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Abstract. 

 

Flowing leukocytes tether to and roll on
P-selectin, a receptor on endothelial cells that is rapidly 
internalized in clathrin-coated pits. We asked whether 
the association of P-selectin with clathrin-coated pits 
contributes to its adhesive function. Under flow, rolling 
neutrophils accumulated efficiently on CHO cells ex-
pressing wild-type P-selectin or a P-selectin construct 
with a substitution in the cytoplasmic domain that 
caused even faster internalization than that of the wild-
type protein. By contrast, far fewer rolling neutrophils 
accumulated on CHO cells expressing P-selectin con-
structs with a deletion or a substitution in the cytoplas-
mic domain that impaired internalization. Neutrophils 
rolled on the internalization-competent constructs with 
greater adhesive strength, slower velocity, and more 
uniform motion. Flowing neutrophils tethered equiva-

lently to internalization-competent or internalization-
defective P-selectin, but after tethering, they rolled fur-
ther on internalization-competent P-selectin. Confocal 
microscopy demonstrated colocalization of 

 

a

 

-adaptin,
a component of clathrin-coated pits, with wild-type
P-selectin, but not with P-selectin lacking the cytoplas-
mic domain. Treatment of CHO cells or endothelial 
cells with hypertonic medium reversibly impaired the 
clathrin-mediated internalization of P-selectin and its 
ability to support neutrophil rolling. Interactions of the 
cytoplasmic domain of P-selectin with clathrin-coated 
pits provide a novel mechanism to enhance leukocyte 
adhesion under flow.
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 expression of adhesion and signaling
molecules controls the recruitment of leukocytes
into lymphatic tissues and sites of inflammation

(Springer, 1995; Butcher and Picker, 1996). Under condi-
tions of hydrodynamic flow, binding of selectins to cell-
surface carbohydrate ligands initiates the tethering and
rolling of leukocytes on the vessel wall (McEver et al.,
1995; Kansas, 1996; McEver, 1998). Each of the selectins
has an NH

 

2

 

-terminal C-type lectin domain followed by an
EGF-like domain, a series of consensus repeats, a trans-
membrane domain, and a short cytoplasmic tail. L-selectin
expressed on leukocytes binds to constitutively expressed
ligands on high endothelial venules of lymph nodes to in-
ducible ligands on endothelium at sites of inflammation,
and to ligands on other leukocytes. E-selectin expressed
on activated endothelial cells, and P-selectin expressed on

activated platelets and endothelial cells, bind to ligands on
myeloid cells and subsets of lymphocytes.

The selectins bind preferentially to a limited number of
appropriately modified glycoproteins on leukocytes or en-
dothelial cells. Among these is P-selectin glycoprotein
ligand-1 (PSGL-1),

 

1

 

 a homodimeric sialomucin on leuko-
cytes that interacts with all three selectins (McEver and
Cummings, 1997). P- and L-selectin bind to an NH

 

2

 

-termi-
nal region of PSGL-1 that must be modified by both spe-
cific O-glycosylation and tyrosine sulfation. mAbs against
this region block tethering and rolling of leukocytes on
P-selectin (Moore et al., 1995; Norman et al., 1995), and
partially inhibit L-selectin–dependent interactions of leu-
kocytes with other leukocytes under shear stress (Wal-
check et al., 1996; Guyer et al., 1996; Patel and McEver,
1997).

The intrinsic biochemical and biophysical properties of
selectin–glycoconjugate interactions direct the tethering
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: HUVEC, human umbilical vein endo-
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and rolling of leukocytes under hydrodynamic flow. Selec-
tin ligand bonds must be rapidly formed and broken, and
they must also resist dissociation by tensile forces
(Lawrence and Springer, 1991; Alon et al., 1995; Alon et al.,
1997). The cell-surface organization of selectins and their
ligands also contributes to the efficiency of cell–cell inter-
actions under shear stress. For example, at least five of the
nine consensus repeats of P-selectin are required to extend
the lectin domain sufficiently above the cell surface to me-
diate optimal attachment and rolling of flowing neutro-
phils (Patel et al., 1995

 

b

 

). Concentration of L-selectin on
microvilli augments the initial tethering, but not the subse-
quent rolling, of leukocytes on L-selectin ligands under
flow (Von Andrian et al., 1995). PSGL-1 is both highly ex-
tended and localized to microvillous tips, both of which
may contribute to its interactions with selectins under
shear stress (Moore et al., 1995; Li et al., 1996; Bruehl et
al., 1997).

Clustering of selectins or their ligands through cytoskel-
etal connections may also regulate cell adhesion under
flow. Indeed, it has been suggested that cytoskeletal inter-
actions are required to prevent forced extraction of selec-
tins or their ligands from the lipid bilayer (Alon et al.,
1995). The cytoplasmic tail of L-selectin binds to 

 

a

 

-actinin
(Pavalko et al., 1995), and treatment of cells expressing
L-selectin with cytochalasin D abrogates adhesion to
L-selectin ligands (Kansas et al., 1993). Deletion of the cy-
toplasmic domain does not impair the targeting of L-selec-
tin to microvilli of transfected leukocytes (Pavalko et al.,
1995). However, cells expressing tail-less L-selectin adhere
much less well to L-selectin ligands than do cells express-
ing wild-type L-selectin (Kansas et al., 1993). PSGL-1 may
also interact with the cytoskeleton, as it is redistributed
from microvilli to the uropods of activated leukocytes (Lo-
rant et al., 1995; Bruehl et al., 1997).

Unlike L-selectin, P- and E-selectin have not been dem-
onstrated to interact with the cytoskeleton, except under
conditions where the proteins are cross-linked by antibod-
ies or by sustained adhesive contact with leukocytes (Yoshida
et al., 1996). Both proteins are normally extracted in the
Triton X-100–soluble fraction of platelets and/or endothe-
lial cells, and neither protein binds to 

 

a

 

-actinin under con-
ditions where L-selectin binds (Kansas and Pavalko,
1996). The absence of cytoskeletal tethering may be essen-
tial for the cellular trafficking of P- and E-selectin
(McEver, 1997). After its synthesis, P-selectin is sorted
into 

 

a

 

 granules of platelets and Weibel-Palade bodies of
endothelial cells. Secretagogues such as thrombin or hista-
mine induce the redistribution of P-selectin to the cell sur-
face. On endothelial cells, P-selectin is rapidly internalized
(Hattori et al., 1989), where it is targeted for delivery to ly-
sosomes (Green et al., 1994) or recycled into new Weibel-
Palade bodies (Subramaniam et al., 1993). The cytoplas-
mic domain of P-selectin contains signals for sorting into
secretory granules (Disdier et al., 1992), for endocytosis in
clathrin-coated pits (Subramaniam et al., 1993; Setiadi et al.,
1995), and for delivery from endosomes to lysosomes
(Green et al., 1994). The cytoplasmic domain of E-selectin
does not direct sorting into secretory granules, but it does
contain signals for internalization (Chuang et al., 1997)
and probably for sorting from endosomes to lysosomes
(Kuijpers et al., 1994). An important effect of these traf-

ficking signals is to limit the lifetime of P- or E-selectin on
the cell surface.

To be internalized in clathrin-coated pits, the cytoplas-
mic domains of membrane proteins must interact with
adaptins, which in turn bind to clathrin (Schmid, 1997).
Proteins that are rapidly internalized interact particularly
efficiently with adaptins, and thus cluster on the cell sur-
face in clathrin-coated lattices or pits before the pits bud
to form endocytic vesicles (Heuser and Anderson, 1989;
Miller et al., 1991). We hypothesized that the cytoplasmic
domain of P-selectin also binds to adaptins, leading to
clustering and colocalization of both molecules in clathrin-
coated pits. Under hydrodynamic flow, such clustering
might be important to the ability of P-selectin to support
adhesion in the absence of linkages to the cytoskeleton. To
test this hypothesis, we compared the tethering and rolling
of flowing neutrophils on CHO cells expressing P-selectin
constructs with alterations in the cytoplasmic domain that
affect the rate of endocytosis. We also asked whether an
inhibitor of clathrin-mediated endocytosis affected the
ability of P-selectin to support neutrophil rolling. Our data
suggest that interactions of the cytoplasmic domain of
P-selectin with clathrin-coated pits provide a novel mecha-
nism for regulating the adhesive function of the extracyto-
plasmic domain.

 

Materials and Methods

 

Cells and Antibodies

 

CHO-K1 cells and human umbilical vein endothelial cells (HUVEC) were
cultured as described (Setiadi et al., 1995; Yao et al., 1996). The anti-
human P-selectin mAbs S12 and G1 (both IgG

 

1

 

) were prepared as described
(McEver and Martin, 1984; Geng et al., 1990). G1, but not S12, blocks
binding of P-selectin to leukocytes and to PSGL-1. The anti-human
PSGL-1 mAbs PL1 and PL2 (both IgG

 

1

 

) were prepared as described
(Moore et al., 1995). PL1, but not PL2, blocks binding of PSGL-1 to
P-selectin. Goat polyclonal IgG antibodies to human P-selectin (Green et
al., 1994) were biotinylated as described (Setiadi et al., 1995). mAbs to

 

a

 

-adaptin and caveolin were obtained from Transduction Laboratories
(Lexington, KY).

 

cDNA Constructs, Transfections, and Site
Density Measurements

 

cDNAs encoding wild-type P-selectin or P-selectin constructs with alter-
ations in the cytoplasmic domain were prepared as described (Setiadi et al.,
1995). The constructs were ligated into the expression vector pRc/RSV
(Invitrogen Corp., Carlsbad, CA) and permanently transfected into CHO-K1
cells (Setiadi et al., 1995). Clones expressing each construct at different
densities were selected, and portions of each clone were frozen. Site densi-
ties of constructs on confluent CHO cells were determined using 

 

125

 

I-labeled
mAb G1 as described (Moore et al., 1995; Patel et al., 1995

 

b

 

). Although
site densities for each construct remained stable for at least 2 wk in cul-
ture, they were always measured within 2 wk of each cell adhesion experi-
ment.

 

Internalization Assay

 

The rate of internalization of P-selectin in transfected CHO cells or
HUVEC was measured by the ability of an acidic buffer to remove

 

125

 

I-labeled mAb G1, prebound to the cell surface at 4

 

8

 

C, after warming
the cells to 37

 

8

 

C for various intervals (Setiadi et al., 1995).

 

Adhesion of Neutrophils to P-Selectin Constructs 
Under Flow Conditions

 

Human neutrophils were isolated from healthy human donors as de-
scribed (Zimmerman et al., 1985). Transfected CHO cells were grown to
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confluence in 35-mm culture dishes. Fluid shear stresses present in the mi-
crovasculature were simulated in a dual-chamber parallel-plate flow
chamber (Moore et al., 1995; Patel et al., 1995

 

a

 

). All experiments were
performed at 22

 

8

 

C. Neutrophils (10

 

6

 

/ml) in HBSS/0.5% human serum al-
bumin were perfused over the CHO cell monolayer in the chamber at the
desired wall shear stress. After 4 min of perfusion, the number of neutro-
phils accumulated on the monolayer had reached equilibrium. The adher-
ent neutrophils were visualized using phase-contrast video microscopy
with a 40

 

3

 

 objective (field of view of 0.032 mm

 

2

 

). The interactions were
quantified using a computer imaging system (Sun Microsystems, Moun-
tain View, CA; Inovision Corp., Durham, NC). The number of accumu-
lated neutrophils per unit area varied less than twofold from the proximal
end to the distal end of the flow chamber. Observations were routinely
made in the middle portion of the chamber. Digitization of image frames
was used to distinguish rolling from firmly adherent cells. Under the ex-
perimental conditions used, virtually all adherent cells rolled on the
monolayer.

Tethering events were visualized with a 40

 

3 

 

or a 10

 

3 

 

objective using
frame-by-frame analysis during the first 3 min of perfusion. A transient
tether was defined as a free-flowing neutrophil that tethered to the sur-
face, but then detached before rotating at least one cell diameter on the
surface. A primary tether was defined as a flowing neutrophil that teth-
ered directly to the monolayer, and then proceeded to roll at least one cell
diameter. A secondary tether was defined as a leukocyte that tethered to
the monolayer after an initial interaction with an adherent leukocyte in
the same field of view.

Rolling velocities were measured as described (Patel et al., 1995

 

a

 

; Patel
et al., 1995

 

b

 

). The paths of rolling cells were examined by a series of nine
images taken every 0.5 s over a 4-s period. These paths were used to deter-
mine the percentage of rolling neutrophils that skipped at least one time
on the monolayer during the 4-s interval; a neutrophil was considered to
skip if it moved more than one cell diameter during any 0.5-s interval.

The resistance to detachment of neutrophils was determined by allow-
ing neutrophils to accumulate on the surface at a shear stress of 1 dyn/cm

 

2

 

.
Without stopping flow, cell-free buffer was then perfused at 1 dyn/cm

 

2

 

 for
30 s, and the number of adherent cells remaining was taken to be 100%.
The wall shear stress was then increased incrementally every 30 s, and the
percentage of neutrophils remaining adherent was determined.

In certain experiments, CHO cells were preincubated for 10 min with
10 

 

m

 

g/ml of anti-P-selectin mAbs. In other experiments, neutrophils were
preincubated with 10 

 

m

 

g/ml of anti-PSGL-1 mAbs. Neutrophils were then
perfused through the chamber in the continued presence of the mAb.
These experiments revealed that anti-P-selectin mAb G1 or anti-PSGL-1
mAb PL1 blocked tethering and rolling of neutrophils on CHO cells ex-
pressing the P-selectin constructs, confirming previous observations
that the adhesive events studied represented specific interactions between
P-selectin and PSGL-1 (Moore et al., 1995; Patel et al., 1995

 

b

 

; Patel and
McEver, 1997).

 

Effect of Hypertonic Medium on Internalization of 
P-Selectin and on the Adhesive Function of P-Selectin

 

Hypertonic medium containing sucrose was used to block clathrin-medi-
ated endocytosis reversibly (Heuser and Anderson, 1989; Setiadi et al.,
1995). Confluent CHO cells in 24-well plates or 35-mm dishes were incu-
bated for 15 min at 37

 

8

 

C in HBSS/0.5% human serum albumin in the pres-
ence or absence of 0.45 M sucrose. Scanning EM revealed no morphologi-
cal differences between cells incubated with hypertonic or isotonic buffer.
After the 15-min incubation, all cells were switched to buffer lacking su-
crose. In initial experiments, the cells were subjected to an internalization
assay to determine the time required for the cells to recover the ability to
internalize P-selectin. For this purpose, the cells were placed on ice and a
saturating amount of [

 

125

 

I]G1 in chilled isotonic buffer was added. After
30 min, the cells were washed and then subjected to the internalization as-
say at 37

 

8

 

C. These experiments showed that internalization remained im-
paired within the first min after return to isotonic medium at 37

 

8

 

C. Thus,
in subsequent experiments the ability of neutrophils to roll on the CHO
cells was measured within this lag period. After the cells were treated with
hypertonic or isotonic medium, they were immediately placed in the flow
chamber, and neutrophils in isotonic medium were rapidly introduced by
perfusion for 10 s at 20 dyn/cm

 

2

 

. The wall shear stress was then reduced to
1 dyn/cm

 

2

 

, and the number of rolling cells was measured 30 s after return
to isotonic medium. Because all measurements were made at the same
time point, valid comparisons could be made even though the number of
rolling neutrophils had not reached equilibrium.

HUVEC were treated like CHO cells, except that after the standard
15-min incubation in the presence or absence of sucrose, they were
treated with 10

 

–4

 

 M histamine for an additional 4 min at 37

 

8

 

C in the same
buffer to induce expression of P-selectin on the cell surface. The cells were
then exchanged into isotonic medium before performing the internaliza-
tion or cell adhesion assay.

 

Immunofluorescence

 

Transfected CHO cells cultured for 2–3 d on sterile coverslips were
treated with isotonic or hypertonic medium at 37

 

8

 

C for 15 min, and were
then fixed with 3.7% paraformaldehyde at 37

 

8

 

C for 10 min. After two
washes with HBSS, the cells were incubated with 10 

 

m

 

g/ml of biotinylated
goat anti-P-selectin IgG in HBSS/1% BSA for 30 min at 37

 

8

 

C, and were
then washed. Streptavidin conjugated with Oregon Green (Molecular
Probes, Eugene, OR) at 1:150 dilution in HBSS/1% BSA was added. Af-
ter a 30-min incubation at 37

 

8

 

C, the cells were washed with HBSS and
placed on ice. The cells were then permeabilized with 0.05% Triton X-100
for 10 min. After extensive washes with HBSS, the cells were incubated
with HBSS/1% BSA for 1 h at room temperature. Then, 10 

 

m

 

g/ml of mAb
to either 

 

a

 

-adaptin or caveolin in HBSS/0.2% BSA was added to the cells
for 1 h at room temperature. After washing, the bound antibodies were
detected by incubating the cells with donkey anti–mouse Ig conjugated
with Cy-3 (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) at 1:150 dilution in HBSS/0.2% BSA for 1 h at room temperature.
The coverslips were then washed with HBSS and mounted on glass slides
in a 9:1 (vol/vol) mixture of glycerol and HBSS, pH 8.5. Dual immunofluo-
rescence detection of P-selectin and 

 

a

 

-adaptin or caveolin was performed
with a MRC-1000 or a MRC-1024 confocal microscope (Bio-Rad Labora-
tories, Hercules, CA) equipped with a krypton/argon laser. A series of 0.2-

 

m

 

m
optical sections in the Z-axis was analyzed with Confocal Assistant soft-
ware written by T.C. Brelje (University of Minnesota). The images were
pseudo-colored and merged using Adobe Photoshop software (Adobe
Systems, Inc., Mountain View, CA).

Controls for the specificity of anti-P-selectin staining included omission
of the primary antibody or replacement with biotinylated goat IgG to hu-
man tissue factor, which does not bind to CHO cells. The control for the
specificity of anti-

 

a

 

-adaptin or anti-caveolin staining was omission of the
primary antibody.

The extent of colocalization of green pixels (P-selectin) with red pixels
(

 

a

 

-adaptin) was quantified with Adobe Photoshop software using an im-
age analysis protocol as described (Haase et al., 1996; Zhang et al., 1998).
In brief, the images for P-selectin and 

 

a

 

-adaptin were first converted into
binary images using a thresholding tool. The threshold level was consid-
ered optimal when the signals that were obtained originally from the con-
focal microscope and digitized in gray scale mode were all converted into
binary mode without introducing additional binarized pixels. The bina-
rized P-selectin image was then multiplied with the binarized 

 

a

 

-adaptin
image at a 50% scale such that the P-selectin pixels remained white when
they colocalized with the 

 

a

 

-adaptin pixels and turned gray when they did
not colocalize. The percentage of the white pixels relative to the total
white and gray P-selectin pixels was then calculated. For these analyses,
19–34 cells and 5373–20214 pixels were examined.

 

Results

 

Expression of P-Selectin Constructs with Different 
Internalization Rates on CHO Cells

 

P-selectin is rapidly internalized from the surfaces of acti-
vated endothelial cells (Hattori et al., 1989) and of trans-
fected CHO cells (Setiadi et al., 1995). Because CHO cells
lack regulated secretion, newly synthesized P-selectin mol-
ecules are delivered directly to the plasma membrane. At
steady state, P-selectin is in equilibrium between the cell
surface and the endosomal compartment, with a fraction
continuously delivered from endosomes to lysosomes to
be degraded (Setiadi et al., 1995; Green et al., 1994).

The 35-residue cytoplasmic domain of P-selectin has no
well-defined short internalization motifs. However, some
deletions or substitutions of this domain either increase or
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decrease the internalization rate of P-selectin (Setiadi et al.,
1995). Fig. 1 

 

A

 

 depicts the sequences of the cytoplasmic
domains of three such constructs, aligned with that of wild-
type P-selectin. Fig. 1 

 

B

 

 shows the internalization rates of
these constructs in stably transfected CHO cells, confirm-
ing previous observations (Setiadi et al., 1995). Unlike the
rapid endocytosis of wild-type P-selectin, the tailless con-
struct was internalized no faster than bulk membrane flow.
The Y777A construct had a moderate reduction in the in-
ternalization rate. In contrast, the G778A construct was
endocytosed even more rapidly than was wild-type P-selec-
tin. The internalization rates of the constructs remained
constant on CHO cell clones with surface densities ranging
from 10–250 molecules/

 

m

 

m

 

2

 

 (Setiadi et al., 1995).
To determine whether the internalization rate of P-selec-

tin might affect its adhesive capability under flow, we com-
pared the rolling of human neutrophils on CHO cell

monolayers expressing the internalization-competent or
internalization-incompetent forms of P-selectin. We stud-
ied four complementary measures of rolling behavior: the
accumulated number of rolling cells, the resistance to de-
tachment from the surface, the mean rolling velocity, and
the uniformity of rolling. These were measured under con-
trolled conditions with systematic variation of the wall
shear stress or the P-selectin site density. We also com-
pared the tethering of free-flowing neutrophils to the se-
lectin constructs and the subsequent behavior of the teth-
ered cells. The use of several different assays allowed a
more detailed comparison of potential differences in adhe-
sive function among the P-selectin constructs.

Figure 1. P-selectin constructs expressed in transfected CHO cells.
(A) Schematic diagram of wild-type P-selectin and of P-selectin
constructs with substitutions or deletions in the cytoplasmic do-
main. (B) Internalization rates of P-selectin constructs in trans-
fected CHO cells. The rates were determined by the ability of
acidic buffer to remove surface-bound 125I-labeled anti-P-selectin
mAb G1 as described in Materials and Methods. The cell-bound
radioactivity remaining at each time point represents the amount
of internalized P-selectin, and is plotted as a percentage of the
initial cell-bound radioactivity. The data represent the mean 6
SEM of six experiments for G778A, 59 experiments for wild-type
P-selectin, five experiments for Y777A, and 29 experiments for
tail-less P-selectin.

Figure 2. More rolling neutrophils accumulate on CHO cells ex-
pressing wild-type than tail-less P-selectin. Neutrophils (106/ml)
were perfused over CHO cells expressing wild-type or tail-less
P-selectin at the specified site density. The wall shear stress was
0.05, 1, or 2 dyn/cm2 in A or 1 dyn/cm2 in B and C. (A and B) Af-
ter 4 min of perfusion, the accumulated number of rolling cells
was quantified by counting all cells in each of four randomly se-
lected 403 fields. The data represent the mean 6 SEM of four
experiments for A and at least ten experiments for B. (C) The ve-
locities of neutrophils rolling on CHO cells expressing wild-type
or tail-less P-selectin at the indicated site density were measured.
Each data point represents the mean 6 SEM of the velocities of
63–218 cells.
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More Rolling Neutrophils Accumulate on CHO Cells 
Expressing Wild-type than Tail-less P-Selectin

 

We first compared the accumulation of rolling neutrophils
on CHO cells expressing wild-type or tail-less P-selectin at
matched densities. At wall shear stresses of 0.5, 1, or 2 dyn/
cm

 

2

 

, more rolling neutrophils accumulated on cells ex-
pressing wild-type than tail-less P-selectin at densities of
50–74 molecules/

 

m

 

m

 

2

 

 (Fig. 2 

 

A

 

). At 1 dyn/cm

 

2

 

, more neu-
trophils rolled on wild-type than tail-less P-selectin at den-
sities as low as 10–24 sites/

 

m

 

m

 

2

 

 (Fig. 2 

 

B

 

). However, the ac-
cumulation of rolling neutrophils on wild-type P-selectin
plateaued as site densities increased. Neutrophil accumu-
lation on tail-less P-selectin reached that observed on
wild-type P-selectin at 75–100 sites/

 

m

 

m

 

2

 

 (Fig. 2 

 

B

 

). Thus,
higher site densities helped to compensate for the im-
paired adhesive function of tail-less P-selectin in this assay.

Lowering the site density of wild-type P-selectin en-
abled neutrophils to roll faster (Fig. 2 

 

C

 

). In sharp con-
trast, lowering the site density of tail-less P-selectin did not
enable neutrophils to roll faster. This observation suggests
that the relatively few neutrophils that rolled on tail-less
P-selectin at lower densities may represent a selected sub-
population. Thus, most cells either failed to attach to tail-
less P-selectin at these densities, or attached but then

detached more rapidly from the surface. An important im-
plication of this result is that an adhesion assay may com-
pare different populations of neutrophils, depending on
the specific conditions being examined. To avoid the selec-
tion of subpopulations of cells that might yield misleading
results, we compared rolling velocities and the uniformity
of rolling only under conditions where the number of roll-
ing neutrophils and the resistance to detachment were
similar for any pair of P-selectin constructs.

 

Neutrophils Roll with Greater Adhesive
Strength, at Lower Velocities, and with More Uniform 
Motion on CHO Cells Expressing Wild-type than
Tail-less P-Selectin

 

Neutrophils detached much less readily from wild-type
than from tail-less P-selectin in response to increasing wall
shear stress (Fig. 3). Resistance to detachment increased
on both forms of P-selectin at higher site densities, pre-
sumably reflecting a greater probability of forming recep-
tor–ligand bonds. However, the increased detachment re-
sistance of wild-type over tail-less P-selectin persisted at
all densities, even at the higher 75–100 sites/

 

m

 

m

 

2

 

 (Fig. 3 

 

D

 

)
at which neutrophils accumulated in similar numbers (see
Fig. 2 

 

B

 

).
We compared the rolling velocities of neutrophils on

wild-type and tail-less P-selectin at densities (75–100 sites/

 

m

 

m

 

2

 

) and shear stresses (1–8 dyn/cm

 

2

 

) where higher
shear stresses increased rolling velocities on both forms of
P-selectin, but resistance to detachment was still equiva-
lent (see Fig. 3 

 

D

 

). Under these conditions, neutrophils
rolled more slowly on wild-type than on tail-less P-selectin
at each shear stress examined (Fig. 4 

 

A

 

). Furthermore,
neutrophils rolled more uniformly on wild-type than on
tail-less P-selectin (Fig. 4 

 

B

 

 and Table I). Neutrophil roll-
ing velocities were equivalent for cells perfused at 1 dyn/
cm

 

2

 

 on tail-less P-selectin and at 4 dyn/cm

 

2

 

 on wild-type
P-selectin (Fig. 4 

 

A

 

). However, neutrophils skipped less on
wild-type than on tail-less P-selectin even though shear
stress was fourfold higher on wild-type P-selectin (Table
I). Thus, under conditions where the rolling neutrophil
populations appeared to be similar, the cells rolled faster
and skipped more on wild-type than on tail-less P-selectin.

 

Neutrophils Roll Differently on CHO Cells
Expressing P-Selectin Constructs with Different 
Internalization Rates

 

The lessened adhesive function of tail-less P-selectin was
not due simply to deletion of the cytoplasmic domain, be-
cause rolling neutrophils also accumulated poorly on the
internalization-defective Y777A construct at 25–49 sites/

 

m

 

m

 

2

 

. By contrast, equivalent numbers of neutrophils
rolled on the G778A construct and wild-type P-selectin at
these densities (Fig. 5 

 

A

 

). Therefore, more neutrophils
rolled on CHO cells expressing internalization-competent
than internalization-incompetent P-selectin.

Rolling neutrophils detached readily from both the
Y777A and tail-less constructs in response to increasing
shear stress. In contrast, rolling neutrophils resisted de-
tachment equivalently on wild-type P-selectin and on the
G778A construct, which is internalized even more rapidly
than wild-type (Fig. 5 

 

B

 

). Comparisons of rolling velocity

Figure 3. Neutrophils roll with greater adhesive strength on
CHO cells expressing wild-type than tail-less P-selectin. Neutro-
phils (106/ml) were perfused at 1 dyn/cm2 for 5 min over CHO
cells expressing wild-type or tail-less P-selectin at the indicated
site density. Without stopping flow, cell-free buffer was then per-
fused at 1 dyn/cm2 for 30 s, and the number of adherent cells re-
maining was taken to be 100%. The wall shear stress was then in-
creased incrementally every 30 s, and the number of neutrophils
remaining adherent was determined. The data represent the
mean 6 SEM of four experiments at 10–24 sites/mm2 (A), eight
experiments at 25–49 sites/mm2 (B), eight experiments at 50–74
sites/mm2 (C), and four experiments at 75–100 sites/mm2 (D).
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and rolling motion were made only between Y777A
and tail-less P-selectin, or between G778A and wild-type
P-selectin. For these paired comparisons, conditions could
be selected where the number of rolling cells and the de-
tachment resistance were equivalent. These conditions
could not be met for other paired comparisons, where the
presence of different populations of rolling neutrophils
might provide misleading information as to the relative
adhesive properties of the P-selectin constructs.

Neutrophils rolled more slowly on Y777A than on tail-
less P-selectin, consistent with the less severely impaired
internalization rate of Y777A compared with that of tail-
less P-selectin (Fig. 5 C). Moreover, fewer neutrophils
skipped on Y777A than on tail-less P-selectin, even at the
same rolling velocity (compare rolling at 1 dyn/cm2 on tail-

less P-selectin with rolling at 4 dyn/cm2 on Y777A; Fig. 5 C
and Table I).

Neutrophils rolled more slowly on G778A than on wild-
type P-selectin, consistent with the faster internalization
rate of G778A compared with that of the wild-type (Fig. 5
D). Fewer neutrophils skipped on G778A than on wild-
type P-selectin, even at the same rolling velocity (compare
rolling at 1 dyn/cm2 on wild-type P-selectin with rolling at
4 dyn/cm2 on G778A; Fig. 5 D and Table I).

Collectively, these data indicate that neutrophils roll
with greater adhesive strength, at slower velocities, and
with more uniform motion on P-selectin as its internaliza-
tion rate is increased. These properties should lessen the
rate of detachment of rolling neutrophils from the cell
monolayer. Therefore, more rolling neutrophils accumu-
late on internalization-competent than internalization-
incompetent forms of P-selectin.

Flowing Neutrophils Tether Equivalently to
CHO Cells Expressing Internalization-competent or 
Internalization-incompetent P-Selectin

Under hydrodynamic flow, the accumulated number of
rolling leukocytes is a function of both the rates of tether-
ing to and detachment from the substrate (Puri et al.,
1997). A free-flowing neutrophil can form a primary tether
with the substrate, and then either rapidly detach back
into the fluid stream or develop rolling adhesion as it
forms new bonds at the leading edge of the cell to replace
those broken at the trailing edge. A flowing neutrophil
may also tether to an adherent neutrophil and then trans-
late onto the substrate to form a secondary tether (Alon
et al., 1996; Walcheck et al., 1996).

We found that neutrophils flowing at a shear stress of 1
dyn/cm2 tethered equivalently to internalization-compe-
tent and -incompetent forms of P-selectin at densities of

Figure 4. Neutrophils roll
faster and more uniformly on
CHO cells expressing wild-
type than on tail-less P-selec-
tin. (A) The velocities of neu-
trophils rolling on CHO cells
expressing wild-type or tail-
less P-selectin at 75–100 sites/
mm2 (see Figs. 2 B and 3 D)
were measured at the indi-
cated shear stress. Each data
point represents the mean 6
SEM of the velocities of at
least 118 cells. (B) Represen-
tative paths of neutrophils roll-
ing on CHO cells expressing
wild-type or tail-less P-selec-
tin at a wall shear stress of
1 dyn/cm2. A series of nine
403 images was taken every
0.5 s. Green and red coloring
represent the initial and final
position, respectively, of each
rolling cell. The arrow traces
the rolling path. Flow was
from right to left. Bar, 50 mm.

Table I. Percentage of Neutrophils that Skip At Least Once 
Over a 4-s Period While Rolling on Transfected CHO Cells

Construct Sites/mm2

Skipping neutrophils

1 dyn/cm2 4 dyn/cm2

% %

Wild-type 75–100 1.0 6 1.0
§

1.5 6 0.7 i
Tail-less 16.8 6 2.6 7.5 6 0.9
G778A 25–49 5.1 6 1.3

§
3.7 6 0.9

*Wild-type 17.9 6 4.8 16.0 6 4.5
Y777A 25–49 15.1 6 2.8 4.5 6 0.5

‡
Tail-less 13.4 6 4.1 18.9 6 3.1

The data for each construct represent the mean 6 SEM of at least three different ex-
periments in which 78–258 cells were examined. Valid comparisons could only be
made among the three indicated paired constructs, where the number of rolling cells
and the detachment resistance were equivalent at the site densities and shear stresses
examined. The indicated statistical differences between experimental groups were de-
termined by an unpaired Student’s t test. *P , 0.05; ‡P , 0.02; §P , 0.01; iP ,
0.0001.
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25–49 sites/mm2 (Fig. 6 A). For all constructs, most neutro-
phils formed direct primary tethers to the CHO cell mono-
layer that converted to rolling adhesion. A lesser number
of neutrophils transiently tethered to the monolayer.
Some of the neutrophils also first interacted with an ad-
herent rolling neutrophil, and then tethered secondarily to
the monolayer. L-selectin–dependent neutrophil–neutro-
phil interactions can cause the continued accumulation of
rolling neutrophils on immobilized P-selectin (Alon et al.,
1996; Walcheck et al., 1996). However, the number of neu-
trophils rolling on the CHO cell monolayers reached equi-
librium after 3–4 min of perfusion, suggesting that second-

ary tethers were not a major contributor to neutrophil
accumulation in this experimental system.

The tethering rates or types of tethers did not differ sig-
nificantly among the constructs under the conditions
shown in Fig. 6 A, or at other site densities or wall shear
stresses (data not shown). After the cells tethered, how-
ever, they rolled longer distances on internalization-com-
petent than on internalization-incompetent P-selectin be-
fore they detached into the fluid stream (Fig. 6 B). These
data demonstrate that differences in tethering do not ex-
plain why more rolling neutrophils accumulate on inter-
nalization-competent than on internalization-incom-
petent P-selectin. Instead, the increased accumulation
reflects the enhanced ability of the cells to roll on internal-
ization-competent P-selectin after they tether to the sur-
face.

Figure 5. Neutrophils roll differently on CHO cells expressing
P-selectin constructs with different internalization rates. (A)
Neutrophils (106/ml) were perfused over CHO cells expressing
the indicated P-selectin construct at 1 dyn/cm2. The accumulated
number of rolling neutrophils was measured as in Fig. 2. The data
represent the mean 6 SEM of 14 experiments for G778A, 21 ex-
periments for wild-type P-selectin, eight experiments for Y777A,
and 21 experiments for tail-less P-selectin. (B) The resistance to
detachment of neutrophils rolling on CHO cells expressing the
indicated P-selectin construct was measured as in Fig. 3. The data
represent the mean 6 SEM of three experiments for Y777A,
eight experiments for tail-less P-selectin, four experiments for
G778A, and eight experiments for wild-type P-selectin. (C) The
velocities of neutrophils rolling on CHO cells expressing Y777A
or tail-less P-selectin were measured at the specified shear stress.
Each data point represents the mean 6 SEM of the velocities of
at least 19 cells. (D) The velocities of neutrophils rolling on CHO
cells expressing G778A or wild-type P-selectin were measured at
the specified wall shear stress. Each data point represents the
mean 6 SEM of the velocities of at least 72 cells. Valid compari-
sons of rolling velocities could only be made between the con-
structs paired in C or D, where the number of rolling cells and the
detachment resistance were equivalent for each pair under the
conditions examined.

Figure 6. Flowing neutrophils tether equivalently to CHO cells
expressing internalization-competent or internalization-incompe-
tent P-selectin, but roll differently after they tether. (A) Neutro-
phils (106/ml) were perfused at 1 dyn/cm2 over CHO cells ex-
pressing the indicated P-selectin construct at densities from 25–49
sites/mm2. Transient, secondary and primary tethers were mea-
sured during the first 3 min of perfusion. The data represent the
mean 6 SEM of at least six experiments. At least 134 tethers to
each construct were counted. (B) All neutrophils that tethered
primarily or secondarily were followed in a single 403 field-
of-view until they rolled out of the field or detached into the fluid
stream and rapidly exited the field. The results are plotted as the
percentage of the cells that rolled out of the field. The data repre-
sent the mean 6 SEM of at least seven experiments, with a total
of 89–123 neutrophils monitored for each construct.
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Treatment of CHO Cells or Endothelial Cells with
Hypertonic Medium Reversibly Impairs Both the 
Internalization and the Adhesive Function of P-Selectin

The preceding data demonstrated that substitutions or de-
letions in the cytoplasmic domain of P-selectin that inhib-
ited its endocytosis also diminished its adhesive function
under shear stress. We next asked whether an inhibitor of
endocytosis would impair the ability of wild-type P-selec-
tin to support neutrophil rolling. Exposing cells to hyper-
tonic medium reversibly inhibits endocytosis in clathrin-
coated pits by blocking assembly of the clathrin lattice
(Heuser and Anderson, 1989). Treatment of transfected
CHO cells with hypertonic medium blocks endocytosis of
wild-type, G778A, and Y777A P-selectin (Setiadi et al.,
1995). Thus, treatment of cells with hypertonic medium
dissociates P-selectin from the clathrin-mediated endo-
cytic pathway. We pretreated CHO cells expressing wild-
type or tail-less P-selectin with hypertonic or isotonic me-
dium. We then rapidly exchanged all cells into isotonic
medium to avoid the potential effects of hypertonic me-
dium on the cell adhesion assay. Preliminary experiments
revealed that internalization of wild-type P-selectin re-
mained completely impaired during the first minute after
return to isotonic medium (Fig. 7 A). After this lag period,
the internalization rate of wild-type P-selectin began to
approach that of cells maintained in isotonic medium. In
contrast, tail-less P-selectin was not internalized in cells
pretreated with either medium (Fig. 7 A).

We measured the number of neutrophils rolling on
CHO cells within 30 s after returning to isotonic medium
during the lag period in which endocytosis remained com-
pletely inhibited. To do this, we rapidly introduced neutro-
phils into the flow chamber at a high flow rate, and then
immediately reduced the shear stress to 1 dyn/cm2. Signifi-
cantly fewer neutrophils rolled on CHO cells expressing
wild-type P-selectin after exposure to hypertonic medium
than on the same cells maintained in isotonic medium. The
reduction in rolling neutrophils was similar to that ob-
served on CHO cells expressing tail-less P-selectin (Fig. 7
B). The ability of neutrophils to roll on wild-type P-selec-
tin normalized within 2–5 min after exchange from hyper-
tonic to isotonic medium (data not shown). These data re-
veal a direct correlation between the ability of hypertonic
medium to inhibit reversibly the endocytosis and the adhe-
sive function of wild-type P-selectin on transfected CHO
cells.

We also exposed HUVEC to hypertonic or isotonic me-
dium and then treated the cells with histamine for 4 min to
redistribute P-selectin from Weibel-Palade bodies to the
cell surface. The cells were then exchanged into isotonic
medium before performing the internalization or cell ad-
hesion assays. P-selectin was rapidly internalized from the
surface of HUVEC maintained in isotonic medium. In
contrast, cells exposed to hypertonic medium had mark-
edly impaired endocytosis of P-selectin during the first 1–2
min after return to isotonic medium (Fig. 7 C). During this
lag period, fewer neutrophils rolled on HUVEC pre-
treated with hypertonic medium than on HUVEC main-
tained in isotonic medium (Fig. 7 D). The number of roll-
ing neutrophils normalized within 2–5 min after returning
to isotonic medium (data not shown). This result demon-

strates that blockade of endocytosis impairs the adhesive
capability of P-selectin on activated endothelial cells as
well as on transfected CHO cells.

Wild-type but Not Tail-less P-Selectin Colocalizes 
with a-Adaptin, a Component of Clathrin-coated Pits

The enhanced adhesive capability of internalization-com-
petent P-selectin might be due to association of a subset of
the molecules with clathrin-coated pits before they are in-
ternalized (Heuser and Anderson, 1989; Miller et al.,
1991). We used dual-label immunofluorescence confocal
microscopy to determine whether wild-type or tail-less
P-selectin colocalized with a-adaptin in fixed permeabi-
lized CHO cells. a-Adaptin is a subunit of the adaptor pro-
tein-2 complex found in clathrin-coated pits of the plasma
membrane. The adaptor protein-2 complex binds to puta-

Figure 7. Treatment of transfected CHO cells or activated endo-
thelial cells with hypertonic medium reversibly inhibits both the
internalization and the adhesive function of wild-type P-selectin.
(A and B) CHO cells expressing wild-type P-selectin (WT) or
tail-less P-selectin (TL) at 25–49 sites/mm2 were preincubated for
15 min with hypertonic or isotonic buffer. The cells were then im-
mediately subjected to an internalization assay or a cell adhesion
assay in the presence of isotonic buffer. (C and D) Confluent
HUVEC were preincubated for 15 min with hypertonic or iso-
tonic buffer, and were then stimulated with 1024 M histamine for
4 min in the same buffer to induce redistribution of P-selectin
from Weibel-Palade bodies to the cell surface. The cells were
then immediately subjected to an internalization assay or a cell
adhesion assay in the presence of isotonic buffer. The data repre-
sent the mean 6 SEM of three experiments in A, five experiments
in B, four experiments in C, and seven experiments in D.
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tive docking proteins at the inner face of the plasma mem-
brane, to clathrin, and to the cytoplasmic domains of
membrane proteins that are rapidly internalized (Schmid,
1997). After the clathrin-coated pit buds to form a vesicle,
a-adaptin dissociates as the vesicle loses its coat. Thus, the
total pool of a-adaptin is distributed between clathrin-
coated pits and the cytoplasm.

Fig. 8 depicts confocal images of CHO cells expressing
wild-type or tail-less P-selectin that were pretreated with
isotonic or hypertonic medium before fixation. Green or red
staining illustrates the respective distribution of P-selectin
or a-adaptin. For cells in isotonic medium, there was par-
tial colocalization of a-adaptin with wild-type P-selectin,
as manifested by the punctate yellow staining in the merged
images. For cells in hypertonic medium, there was little or
no colocalization of a-adaptin with wild-type P-selectin,
consistent with the ability of hypertonic medium to disas-
semble clathrin-coated pits (Fig. 8 A). There was virtually
no colocalization of a-adaptin with tail-less P-selectin in
cells treated with either isotonic or hypertonic medium
(Fig. 8 B). Quantification of the percentage of P-selectin
pixels that colocalized with a-adaptin pixels confirmed the
conclusions from the visual images (Fig. 8 C). Neither
wild-type nor tail-less P-selectin colocalized with caveolin,
a component of the noncoated caveolae of the plasma
membrane that mediates internalization of some proteins
(Parton and Simons, 1995; data not shown). These results
demonstrate that a subset of wild-type, but not of tail-less,
P-selectin colocalizes with a-adaptin in clathrin-coated
pits. They also confirm that hypertonic medium disrupts
the association of wild-type P-selectin with a-adaptin in
coated pits.

Discussion
The selectins have specialized features that enable flowing
leukocytes to tether to and roll on the vessel wall. Selec-
tin–ligand bonds form and break rapidly, and they resist
premature dissociation by applied forces (Lawrence and
Springer, 1991; Alon et al., 1995; Alon et al., 1997; Chen
et al., 1997). Leukocyte adhesion under flow also requires
the appropriate presentation of selectins or their ligands
on the cell surface (Von Andrian et al., 1995; Patel et al.,
1995b). The cytoplasmic domains of many adhesion recep-
tors regulate their properties through interactions with the
cytoskeleton (Gumbiner, 1996; Lauffenburger and Hor-
witz, 1996; Brieher et al., 1996; Angres et al., 1996; Kucik
et al., 1996; Lub et al., 1997; Stewart et al., 1998). The cyto-
plasmic domain of L-selectin also binds to the cytoskele-
ton (Pavalko et al., 1995), and this interaction is required
for L-selectin to mediate optimal leukocyte adhesion un-
der flow (Kansas et al., 1993). Here we show that associa-Figure 8. Wild-type but not tail-less P-selectin colocalizes with

a-adaptin, a component of clathrin-coated pits. CHO cells ex-
pressing wild-type or tail-less P-selectin were pretreated for 15
min at 378C with isotonic or hypertonic medium. The cells were
then fixed and incubated with biotinylated polyclonal antibodies
to P-selectin, followed by streptavidin conjugated to Oregon
Green. After permeabilization, the cells were incubated with a
mAb to a-adaptin, followed by donkey anti–mouse Ig conjugated
to Cy-3. Using a confocal microscope, an optical section at the
middle and apical portion of each cell was examined for staining
of P-selectin (green) or a-adaptin (red). Bar, 10 mm. (A) Merging
the images revealed partial colocalization of a-adaptin with wild-

type P-selectin (yellow) in cells pretreated with isotonic medium,
but not in cells pretreated with hypertonic medium. (B) a-Adap-
tin was not detectably colocalized with tail-less P-selectin in cells
pretreated with isotonic or hypertonic medium. (C) The degree
of colocalization was quantified by measuring the percentage of
green pixels (P-selectin) that colocalized with red pixels (a-adap-
tin) as described in Materials and Methods.
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tion of the cytoplasmic domain of P-selectin with clathrin-
coated pits enhances neutrophil rolling adhesion under flow.
Thus, the initial stages of clathrin-mediated endocytosis
can also regulate the function of an adhesion receptor.

P-selectin is rapidly internalized from the surfaces of ac-
tivated endothelial cells (Hattori et al., 1989) and of trans-
fected CHO cells (Setiadi et al., 1995). Some alterations in
the cytoplasmic domain of P-selectin either increase or de-
crease the internalization rate in transfected CHO cells
(Setiadi et al., 1995). Rolling neutrophils accumulated effi-
ciently on CHO cells expressing wild-type P-selectin or the
G778A construct, which is internalized even faster than
the wild-type. However, significantly fewer rolling neutro-
phils accumulated on the internalization-defective tail-less
or Y777A constructs. The ability of neutrophils to roll well
on G778A indicates that mutation of the cytoplasmic do-
main per se does not impair leukocyte adhesion. Further-
more, treatment of CHO cells with hypertonic medium
reversibly impaired both the clathrin-dependent internal-
ization and the adhesive function of wild-type P-selectin.
The concordant results from both mutational and chemi-
cal strategies that block endocytosis strongly suggest that
the association of P-selectin with clathrin-coated pits im-
proves its adhesive capacity under flow. The enhancement
of adhesion most likely reflects an altered distribution of
P-selectin on the cell surface rather than the actual process
of internalization.

Free-flowing neutrophils tethered equivalently to the in-
ternalization-competent and -incompetent P-selectin con-
structs. Thus, the decreased accumulation of rolling neu-
trophils on internalization-defective P-selectin was not
due to an impairment in the initial tethering event. In-
stead, there was a defect in the subsequent rolling on these
constructs. Neutrophils rolled on internalization-defective
P-selectin with less adhesive strength, as revealed by their
greater susceptibility to detachment by increasing shear
stress. Neutrophils also rolled faster and with less uniform
motion on the internalization-defective constructs. The
consequence of these alterations was more frequent de-
tachment of rolling neutrophils back into the fluid stream.

The decreased accumulation of neutrophils on internal-
ization-defective P-selectin was most evident at densities
below 75 sites/mm2. Similar numbers of rolling neutrophils
accumulated on wild-type and tail-less P-selectin at densi-
ties of 75–100 sites/mm2 (Fig. 2 B). However, neutrophils
still rolled faster on tail-less P-selectin under these condi-
tions (Fig. 4 A), and they detached more readily at higher
shear stresses (Fig. 3 D). In general, neutrophils rolled
with greater strength, at slower velocities, and with more
uniform motion on P-selectin as its internalization rate
increased. To avoid selection of subpopulations of neu-
trophils with different adhesive function, we always com-
pared rolling velocities and rolling motion under con-
ditions where equivalent numbers of neutrophils rolled on
any two paired P-selectin constructs. Differences in rolling
velocity among constructs could be detected even when
shear stresses were adjusted so that resistance to detach-
ment was identical. Differences in rolling motion could be
detected even when shear stresses were adjusted so that
rolling velocities were equivalent. In a previous study,
equivalent numbers of neutrophils were observed to ad-
here to COS cells overexpressing wild-type or tail-less

P-selectin under conditions of rotational shear at 48C
(Kansas and Pavalko, 1996). The inability to detect a dif-
ference in adhesion to these constructs may have been due
to use of lower shear stresses and/or higher site densities in
the assay. The low temperature would also slow the koff of
selectin-ligand bonds, enhancing adhesion (Mason and
Williams, 1986; Lawrence and Springer, 1993).

Resistance of cells to detachment by increasing shear
stress is a measure of adhesive strength. This fact may re-
flect the number of receptor–ligand bonds, which is deter-
mined by the ratio of the association rate, kon, to the disso-
ciation rate, koff, of these bonds (Puri et al., 1997). Because
the cells are rollingly adherent, other important factors
may include the collision frequency, the cell contact dura-
tion, the contact area, and the surface densities of receptor
and ligand. The rolling velocity is primarily limited by koff,
but is also partially dependent on kon, because the rate of
bond formation must keep pace with the rate of bond dis-
sociation for the cell to continue to roll. The uniformity or
jerkiness of rolling depends on the distribution of recep-
tors or ligands, and the probability that new bonds will
form before old bonds dissociate (Alon et al., 1997).

The normal tethering but defective rolling of neutro-
phils on internalization-incompetent P-selectin suggests a
normal association rate, but an accelerated dissociation
rate for P-selectin-PSGL-1 bonds. The tethering rate pri-
marily reflects the kon. A faster koff but constant kon would
reduce resistance to detachment. The higher rolling veloc-
ities on internalization-defective P-selectin also suggest a
faster koff. A transient tether may require only one P-selec-
tin-PSGL-1 bond, whereas rolling adhesion probably re-
quires at least two bonds (Alon et al., 1995). A slower koff
should increase the probability of more bonds and ensure
more uniform rolling motion. A faster koff should increase
the probability that a cell would disengage all its bonds be-
fore a new bond formed, resulting in detachment of the
cell into the fluid stream. This could account for the in-
creased percentage of neutrophils that skipped on CHO
cells expressing internalization-defective P-selectin.

A common mechanism for slowing the koff of a biochem-
ical reaction is the use of multivalent binding to increase
avidity (Mason and Williams, 1986). In the fluid phase,
multimeric P-selectin binds to PSGL-1 on leukocytes with
higher avidity than does monomeric P-selectin (Ushiyama
et al., 1993). Rapidly internalized membrane proteins
cluster in clathrin-coated pits and lattices (Heuser and
Anderson, 1989; Miller et al., 1991), and our immunofluo-
rescence data show that a subset of wild-type, but not tail-
less, P-selectin colocalizes with a-adaptin, a component of
these structures. Thus, some internalization-competent
P-selectin molecules are probably clustered in clathrin-
coated pits, whereas internalization-incompetent P-selec-
tin molecules are more likely to be diffusely distributed on
the cell surface. If P-selectin were clustered on the cell sur-
face, a PSGL-1 molecule on the neutrophil might dissoci-
ate from one P-selectin molecule but then rapidly reassoci-
ate with an adjacent P-selectin molecule. Under shear forces,
reassociation would be favored by site densities sufficient
for rolling, i.e., the presence of at least two P-selectin-
PSGL-1 bonds. Reassociation might not be observed at
the very low P-selectin densities that favor transient teth-
ers; after dissociation of a single bond the cell would flow
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away too rapidly to rebind even to an adjacent molecule in
a cluster. Conversely, at high site densities, more bonds
should ensure multivalent attachment even in the absence
of clustering.

The resistance of adhesion molecules to extraction from
the membrane may also regulate cell rolling. The forces
applied to a rolling leukocyte are considered sufficient to
remove a selectin or its ligand from the lipid bilayer, unless
the proteins are anchored through their cytoplasmic do-
mains to the cytoskeleton (Alon et al., 1995). Should ex-
traction occur, the koff is likely to be different from that
governing dissociation of receptor-ligand bonds. Cluster-
ing of P-selectin in clathrin-coated pits may provide an-
other mechanism to resist extraction by applied force. The
cytoplasmic domains of several P-selectin molecules could
bind multivalently to the adaptor protein complex, which
itself attaches multivalently to the clathrin lattice (Schmid,
1997). Such a structure might resist extraction with the
same strength as a group of adhesion receptors linked to a
branched, cytoskeletal protein network. Distribution of
the force over a larger number of bonds may also prevent
extraction. Both mechanisms would enable neutrophils to
roll more slowly, with greater adhesive strength, and more
uniformly on internalization-competent forms of P-selec-
tin. That some neutrophils still rolled on internalization-
defective P-selectin suggests that an adhesion receptor
need not bind to a multivalent network of cytoplasmic pro-
teins to resist extraction by applied force. Furthermore,
flowing neutrophils tethered similarly to both internaliza-
tion-competent and -incompetent forms of P-selectin.

The clustering of P-selectin in clathrin-coated pits may
cooperate with other mechanisms that bring P-selectin and
PSGL-1 into close proximity under flow. P-selectin and
PSGL-1 are extended molecules (Ushiyama et al., 1993; Li
et al., 1996), and PSGL-1 is located on microvillous tips
(Moore et al., 1995; Bruehl et al., 1997). These orienta-
tions favor rapid contacts under shear stress. PSGL-1 is a
dimer (Moore et al., 1992), and biochemical studies sug-
gest that P-selectin also forms dimers or oligomers (Ush-
iyama et al., 1993). Furthermore, PSGL-1 may be clus-
tered through cytoskeletal interactions (Lorant et al.,
1995). These arrangements should delay dissociation of
bonds and/or prevent extraction from the membrane.

Optimal rolling of leukocytes under shear stress may be
particularly dependent on the cell-surface organizations of
PSGL-1 or P-selectin if their site densities are relatively
low. Blockade of internalization impaired the adhesive
function of P-selectin on activated HUVEC, which express
P-selectin at a density of z50 sites/mm2 (Hattori et al.,
1989). The density of P-selectin on endothelial cells in vivo
is unknown. Recently, a gene knock-in strategy was used
to generate mice that express P-selectin lacking the cyto-
plasmic domain (Hartwell et al., 1997). Leukocytes rolled
on tail-less P-selectin in mesenteric venules of these mice.
However, the endothelial-cell site densities of wild-type or
tail-less P-selectin were not quantified, and the relative ad-
hesive competencies of the molecules could not be deter-
mined in vivo (D.D. Wagner, personal communication).
Tail-less P-selectin was not sorted into Weibel-Palade
bodies, and was presumably internalized slowly. Both al-
terations might increase the surface density of the mole-
cule on endothelial cells, compensating for loss of cluster-

ing in clathrin-coated pits. Specific challenges may also
reveal impaired leukocyte recruitment due to the defec-
tive adhesive capability of tail-less P-selectin. P-selectin
does not appear to be rapidly internalized on the surface
of activated platelets (George et al., 1986). However, these
cells contain clathrin, and P-selectin might be recruited
into clathrin lattices at the plasma membrane (Klinger and
Kluter, 1995). There are at least 200 P-selectin molecules/
mm2 on activated platelets (McEver and Martin, 1984;
Hsu-Lin et al., 1984; Gibson et al., 1995; Yeo et al., 1994).
At such high densities, P-selectin may mediate leukocyte
rolling without clathrin-mediated clustering.

Like P-selectin, E-selectin may modulate its adhesive
capacity through association with clathrin-coated pits.
E-selectin is internalized from the surfaces of activated en-
dothelial cells (Von Asmuth et al., 1992; Kuijpers et al.,
1994; Subramaniam et al., 1993) and of transfected CHO
cells (Subramaniam et al., 1993; Chuang et al., 1997).
However, it is not internalized as rapidly as P-selectin
(H.S. and R.P.M., unpublished observations). Hypertonic
medium prevents internalization of E-selectin, suggesting
that it is also endocytosed through clathrin-coated struc-
tures (H. Setiadi and R.P. McEver, unpublished observa-
tions). Because rolling leukocytes interact with any given
P- or E-selectin molecule for no more than a few seconds,
the cell surface distribution of these proteins at the onset
of cell contact must regulate adhesion. This fact contrasts
with cell attachment that develops over many minutes,
where adhesion molecules and even clathrin pits contain-
ing such molecules can migrate to the site of contact
(Gumbiner, 1996; Lauffenburger and Horwitz, 1996; Wei-
gel and Oka, 1991). Internalization of P- and E-selectin
precludes their binding to the cytoskeleton, which would
impair recruitment into clathrin-coated pits (Miettinen et al.,
1992). Leukocytes that adhere for many minutes to E-selec-
tin cause its linkage to the actin cytoskeleton of endothe-
lial cells (Yoshida et al., 1996). However, this induced cy-
toskeletal interaction occurs over a much longer period
than the rolling adhesion studied here.

Internalization of membrane proteins in clathrin-coated
pits contributes to many functions, notably delivery of nu-
trient ligands to intracellular compartments and downreg-
ulation of ligand-bound signaling receptors (Schmid,
1997). The rapid internalization of P-selectin is an impor-
tant mechanism to limit its appearance on the endothelial
cell surface (McEver, 1997). Here we demonstrate that in-
teractions of P-selectin with clathrin-coated pits enhance
its capacity to support leukocyte rolling under flow. These
findings extend the known functions of clathrin-coated
structures to regulation of cell adhesion.
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