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Abstract

Highly purified human thrombin stimulates the adherence of
polymorphonuclear leukocytes (PMNs) to vascular endothelial
cells (EC). When Indium-labeled PMNs were incubated with
primary monolayers of cultured human umbilical vein EC, the
basal adherence was 10+1% of the PMNs at 5 min. Addition of
thrombin (2 U/ml) increased the mean adherence to 42+15%.
Enhanced neutrophil adherence in response to thrombin was
confirmed by experiments with unlabeled leukocytes, examined
by phase contrast and scanning electron microscopy. The action
of thrombin was on the EC, since it did not directly stimulate
PMN adhesiveness when measured by aggregation or by ad-
herence to nylon fiber columns. Furthermore, enhanced neutro-
phil adherence occurred when endothelial monolayers were
treated with thrombin and washed before adding '"'Indium
(*"In)-labeled PMNs. Thrombin that had been inactivated with
antithrombin III and heparin did not enhance neutrophil adher-
ence. Prothrombin, Factor Xa, and fibrinogen were also ineffec-
tive. The stimulated adherence of PMNs was maximal 5 min
after incubation of the EC with thrombin, and decreased there-
after. The response was dose-dependent, with half-maximal
stimulation at 0.2-0.25 U thrombin/ml. The enhanced PMN
adherence caused by thrombin may result in part from the pro-
duction of platelet-activating factor (PAF) by the stimulated EC
since (a) thrombin-stimulated EC synthesize PAF with a time
course and concentration dependence that are similar to the time
and concentration relationships for thrombin-stimulated PMN
adherence, (b) PAF itself promoted neutrophil adherence to the
EC monolayers, and (c) pretreatment of PMNs with PAF de-
creased the adherence stimulated by thrombin and PAF, but not
adherence stimulated by N-formylmethionyl-leucyl-phenylala-
nine and C5a fragments, which indicates specific desensitization
of PAF-mediated adherence.

These studies demonstrate the endothelial cell-dependent
stimulation of PMN adherence by thrombin, a novel mechanism
of enhanced leukocyte adherence that may be important in in-
teractions between the coagulation and inflammatory systems.

Introduction

Leukocytes, as well as erythrocytes and platelets, are found in
thrombi and are active participants in experimental and clinical
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thrombosis (1). Neutrophils (neutrophilic polymorphonuclear
leukocytes, polymorphonuclear cells [PMNs),! granulocytes) are
frequently seen in thrombi (1), and in some circumstances are
the predominant cells that accumulate in injured or inflamed
vessels in humans (1-4). In addition, vascular thrombosis is a
feature of pathologic tissue inflammation (5). Several mecha-
nisms may link the coagulation and inflammatory systems.
Generation of biologically active products by the plasma contact
activation system, such as Factors XIla and XIa, kallikrein, and
bradykinin, may result in inflammation as well as thrombosis
(6-8). Furthermore, products of this system may activate the
complement cascade, which results in the generation of the che-
motactic fragments C5a and C5a desarg (5, 6, 9). Mediators
released from platelets during coagulation or after contact with
injured vascular intima, such as platelet-derived growth factor
and platelet factor IV, have proinflammatory effects (10). Neu-
trophils also release substances that can activate coagulation and
initiate fibrinolysis (1, 11), and cause platelet activation and the
release of platelet products (1, 12, 13).

In earlier studies (14, 15) we found that thrombin stimulated
human endothelial cells to produce platelet-activating factor
(PAF; 1-alkyl-2-acetyl-sn-glycero-3-phosphocholine), a biologi-
cally active phospholipid. The PAF synthesized by the endo-
thelial monolayers remained associated with the cells, rather
than being released (14). Production of PAF by endothelial cells
(EC) in response to thrombin potentially represents a new
mechanism linking the common pathway of the coagulation
system (16) with the acute inflammatory process, since PAF is
a potent stimulus for the activation of human neutrophils as
well as platelets (14, 15, 17, 18). Preliminary results indicated
that thrombin stimulated the adherence of neutrophils to cul-
tured human endothelium (14), which suggests the possibility
that endothelial cell-derived PAF may mediate interactions be-
tween leukocytes and the endothelial surface.

In this paper we report observations that further support this
hypothesis. The experiments demonstrate that thrombin stim-
ulates the adherence of neutrophils via a mechanism that requires
the endothelial cells, that PAF is also an agonist for stimulated
PMN adherence, and that the enhanced PMN adherence in re-
sponse to thrombin may be in part mediated by the production
of PAF by the endothelial cells.

Methods

Materials. Purified human thrombin and coagulation Factor Xa were
provided by Dr. George J. Broze, Washington University, St. Louis,
MO. The stock solution of thrombin contained 1,050 U/ml with a specific

1. Abbreviations used in this paper: EC, endothelial cells; fMLP, N-for-
mylmethionyl-leucyl-phenylalanine; HBSS, Hanks balanced salt solution;
HBSS/A, HBSS with 5 mg/ml human serum albumin; '"'In, '"'Indium;
PAF, platelet-activating factor (1-alkyl-2-acetyl-sn-glycero-3-phospho-
choline); PMNs, polymorphonuclear cells.
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activity of 2,920 U/mg. It was diluted to 20 U/ml in Hanks balanced
saline solution (HBSS) and stored in aliquots at —20°C for use in the
experiments to be described. Leukotriene B, was a gift from Dr. Joshua
Rokach (Merck-Frosst Canada, Inc., Quebec, Canada). PAF was pur-
chased from Avanti Polar Lipids, Inc. (Birmingham, AL). N-formyl-
methionyl-leucyl-phenylalanine (fMLP), prothrombin, and fibrinogen
were from Sigma Chemical Co. (St. Louis, MO) and human albumin
was purchased as a 25% stock solution (“Albuminar 25”) from Armour
Pharmaceutical Co. (Tarrytown, NY). Medium 199, L-glutamine, an-
tibiotic solutions, and HBSS were from M.A. Bioproducts (Walkers-
ville, MD).

Human umbilical vein endothelial cell culture. Endothelial cells were
isolated from umbilical veins and cultured in gelatin-treated 25-mm wells
in multiwell plates (Costar, Cambridge, MA), or 35-mm polystyrene
petri dishes (Corning Glass Works, Corning, NY) using a minor modi-
fication of previously reported methods (14, 15, 19). After being isolated
from the vessels with collagenase, the EC were suspended in medium
199 with 20% pooled human serum, supplemerital L-glutamine, and
antibiotics (19). We prepared the serum by allowing blood from 3-6
normal donors to clot in sterile glass tubes; we then performed centrif-
ugation of the serum twice at 3,000 g for 5 min at 4°C, and once at
12,000 g for 15 min at 4°C, and then sequential filtration through 0.2-
um filters before addition to the medium. The EC were incubated in 5%
CO,, 95% air for 4 h; after this period the nonadherent cells were aspirated,
the adherent cells were washed 1-3 times with HBSS, and new culture
medium was added. The cells were returned to an atmosphere of 95%
air, 5% CO, until confluent (5-7 d), with media changes every 72 h.
Only primary cultures that had been tightly confluent for 24 h or more
(19) were used for these experiments.

Isolation and labeling of human neutrophils. Neutrophils were isolated
from venous blood using dextran sedimentation and Ficoll-Hypaque
gradients as described (20). A group of healthy subjects of various ages
and both sexes served as PMN donors. The isolated PMNs (95-100%
PMNs) were suspended in HBSS with 5 mg/ml human serum albumin
(HBSS/A) for '''Indium ('!'In)-labeling and for studies of adherence to
EC. We have previously shown that neutrophils isolated in this way do
not contain functionally significant numbers of platelets (19). Further-
more, no adherent platelets were seen when neutrophil suspensions were
incubated with EC monolayers and examined by scanning electron mi-
Croscopy.

For labeling with '''Indium, 50 to 200 X 10° PMNs were suspended
in 5 ml of HBSS/A. Indium oxine (Medi-Physics, Inc., Richmond, CA,
or Amersham Corp., Arlington Heights, IL) was supplied by the De-
partment of Radiopharmacy of the University of Utah and was added
in a concentration of 0.2-0.5 xCi/10° PMNs, a dose that is well below
the level that causes radiation damage to the leukocytes (21). The PMNs
and Indium were incubated for 5-15 min at 37°C and the suspension
was then centrifuged at 450 g for 5 min at room temperature. The su-
pérnate was saved and the pelleted PMNs were gently resuspended in
10 ml HBSS/A. This suspension was mixed and then centrifuged again
at 450 g for 5 min at room temperature. The supernate was decanted,
pooled with the supernate from the first centrifugation, and the radio-
activity in the pooled supernates and the cell pellet was determined.
Under these conditions 30-80% of the Indium was taken up by the
PMN:s. The labeled PMNs were resuspended in an appropriate volume
of HBSS/A to yield a cell concentration of 5.5 X 10° neutrophils per ml.

In some experiments PMNs were labeled with '''In-tropolonate (22)
rather than '"'In-oxine. '"'In-chloride (0.2-0.5 xCi/10° PMNs) was mixed
with 26 ug of tropolone (Aldrich Chemical Co., Inc., Milwaukee, WI)
in a volume of 0.5 ml of 0.9% NaCl before addition to the PMN sus-
pension, or the two agents were added separately to the PMN suspension.
The PMN suspension was then incubated for 15 min at 37°C and the
remainder of the procedure was done as previously described.

After labeling with '"'In-oxine or tropolonate, 98% or more of the
neutrophils excluded Trypan Blue. Their functional status was similar
to that of unlabeled PMN:s since (a) they spontaneously adhered to nylon
fiber columns and the basal adherence could be increased by increasing
the weight of nylon fiber, a functional assay of viability (23), (b) adherence
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to the columns could be increased by incubating the labeled neutrophils
with fMLP, LTB,, or C5a desarg, which are known agonists of neutrophil
adherence (20, 24, 25), (c) the labeled neutrophils aggregated in response
to fMLP, LTB,, C5a desarg, and PAF in a concentration-dependent
fashion (see Results; Fig. 4), and (d) the relative aggregation responses
of Indium-labeled neutrophils to fMLP, LTB,, and PAF reproduced the
pattern that we have observed with unlabeled PMNs (Zimmerman,
G. A, and D. Klein-Knoeckel, manuscript submitted for publication).

In an experiment to determine if '''In was released from stimulated
PMN:s, labeled neutrophil suspensions were in'(;ubated with buffer, PAF,
or fMLP for 5 min at 37°C, centrifuged, and the radioactivity in the
pellets and supernates was counted. 5% of the counts were found in the
supernate of buffer-treated PMNs, 4% in that of PAF-stimulated cells,
and 5.8% of the counts were in the supernate from fMLP-stimulated
PMNs. We confirmed that fMLP and PAF activated the PMNs by mea-
suring aggregation of the neutrophils in response to the agonists in parallel
incubations. In a second experiment, '''In-labeled PMNs were incubated
for 30 min with EC that had been treated with 1 U/ml thrombin (see
next section and Results). The PMN suspensions were removed, centri-
fuged, and the radioactivity in the pellets and supernates were determined;
5.5 and 6% of the counts were found in the supernates of duplicate
samples.

Adherence of labeled neutrophils to endothelial cell monolayers. En-
dothelial monolayers that had been tightly confluent (19) for a minimum
of 24 h before use were washed with HBSS (37°C) after removal of the
culture medium. Aliquots of labeled PMN suspension (0.45 ml if the
monolayers were in 25-mm wells and 0.9 ml if they were in 35-mm
dishes) were layered over the EC; then control buffer or buffer containing
an agonist (thrombin, PAF, fMLP, etc.) was added, and the PMNs and
EC were incubated for various times as indicated in an atmosphere of
5% COjy, 95% air at 37°C. When the volume of PMNs was 0.45 ml, the
agonist or control solutions were added in 0.05-ml volumes and the
solutions were added in 0.1-ml volumes when the PMN volume was 0.9
ml. In the figures in Results, the concentrations of agonists indicate their
final concentration in the incubation mixture.

In some experiments control solutions, or solutions containing
thrombin or other agents, were added to EC monolayers, incubated for
various periods, and removed. The monolayers were then washed again,
""[n-PMNs were added and incubated for 5 min, and adherence was
determined (Results, Figs. 3 and 5).

After incubation of !''In-labeled PMNs with EC, the PMN suspen-
sions were carefully aspirated from the monolayers (Fraction A) and
counted in a radiation counter (Gamma 5000; Beckman Instruments,
Inc., Fullerton, CA). The monolayers were then washed twice with HBSS
(0:5 ml for 25-mm monolayers and 1.0 ml for 35-mm monolayers) and
the washings from each monolayer were individually pooled (Fraction
B) and counted. After this step the dishes were routinely inspected by
phase contrast microscopy to document that PMNs were adherent and
that the EC monolayers were intact. The monolayers then were treated
with 1 M NH,OH for a minimum of 1 h at room temperature to dissolve
the EC and adherent PMNs. The culture vessels were scraped with a
cotton-tipped applicator and the NH,OH was aspirated; a second volume
of NH,OH was added and the plates were scraped again. The NH,OH
washings and the cotton-tipped applicators from each monolayer were
pooled and this fraction (Fraction C), containing the '''In from neutro-
phils adherent to the endothelial cells, was also counted. The total ra-
dioactivity recovered was calculated by adding the radioactivity (counts
per minute) present in Fractions A, B, and C. Routinely, 95-100% of
the radioactivity was recovered. The percentage of PMNs adherent to
the EC monolayers was calculated by dividing the radioactivity in Fraction
C by the total radioactivity recovered (Fractions A + B + C). The results
were qualitatively unchanged if they were expressed as the absolute
amount of radioactivity associated with the EC monolayers (Fraction
C). Basal and stimulated adherence was measured in duplicate or triplicate
in some experiments; the variation between monolayers was <5% within
each study.

Adherence of Indium-labeled PMNs to nylon fiber columns. A mod-
ification of a previously reported method (20) was used. Columns con-



taining nylon fiber were made as described and warmed to 37°C. Aliquots
of '"'In-labeled PMNs (0.9 ml) were mixed with control or agonist solution
(0.1 ml) for 30 s to S min at 37°C on a mixing platform; 1.0-ml volumes
were then added to duplicate or triplicate columns and allowed to drain
by gravity at 37°C over a 15-min period. The radioactivity in the effluents
and the columns were counted separately and the percentage of neutro-
phils adherent to the nylon fiber was calculated as the radioactivity (counts
per minute) associated with the column divided by the sum of the counts
associated with the column and in the effluent.

Neutrophil aggregation. The aggregation of '''In-labeled and unla-
beled neutrophils in response to thrombin, or agonists known to activate
PMNs, was measured by a modification (Zimmerman, G. A., and D.
Klein-Knoeckel, manuscript submitted for publication) of a previously
described technique (14). Briefly, 0.45 ml of granulocyte suspension was
stirred (900 rpm) at 37°C in a siliconized cuvette in a dual channel
aggregometer (model 300BD; Payton Scientific, Inc., Buffalo, NY) for
2 min. 50 ul of an agonist solution (control buffer, thrombin, or agents
such as fMLP) were then added and the resultant aggregation wave was
recorded over a 1-3-min period. The aggregation waves were quantitated
as the increase in light transmission (14) at | min after addition of the
agonist, since we have previously shown that the aggregation responses
are maximal at this interval under the conditions of these experiments
(Zimmerman, G. A., and D. Klein-Knoeckel, manuscript submitted for
publication).

Desensitization studies. In experiments to determine if neutrophils
become specifically desensitized (26, 27) to subsequent stimulated ad-
herence, we treated suspensions of control or '!'In-labeled PMNs with
buffer or PAF and then studied their adherence and aggregation responses
to agonists of different classes. In preliminary experiments using PMN
aggregation, we found that neutrophils treated with PAF for 5 min at
37°C became hyporesponsive to subsequent stimulation with PAF. The
response to subsequent stimulation with fMLP varied, depending on the
concentration of PAF used in the pretreatment period. When neutrophils
were pretreated with low concentrations of PAF (10~° or 10~% M), the
response to a second stimulation with PAF was inhibited, whereas the
response to fMLP was maintained; this confirms selective desensitization
of the PMNs (27). When higher concentrations of PAF (1077 or 107% M)
were used for pretreatment, the leukocytes became hyporesponsive to
both PAF and fMLP (“‘nonspecific desensitization™) (26). The concen-
tration of PAF that specifically desensitized neutrophils varied from neu-
trophil donor to neutrophil donor; therefore, we screened donors and
chose those whose PMNs demonstrated specific desensitization with PAF
at a concentration of 10~ M. '"'In-labeled PMNs from these subjects
were treated with 1078 M PAF or control buffer for 5 min at 37°C on a
mixing platform. Aliquots of the PMNs (0.9 ml) were transferred to EC
monolayers, 0.1 ml of a second agonist was added, the neutrophils and
EC were incubated together for 5 min, and the adherence of PMNs to
the EC was determined. Evidence for specific desensitization of the neu-
trophils by PAF in these studies was confirmed by parallel aggregation
assays.

Data comparisons. All results are indicated as the mean+1 standard
deviation. Where indicated, means were compared using a paired stu-
dent’s ¢ test.

Results

Thrombin stimulates the adherence of neutrophils to endothelial
cell monolayers. When thrombin was added to suspensions of
In-labeled PMNs overlying EC monolayers, adherence of the
leukocytes to the endothelial cells was markedly stimulated. In
nine experiments in which EC monolayers and neutrophils were
incubated with thrombin for 5 min, 42+15% of the neutrophils
adhered compared with 10+1% of the PMNs in dishes incubated
with control buffer (P = 0.0001). The stimulated adherence in
response to thrombin was dependent on the concentration of
thrombin (Fig. 1). Half-maximal stimulation of neutrophil ad-
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Figure 1. The stimulated adherence of Indium-labeled neutrophils to
endothelial cells is dependent on the concentration of thrombin. Hu-
man thrombin was added to suspensions of !''In-labeled PMNs over-
lying EC monolayers and incubated for 5 min at 37°C, after which the
percentage of labeled neutrophils adherent to the monolayers was de-
termined (see Methods). The figure illustrates the data from one ex-
periment. The results were similar in a second experiment with endo-
thelial cells from a different isolate.

herence occurred at a thrombin concentration of 0.2 U/ml and
was maximal at 2 U/ml. Two experiments showed that throm-
bin-stimulated adherence increased rapidly over the first 5-10
min of incubation, and then declined (not shown). We found
that a commercially available thrombin preparation (Sigma
Chemical Co.) also stimulated the adherence of '!''In-labeled
neutrophils to endothelial monolayers.

Phase contrast microscopy indicated that the adherence val-
ues calculated from the radioactivity associated with the EC
monolayers correlated well with the adherence of intact neutro-
phils. We also found that thrombin stimulated the adherence of
unlabeled neutrophils, as well as Indium-labeled PMNss (Fig. 2).
This observation indicated that the increased adherence in re-
sponse to thrombin was not due to an alteration in the neutro-
phils caused by the labeling procedure. As shown in Fig. 2 C,
scanning electron microscopy confirmed that thrombin caused
PMN:s to adhere to the surface of the endothelial monolayer.
The neutrophils were adherent to the endothelial cell plasma
membrane, but were only rarely seen to adhere to one another,
which suggests that a factor associated with the endothelial cells
mediated the interaction. Some of the neutrophils demonstrated
polarization (24), which suggests that they had been activated
in the process (Fig. 2 D).

In an experiment to determine if cyclooxygenase products
synthesized by the EC influence thrombin-stimulated neutrophil
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Figure 2. Thrombin stimulates the adherence of unlabeled neutrophils
to endothelial monolayers. Suspensions of unlabeled neutrophils were
incubated with EC monolayers for 5 min after treatment with control
buffer or 2 U/ml thrombin. The PMN suspensions were then aspi-
rated, the monolayers were washed twice with 1.0 ml volumes of
HBSS, and representative areas were photographed through a Nikon
Diaphot-TMD inverted phase contrast microscope (magnification X
250). There was a marked increase in the adherence of neutrophils in
the thrombin-stimulated dish (B) compared to the adherence in the
dish treated with control buffer (4). We found similar results in exper-
iments with ''In-labeled PMNs (not shown). After examination by
phase-contrast microscopy the monolayers were fixed with Karnov-
sky’s solution, coated with atomic gold by vacuum evaporation, and
examined with a Jeol-JSM35 scanning electron microscope. There
were many neutrophils adherent to the thrombin-treated endothelial
cells (C; magnification X 5,700). Some demonstrated polarization,
with the development of lamellopodia and uropods (D, next page;
magnification X 7,000). No adherent platelets were seen. In an experi-
ment using EC monolayers from the same isolate and !!'In-labeled
PMNSs from the same neutrophil donor that were used in the incuba-
tions shown in this figure, thrombin (2.0 U/ml) caused 27% of the
PMN:s to adhere compared with 8% adherence in response to buffer.



adherence (19), we pretreated the EC monolayers with control
buffer or indomethacin for 30 min before incubating them with
PMNs and thrombin. After a 5-min incubation, neutrophil ad-
herence to indomethacin-treated EC monolayers stimulated by
thrombin (2 U/ml) was sixfold greater than control, whereas the
thrombin-stimulated adherence to buffer-treated monolayers was
threefold greater than control. Additional experiments dem-
onstrated that treatment of the endothelial cells with indometh-
acin under these conditions inhibited the production of pros-
tacyclin by >90%, as measured by radioimmunoassay of 6-keto
prostaglandin Fy,.

Increased adherence of neutrophils is due to an effect of
thrombin on the endothelial cells. The increased adherence that
we observed could have been due to an effect of thrombin on
the endothelial cells, on the neutrophils, or on both. To examine
these possibilities, we tested the effect of thrombin when added
to endothelial cells before incubation with neutrophils, and when
it was added to neutrophils alone. We found that pretreatment
of endothelial monolayers with thrombin before the addition of
neutrophils resulted in stimulated adherence that was similar to
that seen when it was added to PMN suspensions overlying the
endothelial cells. Thus, when thrombin (2 U/ml) was incubated
with EC for 5 min followed by washing with buffer to remove
unbound thrombin (28), and PMN suspensions were added and
incubated for 5 min, the mean adherence to thrombin-treated
EC was 49+14% compared to 8+2% to monolayers treated with
control buffer (n = 3). The time course and concentration-re-
sponse curves for thrombin-stimulated neutrophil adherence
under these conditions are shown in Fig. 3, and are similar to
results of experiments in which thrombin was added to PMNs
overlying the endothelial monolayers. An experiment in which
we incubated thrombin with EC for 2 min, removed the throm-
bin, and then added labeled neutrophils and incubated for var-
ious time periods (1-30 min) yielded a time course similar to

Figure 2 (Continued)

that shown in Fig. 3. This suggests that the stimulated adherence
results from a rapid, endothelial cell-dependent process.
Thrombin-treated endothelial cells did not contract under the
conditions of these experiments (15).

To exclude the possibility that thrombin also directly stim-
ulated the adhesiveness of neutrophils, we examined its effect
on PMN aggregation (14, 26) and adherence to inert material
(29). Thrombin did not stimulate the adherence of PMNs to
nylon fiber columns (Table I), although fMLP, PAF, and LTB,
each stimulated adherence. We also found that thrombin did
not cause '''In-labeled neutrophils to aggregate, another measure
of adhesiveness. In the experiment shown in Fig. 4 4, thrombin
did not promote aggregation even though it stimulated neutro-
phils from the same suspension to adhere to endothelial mono-
layers (35% adherence, compared with 9% in response to buffer).
Furthermore, the neutrophils aggregated in response to PAF and
fMLP, mediators that are known to directly stimulate the ag-
gregation of PMNs (27, 30). In nine similar experiments (using
1Tn-labeled neutrophils as well as unlabeled PMNs) the
maximal change in light transmission in response to thrombin
was not different from the response to buffer alone (0.44+0.07
cm vs. 0.40+0.05 cm), whereas the PMNs responded with typical
aggregation waves to various concentrations of PAF and fMLP.
Additional studies demonstrated that PAF, fMLP, and LTB,
stimulated aggregation of Indium-labeled PMNs with concen-
tration-response relationships similar to those we have reported
for unlabeled PMNs (Zimmerman, G. A., and D. Klein-
Knoeckel, manuscript submitted for publication), but that
thrombin did not stimulate aggregation (Fig. 4 B). In a separate
experiment, thrombin caused a concentration-related increase
in neutrophil adherence to EC (shown in Fig. 1) and stimulated
platelets from the same donor to aggregate in a concentration-
dependent fashion (not shown), but the same solutions of
thrombin caused no aggregation of the subject’s neutrophils at
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Figure 3 (4). Time course of thrombin-stimulated neutrophil adher-
ence. Endothelial monolayers were incubated with buffer (HBSS/A) or
with buffer containing thrombin (1 or 2 U/ml) for various times indi-
cated on the horizontal axis. The thrombin solution was removed, the
EC were washed with HBSS, and !''In-PMNs were added and incu-
bated for 5 min. The adherence of labeled PMNs was then determined
(Methods). The mean data from two experiments using EC from dif-
ferent cultures and PMNs from different donors are shown. In a third
experiment the time course of thrombin-stimulated adherence was
similar to that illustrated in the figure; neutrophil adherence to throm-

any of the concentrations tested. These experiments demon-
strated that thrombin did not influence the PMN-endothelial
cell interaction by directly increasing the adhesiveness of the
neutrophils.

To determine if thrombin-stimulated endothelial cells re-
leased the factor that caused enhanced neutrophil adherence
into the overlying medium, we incubated thrombin (2 U/ml) in

Table 1. Effect of Thrombin on Neutrophil
Adherence to Nylon Fiber Columns

Agonist Percent adherence No.
Buffer 60+2 3
Thrombin (2 U/ml) 60+3 3
fMLP (1077 M) 90 1
LTB, (1077 M) 865 2
PAF (1077 M) 87+1 3

'!! In-labeled neutrophils were incubated at 37°C for 2 or 5 min with
buffer, PAF, fMLP, LTB,, or thrombin, added to 80 mg nylon fiber
columns, and the adherence was measured as described in Methods.
The data indicate the results (mean+1 SD) of three experiments, each
with PMNs from different donors. In an additional experiment (not
shown) using nylon fiber columns weighing 50 mg so that the basal,
unstimulated neutrophil adherence was reduced (20, 23), thrombin
did not enhance neutrophil adherence whereas PAF, LTB,, and fMLP
each augmented the response.
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bin-treated EC returned to the basal level by 60 min (not shown). (B)
Concentration-response curve for thrombin-stimulated neutrophil ad-
herence. In three experiments, thrombin in various concentrations was
incubated with EC monolayers for 2 or 5 min, the thrombin solution
was removed and the monolayers were washed with buffer, and !!'In-
PMNs were added and their adherence determined after a 5-min incu-
bation. Each point indicates the mean data from 2 or 3 experiments
except the point at 0.25 U/ml thrombin, which was tested in one
study.
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Figure 4. Thrombin does not directly stimulate neutrophil aggrega-
tion. (4) Aggregation curves traced directly from the record of an indi-
vidual experiment are shown. Indium-labeled neutrophils, suspended
in HBSS/A, were stimulated with buffer, thrombin (IIa; 2 U/ml), PAF
(1077 M), or fMLP (107 M) and the increase in light transmission, in-
dicating aggregation of the leukocytes, was recorded (Methods).
Thrombin did not stimulate neutrophil aggregation, although the cells
aggregated in response to fMLP and PAF. The adherence of neutro-
phils from the same suspension to EC was increased fourfold (35% vs.
9%) by thrombin (2 U/ml). (B) "'In-PMNs were suspended in HBSS/
A, stimulated with PAF, fMLP, LTB,, or thrombin (“IIa”*; 2 U/ml),
and the maximal change in light transmission was measured (4 and
Methods). The responses to PAF, fMLP, and LTB, were similar to
those in multiple experiments with unlabeled PMNs (not shown).
Thrombin did not stimulate aggregation. A second experiment with
"'In-labeled PMNs demonstrated the same concentration-dependent
aggregation to the neutrophil agonists (PAF, fMLP, LTB,) but no ag-
gregation response to thrombin (not shown).



HBSS/A with endothelial monolayers for 5 min and added al-
iquots of this solution to neutrophil suspensions. No aggregation
of the PMNs was observed, although they aggregated as expected
when stimulated with PAF or fMLP. In an additional experi-
ment, EC monolayers were incubated with control buffer or
buffer containing thrombin (2 U/ml) for 5 min at 37°C, washed,
and 1 ml of new HBSS/A was added to each. At the end of a 5-
min incubation the HBSS/A solutions were removed, PMNs
were suspended in them, and their adherence to nylon fiber
columns was tested. The adherence of PMNs in HBSS/A in-
cubated with thrombin-treated EC was the same as that of neu-
trophils suspended in buffer from control EC. In parallel incu-
bations the adherence of neutrophils to thrombin-treated en-
dothelial monolayers was almost sevenfold greater than to control
monolayers (62% vs. 9%). These findings indicate that the factor
that promotes neutrophil adherence remains associated with
thrombin-stimulated endothelial cells.

Stimulated neutrophil adherence requires active thrombin.
The results of an experiment examining the effects of thrombin
preparations and other coagulation factors on neutrophil ad-
herence to endothelial cells are illustrated in Fig. 5. Thrombin
that had been inactivated with antithrombin III did not stimulate
neutrophil adherence to EC monolayers. Furthermore, pro-
thrombin, coagulation Factor Xa, and fibrinogen did not stim-
ulate adherence, which demonstrated specificity of thrombin as
an agonist for enhanced neutrophil adhesiveness to endothelial
cells. A second experiment, using EC from a different culture,
confirmed the findings in Fig. 5 and demonstrated that inacti-
vation of thrombin with phenylmethylsulfonyl fluoride (I mM
or 10 mM, as described in reference 14) completely inhibited
its ability to stimulate PMN adherence (not shown).

PAF stimulates neutrophil adherence to EC monolayers. The
time course and concentration-response relationships for
thrombin-stimulated PAF production that we previously re-
ported (14) are very similar to those for thrombin-stimulated
neutrophil adherence (Figs. 1 and 3). These observations sug-
gested that the augmented neutrophil adherence in response to
thrombin was related to the endothelial cell production of PAF.
The effect of PAF on neutrophil adhesion to human endothelial
cells has not been characterized, although studies with experi-
mental animals indicate that PAF may enhance neutrophil ad-
hesiveness to endothelium in vivo (32, 33). We found that PAF
stimulated PMN adherence to EC monolayers in a time-related
and concentration-related fashion (Fig. 6), which demonstrated
that this phospholipid can mediate the adhesive interaction be-
tween neutrophils and endothelial cells. In 19 experiments in
which PAF (1077 M) was added to suspensions of neutrophils
overlying EC monolayers and the incubation continued for §
min, the adherence was 23+6.5% compared with 9+2.5% for
neutrophils treated with control buffer (range, 160 to 580% of
control).

The results of these experiments were confirmed by phase
contrast microscopy with both unlabeled and Indium-labeled
PMNs (not shown). Scanning electron microscopy studies also
showed that PAF caused neutrophils to adhere to endothelial
monolayers. Polarized neutrophils (24), as well as spherical cells,
were adherent to the endothelial cell plasma membranes
(Fig. 7).

Pretreatment of PMNs with PAF specifically desensitizes their
adherence to thrombin-stimulated endothelial cells. We postu-
lated that the increased adherence of neutrophils to thrombin-
treated monolayers was mediated by PAF that was synthesized
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Figure 5. Neutrophil adherence requires active thrombin and is not
stimulated by related coagulation factors. Endothelial monolayers
were incubated for 5 min with buffer, thrombin (Ila), inactivated
thrombin, coagulation Factors II (prothrombin) or Xa, or fibrinogen.
They were then washed with buffer, incubated with '''In-PMNss for 5
min, and the adherence was determined. Thrombin was inactivated by
incubation with an eightfold molar excess of antithrombin III and
heparin (2.0 U/ml) for 5 min or 30 min at room temperature (14).

and associated with the endothelial cells (14, 15). To test this
possibility, we studied the effect of pretreating neutrophils with
PAF on their adherence to EC in response to thrombin, and
compared the results to the response of PAF-treated neutrophils
to other agonists. We reasoned that neutrophils pretreated with
PAF should be less responsive to subsequent exposure to PAF,
and thereby to become specifically hyporesponsive (27) to ag-
onists that act by stimulating the EC to endogenously produce
this phospholipid.

Fig. 8 demonstrates that pretreatment of PMNs with 1078
M PAF markedly reduced their adherence in response to a second
stimulation with PAF (in a concentration that would be expected
to cause maximal adherence; Fig. 6 B). In each of four experi-
ments, pretreatment of neutrophils with PAF also caused sig-
nificant inhibition of thrombin-stimulated adherence to endo-
thelial monolayers. The adherence of PAF-desensitized neutro-
phils to thrombin-stimulated monolayers was reduced to a mean
of 49% of the response of buffer-treated PMNSs. In contrast, ad-
herence stimulated by fMLP and C5a desarg (in zymosan-ac-
tivated plasma) was not decreased, but instead was slightly en-
hanced. We have previously shown that fMLP and activated
plasma do not stimulate PAF production by endothelial
cells (15).

In one experiment, in which the EC were submaximally
stimulated (0.25 U/ml thrombin), neutrophil adherence was
completely inhibited by prior desensitization with 1078 M PAF.
In an additional experiment, pretreatment of PMNs with a higher
concentration of PAF (10”7 M) completely inhibited neutrophil
adherence to endothelial cells that had been stimulated with 2
U/ml thrombin (i.e., thrombin-stimulated adherence was similar
to that in response to buffer). However, adherence in response
to fMLP was not significantly decreased (Fig. 8 B).

Discussion
Thrombin, a serine coagulation protease (16), interacts directly
with human endothelium. Thrombin binds rapidly to cultured
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Figure 6. PAF stimulates Indium-labeled neutrophils to adhere to hu-
man endothelial cells. (4) Time course. PAF (10~7 M) or control
buffer was added to !!'In-labeled PMN suspension overlying EC
monolayers, or was incubated with PMNs for 30 s at 37°C before ali-
quots of the suspensions were added to EC monolayers. The incuba-
tions were continued for the indicated times and adherence of the
neutrophils was determined (Methods). The figure indicates the results
of five experiments. The standard deviation at each point was 5% or

umbilical vein EC (28), and causes a variety of biochemical
and biologic effects (14, 15, 33-42). In this report we show that
thrombin, in concentrations similar to those that have been
measured in clotting whole human blood (43), stimulates the
adherence of neutrophils to human endothelial monolayers (Figs.
1-3, 5). The enhanced neutrophil adherence is dependent on
the endothelial cells and may result in part from the synthesis
of PAF by them.

We found that neutrophil adherence in response to thrombin
required the presence of endothelial cells. Thrombin did not
stimulate the adherence of PMNs to nylon fiber columns (Table
I), although the adherence of neutrophils to nylon fiber is similar
to adherence to endothelium when agents that directly alter the
adhesive properties of the leukocytes are tested (29). Further-
more, thrombin did not stimulate neutrophil aggregation (Fig.
4), which is also a measure of neutrophil adhesive properties
(26, 44). From these results we conclude that thrombin did not
directly stimulate the adhesiveness of neutrophils under the
conditions of our experiments, and that it acted primarily on
the endothelial cells. This conclusion is consistent with the ex-
periments in Fig. 3, in which incubation of endothelial mono-
layers with thrombin, followed by washing, resulted in enhanced
neutrophil adherence. The results are also consistent with pre-
vious reports by others that thrombin does not stimulate neu-
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less for the PAF-treated PMNs and 8% or less for the control leuko-
cytes. (B) Concentration-response relationship. PAF in various con-
centrations, or control buffer, was added to '''In-labeled PMNs overly-
ing EC monolayers and adherence of the neutrophils was determined
after a S-min incubation. The curve illustrates the results of three ex-
periments, each using endothelial cells from a different isolate and
PMNs from a different donor. The standard deviation at each point
was 5% or less.

trophil functions, including aggregation and chemotaxis (7,
45-47).

The requirement for endothelial cells for the thrombin effect
indicates a novel mechanism of stimulated neutrophil adherence.
The observations are important because the mechanisms by
which chemotactic factors and humoral inflammatory mediators
promote PMN adherence to endothelium are not clearly defined.
Although under some conditions chemotactic factors such as
fMLP, LTB,, and C5a fragments may enhance neutrophil ad-
herence by acting on the endothelium (48-50), each of these
mediators also directly stimulates the adhesiveness of the neu-
trophils (20, 24, 25, 48, 49, 51). A recent report suggests that a
direct action on the neutrophils is the dominant effect of C5a,
C5a desarg, and fMLP (51). Our findings demonstrate an alter-
native mechanism, one that requires endothelial cells for neu-
trophil adherence promoted by a humoral mediator. They also
suggest that under the appropriate conditions this mechanism
results in neutrophil adherence that is equal in magnitude to
that caused by factors that act directly on the leukocytes
(Fig. 8).

The dependence of thrombin-stimulated neutrophil adher-
ence on the presence of endothelial cells suggests that thrombin
caused the EC to produce one or more factors that enhanced
PMN adhesion. Our experiments support the possibility that



PAF synthesized by the endothelial cells may directly promote
the response, perhaps by acting as an adhesive molecule or by
activating the neutrophils. The evidence that PAF participates
in the endothelial cell-neutrophil interaction includes: (a)
thrombin stimulates the endothelial cell-dependent adherence
of PMNs and also stimulates PAF synthesis by EC (14, 15); (b)
the concentration curves for thrombin-stimulated neutrophil
adherence and thrombin-stimulated PAF synthesis are similar
(Figs. 1 and 3; Ref. 14); (¢) the time courses of thrombin-stim-
ulated neutrophil adherence (Fig. 3) and thrombin-stimulated
PAF synthesis (14) are parallel, which suggests that endothelial
cells become adhesive for neutrophils as PAF accumulates and
is degraded (37); (d) PAF synthesized by endothelial cells remains
cell-associated, even in the presence of high concentrations of

Figure 7. PAF stimulates unlabeled
neutrophils to adhere to endothelial
monolayers and to undergo polariza-
tion. PAF (107 M) was added to
neutrophil suspensions overlying en-
dothelial monolayers and the incu-
bation was continued for 5 min. The
monolayer was then processed and
examined by phase contrast and
scanning electron microscopy as de-
scribed in Fig. 2. A photograph of a
field examined by scanning elec-
tromicrography (magnification

X 7,920) is shown.

albumin (37), as did the factor that mediated neutrophil adher-
ence to the EC monolayers (Results); (¢) prothrombin, Factor
Xa, and fibrinogen stimulate neither PMN adherence nor PAF
synthesis (Fig. 5 and reference 15), (/) exogenous PAF enhances
neutrophil adherence to endothelium (Figs. 6 and 7); (g) neu-
trophils pretreated with PAF become desensitized to subsequent
stimulation with thrombin and PAF, but not to stimulation with
fMLP and C5a desarg (Fig. 8), which suggests specific or selective
desensitization (26, 27, 52); (h) in other studies we have found
evidence that leukotriene C, promotes neutrophil adherence to
endothelial monolayers by a mechanism that may also involve
PAF synthesis by the EC (52a).

These observations, especially the desensitization studies,
suggest that PAF synthesized by thrombin-stimulated endothelial
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Figure 8. Pretreatment with PAF specifically inhibits neutrophil ad-
herence to thrombin-stimulated endothelium. (4) Aliquots of '''In-la-
beled PMN suspension were incubated with buffer (open bars) or 10~®
M PAF (hatched bars) for S min at 37°C. They were then added to
EC monolayers, an agonist was added, the incubation was continued
for S min, and adherence of the neutrophils was determined (Meth-
ods). The agonist used to stimulate PMN adherence is shown below
each pair of bars. Activated plasma was used as a source of C5a desarg
and was prepared by incubating zymosan (20 mg/ml) with whole hu-
man plasma as described (20). The figure represents the mean data
from four experiments, each using EC monolayers from a different
isolate. The standard deviation was 8% or less for each mean with the
exception of the buffer-pretreated, thrombin-stimulated bar where it
was 20%. (B) The results of an individual experiment are shown. Neu-
trophils were incubated with buffer (open bars), 10~ M PAF (hatched
bars), or 10”7 M PAF (stippled bars) for 5 min at 37°C. They were
then transferred to endothelial monolayers, a second agonist was
added, and adherence was determined as described in Fig. 8 4.

cells is appropriately located, presumably in the plasma mem-
brane, to interact with adjacent neutrophils. The molecular
events that may be involved in such an adhesive interaction are
unknown at this time, and it is not clear from our current un-
derstanding of the arrangement of phospholipids in cell mem-
branes how PAF could be situated to accomplish this interaction.
However, alterations in the phospholipid composition of the
outer membrane of erythrocytes are associated with their en-
hanced adherence to human monocytes (53), and may favor the
adherence of sickled erythrocytes to endothelial cells (53-55),
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which suggest that phospholipid alterations in the plasma
membranes of cells may be accompanied by alterations in their
adhesive properties. Furthermore, PAF incorporated into lipo-
somes causes the activation of macrophages (56). This obser-
vation indicates that PAF situated in a model phospholipid
membrane can cause biologic alterations in target cells.

While our experiments strongly suggest that PAF synthesized
by the EC directly mediates PMN adherence, they do not un-
equivocally prove that this is the case. It is possible that PAF
synthesis is closely associated with thrombin-stimulated neutro-
phil adherence, and that PAF serves as an intermediate, but that
it does not directly mediate binding of the PMNs at the molecular
level. Furthermore, thrombin-stimulated neutrophil adherence
to endothelial cells may involve mechanisms in addition to PAF
synthesis. Thrombin was consistently a more potent agonist than
was exogenous PAF (compare Figs. | and 3 B to Fig. 6 B; Fig.
8). This suggests that thrombin causes additional changes in the
EC that mediate PMN adherence, or that PAF that is endoge-
nously produced by endothelial cells is more effective in me-
diating neutrophil adhesion than is exogenous PAF. PAF that
is endogenously produced by the EC may be protected from
rapid uptake and degradation by the neutrophils (57, 58), because
it remains cell-associated (14, 37).

The observations reported here indicate a new mechanism
by which thrombin, a protease that is produced in the terminal
part of the coagulation cascade (16), can have proinflammatory
effects. Neutrophil adherence to endothelium stimulated by
thrombin, in addition to indirect mechanisms by which thrombin
can promote the accumulation of PMNs (46, 59), may be im-
portant in recruiting the leukocytes to areas of vascular injury.
Human endothelial cells have the potential to facilitate the gen-
eration of thrombin by both the intrinsic and extrinsic limbs of
the clotting cascade (60-62). Furthermore, adherent neutrophils
may develop the capacity to synthesize tissue factor and thus
amplify the local generation of thrombin (63). While it is likely
that the recruitment of neutrophils to sites of injury by thrombin
may be important in vascular repair (64), it is also possible that
an unregulated response of the endothelium to the coagulation
protease, or unregulated hyperadherence of the neutrophils, may
result in thrombosis or vascular injury (1). The latter possibility
is supported by experimental observations in which thrombin
infusion caused PMN accumulation in the pulmonary circula-
tion and neutrophil-dependent pulmonary vascular injury in
animals (65, 66), and adherent, activated PMNs caused cytotoxic
and desquamative injury to cultured endothelium (67, 68).
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