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Abstract

In acute inflammatory responses, selectins mediate initial
rolling of neutrophils (PMNs) along the endothelial surface.
This is followed by tight adhesion that requires activation-
dependent up-regulation of CD11/CD18 integrins on PMNs.
For emigration to occur, the initial bonds that are estab-
lished at the endothelial surface must be disengaged. We
show that activation of PMNsresults in their detachment
from P-selectin, a glycoprotein expressed at the surface of
inflamed endothelium that mediates initial tethering of
PMNs. Loosening of the bond occurs when PMNsare acti-
vated by platelet-activating factor, which is coexpressed
with P-selectin, or by other signaling molecules. The time
course of reduced adhesion to P-selectin, when compared to
up-regulation of CD11/CD18 integrins, suggests that "bond
trading" may occur as activated PMNstransmigrate in vivo.
Activation of PMNsdid not alter binding of fluid-phase P-
selectin, indicating that the ligand(s) for P-selectin is not
shed or internalized. Using microspheres coated with P-se-
lectin, we found that ligands for P-selectin were randomly
distributed over the surfaces of rounded, unactivated PMNs.
An antibody against P-selectin glycoprotein ligand-1
(PSGL-1) completely inhibited binding of P-selectin-coated
beads suggesting that P-selectin glycoprotein ligand-1 is the
critical binding site in this assay. In contrast to the dispersed
pattern on unactivated PMNs, the ligands for P-selectin
were localized on the uropods of activated, polarized cells.
Pretreating PMNs with cytochalasin D before activation
prevented the change in cell shape, the redistribution of
binding sites for P-selectin-coated beads, and the decrease
in cellular adhesiveness for P-selectin. These experiments
indicate that the distribution of ligands for P-selectin is in-
fluenced by cellular activation and by cytoskeletal interac-
tions, and that redistribution of these ligands may influence
adhesive interactions. Activation of PMNsmay cause loosen-
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ing or disengagement of bonds between P-selectin and its
ligands, facilitating transendothelial migration. (J. Clin. In-
vest. 1995. 96:171-182.) Key words: endothelium * neutro-
phil * selectin * P-selectin glycoprotein ligand-l * platelet-
activating factor

Introduction

Adhesive interactions between PMNs, neutrophils, and endothe-
lial cells regulate the targeting and transmigration of PMNsto
foci of bacterial infection or tissue injury ( 1). Tethering of the
two cells is critical. Molecules that establish or modify bonds
between endothelial cells and PMNsare expressed on both cell
types, and are diverse in structure and mechanism of expression
(1-5). In an initial interaction, selectins expressed on the
plasma membranes of stimulated endothelial cells bind to li-
gands on the PMN, causing them to "roll" on the endothelial
surface (2, 6). Both P-selectin and E-selectin mediate rolling
(7-10). P-selectin is translocated to the plasma membrane from
subcellular granules within minutes of stimulation of human
endothelial cells with thrombin, histamine, or certain other ago-
nists, whereas E-selectin expression is induced over hours by
TNFa, IL-1, or bacterial LPS and is under transcriptional regu-
lation (reviewed in reference 1). L-selectin, which is present
on the plasma membranes of PMNsand other leukocytes (1),
also mediates rolling ( 11, 12, 12a).

After the initial rolling interaction, tight adhesion of PMNs
occurs (3-5). This requires binding of CD11/CD18 integrins
(/2 integrins) on the PMNsto intracellular adhesion molecules-
1 and 2 and, potentially, to unidentified counterligands on the
endothelial surface ( 13 ). Cooperative tethering by selectins and
/62 integrins, resulting in tight adhesion, has been documented
in vitro and in vivo (8, 14-16). Each of three CDII/CD18
heterodimers (CDlla/CD18, CDllb/CD18, CDllc/CD18) is
constitutively present on the PMNplasma membrane. However,
a qualitative alteration is required for the integrins to become
competent to bind to counterreceptors on the endothelial cell.
This is triggered by activation of the PMN, and is termed "func-
tional upregulation" or "inside-out signaling" of the integrins
(1, 17, 18). Signaling factors that activate PMNscan be gener-
ated at extravascular sites and traditionally have been thought
to operate in solution (4, 5, 19). However, we showed that
platelet-activating factor (PAF), a phospholipid that is rapidly
synthesized and coexpressed with P-selectin by stimulated en-
dothelial cells ( 15, 20), activates PMNsin a juxtacrine fashion
while associated with the endothelial plasma membrane (15,
21, 22). Thus, both the initial tethering of the PMNby P-
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selectin and subsequent activation of CD11 /CD18 integrins can
be accomplished in a spatially localized fashion at the surface
of the endothelial cell. IL-8, a second signaling molecule that
is synthesized by stimulated endothelial cells, can also activate
PMNsat, or near, their surfaces (4, 23-25). IL-8 is generated
and acts in concert with E-selectin (1).

After initial tethering, activation, and adhesion strengthen-
ing, some PMNsdevelop polarized shape and migrate to extra-
vascular sites (reviewed in references 4, 5). This transmigration
process involves the leukocyte CDI1/CD18 integrins and a
molecule associated with endothelial junctions, PECAM-1
(26). Sequential adhesion, movement, and subsequent use of
additional tethering factors suggests that initial molecular bonds
between the PMNand the endothelial cell are broken or modi-
fied. It is unknown how tethering of PMNs to the endothelial
surface is loosened sufficiently for them to transmigrate without
being swept away in flowing blood. However, the sequential
steps outlined above suggest that the initial bonds must be modi-
fied in a regulated fashion. In the experiments reported here,
we found that activation of PMNsreduces the tightness of their
adhesion to surface P-selectin. This occurs within a time frame
that would allow CD11 /CD18 integrins to engage the endothe-
hal surface before maximal loosening of the P-selectin compo-
nent. In addition to causing reduced adhesion to surface P-
selectin, activation of PMNs induces redistribution of ligands
for P-selectin on their surfaces. Signaling molecules expressed
by endothelial cells stimulate both loosening of the bonds to P-
selectin and topographical redistribution of the ligands.

Methods

Materials. PAF was purchased from Avanti Polar Lipids, Inc., Bir-
mingham, AL. L659,989 was generously supplied by John C. Chabala,
Ph.D. of Merck, Sharp, and Dohme Research Laboratories, Rahway,
NJ. Recombinant human TNFa was provided by R&DSystems, Minne-
apolis, MN. 1,2-bis (0-aminophenoxyl) ethane-NNN',N'-tetraacetic
acid (BAPTA)' was purchased from Calbiochem-Behring Corp., La
Jolla, CA. Leukotriene B4 (LTB4), N-Formyl-Met-Leu-Phe (fMLP),
PMA, cytochalasin D, nocodazole, and colchicine were purchased from
Sigma Chemical Co., St. Louis, MO. Glutaraldehyde was purchased
from Electron Microscopy Sciences, Ft. Washington, PA. Recombinant
human (ser-IL8)72 was provided by Genzyme Corp., Cambridge, MA.

The anti-P-selectin mAbs, S12 and GI (IgGl-K), were prepared
and characterized as described (27, 28). AA4.4 (IgG I), an anti-human
it-chain mAb (29), was used as an isotype matched control and was

kindly provided by John Bohnsack, University of Utah. PLI and PL2
(IgGl-K) are recently characterized antibodies against P-selectin glyco-
protein ligand 1 (PSGL-1); PLl, but not PL2, blocks interaction of P-
selectin with purified PSGL-1 and adhesion of myeloid leukocytes to
P-selectin in a variety of assays (30). The anti-CD18 mAb, 60.3
(IgG2a) (31), was a gift from Patrick Beatty, University of Utah, and
Kathy Cabrian of Bristol-Myers Squibb (Seattle, WA). The anti-L-
selectin mAb, Dreg 200.9 (IgGI), was provided by Boehringer Ingel-
heim Pharmaceuticals, Inc., Ridgefield, CT (32). Purified mouse non-
immune IgG was from Cappel-Organon Teknika, Durham, NC.

1. Abbreviations used in this paper: BAPTA, 1,2-bis (0-aminophe-
noxyl) ethane-N,N,N',N',-tetraacetic acid; [Ca2"Ii, intracellular cal-
cium; CHO, chinese hamster ovary; fMLP, N-formyl-Met-Leu-Phe;
HBSS/A, HBSScontaining 0.5% HSA; LAI, leukocyte adhesion inhibi-
tor; LTB4, leukotriene B4; mPS, transmembrane form of P-selec-
tin; PAF, platelet-activating factor; PSGL-1, P-selectin glycoprotein li-
gand-1.

FITC-conjugated anti-mouse IgG was from Sigma Chemical Co., St.
Louis, MO.

Cells. Primary, confluent, human umbilical vein endothelial cell
monolayers were prepared as described (15, 21, 33). Chinese hamster
ovary (CHO) cells stably transfected with a cDNA for P-selectin (34)
were maintained and characterized as described (22). In subsequent
text they are referred to as "transfected CHOcells" or "P-selectin
transfectants." Adhesion of PMNsto these transfected CHOcells does
not require cellular activation, is Ca2 -dependent, is blocked by mono-
clonal antibodies against the lectin domain of P-selectin, is competed
by nanomolar concentrations of the transmembrane form of P-selectin
(mPS) (see below), and is inhibited by treatment of the PMNs with
the O-sialylglycoprotease from Pasturella haemolytica Al (reference
22, and unpublished experiments).

HL60 promyelocytic leukemia cells were obtained from the Ameri-
can Type Culture Collection, Rockville, MD, and were maintained in
medium RPMI-1640 supplemented with 20% heat-inactivated FBS.
These cells were used after 15-20 passages.

Whole blood was obtained from healthy adult volunteers or from a
patient with complete absence of surface expression of CD11/CD18
glycoproteins in both the resting and stimulated state (15, 35). PMN
isolation and labeling with ...In were performed as described (21, 33).
Quantitative adhesion assays were done with radiolabeled PMNs; other-
wise, unlabeled cells were used. In either case, incubations were done
with PMNssuspended in Hanks Balanced Salt Solution containing 0.5%
human serum albumin (HBSS/A) (5.5 x 106 cells/ml) except where
noted.

Selectins. mPS was purified from human platelet lysates as pre-
viously described (36). For adhesion assays, 16-mm Nunclon®m plastic
wells (Nunc, Inc., Naperville, IL) were coated with 0.3 ml of 2 tg/ml
mPSin HBSS overnight at 40C. Nonspecific binding was blocked by
incubating the wells in 10 mg/ml HSAfor 2 h and washing thrice with
0.1% Tween-20. The wells were then washed once with HBSS and
stored at 40C until ready for use. In some experiments mPSwas incorpo-
rated into planar membranes as described previously (22).

PMN adhesion assays. Adhesion of ..In-labeled PMNs to
transfected CHOcells, to immobilized P-selectin, to P-selectin incorpo-
rated into model membranes, and to stimulated endothelial cells was
performed as described (15, 22, 33). To measure PMNadhesion to P-
selectin independent of the CD11 /CD18 integrins, we used the follow-
ing strategies: (a) PMNwere incubated with 60.3 (10 qg/ml), a
blocking mAbto CD18, at 370C for 10 min before the assay (15). (b)
Assays were performed on an orbital shaker (Bellco Biotechnology,
Vineland, NJ) at 64 rpm (37). This approach was based on the observa-
tions that shear inhibits CD11 /CD18 integrin-mediated adhesion of
leukocytes (2, 3, 7), and orbital shakers impose shear stresses estimated
to be in the range of those measured in postcapillary venules, although
the orbital shear forces cannot be precisely quantified (37a). (c) PMNs
were suspended in a buffer without magnesium (38, 39). This was
prepared using calcium- and magnesium-free HBSS (BioWhittaker,
Inc., Walkersville, MD) to which 5 mMCaCl2 was added. (d) Assays
were performed with PMNs from a patient with leukocyte adhesion
deficiency type 1 (15, 35). Each of these approaches prevented the
adhesion of PAF- or f MLP-stimulated PMNsto wild-type CHOcells,
which occurs by a CD11/CD18-dependent mechanism (reference 22
and unpublished experiments).

Flow cytometry. Modifications of our previously described methods
(22) were used to analyze binding sites for P-selectin on PMNsby flow
cytometry. PMNswere stimulated at 370C and then kept at 40C for flow
cytometry. To measure binding of mPS to its ligand(s) on PMNs,
the cells (106/ml) were suspended in 200 /4 of HBSS/A/0.1% azide
containing mPS(10 jg/ml). After 30 min at 40C, PMNswere washed
in 0.5 ml HBSS/A/0.1% azide and then resuspended in 200 IL of
mAbS12 (10 jzg/ml in HBSS/A/0.1% azide), a nonblocking antibody
against P-selectin (27, 28). The cells were kept on ice for an additional
30 min and then washed and resuspended in a 1:100 dilution of FITC-
conjugated goat anti-mouse IgG. After 30 min, PMNs were washed,
resuspended in 1% paraformaldehyde, and fluorescence was measured
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control buffer was added, the cells were incubated at 370C in 5%C02,
95% air, and the number of PMNsthat remained adherent was deter-
mined after the times shown. The points represent the mean±range of
two independent experiments performed in duplicate. A third experiment
done under slightly different conditions gave similar results.

using a FACScan' flow cytometer (Becton Dickinson and Co., Moun-
tain View, CA) (22). Incubations were also done in the absence of
Ca2" (by suspending the cells in divalent cation-free HBSScontaining
0.5% albumin and 5 mMEDTA) to determine nonspecific binding of
mPS to the PMNs (28, 40). mAb AA4.4 was used as an isotype
matched negative control (29). PMNswere suspended in 200 pI of 10
,0g/ml AA4.4 in HBSS/A/0.1% azide for 30 min. The PMNs were
then washed and resuspended in a 1:100 dilution of FITC-conjugated
goat anti-mouse IgG. After 30 min they were washed again and fixed
in 1% paraformaldehyde.

For measurement of L-selectin expression on the PMNsurface,
PMNs were suspended in HBSS/A/O.1% azide containing 10 .g/ml
Dreg 200.9, an anti-L-selectin mAb, and kept on ice for 45 min. PMNs
were then washed in cold HBSS/A/O.l% azide, resuspended in a 1:100
dilution of FITC-conjugated goat anti-mouse IgG, and incubated on
ice for 30 min. After washing again in cold HBSS/A/0.1% azide, the
PMNswere resuspended in 1%paraformaldehyde and fluorescence was
measured. Nonspecific binding was measured by first suspending the
PMNsin 10 ttg/ml of control mouse IgG, followed by FITC conjugated
anti-mouse IgG.

Intracellular calcium chelation. Intracellular calcium was chelated
by incubating PMNswith 10-6 MBAPTAat 370C for 30 min in HBSS/
A free of Ca2" and Mg2". PMNs were subsequently suspended in
HBSS/A with 1.3 mMCa2". To confirm that this treatment prevented
an increase in intracellular Ca2" ([Ca2+ ]i) in stimulated PMNs, we
measured [Ca2+ ]i transients as previously described (22).

Assessment of distribution of ligands for P-selectin on PMNsusing
microspheres. The distribution of binding sites for P-selectin on the
PMNsurface was assessed by incubating resting and activated PMNs
with latex beads coated with P-selectin. Carboxyl latex fluorospheres
(1 tim diameter, Molecular Probes, Inc., Eugene, OR) were coated with
mPSby incubating 50 ul of beads (2% beads by weight, as supplied
by the manufacturer) in 150 i1 PBS containing mPS(10-20 jig) for
1 h at 37TC. The beads were then blocked by incubating them in PBS
containing 10 mg/ml human albumin for an additional 1 h at 37°C. They
were then centrifuged at 1,350 rpm for 5 min at 200C and resuspended in
0.2 ml of PBS. PMNsat 5.5 x 106 cells/ml were incubated with control
buffer or with an agonist that induced activation; 5 pd of P-selectin-
coated beads were then combined with 45 psI of PMNs(ratio of beads
to cells = 183:1 ) for 15 min at 370C under unstirred conditions. PMNs
were fixed in 1% glutaraldehyde for 1 h at 4°C. PMNswith attached
beads were then centrifuged at 1,350 rpm and resuspended in 25 I1
PBS. Inspection of the PMNsuspension by light microscopy demon-
strated that, in the process of centrifugation, some beads were lost from
the PMNsurface but the distribution was unchanged. In some experi-
ments the distribution of the P-selectin-coated beads on the PMNsur-
face was examined and photographed with Normarski interference con-
trast optics using light microscope (Axioplan; Carl Zeiss, Inc.,
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Figure 2. Decreased ad-
hesion of activated
PMNsto P-selectin at
cell surfaces is rapid and
sustained. "1'In-labeled
PMNswere suspended in
buffer free of Mg2+, di-
vided into aliquots, and
PAF (l10-M) was
added to each aliquot.
After incubation for the
times shown, PMNs

were layered over transfected CHOcells and adhesion was measured
after 10 min at 370C. The points indicate the means and ranges of values
in duplicate experiments.

Thornwood, NY). The specificity of bead binding to PMNswas mea-
sured by incubating an aliquot of beads for 30 min at 370C with 50 jig/
ml of the F(ab')2 fragment of the blocking anti-P-selectin mAb, G1,
or the F(ab')2 fragment of the nonblocking mAb, S12. In additional
studies of specificity, binding of P-selectin-coated beads to PMNswas
done in Ca2+-free buffer. In some experiments PMNswere incubated
for 10 min at 370C with 27 pg/ml of the blocking mAb to PSGL-1,
PLI, or the nonblocking mAb, PL2 (30), before the bead binding assay.

In certain experiments the protocol outlined above was varied by:
(a) fixation of PMNsbefore, rather than after, incubation with beads,
(b) sequential stimulation of PMNswith f MLPas described by Hughes
et al. (41) to induce pronounced uropod formation. The distribution of
beads on resting and stimulated PMNs described in Results did not
differ in experiments with these variations, although in some cases there
were differences in the total number of beads bound per cell.

Statistics. Analysis of variance was used to compare the means of
several groups and the statistical significance between groups was as-
sessed using a paired Student's t test.

Results

Activation releases PMNstethered by P-selectin. In initial ex-
periments to determine if activation of PMNsalters their adhe-
sion to P-selectin, PAF was chosen as the activating signal
because it is coexpressed and acts in concert with P-selectin on
the surfaces of stimulated endothelial cells ( 15, 22). Since PAF
is also a potent agonist for functional upregulation of CD11 /
CD18 integrins (33, 42), we reasoned that alterations in adhe-
sion of PMNs to P-selectin induced by activation might be
masked by increased adhesiveness mediated by the integrins.
Therefore, we suspended PMNsin a Mg2+-free buffer to block
the integrin-mediated adhesiveness (38, 39) and then incubated
the PMNswith transfected CHOcells that express P-selectin.
The PMNs adhered avidly, as in previous experiments (22).
PAF was then added to activate the PMNs. We found that,
within 1 min, the tightness of binding of the PMNswas reduced,
so that they were released from the monolayer (Fig. 1). By
5-10 min release was maximal. These results indicated that
activation of PMNssubsequent to tethering to P-selectin reduces
the adhesive interaction.

Characterization of decreased adhesion of activated PMNs
to P-selectin. Activation of PMNs frequently caused dramatic
reduction in their adhesion to P-selectin transfectants (Figs. 2
and 3, and data not shown). In multiple studies in which PMNs
were activated either before or after adhesion to transfected
CHOcells, PAF reduced their adhesion to P-selectin by a mean
of 48% compared to the adhesion of unactivated PMNs (P
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Table I. Activation of PMNsby Signaling Molecules Reduces
Adhesion to P-selectin

Agonist Concentration Time Inhibition

min %
PAF 10-7 M 5 56
LTB4 10-7 M 5 58
fMLP 10-7 M 5 50
IL-8 (ser-IL872) 5 x 1O-9 M 5 52

I I I

+ CDl I/CD18-mediated adhesion was blocked by deleting Mg2+ from the
anti- shear shear buffer. PMNswere pretreated with agonists for 5 min, layered over

CD-18 transfected CHOcells expressing P-selectin, and incubated for 10 min.
The percent inhibition was calculated by comparing adhesion of PMNs

Figure 3. Blocking CDl1 /CD18 integrins magnifies the activation-de-
pendent decreased adhesion of PMNsto P-selectin. PMNswere treated
with buffer or the anti-CDl8 mAb60.3 for 10 min at 370C, and an
aliquot of PMNsfrom each group was activated with 2 x 10-7 MPAF
for 5 min at 37°C. PMNswere then layered onto CHOcells that were
kept static and adhesion was measured after 5 min at room temperature.
In parallel, resting or activated PMNswere incubated for 5 min on
transfected CHOcells that were subjected to shear on an orbital shaker.
The bars indicate the mean of duplicate determinations in a single exper-
iment and the error bars the range.

= 0.0001). The altered adhesiveness of activated PMNsfor P-
selectin was blocked by a specific competitive antagonist of the
PAF receptor, L659,989 (15, 21). Whenundifferentiated HL60
cells, a myeloid precursor that expresses a high-affinity ligand
for P-selectin (30, 43, 44) but not the signal transducing recep-
tor for PAF (45), were pretreated with PAF, their adhesion to
P-selectin transfectants was not reduced compared to HL60 cells
pretreated with buffer alone. This further suggests that reduced
adhesion of mature PMNsto P-selectin resulting from treatment
with PAF is dependent on the signal-transducing receptor and
cellular activation. The effect of PAFwas concentration-depen-
dent, with a threshold at or below 0.1 nM and maximal inhibi-
tion at - 1.0 nM, with no greater reduction in adhesion at
higher concentrations. Decreased adhesion to P-selectin always
occurred within minutes of addition of PAF, although there was
some variation in the time required to achieve the maximal
effect (Figs. 1 and 2, and data not shown). The effect persisted
for at least 60 min (Figs. 1 and 2). This time course was
the same if PAF was continuously present, or if PMNswere
stimulated for 5 min and then resuspended in buffer without
PAF for the remaining 55 min (not shown). In contrast to the
time course shown in Fig. 2, unactivated PMNsremained teth-
ered to transfected CHOcells for at least 45 min. (not shown).
WhenPMNswere released from adhesion to P-selectin by acti-
vation as in Fig. 1 and transferred to new monolayers of
transfected CHOcells, decreased adhesion was also seen.

Wefound that, in addition to PAF, f MLP, IL-8, and LTB4
reduced the adhesion of PMNsto transfected CHOcells (Table
I). In individual experiments, treatment of PMNswith TNFa,
PMA, or calcium ionophore A23187 had a similar effect (not
shown). This demonstrated that the altered adhesion to surface
P-selectin is not restricted to a single agonist, and further indi-
cates that this is an activation-dependent response. Treatment
of PMNs with PAF or fMLP reduced their adhesion to P-
selectin immobilized on plastic and to P-selectin incorporated
into model membranes (22), as well as to P-selectin expressed

treated with activating agonists to adhesion of PMNstreated with control
buffer. The values indicate the means of duplicate determinations.

by transfected cells. In an experiment to determine if the mecha-
nism of decreased adhesion involved degradation of P-selectin,
we incubated replicate wells containing immobilized P-selectin
with buffer alone, resting PMNs, or PMNsthat were activated
with fMLP (10-6 M). After 5 min at 37TC, the adherent PMNs
were eluted with EDTA and unactivated radiolabeled PMNs
were added to the wells. There was no difference in adhesion
of labeled PMNsto immobilized P-selectin that had been prein-
cubated with f MLP-stimulated PMNscompared to adhesion to
P-selectin in control wells. In a second experiment, we activated
PMNsin suspension and then resuspended them in fresh buffer.
The degree of inhibition of binding to transfected CHOcells
was the same for activated PMNsin the original buffer and the
fresh buffer. These experiments suggest that the mechanism of
decreased binding of activated PMNs to P-selectin is not by
release of factors by activated PMNs.

Wefurther explored the ability of CD11 /CD18 integrins to
mask decreased adhesion of activated PMNs to P-selectin.
While partial inhibition of adhesion to P-selectin could be de-
tected in some experiments when PMNswere activated with
the CD11/CD18 integrin adhesive mechanism intact, it was
most consistent and of greatest magnitude when these integrins
were blocked (Fig. 3). Treatment of PMNswith mAb60.3 or
suspension of the leukocytes in Mg2 -free buffer were equally
effective in achieving inhibition and magnifying the decreased
adhesion of activated PMNs to P-selectin. The degree of de-
creased adhesion was comparable to that observed when CD11 /
CD18-deficient PMNsfrom a subject with leukocyte adhesion
deficiency type 1 (13) were studied (not shown). Use of rotary
shear to inhibit CD1 1 /CD18 integrins (13, 37) also magnified
the decreased adhesion resulting from PMNactivation (Fig. 3).

To directly determine if decreased adhesion of activated
PMNs to P-selectin expressed by transfected cells is relevant
to adhesive interactions with endothelial cells, we treated PMNs
with an activating signal and examined their adhesion to endo-
thelial cells stimulated with 2 U/ml thrombin (33), which in-
duces surface expression of P-selectin (15). We previously
found that pretreatment of PMNs with PAF dramatically re-
duced their adhesion to thrombin-stimulated endothelial mono-
layers (33). However, PAF is coexpressed with P-selectin under
these conditions, and a component of this decreased adhesion
is due to homologous desensitization of the PAF receptor (21,
33). Therefore, we used f MLP, which is recognized by a differ-
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Figure 4. Cytochalasin D prevents the activation-dependent decreased
adhesion of PMNsto P-selectin. This figure represents the results from
three separate experiments in which cytochalasin Dprevented decreased
binding of activated PMNsto P-selectin. Adhesion mediated by CD11/
CD18 integrins was blocked by either incubating PMNswith mAb60.3
or by suspending PMNsin Mg2 -free buffer, which are equivalent in
their ability to inhibit this interaction (see text). PMNswere pretreated
with cytochalasin D (2 x 10-6 M) or with vehicle alone (DMSO,
0.1%) for 10 min at 370C. The PMNswere then activated with PAF
(one experiment) or with fMLP (two experiments). After activation,
the PMNswere layered over transfected CHOcells and adhesion was
measured. The bars indicate the mean values and the error bars the
standard deviation. The bar legends indicate the following conditions:
(Buffer) no cytochalasin D, no activating agonist; (Cyto D) cytochalasin
D included, no activating agonist; (agonist) no cytochalasin D, activat-
ing agonist included; (agonist and Cyto D) cytochalasin D and activat-
ing agonist included. In four additional experiments, cytochalasin D
also prevented the decreased adhesion of activated PMNsto P-selectin
(see Fig. 6 b and data not shown). In all seven experiments, there was
no statistical difference in the means between the groups treated with
buffer, cytochalasin D, or cytochalasin D with an agonist (P = 0.42).
There was a statistically significant difference between the group treated
with an agonist and those groups treated with buffer, cytochalasin D,
and cytochalasin D with an agonist (P = 0.0001 for each comparison).

ent receptor, as the activating signal. In two experiments, pre-
treatment of PMNswith f MLP ( 10-v Mfor 5 min) in Mg2+-
free buffer reduced their adhesion to endothelial cells stimulated
with thrombin by a mean of 66% (range 31-100%) when com-
pared to the adhesion of unactivated PMNs. This result is con-
sistent with the findings in experiments using CHOcells ex-
pressing P-selectin (Figs. 1-3; Table I).

Decreased adhesion of activated PMNsto P-selectin is pre-
vented by cytochalasin D. Because cytoskeletal alterations mod-
ify a variety of molecular interactions at the PMNsurface,
we asked if actin polymerization is required for the decreased
adhesion of activated PMNs to P-selectin. Wechose cytocha-
lasin D to inhibit actin assembly because of its specificity and
potency (46, 47). PMNswere pretreated with cytochalasin D
and then activated. Cytochalasin D prevented the decreased
adhesion to P-selectin transfectants induced by cellular activa-
tion (Figs. 4 and 6 b), Pretreatment of PMNswith cytochalasin
D alone (i.e., no agonist for activation) did not alter their adhe-
sion to P-selectin (Fig. 4). To examine the specificity of adhe-
sion of PMNspretreated with cytochalasin D under the condi-
tions shown in Fig. 4, we incubated the cells with the anti-P-
selectin mAb, GI. mAb GI completely inhibited adhesion to
P-selectin transfectants, whereas control antibodies did not (not
shown). This result indicates that treatment of PMNswith cyto-
chalasin D did not induce an alternative adhesive mechanism
and that its effect involves alterations in ligands for P-selectin.

Butfer PAF BAPTA BAPTA/PAF

Figure 5. Decreased adhesion of activated PMNsto cell surface P-
selectin is not blocked by buffering intracellular Ca2 . PMNswere
preincubated with 10 AMBAPTAat 370C for 30 min. They were then
incubated with mAb60.3 to block CD18 integrins, and activated with
PAF (l0-7 M). PAF-treated or control PMNswere layered over
transfected CHOcells and adhesion was measured after a 10-min incu-
bation. The bars indicate single points from one experiment. The results
in five additional experiments were similar.

In contrast to cytochalasin D, nocodazole and colchicine, agents
that disrupt microtubules, did not prevent altered adhesion to
P-selectin.

Decreased adhesion of activated PMNsto P-selectin is in-
dependent of an increase in intracellular Ca2". [Ca2+i] tran-
sient is required for PMNsto release from immobilized matrix
proteins (48), suggesting that this signaling event may be a
requisite for modification of bonds during cell migration (49).
However, when we chelated [Ca2+ ]i with BAPTA, the reduc-
tion in adhesion of activated PMNsto transfected CHOcells
was not different from that of activated control PMNs(Fig. 5).
This result is consistent with the experiments indicating that
cytoskeletal rearrangement is required for reduced adhesion to
P-selectin (Fig. 4), since increased intracellular calcium is not
necessary for actin polymerization (50). BAPTAblocked an
increase in [Ca2+]i in stimulated PMNsmeasured by parallel
spectrofluorimetric assays (not shown), documenting its effi-
cacy.

Altered adhesion of activated PMNsto P-selectin is dissoci-
ated from shedding of L-selectin. WhenPMNsare activated, L-
selectin is shed from their surfaces by proteolytic cleavage (32,
51, 52). Earlier, it was reported that L-selectin may be a ligand
for P-selectin (53). These two observations suggested that de-
creased adhesion of activated PMNsto cells expressing P-selec-
tin may be due to loss of L-selectin from the PMNsurface. To
examine this issue, we used flow cytometry to detect L-selectin
shedding from PMNsactivated in the presence or absence of
cytochalasin D (see above), and compared this change in sur-
face phenotype to their adhesion to P-selectin transfectants.
Treatment of PMNswith PAF or f MLP induced shedding of
L-selectin, as expected (Fig. 6). In PMNspretreated with cyto-
chalasin D and then activated with PAF or fMLP, L-selectin
was shed to the same extent as in control PMNs(Fig. 6 a). In
parallel incubations, the inhibition of adhesion of activated
PMNsto transfected CHOcells was prevented by cytochalasin
treatment (Fig. 6 b), as in earlier experiments (Fig. 4), even
though 90% of the surface L-selectin had been shed (Fig. 6
a). These experiments indicate that shedding of L-selectin does
not account for decreased adhesion of activated PMNs to P-
selectin.

PMNactivation does not alter the apparent number of bind-
ing sites for P-selectin in solution. Wepreviously reported that
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Figure 6. Shedding of L-selectin does not account for decreased adhe-
sion of activated PMNs to P-selectin at cell surfaces. (a) PMNs(106/
ml) were treated with cytochalasin D (2 x o0-6 M) or DMSO(0.1%)
as in Fig. 4, and CDl 1 /CDI8-mediated adhesion was blocked with
mAb60.3. The cells were then activated with fMLP (10-6 M), or
treated with control buffer, for 5 min at 37TC. The PMNswere immedi-
ately put on ice and washed with cold HBSS/A containing 0.1% azide.
After pelleting, they were resuspended in buffer containing a mono-
clonal antibody to L-selectin (Dreg 200.9, 10 tzg/ml) or nonimmune
murine IgG (10 [ig/ml) and were kept on ice for 45 min. The PMNs
were then washed in cold HBSS/A containing 0.1% azide, resuspended
in buffer containing FITC-conjugated goat anti-mouse IgG, and kept
on ice for an additional 30 min. After washing again in HBSS/A with
0.1% azide, the PMNswere fixed in 1% paraformaldehyde. Fluores-
cence was then measured as described (22). A second experiment done
under the same conditions yielded a similar result. (b) In parallel, PMNs
were pretreated with cytochalasin D or vehicle, layered over transfected
CHOcells expressing P-selectin, treated with f MLP(10-6 M) or con-
trol buffer, and adhesion was measured after a 5-min incubation at 370C.
Activation of control PMNs(no cytochalasin D) with f MLPreduced
their adhesion to CHOcells expressing P-selectin, as expected; this
decreased adhesion was completely prevented by pretreatment of PMNs
with cytochalasin D.

ligand density and apparent affinity for P-selectin were not al-
tered when PMNswere stimulated with PMA, based on experi-
ments using equilibrium binding of radiolabeled P-selectin
(36). This suggested that the binding sites for P-selectin on the
PMNsurface are not shed or internalized in response to cellular
activation, and is consistent with the experiments examining
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Figure 7. Activation of PMNsdoes not reduce binding sites for P-
selectin when measured by flow cytometry. PMNswere suspended in
Mg2+-free buffer to prevent CD1 1 /CD18-dependent aggregation upon
activation. They were then treated with control buffer, or with lo0 M
PAF for 10 min, and the surface binding of mPSwas measured by flow
cytometry using an anti-P-selectin mAb. In parallel, association of P-
selectin with PMNswas measured in Ca2+-free buffer (see Methods)
to determine nonspecific binding (36, 65). Wefound similar results in
two additional experiments done under slightly different conditions.

the role of L-selectin shedding (above). To examine this issue
in a different way, binding of mPSpresented in solution to
control or activated PMNswas examined by flow cytometry
using murine mAbS12 to detect surface P-selectin followed by
a fluorescently labeled goat anti-mouse mAb. Wefound that
P-selectin bound equivalently to control PMNsand to PMNs
activated with i0-7 MPAF (Fig. 7). In parallel incubations,
activation of PMNs with PAF reduced their adhesion to
transfected CHOcells (not shown), as expected from earlier
experiments. This result again suggested that the number of
binding sites for P-selectin on the PMNis not reduced by cellu-
lar activation, and that the decreased adhesion of activated
PMNs to surface-bound P-selectin results from a qualitative
change in ligands that recognize P-selectin or a redistribution
of these ligands on the plasma membranes of activated PMNs.

Decreased adhesion of PMNs to P-selectin is correlated
with redistribution of ligands on activated cells. To examine
the distribution of the ligand(s) for P-selectin on PMNs, latex
beads coated with P-selectin were incubated with PMNsand
the distribution of the microspheres was examined by light mi-
croscopy and with Normarski interference contrast optics. In
initial studies we found that P-selectin-coated microspheres
avidly bound to unactivated PMNs. This binding was not inhib-
ited by mAb 60.3 or by removal of Mg2" from the medium.
Furthermore, beads coated with albumin alone, which was used
to block P-selectin-coated beads (see Methods), did not bind to
PMNsunder the conditions of these experiments. These findings
indicated that interaction of the microspheres coated with P-
selectin was not due to recognition of albumin on the bead
surface by CD11b/CD18 on the PMN(41, 54). Binding of P-
selectin-coated beads to unactivated PMNswas Ca2+-depen-
dent and was inhibited by pretreating PMNs with saturating
concentrations of mPS in solution (not shown) and by an
F(ab')2 fragment of the blocking anti-P-selectin mAb, G1, but
not by the nonblocking mAb, S12 (Fig. 8). These features are
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Figure 8. Latex beads coated with P-selec-
tin bind specifically to unactivated PMNs.
Latex beads were coated with P-selectin
and an aliquot of beads was incubated with
buffer alone or with the F(ab')2 fragment
of the blocking anti-P-selectin mAb, GI,
or the F(ab ' )2 fragment of the nonblocking
mAb, S12 (50 pg/ml for each mAb).
PMNsat 5.5 x 106 cells/ml in HBSS/A
were incubated with P-selectin-coated
beads and then fixed in glutaraldehyde.
They were then examined by light micros-
copy and photographed. (a and b) PMNs
incubated with P-selectin-coated beads in
the absence of antibody; (c) PMNsincu-
bated with P-selectin-coated beads treated
with a blocking mAbagainst P-selectin,
GI, (d) PMNsincubated with P-selectin-
coated beads treated with the nonblocking
mAb, S12. Magnification: (a) 400; (b-d)
198.

characteristic of the interaction of P-selectin with its high affin-
ity ligand (s) on PMNs( 15, 22, 36, 43, 54a). To further charac-
terize the binding sites for P-selectin-coated beads we incu-
bated PMNswith a blocking monoclonal antibody, PL1, raised
against the specific glycoprotein ligand, PSGL-1 (30). PL1
completely inhibited binding of P-selectin-coated microspheres
(Fig. 9), suggesting that PSGL-1 accounts for all of the binding
sites identified by this assay. In contrast PL2, a nonblocking
mAb against PSGL-1, did not inhibit binding of the beads
(Fig. 9).

Wethen examined the distribution of binding sites for P-
selectin-coated beads on resting and activated PMNs. Inspec-
tion of many cells in multiple experiments demonstrated that
the binding sites were randomly distributed over the surfaces
of unactivated PMNs, although there were areas devoid of
beads, and areas with patches of beads, on individual rounded,
unstimulated PMNs(Fig. 8, a, b, and d; Fig. 9 a; Fig. 10, a
and b). There was some'aggregation of the P-selectin-coated
beads before addition to the PMNsuspension, potentially ac-
counting for patches of beads on the cell surfaces, although the
beads remained monodispersed for the most part. It was neces-
sary to adjust the focal plane of the microscope to fully appreci-
ate the random distribution of beads over the global surface of
the PMNs. Frequently, the microspheres adhered to more than
one PMN, causing them to form clusters of two to four cells
(Figs. 8 d and 10 b) and occasional large clusters (Fig. 8 b).
This was not seen when control beads coated with albumin
alone were used, or when binding of P-selectin-coated beads

to PMNligands was blocked by removal of Ca2" or by mAb
Gi (Fig. 8 c).

In contrast to the appearance of resting cells, many activated
PMNswere polarized and the beads coated with P-selectin were
dramatically clustered on the uropods (Fig. 10 c). Few beads
were seen on other areas of the cell surface when the focal
plane of the microscope was adjusted for global inspection.
When individual PMNs that had not been fixed were viewed
continuously after addition of PAF, movement of P-selectin-
coated beads from the dispersed distribution (Fig. 8,a and b;
Fig. 10,a and b) to the localized pattern (Fig. 10 c) occurred
within minutes, similar to the kinetics of decreased adhesion to
P-selectin shown in Figs. 1 and 2. We noted an equivalent
redistribution of beads coated with P-selectin to the uropod
whether PMNswere stimulated with PAF or f MLP, and when
sequential stimulation was used to cause pronounced formation
of uropods (41). We asked if binding of P-selectin-coated
beads to ligands clustered on the uropods of activated PMNs
was specific, as it was with ligands diffusely distributed on the
surfaces of unactivated cells (Fig. 8). As with resting PMNs,
binding of beads coated with P-selectin to activated PMNswas
completely inhibited by the F(ab')2 fragment of the blocking
anti-P-selectin mAb, G1 (Fig. 10 d), but not by the non-
blocking mAb, S12 (Fig. 10 e). Wethen determined the effect
of cytochalasin D on the distribution of beads coated with P-
selectin, since this prevents the activation-dependent decreased
adhesion to P-selectin presented by transfected cells (Figs. 4
and 6 b). Pretreatment with cytochalasin D before activation
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Figure 9. An antibody against PSGL-1 blocks binding of P-selectin-coated beads to neutrophils. PMNswere pretreated with buffer, with PLI, a
blocking mAb to PSGL-1, or with a nonblocking mAb, PL2, as described in Methods. The cells were then incubated with P-selectin-coated latex
beads for 15 min and fixed in glutaraldehyde. The association of beads with PMNswas viewed with Normarski interference contrast optics and
photographed at X 156. (a) Buffer-treated PMNs, (b) PMNspretreated with PLI, and (c) PMNspretreated with PL2.

prevented both the change in shape and the redistribution of
the beads on the PMNsurface (Fig. IO f ). This indicates that
the topography of ligands for P-selectin on PMNs is regulated
by cytoskeletal interactions. Furthermore, activation-dependent
alterations in ligand distribution may be associated with de-
creased tightness of adhesion of PMNs to P-selectin at cell
surfaces (Figs. 1-4).

Discussion

Adhesion molecules that tether PMNsto endothelial cells must
be dynamically altered during regulated targeting of the leuko-
cytes to inflammatory sites (1, 4, 5, 18, 19, 49). On stimulated
endothelial cells, selectins and members of the immunoglobu-
lin-like family of tethering molecules are transiently expressed,
each with different kinetics (reviewed in references 1 and 3).
The adhesive phenotype of the PMNis also dynamically modi-
fied. Both the function and the number of CD11 /CD18 integrins
are upregulated (17, 18). The functional up-regulation is tran-
sient (18, 33, 55, 56) and the PMNs return to the basal state
of adhesiveness unless continuously or repetitively stimulated
(41). Adhesion mediated by L-selectin on leukocytes is also
transient: L-selectin is first activated (57) and then shed (52).
Here we describe a dynamic feature of tethering of PMNsthat
has not been recognized before: reduced tightness of adhesion
of PMNs to P-selectin, which results from cellular activation
and is associated with redistribution of ligands for P-selectin
on the PMNsurface. The kinetics of the reduced adhesion of
activated PMNsto P-selectin (Fig. 1) allow the modification
to occur as the CDll/CD18 integrins become maximally en-
gaged (33, 55, 56). Also, the reduced adhesion of activated
PMNs to surface P-selectin requires blockade of the CDl/
CD18 integrins for full detection (Fig. 3). These features sug-
gest that, in vivo, a transition may occur from exclusive teth-
ering by P-selectin early in the adhesive interaction, through a
stage in which P-selectin and CD11 /CD 18 integrins act cooper-

atively to establish tight adhesion (8, 15), to adhesion domi-
nated by CDI1/CD18 integrins. Bond trading in this fashion
would potentially provide a mechanism for precise regulation
of adhesion so that irreversible sticking is prevented but, at the
same time, susceptibility of the PMNto dislodgment by flow
is minimized.

Binding of P-selectin to its ligands on the PMNis reversible
without cellular activation during a rolling interaction in which
it is the only tethering mechanism involved; this may be because
of rapid on-off rates of association between P-selectin and the
ligands (8). Therefore cellular activation is not required to
disengage from P-selectin. However, this may not apply at later
times as the cell becomes stationary. Active modification of
bonds with P-selectin may be required after the CD1 1 /CD18
integrins establish tight adhesion and cellular spreading has
occurred, causing multiple binding sites to be engaged (8, 15,
22). Active modification may also be important if P-selectin is
expressed at high local site density, or if shear forces are very
low (5). Once established by an arrested cell, the CD11 /CD18
integrin bonds are resistant to shear (8) and can maintain adhe-
sion if tethering mediated by P-selectin is reduced. Complete
reversal of the P-selectin bond may not be necessary; partial
loosening of the bond resulting from cellular activation may be
sufficient to allow motile leukocytes to release from P-selectin
as they exert tractive forces. The time course of loosening of
the bonds between P-selectin and its ligands on activated PMNs
(Fig. 1) suggests that this may occur as the surface density of
P-selectin on the endothelial cell is reduced by reinternalization
(1, 2), which may also contribute to release of the leukocytes.
Ultimately, the /2 integrin bonds are also down-modulated ( 18,
33, 54, 56), presumably through alterations in the cytoplasmic
domains of the a and / chains. There is evidence that events
of this sort occur at the endothelial surface. When PMNsare
incubated with endothelial cells that are stimulated to coexpress
P-selectin and PAF the leukocytes adhere and detach (33),
indicating that bonds involving P-selectin and CD11/CD18 in-
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Figure 10. Binding sites for P-selectin-coated beads are redistributed to the uropods of activated PMNs. Latex beads were coated with P-selectin
and an aliquot of beads were incubated with buffer alone or with either 50 Ag/ml of the F(ab')2 fragment of the blocking anti-P-selectin mAb,
GI, or the F(ab')2 fragment of the nonblocking mAb, S12; PMNswere sequentially treated with 10-10 MfMLP for 5 min followed by 5 X 10-9
MfMLP for 10 min (41). Some PMNswere pretreated with cytochalasin D (2 X 10-6 M) for 10 min at 370C. The cytochalasin D was also
present at 2 x 10-6 Mduring the second f MLPstimulus. PMNsand beads were incubated together for 15 min and then fixed in gluteraldehyde.
The cells were viewed with Normarski interference contrast optics and photographed at x250 (a and b) or X400 (c -f ). The conditions were:
resting PMNs incubated with P-selectin-coated beads in the absence of cytochalasin D or antibody (a and b); activated PMNsincubated with P-
selectin-coated beads in absence of cytochalasin D or antibody (c); activated PMNsincubated with P-selectin-coated beads pretreated with mAb
GI (d); activated PMNsincubated with P-selectin-coated beads pretreated with mAbS12 (e); activated PMNspretreated with cytochalasin D and
incubated with P-selectin-coated beads in the absence of antibody (f).

tegrins (15) have been established and then broken. The time
course of adhesion and release (33) is consistent with the se-
quence of bond modification suggested above, and with the
timing of transmigration in vivo (5, 19, and cited references).

Rolling of PMNson P-selectin in model membranes is re-
duced by treatment of the leukocytes with PMA(8). In addition,
rolling of PMNson immobilized platelets expressing P-selectin
is reduced by prior stimulation of the PMNswith fMLP (58),
and P-selectin-dependent adhesion of platelets to neutrophils
is reduced by activation of the leukocytes (59). These studies
are consistent with our observations of activation-dependent
decreased adhesion of PMNs to P-selectin at cell surfaces. A
mechanism proposed for decreased adhesion of activated PMNs
to P-selectin is alteration of their shape, making them more
susceptible to shear-induced dislodgement in a flowing system

(8). However, we found that activation of PMNsreduced the
tightness of adhesion to P-selectin in static assays (Figs. 1 and
2), as well as under conditions of shear (Fig. 3). This indicated
that increased susceptibility of activated PMNsto tumbling and
dislodgement by flow could not be the exclusive mechanism.
Shedding of L-selectin was proposed as a second explanation
for decreased attachment to P-selectin (58). However, we ob-
served that cytochalasin D treatment of PMNsprevented the
decreased adhesion to P-selectin, but not shedding of L-selectin
(Fig. 6). These experiments indicate that release of L-selectin
is not the mechanism for decreased adhesion of activated PMNs
to surface P-selectin.

After excluding shedding of L-selectin, we explored other
potential mechanisms for decreased adhesion of activated PMNs
to P-selectin. Proteases and sialidases are expressed and released
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when PMNs are activated (60), suggesting the possibility of
enzymatic degradation of ligands for P-selectin. Alternatively,
ligands could be internalized. However, our assays using flow
cytometry indicated no decrease in the number of binding sites
for P-selectin on PMNsstimulated with PAF or fMLP (Fig. 7
and data not shown). Also, we previously reported no difference
in the apparent number of binding sites for radiolabeled P-
selectin on PMNsactivated with PMAcompared to unactivated
PMNs (36). While it is possible that more precise measure-
ments of the number of high affinity binding sites for P-selectin
using antibodies to these ligands or other techniques will give
a different answer, these results indicate that quantitative down-
regulation of these structures is not an exclusive mechanism for
activation-dependent decreased adhesion of PMNsto P-selectin
(Figs. 1-4).

Changes in the binding efficiency of the ligands for P-selec-
tin, or their redistribution, are alternative mechanisms for re-
duced adhesion of activated PMNs. Our finding that pretreat-
ment of PMNswith cytochalasin D before activation prevented
their decreased binding to transfected CHOcells (Fig. 4) is
consistent with either mechanism because cytochalasins regu-
late the activity of certain adhesion molecules (61) and also
alter the topography of adhesion molecules on the cell surface
(54). To begin to explore these possibilities, we examined li-
gands on resting and activated PMNsusing beads coated with
P-selectin. These microspheres bound specifically to the plasma
membranes of PMNs(Figs. 8 and 9). The pattern of adherent
beads indicated that the ligands for P-selectin are randomly
distributed over the surfaces of rounded, unactivated leukocytes
(Figs. 8-10). In contrast, we found dramatic redistribution of
binding sites for P-selectin-coated beads on activated PMNs.
The microspheres were predominantly clustered at one end of
polarized leukocytes (Fig. 10 c). The appearance of the cells
indicates that this area is the uropod, the posterior structure that
develops when PMNsare induced to undergo shape change (41,
54). Thus, redistribution of ligands on the plasma membranes of
activated PMNs(Fig. 10 c), mediated by cytoskeletal interac-
tions (Figs. 4 and 1Of), is associated with reduced adhesion
to P-selectin at cell surfaces (Figs. 1-4). The concordance of
the two events suggests that redistribution of ligarids may be
one mechanism of decreased adhesiveness. Redistribution of
other surface molecules, including CD1lb/CD18, to the uropod
also occurs in activated, polarized PMNs (41, 54, 62, 63).
Localization of CDl lb/CD18 at the uropod, detected by bind-
ing of albumin-coated beads, was associated with release from
protein-coated surfaces (41, 54), and impaired redistribution of
adhesive ligands was suggested as a mechanism of impaired
migration of neonatal neutrophils (64). How redistribution of
binding sites to the uropod contributes to release of leukocytes
from surface adhesion is not clear. It was proposed that the
affinity of certain adhesive ligands at the anterior lamellipodium
of a migrating neutrophil may be greater than at the cell body
or the uropod or, alternatively, that the ruffled surface of the
lamellipodium may allow for binding to multiple counterligands
on opposing cells, potentially increasing the avidity of the inter-
action (65). Broad lamellipodial regions of migrating neurons
require greater detachment force than do filopodial regions,
which resemble the uropods of PMNs, apparently because of the
smaller surface area of the filopodial regions and a consequently
smaller number of attachment sites (66). However, the signifi-
cance of redistribution of CD1lb/CD18 and of ligands for P-
selectin to the uropods of activated PMNs, and of the association

of these events with reduced surface adhesion, remains to be
clarified. Also, we do not yet know if redistribution of P-selectin
ligands occurs on adherent PMNs, as it does on PMNsactivated
in suspension (Fig. 10).

Myeloid leukocytes may bear more than one ligand for P-
selectin (67, 68). However, PL1, a blocking antibody against
PSGL-1 (30), completely inhibited binding of P-selectin-
coated beads to PMNsin our experiments (Fig. 9), indicating
that PSGL-1 is the critical ligand in this assay. PSGL-1 has
been rigorously characterized (30, 44, 54a, 68, 69) and must
engage for PMNsto roll on cells expressing P-selectin at physio-
logic shear forces (30). The distribution of beads on resting
PMNssuggests that PSGL-1 is equally available for interaction
with P-selectin during rolling interactions regardless of which
part of the PMNcontacts the endothelium first (Figs. 8-10),
consistent with this function. Also, PSGL-1 is located on the
tips of microvilli on resting PMNs(30), making it accessible for
immediate interactions. Altered distribution induced by cellular
activation (Fig. 10) provides a potential mechanism for dy-
namic regulation. Ultrastructural studies are required to define
more precisely how activation of PMNsaffects the distribution
of PSGL-1 on the cell surface.

If the PMNsare first activated with PAF or f MLPin solu-
tion, their ability to adhere to P-selectin at cell surfaces is rapidly
reduced (Table I). Previously, it was reported that activation
of PMNswith IL-8 reduces their adhesion to endothelial cells
that are stimulated with IL-1, TNFa, or LPS, and that IL-8
acts as a leukocyte adhesion inhibitor (LAI) (70, 71). Several
features of the LAI effect of IL-8 are similar to those of the
activation-dependent decreased binding to P-selectin that we
describe here, including prevention by cytochalasins (72). A
difference is that PAF and LTB4 were reported not to have
LAI activity in assays of PMNadhesion to endothelial cells
stimulated with IL-i (71). The differential effects of IL-8 and
certain other agonists, compared to PAF and LTB4, was pro-
posed to be due to more prolonged reorganization of the actin
cytoskeleton by IL-8 (72). In contrast, we found that both of
the lipid mediators induce decreased adhesion of PMNs to P-
selectin, as did IL-8 (Table I). Humanendothelial cells express
E-selectin, rather than P-selectin, when stimulated with IL-i
and other cytokines (42, Lorant, D. E., R. P. McEver, T. M.
McIntyre, S. M. Prescott and G. A. Zimmerman, unpublished
observations), the conditions used in experiments to examine
the LAI properties of IL-8 (71, 72). This suggests that activa-
tion of PMNswith IL-8 may modify ligands for E-selectin on
their surfaces, reducing the avidity of their binding or altering
their distribution in a fashion equivalent to that we report here
for P-selectin ligands. If so, PAF, LTB4 and IL-8 may induce
separate activation pathways that differentially modify specific
binding sites for P-selectin and E-selectin. However, experi-
ments examining the effect of activation of PMNs by these
agonists on adhesion to E-selectin expressed by heterologous
cells, or in purified form, have not been reported.

Because treatment of PMNswith activating signals before
interaction with cells expressing P-selectin impairs adhesion
(Table I, Fig. 2), activation of PMNsin the blood before initial
tethering may impair their targeting to sites of tissue infection
or injury by reducing their ability to bind to P-selectin expressed
by locally stimulated endothelial cells. Activation of PMNsby
agonists presented in solution may also inhibit neutrophil tar-
geting in vivo: injection of IL-8 into the blood of experimental
animals reduces PMNaccumulation at extravascular sites (73,
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74). These findings suggest that the regulated sequence of teth-
ering, bond modification, and bond breaking required for tar-
geting and transmigration of PMNs is most favorably accom-
plished when activation occurs by juxtacrine stimulation of
PMNs at the endothelial surface (reviewed in reference 25).
PAF can clearly act in this fashion (15, 21, 22) and IL-8 may
also activate PMNswhen localized at endothelial surfaces (4,
75). Activation of PMNsby IL-8 in a spatially localized fashion
after they have been initially tethered, rather than in the flowing
blood before initial tethering, may explain how 1L-8 facilitates
transmigration when locally expressed (23, 24) instead of inhib-
iting PMNtargeting as it does when injected intravascularly
(73, 74). Localization of signaling molecules, such as PAF and
IL-8, may be a key mechanism for regulated modification of
bonds between endothelial cells and PMNs, and generalized
release of these signals into the blood may be a mechanism of
dysregulated inflammation in disease.
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