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Abstract

Unstimulated neutrophils inhibited activation and recruitment
of thrombin- or collagen-stimulated platelets in an agonist-spe-
cific manner. This occurred under conditions of close physical
cell-cell contact, although biochemical adhesion between the
cells as mediated by P-selectin was not required. Moreover, in
the presence of monoclonal P-selectin antibodies that blocked
biochemical platelet-neutrophil adhesion, thrombin-stimu-
lated platelets were more efficiently downregulated by neutro-
phils. This suggested a prothrombotic role for P-selectin under
these circumstances. The neutrophil downregulatory effect on

thrombin-stimulated platelets was amplified by lipoxygenase
inhibition with 5,8,11,14-eicosatetraynoic acid. In contrast, the
neutrophil inhibitory effect on platelets was markedly reduced
by platelet-derived 12S-hydroxy-5,8-cis, 10-trans, 14-cis-eico-
satetraenoic acid (12S-HETE), as well as by the platelet-neu-
trophil transcellular product, 12S,20-dihydroxy-5,8,10,14-ei-
cosatetraenoic acid (12S,20-DiHETE), but not by another com-

parable metabolite, 5S,12S-dihydroxy-6-trans, 8-cis, 10-trans,
14-cis-eicosatetraenoic acid (5S,12S-DiHETE), or the neutro-
phil-derived hydroxy acid leukotriene B4. The neutrophil
downregulatory effect on thrombin-induced platelet reactivity
was enhanced by aspirin treatment. This may represent a novel
action of aspirin as an inhibitor of platelet function. These re-

sults provide in vitro biochemical and functional evidence for
the thromboregulatory role of neutrophils and emphasize the
multicellular aspect of hemostasis and thrombosis. (J. Clin.
Invest. 1993. 92:1357-1365.) Key words: platelet activation
and recruitment * serotonin release * thromboregulation - lipox-
ygenase metabolites * P-selectin

Introduction

Platelets and neutrophils are brought into proximity in a vari-

ety of circumstances during hemostasis, thrombosis, and the
inflammatory response. Both cell types can modulate each
others' reactivity by virtue of physical contact per se and bio-
chemical interactions.

Parts of this study were presented at the annual meetings of the Ameri-
can Society for Clinical Investigation, Washington, DC, 2-5 May,
1990, and Seattle, WA, 3-6 May 1991, and were published in abstract
form (1990, Clin. Res. 38:232a(Abstr.); and 1991, 39:254a(Abstr.).
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Platelets or released products therefrom can modify the
functional responsiveness of neutrophils, including such func-
tions as chemotaxis, adhesion, aggregation, and release of neu-
trophil granule constituents ( 1 ). The complexities involved in
studying effects of neutrophils on platelets are emphasized by
recent contradictory reports in the literature. These range from
neutrophil promotion of platelet reactivity (2-5) to neutrophil
blockage of platelet responsiveness (6-12). The reasons for
these differences are not completely understood, but must in
part be attributable to methodology. This would include cell
preparation, specific type and concentration of agonist, and use
of either intact neutrophils or releasates derived therefrom ( 1 ).

Weinitiated a detailed study of platelet-neutrophil interac-
tions as part of our interest in early cellular and biochemical
events in thrombosis. The experimental system used allows for
independent evaluation of platelet activation and recruitment
as influenced by intact unstimulated neutrophils under condi-
tions of close cell contact for a brieftime interval. It was demon-
strated that human neutrophils markedly decreased human
platelet activation (serotonin release) and recruitment (proag-
gregatory activity of cell-free releasates) induced by collagen or
thrombin.

Materials and Methods

Blood collection, platelet processing, and labeling. 240 ml of blood was
collected by free flow in plastic tubing through a 15-gauge needle into
50-ml polypropylene tubes (13-15). One tube contained 4.5 ml of
3.8% sodium citrate in a total volume of 45 ml. Five others contained 6
ml of acid-citrate-dextrose (ACD' (mM): 38 citric acid, 75 sodium
citrate, and 135 glucose) in a total volume of 46 ml. Blood was centri-
fuged at 200 g to obtain platelet-rich plasma (PRP). The PRPtube
prepared with citrate (adjusted to a platelet count of 4-5 X 108/ml
with platelet-poor plasma) was capped and maintained at 220C under
5%C02-air, for use as assay system for platelet aggregation (13-15).

The PRPfrom the ACD-anticoagulated tubes was used to prepare
['4C]serotonin (5-HT)-labeled washed platelets for use in the activa-
tion system (13, 14). Radiolabeled serotonin ([ 4C] 5-HT) creatinine
sulfate, 54 mCi/mmol (in 2%ethanol) was obtained from Amersham
Corp. (Arlington Heights, IL). 0.4 nmol was added per ml PRPand the
tube was mixed gently and left at room temperature for 60 min under
5% C02-air. The tube was inverted and placed under C02-air once
again during this interval. Uptake (average 96%) was measured by
counting 50 ML of PRPfor radioactivity compared with 50 d of platelet-
poor plasma. Platelets were then washed as previously described (13-
15) and finally suspended in cold 0.9% NaCl adjusted to 109/ ml. Imip-
ramine (2.5 MMfinal concentration) was added 1 min before the ago-

1. Abbreviations used in this paper: ACD, 38 mMcitric acid, 75 mM
sodium citrate, 135 mMglucose; ASA, acetylsalicylic acid; DFP, diiso-
propyl fluorophosphate; 12S,20-DiHETE, 12S,20-dihydroxy-5,8,
10, 14-eicosatetraenoic acid; 5S, 12S-DiHETE, 5S, 12S-dihydroxy-6-
trans,8-cis, O-trans, 14-cis-eicosatetraenoic acid; EDRF/NO, endothe-
lium-derived relaxing factor/nitric oxide; ETYA, 5,8,11,14-eicosate-
traenoic acid; 12S-HETE, 12S-hydroxy-5,8-cis,10-trans,14-cis-eicosa-
tetraenoic acid; 5-HT, serotonin, 5-hydroxytryptamine; LTB4,
leukotriene B4.
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nist to prevent reuptake of released 5-HT. Activation was quantified as
total released radioactivity by counting 50 ,ul cell-free releasate (see
below) in 4 ml Aquasol-2 (DuPont NENResearch Products, Bos-
ton, MA).

Preparation of neutrophil suspensions. The remaining blood sam-
ple in the ACD-anticoagulated tubes (after removal of PRP) was used
for neutrophil preparation. This was accomplished by Dextran T500
sedimentation and subsequent centrifugation through Ficoll-Hypaque
(d 1.077), aspreviouslydescribed( 15). To ensure removal ofhemoglo-
bin after the erythrocyte lysis step, an additional wash of the neutro-
phils was carried out by resuspension in buffer and centrifugation. The
surface of the pellet was then rinsed three times with saline. Neutro-
phils were finally resuspended in Hepes buffer (pH 7.45) (mM): 5
Hepes, 140 NaCl, 5 KC1, 1.29 CaCl2, and 1.20 MgCl2. Trypan blue
exclusion by the neutrophils averaged 95%. No platelets were seen on
stained smears.

System for independent evaluation ofplatelet activation and recruit-
ment. The two-stage in vitro system used (Fig. 1) has been previously
described in studies with combined suspensions ofplatelets and erythro-
cytes ( 13, 14). In the present study, the phosphate-buffered saline was

PREINCUBATEPLAl
PLATELETS + NEU1

THENADDAGC

substituted with Hepes buffer (above) in the generating system ( 13).
Platelets (2 X 108/ ml) or platelets plus neutrophils (0.5-30 X 106/ml)
in a total volume of 0.5 ml, (Ca2" conc. 1 mM), were preincubated for
10 min at 370C, stimulated with collagen or thrombin, mixed by in-
verting three times, and centrifuged (50 s, 13,000 g). Within 1 min of
stimulation, 50 Ml of the cell-free releasate obtained was scintillation
counted to assess activation ( [4C] 5-HT release) or transferred (50 Ml)
to the assay system (PRP) for assessment of proaggregatory activity
(recruitment). The assay system consisted of 125 Al of PRPcontaining
4-5 X 108 platelets/ml, 100 ,ul of Hepes buffer and calcium (final
concentration 1 mM).

Control experiments demonstrated that supernatants of neutro-
phils alone, platelets alone, or platelet-neutrophil mixtures did not
induce recruitment in the absence of platelet agonists. In addition,
radioactivity measurements of supernates of '4C[5-HT]-labeled plate-
lets indicated that unstimulated neutrophils did not induce '4C[5-HT]
release from platelets in the absence of a platelet agonist. Since collagen
is a particulate agonist, it is eliminated from the supernatants to be
tested, by the centrifugation procedure. When thrombin was used as
agonist in the generating system (platelet activation), a fraction was
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Figure 1. Effects of agonist concentration
on inhibition of platelet activation by un-

stimulated neutrophils measured as percent
serotonin (5-HT) release (A and C) and

//.,, / platelet recruitment (B and D). Platelets
X: ,>,iA ** X X alone (2 x 108/ml) ( i) or platelets plus
-/'/*@g^ < neutrophils (4 x 106/ml) (m) were stimu-

lated with increasing doses of collagen or

0.1 0.2 1.0 thrombin. Results are mean±SEMof
paired samples (n = 6-9); *P < 0.05, **P

THROMBIN(U/ml) <0.005.
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carried over to the PRP assay system (recruitment). At the highest
concentration used (1 U/ml), a maximum of 0.18 U/ml could be
theoretically transferred. This quantity of transferred thrombin never
induced clotting in the PRPassay system within the time frame of the
experiment (1-3 min). Neutrophils did not induce agonist degrada-
tion. This was demonstrated by an experiment in which thrombin was
preincubated with or without neutrophils (4 X 106/ml). An aliquot of
the cell-free supernate demonstrated that the ability of thrombin to
induce platelet 5-HT release was unimpaired.

Human thrombin (provided by Dr. John Fenton II) was used at 1
U/ml, and collagen (Hormon-Chemie, Munich, Germany) at 16 ,g/
ml (unless otherwise specified for either agonist). Where used, aspirin
(1 mM final concentration) or 5,8,11,14-eicosatetraynoic acid
(ETYA) (30MM) were included during the 10-min preincubation. For
enzymatic removal of released ADP from the generating system, 2
U/ml apyrase (grade I, Sigma Chemical Co., St. Louis, MO)was added
during preincubation, 1 min before stimulation. To evaluate the effects
of lipoxygenase metabolites, we added 12S-hydroxy-5,8-cis, 10-
trans, 14- cis-eicosatetraenoic acid ( 12S-HETE), 5S, 12S-dihydroxy-6-
trans,8-cis,10-trans,14-cis-eicosatetraenoic acid (5S,12S-DiHETE)
leukotriene B4 (LTB4) (Biomol Research Laboratories, Plymouth
Meeting, PA), or 12S,20-dihydroxy-5,8, 10,14-eicosatetraenoic acid
(12S,20-DiHETE) (Cayman Chemical Co., Ann Arbor, MI) as so-
dium salts at 100 ng/mI during preincubation, 1 min before stimula-
tion. Pharmacologic modulators of endothelium-derived relaxing fac-
tor/nitric oxide (EDRF/NO) used (16) were as follows: SOD(100
U/ml), L-arginine ( 10 mM), and hemoglobin (20 MM)were all from
Sigma. N0-Methyl-L-arginine (500 gM) was from Calbiochem (La
Jolla, CA). FeSO4 (20 MM) was from Fisher (Pittsburgh, PA). All
reagents were present during the preincubation period, except NG-
methyl-L-arginine, which was previously incubated with the neutro-
phils for 60 min. Hemoglobin was prepared by treatment with sodium
dithionite ( 10-fold excess), dialysis against water (3 changes in 2 h),
and storage in aliquots at -70°C. After thawing, the hemoglobin was
oxygenated under a stream of oxygen and centrifuged at 13,000 g (2
min) to remove solids. Diisopropyl fluorophosphate (DFP) treatment
of neutrophils was performed as previously described ( 15 ).

The murine monoclonal anti-P-selectin antibodies used were as
follows: AC1.2 and GE12 (17) and G1, S-12, and W-40 (18-21). All
antibodies were present during the 10-min preincubation period at a
concentration of 10-15 Mg/ml.
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Results

Unstimulated neutrophils inhibit reactivity of platelets
stimulated with collagen or thrombin
Effects of agonist concentration. Addition of collagen to a com-
bined suspension of human platelets and neutrophils (1 min)
resulted in a releasate ( 13) that demonstrated decreased plate-
let reactivity when compared with a releasate obtained from
stimulated platelets alone (Fig. 1, A and B). Whenthe dose of
collagen was increased from 1 to 16 ,g/ml, neutrophil inhibi-
tion of platelet 5-HT release (activation) relative to platelets
alone varied from 46 to 36% (Fig. 1 A). Whenthe collagen-in-
duced cell-free releasate was used as agonist to induce platelet
recruitment in PRP ( 13), neutrophil-induced inhibition was
pronounced (Fig. 1 B).

Addition of thrombin to combined suspensions of platelets
and neutrophils also resulted in a releasate with reduced 5-HT
content, compared with releasates from platelets alone (Fig. 1
C). An increase in dose from 0.1 to I U/ml thrombin de-
creased the percentage of neutrophil inhibition of 5-HT release
from 87 to 43%(Fig. 1 C). As with collagen, thrombin-induced
platelet recruitment was lower in the presence of neutrophils
(Fig. I D). Inhibition of platelet reactivity by neutrophils dem-
onstrated a steeper dose-response relationship for thrombin
than collagen.

Effects of neutrophil number. Inhibition of platelet 5-HT
release induced by collagen occurred at low concentrations of
neutrophils (0.5 x 106/ml) and plateaued in the physiological
range (4-8 x 106/ml) (Fig. 2 A). The same phenomenon was
observed when neutrophils inhibited platelet recruitment (Fig.
2 B). In addition to the washed system, neutrophils (4 x 106/
ml) also inhibited platelet reactivity in platelet-rich plasma,
stimulated by 16 ,g/ml collagen (41.1±0.9% 5-HT release vs.
53.2±1.7% with PRPalone, mean±SEM, P < 0.01). Platelet
recruitment by cell-free supernates derived from PRPor PRP
plus neutrophils also indicated neutrophil inhibition of platelet
reactivity (PRP + neutrophils: 47.0+7.6 mm; PRP alone:

Figure 2. Effects of neutrophil number on inhibition
of platelet activation measured as percent 5-HT re-
lease (A and C) and platelet recruitment (B and D).
Platelets 2 x 108/ml (o ). Results are mean±SEMof
paired samples (n = 5); *P < 0.025, **P < 0.001.
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Figure 3. Effects of aspirin ( 1 mM)and ETYA (30
MM, an inhibitor of both cyclooxygenase and lipoxy-

genase) on neutrophil inhibition of platelet activation
(percent 5-HT release, A and C) and platelet recruit-
ment (B and D). Platelets alone (2 x 108/ml) (i) or

platelets plus neutrophils (4 x 106/ml) (z) were

stimulated with collagen or thrombin. Aspirin- and
ETYA-treated samples were compared with their re-

spective vehicle controls. Results are mean±SEMof
paired samples (n = 7-10); *P < 0.01, **P < 0.005,
***P < 0.0001.

74.5±3.4 mm,P < 0.01). Similar results were obtained with 8
X 10' and 16 X 106 neutrophils/ml.

In contrast to collagen, neutrophil-dependent inhibition of
platelet activation with thrombin became significant at neutro-
phil concentrations in the physiological range. The inhibitory
effect of neutrophils on thrombin-stimulated suspensions was
highly dependent on neutrophil concentration (Fig. 2 C). Neu-
trophil inhibition of platelet recruitment by thrombin-elicited
cell-free releasates demonstrated a similar dependence on neu-
trophil number (Fig. 2 D).

Eicosanoid participation in inhibition ofplatelet activation
by neutrophils
Platelet eicosanoids such as TXA2 are rapidly released upon

stimulation, and may have initiated the neutrophil inhibitory
activity. This possibility was tested by pretreating platelets
alone or platelet-neutrophil mixtures with aspirin during the
preincubation period. With collagen, inhibition of platelet 5-
HT release by 4 X 106 neutrophils/ml was reduced by aspirin
treatment (Fig. 3 A). However, with higher numbers of neutro-
phils in the acetylsalicylic acid (ASA)-treated system, neutro-
phil inhibition of platelet activation induced by collagen was

marked at 8 x 106 and 16 X 106 neutrophils/ml (Table I).
In contrast to collagen, when the cells were stimulated with

thrombin, neutrophil inhibition of platelet reactivity became
far more effective after ASA-treatment (Fig. 3 C). This inhibi-
tion was even more pronounced at higher neutrophil concen-

trations (Table I).
To extend the data obtained with the cyclooxygenase inhibi-

tor ASA, we inhibited both cyclooxygenase and lipoxygenase
with ETYA. In this instance as well, neutrophil inhibition of
platelet 5-HT release (activation) was reduced with collagen as

stimulus, but was potentiated with thrombin (Fig. 3). Results
of experiments on recruitment in the setting of eicosanoid inhi-
bition followed the same pattern as those described for activa-
tion (Fig. 3 B, D).

Using [3H] arachidonate-labeled platelets in our activa-
tion-recruitment system (Fig. 1), we previously reported ( 13)
that aspirin treatment of platelets alone resulted in a paradoxi-
cal reduction of 12S-HETE synthesis. This occurred during the
short (< 1 min) time interval studied (13). The reduction in
12S-HETE was greater with thrombin (81 %) than collagen
(42%) (13). Weinterpret the data depicted in Fig. 3, Cand D,
to indicate that a reduction in 12S-HETE formation is asso-
ciated with an increase in the neutrophil inhibitory effect. This
suggests that exogenous addition of lipoxygenase products
could reduce neutrophil-dependent inhibition of platelet acti-
vation.

Effects of platelet and neutrophil lipoxygenase metabolites
on neutrophil-dependent inhibition of platelet activation
Platelets alone and combined platelet-neutrophil suspensions
were stimulated in the presence of exogenously added lipoxy-
genase metabolites. These included platelet-derived 12S-
HETE, neutrophil-derived LTB4, 1 2S,20-DiHETE (formed by
transcellular metabolism between stimulated platelets and un-

Table I. Platelet Serotonin Release Is Inhibited
by Increasing Numbers of Unstimulated Neutrophils
in an Aspirin-treated System

Neutrophils
(106/ml) Collagen (16 Ag/ml) Thrombin (1 U/ml)

0 33.92±2.47 64.70±2.64
4 23.50±2.30 35.23±5. 10*
8 16.55±8.80* 15.00±7.50t

16 11.36±8.80* 3.82±1.20*

Serotonin release (%) is expressed as mean±SEM, obtained from
paired samples (n = 7). For the comparison platelets alone (2 X 108/
ml) vs. platelets + neutrophils: * P < 0.005 and * P < 0.001.
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stimulated neutrophils), and 5S,12S-DiHETE (formed by
transcellular metabolism between stimulated platelets and stim-
ulated neutrophils) (22, 23).

With collagen as agonist, none of the lipoxygenase metabo-
lites modified platelet activation (5-HT release) in the platelet-
neutrophil system (Table II). In sharp contrast, with thrombin,
the 12-lipoxygenase products 12S-HETE and 12S,20-Di-
HETE, but not neutrophil 5-lipoxygenase metabolites, reduced
the neutrophil inhibitory effect (Table II). These results sup-
port the concept that 12-lipoxygenase products reduce inhibi-
tion of thrombin-activated platelets by neutrophils.

Effects of enzymatic removal of released platelet ADP
Weexamined possible participation of neutrophil ecto-AD-
Pase(s) activity (24, 25) in neutrophil inhibition of platelet
reactivity. Platelets alone or platelet-neutrophil suspensions
were stimulated in the presence or absence of the ADPase,
apyrase (2 U/ml). With platelets alone, apyrase reduced 5-HT
release in collagen-, but not in thrombin-stimulated samples
(Fig. 4). This indicated that under these conditions, removal of
released platelet ADPreduced collagen-induced 5-HT release
(Fig. 4, bar a vs. c), but did not significantly inhibit thrombin-
induced 5-HT release (Fig. 4, bar a' vs. c'). Therefore, with
thrombin, the inhibitory effect of neutrophils did not result
from neutrophil ecto-ADPase. This is shown in Fig. 4 where
with thrombin, neutrophils eliminated a total of 41% 5-HT
release (bar a' minus bar b'), which was paralleled by a de-
crease of 42%5-HT release due to non-ADP-dependent mecha-
nisms (bar c' minus bar d').

However, similar calculations with collagen as agonist, as-
suming that ADP-dependent and non-ADP-dependent 5-HT
release are additive, indicate a possible contribution of neutro-
phil ADPase. Here, the neutrophil inhibitory effect results in a
loss of 34% 5-HT release (bar a minus bar b), whereas non-
ADP-dependent mechanisms cause a decrease of only 24%
5-HT release (bar c minus bar d). The difference, a loss of 10%
5-HT release, is likely due to removal of released platelet ADP
by neutrophil ecto-ADPase. The fraction of the total inhibitory
effect potentially related to neutrophil ecto-ADPase ( 10/34 or
29%) is therefore significant in the case of collagen, although
not the major cause of neutrophil-dependent inhibition of
platelet reactivity in this experimental setting.

Table II. Effects of Lipoxygenase Metabolites on Inhibition
of Platelet Serotonin Release by Unstimulated Neutrophils

Collagen (16 pLg/ml) Thrombin (1 U/ml)

Control 46.8 30.8
12S-HETE 44.3 18.2*
12S,20-DiHETE 42.7 11 .4*
5S, 12S-DiHETE 52.1 32.9
LTB4 54.5 32.8

Lipoxygenase metabolites were added at 100 ng/ml. Data were ob-
tained from paired samples (n = 4) of platelets alone (2 x 108/ml)
and platelets plus neutrophils (4 X 106/ml) and are expressed as a
percentage: I OOx [1 - (5-HTpatelets+neutrophils)/(5-HTp telet alone)]. The
inhibition of platelet serotonin release by neutrophils was significantly
reduced by 12S-HETE and 12S,20-DiHETE, * P < 0.01, in the case
of thrombin-stimulated samples.
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Figure 4. Effects of enzymatic removal of released platelet ADPon
neutrophil inhibition of platelet activation (5-HT release). Platelets
alone (2 x 108/ml, a, c, a', and c') or platelets plus neutrophils (4
X 106/ ml, b, d, b', and d') were stimulated with collagen or thrombin
in the absence (a, b, a', and b') or in the presence (c, d, c', and d')
of the ADPase apyrase (2 U/ml). Results are mean±SEMof paired
samples (n = 4); *P < 0.001 for the comparisons a vs. b, c vs. d, a'
vs. b', c' vs. d'; P <0.001 for a vs. c; P <0.01 for b vs. d; a' vs. c' and
b vs. d' not significant.

Neutrophil inhibition ofplatelet reactivity is independent of
EDRF/NOsynthesis or serine protease activity
Neutrophils have been reported to produce EDRF/NO(26-
28), which can inhibit platelet responsiveness (9-12). We
therefore evaluated effects of compounds known to modulate
NOformation and/or activity ( 16). Platelets or platelet-neu-
trophil suspensions, either ASAtreated or untreated, were stim-
ulated with collagen (16Ig/ml) or thrombin ( 1.0 U/ml). This
was done in the presence or absence of SOD, L-arginine, hemo-
globin, FeSO4, NG-methyl-L-arginine, and L-arginine plus N0-
methyl-L-arginine (data not shown). These pharmacologic
modulators of EDRF/NOcaused no variations in 5-HT re-
lease and therefore no changes in the neutrophil inhibitory ef-
fect on platelet activation under these conditions. Thus, in our
activation-recruitment system, NOdoes not account for the
neutrophil inhibitory effect on platelet reactivity.

Activated neutrophils release serine protease(s) that can
modify platelet function. Although we were working with un-
stimulated PMN, we treated neutrophils with the cell-penetrat-
ing serine protease inhibitor, DFP. DFP-treated and -untreated
neutrophils in combined suspension with platelets in the acti-
vation system were compared. Neutrophil inhibition of platelet
activation was unaffected by DFPtreatment (data not shown).
Therefore, with unstimulated neutrophils, the inhibition of
platelet activation was not mediated by serine proteases.

P-selectin-dependent platelet-neutrophil adhesion limits
neutrophil inhibition of platelet reactivity
P-selectin [platelet activation-dependent granule-external
membrane protein (29) (PADGEM), a granule membrane
protein of Mr 140,000 (30) (GMP-140), CD62] belongs to the
selectin family of adhesive proteins (29-31). P-selectin medi-
ates adhesion of activated platelets to neutrophils and mono-
cytes ( 17, 20, 21, 32-34) and subsets of lymphocytes (35). We
used specific murine monoclonal anti-P-selectin antibodies to
determine whether a P-selectin-mediated platelet-neutrophil
adhesion step was required for neutrophil inhibition of platelet
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reactivity. The antibodies GE12 (17) and G1 (20, 21 ) inhibit
P-selectin-mediated neutrophil adhesion (30). Control anti-
P-selectin antibodies AC1.2 (17), S12 (20, 21 ), and W40(18)
do not inhibit platelet-neutrophil adhesion.

Antibodies GE12 or GI had no effect on the activation of
platelets alone (Figs. 5 and 6). However, in the presence of
these antibodies (which inhibit platelet-neutrophil adhesion),
the neutrophil inhibitory effect on platelet activation was actu-
ally enhanced. This enhancement was more pronounced in
thrombin- than in collagen-stimulated cell mixtures. With col-
lagen as agonist, neutrophil-dependent platelet inhibition in-
creased from 61 to 68%. The percentage inhibition was calcu-
lated as 5-HT released by: 100 X [(platelets alone - platelets
plus neutrophils)/platelets alone]. Similarly in the presence of
G1, platelet inhibition by neutrophils increased from 40 to
56%. With thrombin, this trend was even more obvious. Neu-
trophil-dependent platelet inhibition rose from 67 to 90%upon
addition of GE12, and from 23 to 52%with Gl (Figs. 5 and 6).
The enhancing effect of these antibodies is even more apparent
if 5-HT release of platelet-neutrophil mixtures in the absence
and presence of adhesion-blocking antibodies is compared. If
5-HT release in the absence of these antibodies is considered to
be 100%, then with collagen as agonist, inhibition increased
over controls by 22 and 24% with GE12 and G1, respectively.
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Figure 5. A specific monoclonal antibody against P-selectin, which
inhibits platelet-neutrophil adhesion (GE12), enhances neutrophil
inhibition of platelet activation (5-HT release), whereas a different
specific monoclonal antibody against P-selectin, which does not in-
hibit platelet-neutrophil adhesion (ACI.2), was without effect.
Platelets alone (2 x 108/ml) (in) or platelets plus neutrophils (8
x 106/ml) (n) were stimulated with collagen or thrombin. Results
are mean±SEMof paired samples (n = 8); *P < 0.001 for both the
comparison of platelets plus neutrophils between GE12 and control
(no antibody), as well as between antibody GE12 and antibody
AC1.2. In all cases P < 0.0001 for the difference between 5-HT release
from platelets alone and from platelets plus neutrophils.
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Figure 6. Results comparable to those shown in Fig. 5 were obtained
with another group of antibodies against P-selectin. Antibody GI,
which inhibits adhesion between activated platelets and unstimulated
neutrophils, enhances neutrophil inhibition of platelet activation (5-
HT release). Antibodies S12 and W40, which do not inhibit
platelet-neutrophil adhesion had no effect on neutrophil inhibition
of platelet activation. Experimental conditions and Pvalues are the
same as for Fig. 5.

With thrombin the inhibition increased 69 and 39%, respec-
tively. In contrast, the monoclonal anti-P-selectin antibodies
AC1.2, S12, or W40(which do not affect platelet-neutrophil
adhesion) essentially had no influence on neutrophil inhibition
of platelet activation (Figs. 5 and 6). These data indicated that
a platelet-neutrophil adhesion step was not a prerequisite for
the neutrophil to block platelet reactivity. In fact inhibition was
enhanced in the presence of antibodies that blocked adhesion.

Discussion

Unstimulated human neutrophils strongly downregulated hu-
man platelet responsiveness during the first minute of stimula-
tion by platelet agonists. This was demonstrated in an in vitro
system (Fig. 1 ), which independently evaluates platelet activa-
tion and recruitment. This method may serve as an in vitro
model for early hemostatic and thrombotic events ( 13 ). After
the agonist is added, platelets and neutrophils are brought into
close contact, and then the cells are removed. The supernatant
fluid containing the products released from the cells is then
used as a probe for platelet recruitment and tested biochemi-
cally for platelet activation. Thus, our system evaluates very
early events, within 1 min of stimulation.

Since platelet agonists are more likely to be available during
the early phase of thrombus formation, we chose collagen and
thrombin for these studies. Choice of agonist for the stimula-
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tion of the cell mixture is a major determinant of the end result.
In agreement with our data, addition of a platelet agonist to
platelet-neutrophil mixtures resulted in neutrophil inhibition
of platelet reactivity (8-10). However, with some neutrophil
agonists, platelet reactivity in combined suspensions was pro-
moted (4, 5).

The experimental results presented herein indicate in addi-
tion that neutrophil inhibition of platelet reactivity induced by
collagen or thrombin was stimulus specific. At similar levels of
activation of platelets alone, neutrophil inhibition of 5-HT re-
lease was greater in samples stimulated with thrombin than
with collagen (Fig. 1, A and C). Furthermore, at low neutro-
phil concentrations, inhibition was more efficient with colla-
gen than with thrombin (Fig. 2). Differences between these
platelet agonists were also observed in eicosanoid regulation of
platelet-neutrophil interactions. At the same neutrophil num-
ber, aspirin enhanced the neutrophil effect with thrombin but
reduced it with collagen (Fig. 3). In addition, 12S-HETE had a
regulatory role in thrombin- but not in collagen-stimulated
samples (Table II). Last, P-selectin antibodies, which block
adhesion, had much more pronounced effects with thrombin
as platelet agonist, than with collagen (Figs. 5 and 6).

Neutrophil inhibition of platelet reactivity as observed in
our in vitro system could have implications for comprehension
of early events in hemostasis and thrombosis. The data suggest
that neutrophils have the capacity to modulate initiation and
propagation of a developing platelet thrombus.

As mentioned above, in the setting of aspirin treatment, the
neutrophil inhibitory effect was reduced with collagen at physi-
ological neutrophil concentrations (4 X 106/ml, Fig. 3 A).
This effect was reversed at higher neutrophil concentrations
(Table I). This suggested the presence of two mechanisms of
neutrophil control: aspirin-sensitive and aspirin-insensitive.
The aspirin-sensitive mechanism seems more efficient since
lower quantities of neutrophils were required.

Treatment of combined platelet-neutrophil suspensions
containing 4 X 106 neutrophils/ml with ETYA (inhibiting
both cyclooxygenase and lipoxygenase) in samples stimulated
with collagen yielded data similar to that obtained after aspirin
treatment (Fig. 3 A). This indicated that lipoxygenase metabo-
lites were not involved in neutrophil inhibition of platelet reac-
tivity in collagen-stimulated cells. The concept was verified by
the inability of exogenously provided lipoxygenase products to
alter neutrophil inhibition of platelet activation (Table II).

In contrast to the above results with collagen, neutrophil
inhibitory effects on platelet reactivity were enhanced after
thrombin stimulation of the aspirin-treated system (Fig. 3 B).
At the 1 min time point in our activation system (Fig. 1),
aspirin treatment led to reduced 12S-HETE production ( 13).
The dual cyclooxygenase and lipoxygenase inhibitor, ETYA
further depleted the quantity of 12S-HETE formed. In this in-
stance, neutrophil inhibitory activity of platelet activation with
thrombin was even further enhanced (Fig. 3 B). It can there-
fore be inferred that 12-lipoxygenase metabolites reduce
thrombin-induced neutrophil inhibitory activity. This, in fact,
did occur when 12-lipoxygenase metabolites were exogenously
added to the thrombin-stimulated system (Table II).

Our data with thrombin provide yet another example of
participation of platelet lipoxygenase metabolites in interac-
tions involving other cell types, i.e., neutrophils (23). Downreg-
ulation of the neutrophil inhibitory effect was not abrogated by

transcellular metabolism of platelet 12S-HETE to 12S,20-Di-
HETEvia w-hydroxylation by unstimulated neutrophils (22).
In contrast, this property of 12S-HETE was no longer demon-
strable with 5S,12S-DiHETE generated from platelet 12S-
HETE via 5-lipoxygenation by stimulated neutrophils (23)
(Table II).

Since they reduce neutrophil inhibition of platelet reactiv-
ity, 12-lipoxygenase products are "prothrombotic" in throm-
bin-stimulated combined cell suspensions. The early ASA-in-
duced reduction in 12-HETE formation can therefore be re-
garded as a beneficial effect of this compound, occurring in
addition to cyclooxygenase inhibition. Furthermore, the en-
hancement of neutrophil inhibition in ASA-treated samples
stimulated with thrombin may also be a part of the beneficial
therapeutic effect of aspirin when platelet activation by throm-
bin occurs in vivo (Fig. 3 B).

Several additional mechanisms could have been responsi-
ble, at least in part, for neutrophil inhibition of platelet reactiv-
ity as demonstrated in our system. These included neutrophil
ADPase(s), serine proteases, and EDRF/NOformation. The
results obtained rule out participation of neutrophil EDRF/
NOand serine proteases since no variations in 5-HT release
were found in the presence or absence of pharmacologic modu-
lators of EDRFactivity or after treatment with the cell-pene-
trating protease inhibitor DFP. Neutrophil ADPase activity
was a factor only in samples stimulated with collagen, but not
when thrombin was used as agonist. This may reflect the obser-
vations that stimulation of platelets by high doses of thrombin
does not depend on platelet-released ADPwhile collagen stimu-
lation of platelets does (36).

The fact that most of the above mechanisms were not in-
volved in our results is probably a reflection of the following:
(a) we studied unstimulated neutrophils; (b) the platelets were
highly stimulated with specific agonists; (c) maximal cell con-
tact was facilitated; and (d) duration of platelet-neutrophil
contact was brief in order to simulate early in vivo thrombotic
events.

Upon cell activation, the adhesive protein P-selectin is ex-
pressed on the platelet or endothelial cell surface ( 17, 30, 31 ),
where it mediates adhesion of neutrophils and monocytes. It
has been suggested that P-selectin maybe responsible for initial
adhesion of neutrophils at sites of vascular injury, leading to
leukocyte rolling (20, 37, 38). In vivo, P-selectin may play a
central role in leukocyte accumulation within thrombi (39).

It was important to discern whether direct platelet-neutro-
phil adhesion was necessary for the inhibitory effect of neutro-
phils on platelets to occur. This was examined with specific
monoclonal antibodies against P-selectin, which blocked plate-
let-neutrophil adhesion. The results indicated that neutrophil
inhibition of platelet reactivity was actually enhanced when
adhesion was blocked (Figs. 5 and 6). Thus, neutrophils are
more effective in controlling platelet reactivity when the cells
are not adherent to each other. Thus, it should be considered
that P-selectin, in keeping with other platelet a-granule constit-
uents, acts in a prothrombotic manner, via its ability to reduce
neutrophil inhibition of platelet reactivity.

Two circumstances under which the efficiency of neutro-
phils in blocking platelet reactivity was increased included (a)
when lipoxygenase metabolism was blocked by ETYA in
thrombin-stimulated cell suspensions and no hydroxy acids
were produced (Fig. 3) and (b) when metabolic platelet-neu-
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trophil adhesion was blocked by P-selectin antibodies (Figs. 5
and 6). With regard to (a), lipoxygenase-derived hydroxy
acids have been reported to increase cell adhesion (40), and we
could reduce neutrophil-mediated inhibition of platelet reactiv-
ity in vitro by adding back hydroxy acids (Table II). These
compounds may have increased platelet adhesion. Thus, neu-
trophils may inhibit best when there is proximity, but not neces-
sarily adhesion to stimulated platelets. Wesuggest that neutro-
phil inhibition of platelet reactivity may operate maximally via
a fluid phase between the cells.

In conclusion, stimulation of platelets in the presence of
neutrophils for 60 s results in inhibition of platelet reactivity. A
P-selectin-induced adhesion step is not required for this down-
regulation mechanism. Furthermore, inhibition of P-selectin-
induced adhesion actually promoted neutrophil reduction of
platelet responsiveness. Novel observations were made regard-
ing participation of eicosanoid metabolites in these cell-cell
interactions. The platelet 12-lipoxygenase product, 12S-HETE
or its derivative, 12S,20-DiHETE, originating from transcellu-
lar metabolism between platelets and unstimulated neutro-
phils, reduced the inhibitory effect of neutrophils when the
system was activated by thrombin. Also, aspirin treatment re-
sulted in enhancement of the neutrophil downregulatory effect
after thrombin stimulation. The latter represents a heretofore
unrecognized potential antithrombotic effect of aspirin in the
setting of thrombin formation in vivo. Neutrophil downregula-
tion of platelet reactivity also occurred in platelet-rich plasma,
indicating physiologic significance. These results demonstrate
the role of neutrophils as cellular thromboregulators and pro-
vide further evidence for the concept of thrombosis as a multi-
cellular process.
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