantitation of aggregation. PKH26 Red-stained monocytes, Vy-
brant-DiD stained neutrophils, and FITC-labeled platelets were
identified on the basis of their characteristic forward-scatter, side-
scatter, and fluorescence profiles in a FACSCalibur flow cytometer
(Fig. 1). PKH26 Red, DiD, and FITC are excited efficiently at 488 nm
by the argon laser of a flow cytometer, and their emission spectra are
well separated (567 nm for PKH26 Red, 665 nm for DiD, and 515 nm
for FITC), thereby allowing simultaneous three-color immunofluo-
rescence measurements. Acquisition and processing of 5000 PKH26
Red-stained monocytes was then used to determine (1) the population
distribution of platelets in heterotypic aggregates (Figs. 1C, D, G, and
H), and (2) the percent of monocytes bound to platelets (Figs. 1A
and B), the percent of neutrophils bound to platelets (Figs. 1E and F),
and the percent of monocytes and neutrophils in three-cell aggregates
(containing platelets, monocytes, and neutrophils). The following
strategy was used to determine the number of platelets bound to
monocytes and neutrophils. The mean and standard deviation of a
single platelet FITC-fluorescence (green) intensity was computed. Six
times the observed standard deviation provides the range of a single
platelet fluorescence event with a 99% confidence [18]. The same
methodology was used to calculate the green-fluorescence background
range of a single monocyte and that of a single neutrophil (Populations
�M� and �N� in Figs. 1C and D and G and H, respectively). Superim-
position of integral multiples of the fluorescence intensity range for
single platelets to the computed threshold value of monocyte or neu-
trophil green fluorescence gives the fluorescence ranges for heteroag-
gregates containing progressively higher number of platelets (Fig. 1).
For instance, P1M and P2M represent a monocyte with one and two
adherent platelets, respectively. Using this strategy, heterotypic
aggregates containing up to four platelets and one monocyte and/or
one neutrophil were detected and enumerated. Heterotypic aggregates
containing four or more adherent platelets represented <3% of the
total monocyte population and were therefore lumped together. A si-
milar procedure was used to quantify the potential presence of multiple
monocytes and neutrophils bound to platelets. For instance, M2-P
corresponds to a monocyte doublet with adherent platelets. However,
homotypic leukocyte aggregates were rare events.

Simultaneous three-color immunofluorescence measurements and
CellQuest analysis allowed us to detect monocyte–neutrophil–platelet
triple aggregates. Three-cell aggregates exhibited all three different
fluorescence values of monocytes, neutrophils, and platelets. Hence, it
was possible to distinguish this population from the pool of singlets
and two-cell aggregates.

Confocal microscopy. PKH-red-labeled monocytes, DiD-labeled
neutrophils, and FITC-labeled platelets in the presence and absence of
a chemical agonist were subjected to prescribed levels of shear rate and
shear exposure time in a cone-and-plate rheometer. Upon termination
of shear, samples were immediately fixed and processed as previously
described [22]. Images were obtained on a Zeiss Meta 510 scanning
confocal microscope (Fig. 2).

Adhesion efficiencies. The probability with which colliding cells
adhere and form stable aggregates is termed adhesion efficiency. This
index is a function of the intrinsic biological characteristics of the cells
that are pertinent to their aggregation behavior such as number and
affinity of receptors and their response to applied shear. The two-body
collision frequency per unit volume, f[(i,j), (k,l)], is a function of the
physical parameters of the experimental system, and can be calculated
by the Smoluchowski equation:

f½ði;jÞ;ðk;lÞ� ¼
4

3

G½rði; jÞ þ rðk; lÞ�3Cði; jÞCðk; lÞ
ð1þ di;kdj;lÞ

; ð1Þ

in which r (i, j) and r (k, l) are the radii of the two colliding particles, one
composed of i platelet + j monocyte or neutrophil singlets and the
other one composed of k platelet + l monocyte or neutrophil singlets,
C (i, j) and C (k, l) are their respective concentrations, G is the shear
rate, and di,k is the Kronecker delta function. The radii of monocytes
and neutrophils were measured by light microscopy and found to be
4.2 and 3.9 lm, respectively, whereas the radius for a platelet singlet
was set to 1.34 lm [18].

The rate of stable heterotypic aggregate formation is obtained by
fitting the aggregation data over the first 15 s after application of shear
with a mathematical model based on Smoluchowski�s two-body colli-
sion theory. This model (Eq. (2)) describes the temporal change of the
concentrations of aggregates C(k, l) composed of k platelet and l

monocyte or neutrophil singlets [16–18,23]:



Fig. 1. Detection of monocyte–platelet and neutrophil–platelet heterotypic aggregates by flow cytometry. PKH-Red-stained monocytes
(1 · 106 cells/ml), Vybrant DiD-stained neutrophils (4 · 106 cells/ml), and platelets (5 · 107 cells/ml) were subjected to either 0 s�1 or 800 s�1 for
15 s at 37 �C. Upon termination of shear, aliquots were obtained, immediately fixed with 1% formaldehyde, post-labeled with a FITC-conjugated
platelet specific antibody (c7E3-FITC), and subsequently analyzed by flow cytometry. (A) Unsheared monocyte–platelet suspensions after 15 s, (B)
monocyte–platelet suspensions subjected to 800 s�1 for 15 s, (E) unsheared neutrophil–platelet suspensions after 15 s, (F) neutrophil–platelet
suspensions subjected to 800 s�1 for 15 s. The vertical lines in (A, B, E, and F) correspond to the FITC-fluorescence threshold that separates
nonadherent monocytes (A, B, left) or nonadherent neutrophils (E, F, left) from those bound to platelets (right). (C, D, G, and H) show
corresponding mean platelet fluorescence histograms that were used to determine the platelet size distribution in aggregates.
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dt

¼
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i¼0

Xl

j¼0

½0:5ð1þ di;k�idj;l�jÞK ½ði;jÞ;ðk�i;l�jÞ�Cði; jÞCðk � i; l� jÞ�

�
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i¼k

Xlmax

j¼l

½ð1þ dk;i�kdl;j�lÞK ½ðk;lÞ;ði�k;j�lÞ�Cðk; lÞ

� Cði� k; j� lÞ�; ð2Þ

in which K[(i,j), (k,l)] is the aggregation rate coefficient, kmax represents
the maximal number of platelets in an aggregate, and lmax represents
the maximal number of monocytes (or neutrophils) in an aggregate,
respectively. It is to be noted that the aggregation of monocytes and
neutrophils with no bound platelets was negligible under the condi-
tions of this study. kmax was set equal to 4 and lmax was set equal to
2 for monocytes and neutrophils. The first term in the right-hand side
of Eq. (2) accounts for the formation of the combination from two
smaller aggregates, whereas the second term represents the depletion
of the combination due to the formation of a higher order aggregate.
The set of coupled differential equations represented by Eq. (2) was
integrated using the fourth order Runge–Kutta–Gill method, and the
adhesion efficiency given by Eq. (3) was estimated by minimizing the
difference between calculated and experimental values of singlet and
aggregate species concentrations using the Nelder Mead Simplex
method [24].

E½ði;jÞ;ðk;lÞ� ¼
K ½ði;jÞ;ðk;lÞ�Cði; jÞCðk; lÞ

f½ði;jÞ;ðk;lÞ�
: ð3Þ

At the beginning of each time step, concentrations of singlets and
aggregates were set equal to those obtained from the static assay to en-
sure that all aggregates formed after a shear exposure time of 15 s were
shear-induced. The calculations were performed twice—once each for
calculating EPM and EPN, where EPM denotes the adhesion efficiency of
a platelet binding to a monocyte, and EPN that of a platelet binding to
a neutrophil. The model does not take into account the depletion of
platelets by binding to neutrophils while calculating EPM (or the deple-
tion of platelets by binding to monocytes while calculating EPN). This
is a valid approximation because the percentage of platelets bound to



Fig. 2. Visualization of monocyte–platelet, neutrophil–platelet, and monocyte–neutrophil–platelet complexes. PKH-red-stained monocytes
(1 · 106 cells/ml), DiD-stained neutrophils (4 · 106 cells/ml), and FITC-labeled thrombin-activated platelets (5 · 107 cells/ml) were subjected to a
uniform shear rate of 800 s�1 for 60 s in a cone-and-plate rheometer. Confocal microscopy images show (A) a monocyte with two adherent platelets,
(B) a monocyte with five adherent platelets, (C) a neutrophil with one adherent platelet, (D–F) a monocyte and neutrophil bridged by multiple
platelets. (Scale bar = 5 lm).
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either monocytes or neutrophils is negligible compared to the number
of platelet singlets (<5% of the total platelet number even under the
most extreme conditions analyzed in this study (800 s�1, fMLP-stimu-
lated monocytes and neutrophils)). Thus, the probability of a collision
of a platelet in an aggregate with either monocytes or neutrophils is
negligible compared to that of a collision of a platelet singlet with
either monocytes or neutrophils. As a way of taking into account this
temporal depletion of platelets, we considered the extreme case where
all platelets bound to monocytes were neglected and the values of EPN

were recalculated. This approach yielded values of EPN with less than
5% difference between the original value of EPN and the modified one,
even for the most extreme conditions studied (data not shown).

Statistics. Data are expressed as means ± SEM unless otherwise
stated. Statistical significance of differences between means was
determined by one-way ANOVA. If means were shown to be signifi-
cantly different, multiple comparisons by pairs were performed by
Tukey test.
Results

Monocytes and neutrophils retain L-selectin surface

expression levels after isolation

L-selectin expression levels on the monocyte surface
were measured by flow cytometry after the first (Percoll)
as well as the final isolation step to check for possible
cell activation during the separation process (Fig. 3).



Fig. 3. L-selectin levels of monocytes measured after the first (Percoll)
step of monocyte isolation and after monocyte isolation was com-
pleted. Surface L-selectin levels of monocytes were measured after the
first step of monocyte isolation (gray histogram) and after monocyte-
isolation was completed (black histogram). Dreg-56 FITC was used to
label L-selectin on monocytes. Monocytes treated with chymotrypsin
(0.4 U/106 cells) for 10 min at RT were used for background
fluorescence.
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Results show small differences in the L-selectin levels of
finally isolated monocytes (89.3% ± 4.6% (n = 7) of the
L-selectin expression levels of monocytes after Percoll
isolation). Similar L-selectin retention levels
(81.0% ± 5.8% SEM (n = 12)) were detected after neu-
trophil isolation.

Hydrodynamic shear-induced collisions preferentially

augment monocyte–platelet heteroaggregation

In the present study, we examined two major cell
types in the leukocyte family, monocytes and neutro-
phils, and their adhesive behavior with platelets. To
investigate how the hydrodynamic shear environment
of the vasculature modulates adhesive interactions
among these three blood cell types, isolated monocytes
and neutrophils were combined with platelets suspended
in plasma in a cone-and-plate rheometer, and subjected
to controlled levels of shear for prescribed periods of
time. For all shear experiments, cell concentrations of
1 · 106 cells/ml monocytes, 4 · 106 cells/ml neutrophils,
and 5 · 107 cells/ml platelets were maintained. The neu-
trophil and monocyte concentrations were chosen to
match those found in vivo. The subphysiological con-
centration of platelets was selected to prevent homotypic
platelet–platelet aggregation which might interfere with
leukocyte–platelet heterotypic interactions.

In the absence of shear, baseline levels of platelet–
monocyte binding (�12% of the total monocyte popula-
tion) and platelet–neutrophil binding (�8% of the total
neutrophil population) were detected at the 15 s shear
exposure time (Fig. 4A). Application of shear in the ab-
sence of any exogenously added chemical agonist aug-
mented monocyte–platelet heteroaggregation more
drastically than neutrophil–platelet heteroaggregation
(Fig. 4A). This preferential recruitment of platelets by
monocytes was noted at all shear levels and shear expo-
sure times studied here. The extent of monocyte–platelet
heterotypic aggregation increased with increasing shear
exposure time over a wide range of shear rates (Fig.
4A). Moreover, platelet binding to monocytes increased
with increasing shear rate at early time points while
smaller differences were detected at longer shear expo-
sure times.

Effects of exogenous cell activation on leukocyte–platelet

aggregate formation

The recruitment of platelets by monocytes (Fig. 4B)
and neutrophils (Fig. 4C) was potentiated over a wide
range of shear rates at both shear exposure times upon
activation of platelets with thrombin in the presence of fi-
brin polymerization inhibitor GPRP-NH2. It is notewor-
thy that upon thrombin/GPRP-NH2 stimulation,
heterotypic monocyte–platelet or neutrophil–platelet
aggregates containing multiple (four or more) platelets
were consistently observed as opposed to the smaller
aggregates observed in the absence of thrombin activation
(Figs. 4B and C). Interestingly, thrombin/GPRP-NH2

stimulation in the presence of hydrodynamic shear re-
sulted in the formation of triple aggregates containing
monocytes, neutrophils, and multiple platelets (Fig. 2).
These triple aggregates were more evident for the longer
shear exposure of 60 s at all shear rates (Fig. 4D).

To investigate how monocyte and neutrophil activa-
tion affects the extent of heteroaggregation, cells were
stimulated with the chemotactic bacterial peptide fMLP
(1 lM) 1 s prior to the application of shear. Formation
of monocyte–platelet aggregates was drastically en-
hanced at all shear rates for 15 s of shear exposure time
(Fig. 4B). Smaller differences were noted for the longer
shear exposure time of 60 s (Fig. 4B). Interestingly,
fMLP-stimulated monocytes were able to recruit more
than one platelet more efficiently than untreated mono-
cytes at all shear rates at short shear exposure times. In
marked contrast, neutrophils displayed no significant
change in their ability to recruit platelet upon stimula-
tion with fMLP (Fig. 4C).

The adhesion efficiency of platelet capture by mono-
cytes and neutrophils provides a measure of the biolog-
ical properties of the cells that control their aggregation
behavior, and was computed by fitting the aggregation
data over the first 15 s after application of shear
[17,18,23]. Fig. 4E shows the shear rate dependence of
adhesion efficiencies in the absence and presence of



Fig. 4. Kinetics of monocyte–platelet and neutrophil–platelet aggregate formation. (A) PKH-Red-stained monocytes (1 · 106 cells/ml), Vybrant-
DiD-stained neutrophils (4 · 106 cells/ml), and platelets (5 · 107 cells/ml) were subjected to well-defined levels of shear. Plot shows the percentage of
monocytes or neutrophils with adherent platelets for a shear exposure time of 15 s (monocytes, · and neutrophils, h) or 60 s (monocytes, n and
neutrophils,s). *p < 0.05 with respect to 15 s monocyte–platelet heteroaggregation. In selected experiments, platelets, pretreated for 10 min at 37 �C
with thrombin (2 U/ml) along with the fibrin polymerization inhibitor GPRP-NH2 (2 mM), were combined with PKH-Red-stained monocytes and
Vybrant-DiD-stained neutrophils, and sheared at the indicated levels of shear for 15 s, or 60 s. In another set of runs, monocytes and neutrophils
were stimulated using chemotactic peptide fMLP (1 lM) 1 s prior to being sheared with platelets. Graphs show the percentage of monocytes (B) and
neutrophils (C) bound to platelets. *p < 0.05 with respect to no-treatment controls. (D) Extent of three-species aggregates (containing monocytes,
neutrophils, and platelets) based on the total monocyte number. (E) Adhesion efficiencies of platelet binding to monocytes and neutrophils in the
absence (monocytes, · and neutrophils, s) and presence of chemical stimulation with fMLP (monocytes, � and neutrophils h). *p < 0.05 with
respect to adhesion efficiency for resting monocyte-platelet heteroaggregation. §p < 0.05 with respect to neutrophil–platelet adhesion efficiency. Data
represent means ± SEM of 3–5 experiments.
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chemical stimuli. Maximal adhesion efficiencies in the
absence of any exogenously added chemical agonist
were observed at the lowest shear rate (100 s�1), at
which �7 of 1000 collisions led to stable monocyte–
platelet aggregate formation, whereas �3 of 1000 colli-
sions led to stable neutrophil–platelet aggregate forma-
tion. Monocyte–platelet and neutrophil–platelet
adhesion efficiency varied modestly with increasing
shear. It is noteworthy that the pure homotypic plate-
let–platelet, monocyte–monocyte, and neutrophil–neu-
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trophil adhesion efficiencies were found to be minimal at
all shear rates (data not shown). fMLP-stimulation re-
sulted in enhanced adhesion efficiency of platelet bind-
ing to monocytes (�16 of 1000 collisions resulting in
stable aggregate formation at 100 s�1) at all shear rates,
whereas no significant change was recorded for the
adhesion efficiency between fMLP-stimulated neutro-
phils and platelets.

Role of P-selectin, PSGL-1, b2 integrins, and divalent

cations in monocyte–platelet heteroaggregation

Ensuing experiments focused on the elucidation of
the molecular constituents mediating platelet binding
to monocytes under dynamic shear conditions. As a first
step, the roles of P-selectin and PSGL-1 were examined
in the absence of exogenous stimuli at both low (100 s�1)
and high (800 s�1) shear after 15 and 60 s of shear expo-
sure. The results indicate that incubation of platelets
with a function-blocking anti-P-selectin mAb inhibited
the extent of monocyte adhesive interactions with plate-
lets to the baseline level for both short (15 s) and long
(60 s) shear exposure times (Table 1). Similarly, an
anti-PSGL-1 function-blocking mAb was equally effec-
tive in reducing monocyte–platelet aggregate formation
to basal levels in the absence of an exogenously added
agonist (Table 1). The potential contribution of mono-
cyte CD18-integrins was investigated using an anti-
CD18 function-blocking mAb. Addition of receptor
antagonists directed against CD18-integrins failed to
suppress monocyte–platelet adhesive interactions under
shear flow (Table 1). Similarly, inclusion of an aIIbb3
antagonist failed to reduce the extent of monocyte–
platelet heteroaggregation under shear (data not
shown). In light of a recent report suggesting that acti-
vated platelets upregulate VLA-4 (a4b1) integrin capac-
ity [25], we examined the potential contribution of b1
integrins in monocyte–platelet binding. However, block-
ing b1 integrins failed to inhibit the extent of heteroag-
gregation (data not shown). Cumulatively, these data
Table 1
Role of P-selectin, PSGL-1, and CD18 in monocyte–platelet heteroaggregatio
60 and 120 s

Stimulation 100 s�1

� + CD62P CD162 CD18

— 14.4 ± 7.3 / 7.3 ± 1.0 8.4 ± 0.3 17.8 ±
+Th/GPRP 19.4 ± 2.8 74.3 ± 8.7 8.3 ± 2.2 8.6 ± 1.1 71.8 ±
+fMLP (60 s) 16.7 ± 1.6 22.3 ± 2.0 11.0 ± 2.4 7.3 ± 0.9 17.4 ±
+fMLP (120 s) 27.2 ± 0.3 31 ± 0.6 n/d n/d 27.6 ±

PKH red-stained monocytes and platelets were subjected to uniform levels of
a mAb specific against either PSGL1 or CD-18 integrins for 10 min at 37 �C
were incubated with an anti-P-selectin mAb for 10 min at RT prior to the a
presence of 1 lM fMLP to stimulate monocytes. In other set of experiments
10 min at 37 �C; static = 8.8 ± 0.7; n/d, not done. -, in the absence of chemi
suggest that platelet attachment to monocytes, in the
absence of exogenous stimuli, is strictly P-selectin/
PSGL-1-dependent, whereas neither monocyte CD18
or b1 integrins nor platelet aIIbb3 integrins are involved
in the heteroaggregation process both in the low
(100 s�1) and high (800 s�1) regimes of shear.

Shear experiments were also performed in the pres-
ence of EDTA to assess the requirement of divalent cat-
ions in monocyte–platelet adhesive interactions.
Previous work has established that these ions are neces-
sary for selectin-mediated adhesion [9]. When EDTA
(5 mM) was added to the suspension medium, the extent
of platelet binding to monocytes decreased to back-
ground level �5% at both 100 and 800 s�1 after 60 s
of shear exposure.

Characterization of molecular mechanisms mediating

monocyte–platelet heteroaggregation in the presence of

exogenously added stimuli

We next examined the molecular requirements of
monocyte–platelet aggregation in sheared suspensions
in the presence of either exogenously added thrombin/
GPRP-NH2 or fMLP. Blocking either P-selectin or
PSGL-1 was equally effective in essentially eliminating
the recruitment of thrombin-activated platelets by un-
treated monocytes at both 100 and 800 s�1 (Table 1).
These observations support the notion that PSGL-1
on the monocyte surface acts as the primary ligand for
platelet P-selectin, and this molecular interaction is nec-
essary for optimal monocyte–platelet aggregation under
conditions of hydrodynamic shear. In contrast, blocking
CD18-integrins did not significantly alter monocyte–
platelet adhesion (Table 1). Moreover, the platelet aIIbb3
specific antagonist XV454 failed to reduce the percent-
age of monocytes with bound platelets in the presence
of exogenously added thrombin/GPRP.

In the presence of the exogenously added chemotactic
peptide fMLP, blocking either platelet P-selectin or
monocyte PSGL-1 reduced monocyte–platelet aggrega-
n at low (100 s�1) and high (800 s�1) shear for shear exposure times of

800 s�1

� + CD62P CD162 CD18

1.8 20.7 ± 1.8 / 7.1 ± 0.7 8.2 ± 0.9 31.0 ± 3.1
4.0 36.9 ± 5.3 85.2 ± 4.2 9.0 ± 4.2 7.8 ± 1.2 78.0 ± 3.9
1.4 29.6 ± 3.9 43.4 ± 3.0 11.3 ± 1.9 6.3 ± 0.7 31.6 ± 0.8
1.2 38.9 ± 1.3 45.7 ± 1.9 n/d n/d 40.9 ± 0.6

shear for either 60 or 120 s. In select runs, monocytes were treated with
prior to shearing with platelets. In another set of experiments, platelets
pplication of shear. All experimental runs were also performed in the
, platelets were incubated with thrombin (2 U/ml) and GPRP-NH2 for
cal stimulus. +, in the presence of chemical stimulus.



Fig. 5. Effects of platelet P-selectin (CD62P), monocyte PSGL-1
(CD162), and CD18-integrin antagonists on monocyte–platelet hete-
roaggregation at low (100 s�1), moderate (400 s�1), and high (800 s�1)
shear for a shear exposure time of 15 s. Platelets treated for 10 min at
RT with an agent specific for P-selectin (AK4) were combined with
fMLP-stimulated PKH-Red-stained monocytes in a cone-and-plate
rheometer and subjected to 100, 400, or 800 s�1 for 15 s. Alternatively,
monocytes were preincubated with blocking mAbs specific for PSGL-1
(KPL-1) or CD18-integrins (6.7) for 10 min at 37 �C followed by
fMLP-stimulation 1 s prior to shearing with untreated platelets. Data
represent means ± SEM of three experiments. §p < 0.05 with respect to
monocyte-platelet heteroaggregation in the absence of exogenous
stimulation. *p < 0.05 with respect to monocyte–platelet heteroaggre-
gation upon fMLP-stimulation of monocytes.

K.C. Ahn et al. / Biochemical and Biophysical Research Communications 329 (2005) 345–355 353
tion to basal levels at both 100 and 800 s�1 after both 15
(Fig. 5) and 60 s (Table 1) of shear exposure. Moreover,
in marked contrast to the results obtained in the absence
of any exogenously added stimuli, an anti-CD18 mAb
significantly inhibited the enhanced levels of heteroag-
gregation conferred upon fMLP-stimulation at all rates
after 15 s of shear exposure (Fig. 5). However, it is to be
noted that the extent of potentiation of monocyte–plate-
let heterotypic aggregation was maximal after 15 s of
shear exposure, whereas subtle differences were noted
at longer shear exposure times. Along these lines, pro-
gressively smaller inhibitory effects were detected upon
use of an anti-CD18 mAb at longer shear exposure times
(Table 1).
Discussion

The major findings of this study are: (1) hydrody-
namic shear-induced collisions preferentially augment
the ability of platelets to recruit monocytes over neutro-
phils, (2) the extent of heterotypic adhesion is signifi-
cantly potentiated upon platelet activation by
thrombin/GPRP-NH2, whereas stimulation of mono-
cytes and neutrophils with fMLP moderately enhances
the extent of monocyte–platelet, but not neutrophil–
platelet, heteroaggregation levels; (3) platelet P-selectin
binding to monocyte PSGL-1 is necessary and sufficient
for maximal platelet–monocyte heteroaggregation in the
absence of any exogenously added chemical agonist un-
der all shear rates examined in this work; (4) the en-
hanced platelet binding to fMLP-treated monocytes
involves a sequential two-step process wherein P-selec-
tin-PSGL-1 interactions are stabilized by CD18 inte-
grins. Cumulatively, these data provide strong
evidence that hydrodynamic shear and the state of cell
activation affect the binding kinetics and molecular con-
stituents mediating platelet binding to monocytes and
neutrophils.

Untreated platelets aggregate preferentially with
monocytes relative to neutrophils when subjected to
well-defined hydrodynamic shear in the absence of any
exogenous chemical stimulation. Monocyte binding to
platelets increases with increasing shear rate and shear
exposure time. The adhesion efficiency of heteroaggrega-
tion, defined as the probability with which colliding cells
form stable aggregates, varies modestly with increasing
levels of hydrodynamic shear, from �7 to �3 of 1000
collisions leading to aggregate formation at 100 and
800 s�1, respectively. Under these experimental condi-
tions, the molecular interaction between platelet P-selec-
tin and monocyte PSGL1 is necessary and sufficient for
optimal monocyte–platelet binding. The absolute
requirement of PSGL-1 in the heteroaggregation process
between monocytes (or neutrophils) and platelets cou-
pled with the markedly elevated PSGL-1 density on
monocytes relative to neutrophils (47,200 ± 9900 vs
26,500 ± 4500 copies of PSGL-1 on their surfaces,
respectively [26]) may help explain the preferential
recruitment of platelets by monocytes.

Pre-treatment of platelets with thrombin-GPRP-
NH2, known to upregulate platelet surface P-selectin
expression [18], significantly increased the extent of
monocyte–platelet binding. This finding is in contrast
to recently published data indicating that application
of shear stress diminishes the formation of platelet–leu-
kocyte complexes induced by ADP [15]. However, this
discrepancy can be reconciled by the presence of homo-
typic platelet aggregation [15] which might interfere with
the formation of leukocyte–platelet complexes. Further-
more, upon platelet activation with thrombin/GPRP, we
observed the formation of aggregates containing all
three cell types in shear flow. The formation of these
aggregates was minimal under all other experimental
conditions listed here. Taken together, these observa-
tions suggest that potent activation of platelets with
thrombin induces the formation of leukocyte aggregates
consisting of one monocyte, one neutrophil, and multi-
ple platelets which may play an essential role in bridging
monocytes and neutrophils, as evidenced by confocal
microscopy images (Fig. 2). This observation is in good
accord with previous studies which showed that platelets
are capable of bridging two leukocytes to form hetero-
typic aggregates [9].

Stimulation of leukocytes with fMLP has been re-
ported to result in the upregulation of CD11b/CD18-in-
tegrin surface expression levels as well as CD18 integrin
affinity, though the latter decays with time [27]. At the
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15 s time point, the CD18 avidity is high, hence irrespec-
tive of the shear rate, aggregation levels are potentiated
by fMLP-stimulation of monocytes. This is further sup-
ported by the fact that use of an anti-CD18 mAb results
in aggregation levels similar to those in the case of
unstimulated monocytes. On the other hand, at a shear
exposure time of 120 s, we speculate that the monocyte
CD18 affinity is markedly reduced, as recently shown
for neutrophils [27], so as to prevent a substantial in-
crease in the aggregation levels upon fMLP-stimulation.
Furthermore, anti-CD18 mAbs have lesser of an effect
on aggregation levels at this time point. Thus, our data
suggest that a temporal CD18-integrin-activation on the
monocyte surface may occur upon fMLP-stimulation,
similar to that observed in the case of neutrophils and
homotypic neutrophil activation. Alternatively, at long-
er shear exposure times, the elevated levels of P-selectin
on the platelet surface may partially mask the contribu-
tion of CD18 integrins in the heteroaggregation process.

Taken altogether, this work demonstrates the prefer-
ential recruitment of platelets by monocytes relative to
neutrophils in shear flow. Moreover, it shows that the
fluid mechanical environment of the circulatory system
in conjunction with the state of platelet and monocyte
activation affects the kinetics and molecular constituents
mediating the recruitment of platelets by monocytes,
critical to the pathogenesis and/or progression of acute
coronary syndromes.
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