
Introduction
Leukocyte recruitment during inflammation is a multi-
step process involving tethering and rolling of leukocytes
on vascular surfaces, followed by firm adhesion and
transmigration into the affected tissues (1). Interactions
of selectins with glycoconjugate ligands primarily medi-
ate the initial tethering and rolling adhesion of leuko-
cytes (2, 3). L-selectin, expressed on leukocytes, binds to
ligands on other leukocytes and on activated endothelial
cells. P-selectin, expressed on activated platelets and
endothelial cells, and E-selectin, expressed on activated
endothelial cells, bind to ligands on leukocytes. Studies
with selectin-deficient mice and blocking mAb’s indicate
that the selectins have both unique and overlapping
functions (4, 5). In the microcirculation of the cremaster
muscle, P-selectin mediates most tethering and rolling
of leukocytes early after trauma-induced inflammation
(6), whereas L-selectin supports significant tethering and
rolling 6–8 hours after exposure to TNF-α (7). E-selectin
supports slow rolling of leukocytes on venules 2–4 hours
after stimulation with TNF-α (8).

Selectin ligands require α2,3-sialylation and α1,3-
fucosylation on capping structures such as sialyl Lewis
x (sLex), which bind to the C-type lectin domains of the

selectins (9). In addition, sulfation is a critical require-
ment of ligands that bind to P- and L-selectin. A subset
of glycoproteins binds with high affinity or avidity to
the selectins (2). Of these, only P-selectin glycoprotein
ligand-1 (PSGL-1) has a clearly documented function
in mediating selectin-dependent cell adhesion under
flow (3, 10). Human and murine PSGL-1 are extended
homodimeric sialomucins that are expressed on most
leukocytes. PSGL-1 binds to all three selectins in vitro.
P- and L-selectin bind to the N-terminal region of
PSGL-1 (11–13), whereas E-selectin binds to one or
more additional sites on PSGL-1 (14). Human PSGL-1
binds to P-selectin with specific stereochemical require-
ments that include optimal orientation of three tyro-
sine sulfates, amino acids, and a core-2 O-glycan
capped with sLex (15–17). PSGL-1 does not require
tyrosine sulfation to bind to E-selectin, but expression
of sLex on core-2 O-glycans enhances binding (18).

mAb’s against the N-terminal region of PSGL-1
markedly inhibit rolling of human and murine leuko-
cytes on P-selectin in vitro (11, 12), rolling of human
neutrophils on P-selectin in rat venules in vivo (19), and
rolling of murine leukocytes on P-selectin in murine
venules in vivo (12, 20). These data demonstrate that
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PSGL-1 is a dominant ligand for P-selectin under phys-
iological conditions. mAb’s against the N-terminal
region of murine PSGL-1 also inhibit leukocyte recruit-
ment in some models of inflammation in vivo (12, 21).
In venules of rats and mice treated with anti–PSGL-1
mAb, a few leukocytes continue to roll on P-selectin at
greatly elevated velocities (12, 19). Whether this reflects
PSGL-1–independent ligands for P-selectin or a failure
of the mAb’s to block all PSGL-1 molecules has not
been established. Furthermore, the mAb’s could not be
used to establish the contribution of PSGL-1 to rolling
on E-selectin, since they do not block binding of puri-
fied PSGL-1 to E-selectin in vitro (14).

More recently, gene-targeted mice lacking PSGL-1
(PSGL-1–/– mice) have been used to study the contribu-
tions of PSGL-1 to leukocyte recruitment in vivo (22).
The number of rolling leukocytes was markedly
decreased in venules of the cremaster muscle 30 min-
utes after exteriorization, a model of trauma-induced
inflammation that is P-selectin dependent. The num-
ber of PSGL-1–/– leukocytes rolling on venules of 
TNF-α–treated cremaster muscle, which express both
P- and E-selectin, was also significantly decreased.
However, it was not demonstrated whether this
decrease was due solely to impaired rolling on 
P-selectin or whether PSGL-1 also contributed to teth-
ering to or rolling on E-selectin. Although PSGL-1 and
certain other leukocyte glycoproteins bind to E-selectin
in solution (2, 9, 10), no glycoprotein has been defini-
tively shown to mediate leukocyte tethering to or
rolling on E-selectin under flow.

Here we report the generation of an independent line
of PSGL-1–/– mice. Using in vitro and in vivo assays, we
demonstrate that PSGL-1 makes a major contribution
to leukocyte tethering to E-selectin under flow, but
those PSGL-1–/– leukocytes that do tether to E-selectin
roll with normal velocities. We also show that ligands
other than PSGL-1 enable detectable but unstable
rolling of leukocytes on P-selectin.

Methods
Characterization of murine PSGL-1 genomic structure. A bac-
terial artificial chromosome (BAC) clone containing
the murine PSGL-1 gene was identified by screening a
murine embryonic stem cell (ES) BAC library (Incyte
Genomics Inc., St. Louis, Missouri, USA) by PCR, using
primers derived from the cDNA sequence of murine
PSGL-1 (23). Southern blots with probes labeled with
α-32P-dCTP (PerkinElmer Life Sciences Inc., Boston,
Massachusetts, USA) were used to characterize the
structure of the gene. Exon 1, which contains 5′
untranslated sequence, was identified by 5′ RACE PCR
using Marathon-Ready cDNA from murine spleen
(Clontech Laboratories Inc., Palo Alto, California, USA)
as the template. To determine the length of the intron
between exons 1 and 2, we amplified its sequence with
the Expand Long Template PCR system (Roche Mole-
cular Biochemicals, Indianapolis, Indiana, USA), using
the BAC genomic DNA clone as a template, a direct

primer complimentary to the 3′ sequence of exon 1,
and a reverse primer complimentary to the 5′ sequence
of exon 2. The murine PSGL-1 gene was partially
sequenced at the Advanced Center for Genome Tech-
nology at the University of Oklahoma.

Targeting vector. Based on Southern blot results, two
EcoRI fragments and one BamHI fragment from the
murine PSGL-1 gene were subcloned into pBluescript
SK(–) vectors and used for construction of the target-
ing vector (Figure 1a). A 0.1-kb KpnI-SmaI fragment
(from 5 bp upstream of the ATG site to 95 bp down-
stream of the ATG site of exon 2) (Figure 1, a and b) was
replaced by a 1.7-kb KpnI-EcoRV PGK neomycin cas-
sette (a gift from Timothy Ley, Washington University
School of Medicine, St. Louis, Missouri, USA). A 1.1-kb
region of the PSGL-1 gene upstream of the KpnI site
was used as a left arm, and a 3.6-kb region downstream
of the SmaI site was used as a right arm for homolo-
gous recombination (Figure 1, a and b). Both arms were
amplified by PCR using Pwo DNA polymerase (Roche
Molecular Biochemicals) and 20 amplification cycles to
reduce the possibility of mismatches. The fidelity of the
construct was confirmed by restriction enzyme map-
ping and sequencing.

Generation of PSGL-1–deficient mice. Electroporation
was used to transfect the targeting vector into CJ7 ES
cells (originating in a 129/SvlmJ mouse, a gift from
Thomas Sato, University of Texas Southwestern Med-
ical School, Dallas, Texas, USA). After G418 selection,
the surviving clones were screened by PCR, and clones
with correct homologous recombination were con-
firmed by Southern blots. After confirming a normal
karyotype, ES cells from one of the targeted clones were
microinjected into C57BL/6J blastocysts, and the blas-
tocysts were implanted into pseudopregnant mice.
Eight chimeras were produced among the offspring.
The chimeras were tested for germline transmission by
breeding with C57BL/6J mice. The agouti-colored off-
spring were characterized by both PCR and Southern
blot analyses of tail genomic DNA. Heterozygous
PSGL-1–deficient (PSGL-1+/–) mice were bred to gener-
ate homozygous PSGL-1–deficient (PSGL-1–/–) mice. In
all experiments reported here, PSGL-1+/+ littermates
were used as controls for PSGL-1–/– mice.

Flow cytometry. Leukocytes were isolated from
heparinized (10 U/ml) peripheral blood obtained
through a carotid artery catheter (see method below),
after lysis of erythrocytes in 150 mM NH4Cl, 10 mM
NaHCO3, and 1 mM EDTA. Unless otherwise speci-
fied, all Ab’s were obtained from PharMingen (San
Diego, California, USA). To measure expression of
PSGL-1, leukocytes in HBSS with 1% FCS were incu-
bated with phycoerythrin-labeled (PE-labeled) 2PH1,
a rat anti–murine PSGL-1 mAb. To examine whether
PSGL-1 deficiency affected the expression of other
adhesion molecules, leukocytes were incubated with
FITC-labeled rat mAb’s against murine L-selectin
(Mel-14), CD18 (C71/16), CD43 (S7), or CD45 (30-F11).
To measure expression of CD24, leukocytes were incu-
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bated with varying concentrations of rat anti–murine
CD24 mAb 79 (IgG2a) or M1.69 (IgG2b) (24) (gener-
ous gifts from Peter Altevogt, German Cancer Center,
Heidelberg, Germany) or with isotype-matched con-
trol mAb’s. After washing, the cells were incubated
with FITC-conjugated goat F(ab′)2 anti-rat IgG (Calt-
ag Laboratories Inc., Burlingame, California, USA). To
measure binding of fluid-phase selectins, leukocytes
were incubated with murine P- or E-selectin–IgM
chimeras or a control CD45-IgM chimera (25). The
chimeras were obtained from conditioned medium of
COS-7 cells that were transfected with pCDM8 vectors
encoding each molecule (generous gifts from John B.
Lowe, University of Michigan Medical Center, Ann
Arbor, Michigan, USA). Binding of the selectin
chimeras was detected by incubation with FITC-con-
jugated goat anti–human IgM polyclonal Ab’s (Chemi-
con International, Temecula, California, USA). Serial
dilutions of conditioned medium were added to deter-
mine the concentrations required for saturable selectin
binding to cells. All data shown represent binding at
selectin-IgM concentrations that were at least twice
those required to saturate binding sites on leukocytes.
Binding specificity was confirmed by parallel incuba-
tions in buffer containing 10 mM EDTA or by prein-
cubation of the respective selectin chimera with 20
µg/ml anti–murine P-selectin mAb RB40.34 (6) or
anti–murine E-selectin mAb 9A9 (a gift from Barry
Wolitzky, MitoKor, San Diego, California, USA) (26).
For all analyses, leukocytes were pretreated with 20
µg/ml mouse Fc Block (PharMingen) for 20 minutes
at 4°C or with 20 µg/ml Fc Receptor Blocker (Accurate

Chemical & Scientific Corp., Westbury, New York,
USA) for 20 minutes at room temperature. Neu-
trophils were identified using FITC-labeled RB6-8C5
mAb against the myeloid differentiation antigen 
Ly-6G (Gr-1), or by the light scatter properties of neu-
trophils. Cells were analyzed on a FACScan machine
using CellQuest software (Becton Dickinson Immuno-
cytometry Systems, San Jose, California, USA).

Hematology and histology. Peripheral blood was col-
lected from the mouse tail vein using Drummond
Microcaps (Drummond Scientific Co., Broomall,
Pennsylvania, USA). Total leukocyte numbers were
counted in a hemocytometer by diluting 10 µl blood
in 90 µl Kimura stain consisting of 11 ml of 5% (wt/wt)
toluidine blue, 0.8 ml of 0.03% light green SF yellow-
ish, 0.5 ml of saturated saponin, and 5 ml of 0.07 M
phosphate buffer, pH 6.4, all from Sigma Chemical
Co. (St. Louis, Missouri, USA). Differential leukocyte
counts were obtained from Wright-stained blood
smears. Platelet and hemoglobin levels were measured
with a Serono 9000 cell counter (Serono-Parker Diag-
nostics Inc., Allentown, Pennsylvania, USA). For his-
tological analysis, organs from PSGL-1+/+ and PSGL-1–/–

littermates were fixed in 10% formalin, processed, and
embedded in paraffin. Tissue sections were stained
with hematoxylin and eosin.

In vitro flow chamber assay. MH15-1, an mAb against
the Fc portion of human IgM (20 µg/ml; Accurate
Chemical & Scientific Corp.) was coated on 35-mm
polystyrene dishes in sodium carbonate buffer (pH 9.6)
overnight at 4°C. The dishes were washed three times
with HBSS containing 0.1% human serum albumin
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Figure 1
Strategy for disrupting the murine PSGL-1 gene. (a) Partial restriction map of the murine PSGL-1 gene. The three restriction fragments used for
construction of the targeting vector are shown at the top. (b) Diagram of the targeting vector. (c) Diagram of the targeted gene, the probes
used for Southern blotting, and the predicted sizes of the restriction fragments for the WT and targeted alleles. (d) Southern blots of genom-
ic DNA from targeted and WT ES cells. (e) Southern blots of genomic DNA isolated from tails of PSGL-1+/+, PSGL-1+/–, and PSGL-1–/– mice.



(HSA), blocked with 1% HSA in HBSS for 2 hours, and
incubated with P- or E-selectin–IgM chimera for 1 hour
at 37°C. Site densities of mAb-captured P- or E-sel-
ectin–IgM were measured by binding of 125I-labeled
anti–P-selectin mAb RB40.34 or anti–E-selectin mAb
10E9.6 (PharMingen) as described (14). Heparinized
blood obtained through a carotid artery catheter was
incubated with ammonium chloride to lyse erythro-
cytes. It was then diluted in HBSS containing 0.5% HSA
and mixed gently with 4-mm glass beads (Fisher Scien-
tific Co., Pittsburgh, Pennsylvania, USA) to remove
platelets. After removing the beads, the leukocytes were
suspended at 106 cells/ml in HBSS with 0.5% HSA. The
cells were perfused over P- or E-selectin substrates in
dishes mounted in a parallel-plate flow chamber at wall
shear stresses ranging from 0.25 to 4 dyn/cm2. After 5
minutes, the accumulated number of rolling cells was
measured using a videomicroscopy system coupled to
a digital analysis system (Inovision, Cleveland, Ohio,
USA) on a Silicon Graphics workstation (27). In some
experiments, 10 mM EDTA, 4 µg/ml F(ab′)2 fragments
of Mel-14, 20 µg/ml anti–PSGL-1 mAb 4RA10 (a gift
from Dietmar Vestweber, University of Münster, Mün-
ster, Germany), 20 µg/ml anti-CD24 mAb 79 or M1.69,
or an equivalent concentration of isotype-matched
control mAb was added to the cells. In other experi-
ments, the dishes were preincubated with 20 µg/ml
anti–E-selectin mAb 9A9, anti–P-selectin mAb
RB40.34, or isotype-matched control mAb’s. The cells
were perfused through the chamber in the conti-
nued presence of the antibody. In some experiments, 
PSGL-1–/– leukocytes were preincubated in 0.5 ml HBSS
with 0.5% HSA for 1 hour at 37°C in the presence or
absence of Pronase (1 mg/106 leukocytes; Calbiochem-
Novabiochem Corp., San Diego, California, USA) or 
O-sialoglycoprotein endopeptidase (OSGE, 250 µg/106

leukocytes; Cedarlane Laboratories Ltd., Hornby,
Ontario, Canada). The cells were washed twice and
then perfused over P-selectin substrates. Flow cytome-
try revealed that OSGE treatment removed epitopes for
the mucin CD43 but not for the non-mucin glycopro-
tein CD18. In contrast, Pronase removed epitopes for
both proteins from leukocyte surfaces.

To measure resistance to detachment under shear,
PSGL-1+/+ leukocytes (106/ml) or PSGL-1–/– leukocytes
(4 × 106/ml) were allowed to accumulate at 0.5 or 0.25
dyn/cm2, and then cell-free buffer was introduced. Wall
shear stress was increased every 30 seconds, and the
percentage of cells remaining adherent was deter-
mined. The velocities of rolling cells were measured
over a 5-second interval (14). The rate at which flowing
cells became tethered to P- or E-selectin was measured
during the first 60 seconds of perfusion. For tether
measurements, E-selectin was captured in a small area
in the middle of the dish, and then the rest of the dish
was blocked with 1% HSA in HBSS. Tethers to 
E-selectin were measured near the upstream junction
with the blocked surface. Thus, only flowing leukocytes
directly tethering to E-selectin (primary tethers) were

measured, rather than secondary tethers to E-selectin
that occurred after initial L-selectin–dependent tether-
ing of flowing leukocytes to adherent leukocytes (13,
28). The tethering rate at different wall shear stresses
was normalized by dividing the number of tethered
cells by the number of cells transported across the field
of view in the focal plane of the substrate (27).

In some experiments, interactions of flowing PSGL-1+/+

or PSGL-1–/– leukocytes with an L-selectin ligand and
with murine VCAM-1 were measured. The L-selectin lig-
and was 2-GSP-6, a glycosulfopeptide modeled after the
N-terminal P-selectin–binding region of human PSGL-1,
which also binds to human and murine L-selectin (16).
Streptavidin (50 µg/ml) adsorbed onto 35-mm dishes
was used to capture 2-GSP-6 that was biotinylated
through a C-terminal cysteine (T. Yago et al., unpub-
lished observations). Site densities of 2-GSP-6 were
measured by the binding of 125I-labeled anti–human
PSGL-1 mAb PL1 (11). Murine VCAM-1 (10 µg/ml),
expressed as a recombinant protein fused to the Fc por-
tion of human IgG (R&D Systems Inc., Minneapolis,
Minnesota, USA), was adsorbed directly onto 35-mm
dishes, and the dishes were then blocked with 1% HSA in
HBSS. The accumulated number of rolling leukocytes
and the rate at which flowing leukocytes tethered to 
2-GSP-6 or VCAM-1 were measured as for P- or E-se-
lectin. The specificity of the interactions was confirmed
by demonstrating that anti–murine L-selectin mAb 
Mel-14 blocked tethering and rolling on 2-GSP-6 and
that anti–murine VCAM-1 mAb MK-1 (29) (a gift from
Paul Kincade, Oklahoma Medical Research Foundation,
Oklahoma City, Oklahoma, USA) blocked tethering and
rolling on VCAM-1.

Intravital microscopy. Mice were anesthetized with an
intraperitoneal injection of ketamine (Ketalar, 125
mg/g body wt; Parke-Davis, Detroit, Michigan, USA)
and xylazine (12.5 mg/g body wt; Phoenix Scientific
Inc., San Marcos, California, USA), and placed on a
heating pad to maintain body temperature. Intravital
microscopy was conducted using a microscope
(Axioskop; Carl Zeiss Inc., Thornwood, New York,
USA) with a saline immersion ×40 objective with a 0.75
numerical aperture. The microscope was equipped with
a charge-coupled device (CCD) camera (model VE-
1000-CCD; Dage-MTI Inc., Michigan City, Indiana,
USA), which was connected to a video recorder (Pana-
sonic, Osaka, Japan). After tracheal intubation, the left
carotid artery was cannulated for systemic administra-
tion of anesthetic and mAb’s during the intravital
microscopy experiment. The cremaster muscle was pre-
pared as described (8), exteriorized, and superfused
with thermocontrolled (35°C) bicarbonate-buffered
saline. Systemic blood samples (10 µl) were taken via
the carotid artery catheter after each mAb injection, to
assess systemic leukocyte counts using the Kimura
stain. Leukocyte rolling was observed in venules with
diameters ranging from 15 µm to 50 µm. In some
experiments the following mAb’s were injected:
anti–murine E-selectin mAb 9A9 (rat IgG1, 30

942 The Journal of Clinical Investigation | April 2002 | Volume 109 | Number 7



µg/mouse), anti–murine P-selectin mAb RB40.34 (rat
IgG1, 30 µg/mouse), anti–murine L-selectin mAb Mel-
14 [rat IgG2a F(ab′)2 fragments, 30 µg/mouse], or iso-
type control rat monoclonal IgG1 (30 µg/mouse) or
IgG2a (30 µg/mouse). Recombinant murine TNF-α
(500 ng per mouse; R&D Systems Inc.) was diluted in
0.3 ml sterile saline and injected intrascrotally 2 hours
before the beginning of each experiment. Microvessel
diameters, lengths, and rolling leukocyte velocities were
measured using a digital image processing system (30).
Each rolling leukocyte passing a line perpendicular to
the vessel axis was counted, and leukocyte rolling flux
was expressed as leukocytes per minute. Rolling flux
fraction was calculated as described (6) by dividing
leukocyte rolling flux by the total leukocyte flux, which
was estimated as [WBC] × vb × π × (d/2)2, where WBC is
the systemic leukocyte count, vb is the mean blood flow
velocity, and d is the venular diameter. Leukocyte
rolling velocities (5–10 leukocytes per venule) were
measured as averages over a period of 2 seconds. Cen-
terline blood flow velocity was measured using a dual
photodiode and a digital online cross-correlation pro-
gram (CircuSoft Instrumentation LLC, Hockessin,
Delaware, USA) and converted to mean blood flow
velocity by multiplying by an empirical factor of 0.625
(31). Wall shear rates (γw) were estimated as 2.12(8vb/d),
where vb is the mean blood flow velocity, d is the diam-
eter of the vessel, and 2.12 is a median empirical cor-
rection factor obtained from velocity profiles measured
in microvessels in vivo (32).

Data analysis of the intravital microscopy experiments. Sta-
tistical analysis was performed using Sigma-Stat 2.0
software (SPSS Science, Chicago, Illinois, USA). Aver-
age vessel diameter, leukocyte rolling flux fractions,
leukocyte rolling velocities, and wall shear rates
between groups and treatments were compared with
the one-way ANOVA on ranks (Kruskal-Wallis) with a
multiple pairwise comparison test (Dunn’s test).
Rolling flux fractions between untreated and mAb-
treated groups were compared using the Student t test
or the Wilcoxon rank-sum test as appropriate. Statisti-
cal significance was set at P < 0.05, as indicated by an
asterisk in the figures.

Results
Characterization of PSGL-1 gene structure. The murine
PSGL-1 gene was previously shown to contain a 1.6-kb
exon containing the entire open reading frame plus the
3′ untranslated sequence of the murine PSGL-1 cDNA
(22, 23). However, this exon, here termed exon 2, did
not contain most of the 5′ untranslated sequence. We
used 5′ RACE PCR of murine spleen cDNA to identify
the remainder of the 5′ untranslated region. This
sequence was found to reside in a 0.12-kb exon, here
termed exon 1. A PCR procedure optimized for ampli-
fication of long sequences revealed that the intron con-
necting exons 1 and 2 is approximately 13 kb long (Fig-
ure 1a). Thus, the structure of the murine PSGL-1 gene
resembles that of the human PSGL-1 gene, which was

previously shown to have a short exon encoding the 5′
untranslated sequence, a long intron, and a second
exon containing the entire open reading frame and 3′
untranslated sequence (33). Based on Southern blot
analysis, we subcloned two EcoRI fragments and one
BamHI fragment, which cover most of the murine
gene, into pBluescript SK(–) vectors (Figure 1a).
Sequencing of these clones revealed some AT- and CT-
rich sequences located upstream and downstream of
exon 2, as previously reported (22).

Generation of PSGL-1–deficient mice. A targeting vec-
tor was prepared that replaces the 5′ portion of exon
2, including the ATG translational start site, with a
neomycin-resistance gene cassette (Figure 1, b and c).
After transfection of ES cells with the targeting vec-
tor, 880 G418-resistant clones were screened by PCR,
and 12 candidate targeted clones were identified.
These clones were subjected to Southern blot analy-
sis to confirm those with correct homologous recom-
bination (Figure 1d). Probe A detected a 2.5-kb AccI
fragment from the wild-type (WT) allele and a 4.1-kb
AccI fragment from the mutant allele, whereas probe
B detected a 4.4-kb HindIII fragment from the wild-
type allele and a 6.1-kb HindIII fragment from the
mutant allele. Random integration of extra copies of
the targeting vector was excluded by hybridization
with a neomycin cDNA probe (data not shown). Con-
tamination with WT ES cells was excluded by choos-
ing clones in which hybridization revealed equally
intense WT and mutant bands. Correct homologous
recombination was confirmed in ES clones 3, 7, 8,
and 12 (Figure 1d). Unlike a previously reported
study (22), we did not need to delete repetitive
sequences from the arms of our targeting vector to
obtain correct homologous recombination. We
microinjected cells from clone 3 into blastocysts, and
implanted the blastocysts into pseudopregnant mice.
Eight chimeric mice were produced, and the four
chimeras that were bred all transmitted the targeted
PSGL-1 allele to their offspring. The PSGL-1+/– mice
were bred to generate homozygous PSGL-1–/– mice in
a mixed 129/SvlmJ and C57BL/6J genetic back-
ground. Southern blots confirmed the disruption of
the PSGL-1 gene (Figure 1e).

General analysis of PSGL-1–deficient mice. To confirm
that the gene disruption eliminated expression of
PSGL-1 in leukocytes, we used flow cytometry to
measure binding of PE-labeled anti–PSGL-1 mAb
2PH1 to neutrophils that were identified by an FITC-
labeled mAb against Ly-6G (Gr-1). 2PH1 bound to
PSGL-1+/+ neutrophils and (to a slightly lesser extent)
to heterozygous PSGL-1+/– neutrophils. However, 2PH1
did not bind to PSGL-1–/– neutrophils, confirming the
null mutation (Figure 2). FITC-conjugated mAb’s
against CD18, CD43, CD45, and L-selectin bound
equivalently to PSGL-1+/+ and PSGL-1–/– neutrophils,
indicating that deficiency of PSGL-1 did not indirect-
ly affect the expression of other major cell-surface gly-
coproteins (data not shown).
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PSGL-1–/– mice developed normally, and both sexes
were fertile. Crosses between heterozygotes yielded
normal-sized litters. Among 321 offspring (158 males
and 163 females), 31% were PSGL-1+/+, 42% were
PSGL-1+/–, and 27% were PSGL-1–/–, indicating normal
Mendelian inheritance. Unlike mice deficient in both
P- and E-selectin (34, 35), PSGL-1–/– mice remained
free of mucocutaneous infections to at least 5
months of age. Thus, the general development of our
PSGL-1–/– mice resembled that of previously generat-
ed PSGL-1–/– mice (22). The latter mice were reported
to have normal total leukocyte counts, but slightly
elevated neutrophil counts in peripheral blood,
much like that of P-selectin–/– mice (36, 37). The
PSGL-1–/– mice that we generated had moderately ele-
vated total leukocyte counts with significant increas-
es in neutrophils, lymphocytes, and eosinophils
(Table 1). Hemoglobin and platelet levels were simi-
lar in PSGL-1+/+ and PSGL-1–/– mice. Histological
examination of multiple organs, including spleen,
lymph node, Peyer’s patch, and thymus, revealed no
differences between PSGL-1+/+ and PSGL-1–/– mice.

Binding of selectin-IgM chimeras to leukocytes. We used
flow cytometry to compare the binding of murine 
P- and E-selectin–IgM chimeras to PSGL-1+/+ and 
PSGL-1–/– neutrophils. As previously reported (25), 
P-selectin–IgM and E-selectin–IgM each bound to
PSGL-1+/+ neutrophils (Figure 3, a and b). Binding was
specific, because a control CD45-IgM chimera did
not bind, and addition of anti–P-selectin or anti–
E-selectin mAb blocked binding of the respective
selectin. EDTA also blocked binding, consistent with
the Ca2+-dependent nature of selectin-ligand interac-
tions (data not shown). P-selectin–IgM did not
detectably bind to PSGL-1–/– neutrophils (Figure 3c).
Thus, no PSGL-1–independent ligands for P-selectin
on neutrophils could be identified in this assay. 
E-selectin–IgM bound to PSGL-1–/– neutrophils, but
the binding was consistently reduced to about 30% of
that observed on PSGL-1+/+ neutrophils (Figure 3d).
These data demonstrate that PSGL-1 accounts for
many, but not all, of the ligands for E-selectin that
are measured in this assay.

Tethering and rolling of leukocytes on E- and P-selectin in vitro.
We compared the abilities of PSGL-1+/+ and PSGL-1–/–

leukocytes to tether to and roll on immobilized E- and 
P-selectin–IgM under shear flow. PSGL-1+/+ leukocytes
rolled specifically on E- and P-selectin, since rolling was

blocked by the addition of anti-selectin mAb’s (Figure 4a
and Figure 5a) but not by isotype-matched control mAb’s
(data not shown).

PSGL-1–/– leukocytes rolled on E-selectin, but signifi-
cantly fewer PSGL-1–/– than PSGL-1+/+ leukocytes rolled
on E-selectin at all wall shear stresses examined (Figure
4, a and b). The residual rolling of PSGL-1–/– leukocytes
on E-selectin was specific, because it was blocked by
anti–E-selectin mAb 9A9 but not by an isotype-matched
control mAb (Figure 4a and data not shown). A rolling
leukocyte can be recruited directly through tethering of
a flowing cell to E-selectin (primary tether) or indirect-
ly through L-selectin–dependent tethering of a flowing
cell to an adherent leukocyte, followed by transfer of the
cell from the adherent leukocyte to the E-selectin sub-
strate (secondary tether) (28). PSGL-1+/+ leukocytes
rolling on E-selectin formed clusters and strings, a pat-
tern characteristic of recruitment by both primary and
secondary tethers. In contrast, PSGL-1–/– leukocytes
rolled in a dispersed pattern typical of recruitment sole-
ly by primary tethers (data not shown). Anti–L-selectin
mAb Mel-14, but not an isotype-matched control mAb,
eliminated clusters and strings, and partially reduced
the number of PSGL-1+/+ cells rolling on E-selectin. In
contrast, the anti–L-selectin mAb had no effect on the
pattern or the number of PSGL-1–/– cells rolling on 
E-selectin (Figure 4b and data not shown). This result
confirms previous conclusions, based on use of
anti–PSGL-1 mAb’s, that PSGL-1 is the predominant
ligand mediating L-selectin–dependent leukocyte-
leukocyte interactions under flow (13, 38). Even when
L-selectin function was blocked, significantly fewer
PSGL-1–/– than PSGL-1+/+ leukocytes rolled on E-selectin
(Figure 4b). This reduced number of rolling leukocytes
resulted from an impaired ability of flowing PSGL-1–/–
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Table 1
Peripheral blood counts

Blood cell type PSGL-1+/+ PSGL-1–/–

Total leukocytes (per µl) 5,900 ± 600 (16) 9,600 ± 600A (33)
Neutrophils 570 ± 80 (13) 2,400 ± 130A (30)
Lymphocytes 5,100 ± 110 (13) 6,600 ± 150A (30)
Monocytes 190 ± 40 (13) 220 ± 40 (30)
Eosinophils 80 ± 20 (13) 420 ± 60B (30)
Platelets (×10–3/µl) 1,200 ± 60 (11) 1,100 ± 50 (7)
Hemoglobin (g/dl) 16.0 ± 0.7 (10) 17.0 ± 1.0 (8)

Data are presented as mean ± SEM. The number of mice is shown in paren-
theses. AP < 0.001, BP < 0.005 vs. PSGL-1+/+ according to Student t test.

Figure 2
Flow cytometric analysis of PSGL-1
expression on peripheral blood neu-
trophils from PSGL-1+/+, PSGL-1+/–, and
PSGL-1–/– mice. The cells were incubated
with PE-conjugated rat control IgG1 or
with PE-conjugated rat anti–murine
PSGL-1 mAb 2PH1. The data are repre-
sentative of more than ten experiments.



cells to tether to E-selectin, measured under conditions
where only primary tethers were observed (Figure 4c).
The tethering defect was specific for E-selectin, because
flowing PSGL-1+/+ and PSGL-1–/– leukocytes tethered at
identical rates to 2-GSP-6, a glycosulfopeptide ligand
for L-selectin, and to VCAM-1, a ligand for leukocyte α4
integrins (data not shown). After tethering, PSGL-1–/–

leukocytes and PSGL-1+/+ leukocytes rolled equivalently
on E-selectin. PSGL-1–/– and PSGL-1+/+ leukocytes resis-
ted detachment similarly and rolled with comparable
mean velocities as wall shear stress was increased (Fig-
ure 4, d and e). Frame-by-frame analysis revealed that
PSGL-1–/– and PSGL-1+/+ leukocytes manifested similar
smooth rolling, and the variances of rolling velocities
were similar for leukocytes from both types of mice
(data not shown). These results demonstrate that
PSGL-1 contributes significantly to the initial tethering

of leukocytes to E-selectin. After tethering, however,
PSGL-1 does not detectably contribute to stable leuko-
cyte rolling on E-selectin.

Virtually no PSGL-1–/– leukocytes rolled on moderate
densities of P-selectin (Figure 5a). At very high 
P-selectin densities, a very small number of PSGL-1–/–

leukocytes rolled at a very low wall shear stress (0.25
dyn/cm2); this rolling was specific, since an anti–
P-selectin mAb, but not an isotype-matched control
mAb, eliminated the rolling (Figure 5b and data not
shown). The residual rolling was not due to a compen-
satory increase in P-selectin ligands in the PSGL-1–/–

leukocytes, because similar residual rolling was
observed for PSGL-1+/+ leukocytes treated with
anti–PSGL-1 mAb 4RA10 (Figure 5b). Compared with
PSGL-1+/+ leukocytes, the PSGL-1–/– leukocytes that
tethered at low wall shear stress detached rapidly as
wall shear stress was increased, and rolled with rapidly
increasing velocities until they detached (Figure 5, c
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Figure 3
Flow cytometric analysis of binding of P-selectin–IgM and 
E-selectin–IgM to neutrophils from PSGL-1+/+ and PSGL-1–/– mice.
The cells were incubated with saturating concentrations of 
P-selectin–IgM (a and c), E-selectin–IgM (b and d), or control
CD45-IgM in the presence or absence of anti–P-selectin mAb
RB40.34 (anti-P) or anti–E-selectin mAb 9A9 (anti-E). Binding was
detected with FITC-conjugated goat anti–human IgM polyclonal
Ab’s. The data are representative of four experiments.

Figure 4
Tethering and rolling of PSGL-1+/+ and PSGL-1–/– leukocytes on 
E-selectin in vitro. (a) Leukocytes were perfused over mAb-captured
E-selectin–IgM or capture mAb only, in the presence or absence of
EDTA or anti–E-selectin mAb 9A9. After 5 minutes, the number of
rolling cells was quantified. *P < 0.05 vs. PSGL-1+/+. (b) Leukocytes
in the presence or absence of anti–L-selectin mAb Mel-14 were per-
fused over E-selectin–IgM at the indicated wall shear stress. After 5
minutes, the number of rolling cells was quantified. *P < 0.05 vs.
PSGL-1+/+ + anti-L. (c) Leukocytes were perfused over E-selectin–IgM
at the indicated wall shear stress. The number of cells that tethered
to E-selectin during the first 30 seconds was quantified and nor-
malized by dividing by the number of cells delivered across the 
field of view in the focal plane of the monolayer. Only primary 
tethers of flowing leukocytes to E-selectin were measured. *P < 0.05 
vs. PSGL-1+/+. (d and e) Leukocytes were allowed to accumulate on 
E-selectin under a wall shear stress of 0.5 dyn/cm2. Wall shear stress
was increased every 30 seconds, and the percentage of cells remain-
ing adherent and the rolling velocities of the cells were determined.
Data represent mean ± SEM of four experiments.



and d). Pretreatment of PSGL-1–/– leukocytes with
Pronase, a mixture of many proteases, eliminated the
residual rolling on P-selectin, and pretreatment with
OSGE, which cleaves proteins with clustered O-glycans
(39), decreased rolling by approximately 50% (Figure
5e). These data suggest that the PSGL-1–independent
ligands for P-selectin comprise one or more proteins, at
least one of which has mucin characteristics. CD24, a
heavily O-glycosylated protein on murine leukocytes,
has been shown to bind to P-selectin (24). However,
incubation of PSGL-1–/– leukocytes with two well-char-
acterized anti-CD24 mAb’s that inhibit most or all
binding of P-selectin to purified CD24 (24) had no
effect on the rolling of PSGL-1–/– leukocytes on 
P-selectin (Figure 5e).

Leukocyte rolling in venules with TNF-α–induced inflam-
mation. We studied leukocyte rolling in venules of the cre-
master muscle 2 hours after stimulation with TNF-α,
which induces the expression of E-selectin and enhances
the expression of P-selectin. Leukocytes roll on both
selectins in this model (40). In venules of the size 

and wall shear rate studied, there are virtually no 
L-selectin–dependent leukocyte-leukocyte interactions
(8, 20, 41). We compared leukocyte rolling in 42 venules
of 10 TNF-α–treated PSGL-1–/– mice with rolling in 38
venules of 11 TNF-α–treated PSGL-1+/+ littermate con-
trols. Hemodynamic and microvascular parameters for
both groups showed no significant differences in vessel
diameter, blood flow velocity, or wall shear rate (Table 2).
Leukocyte rolling was assessed as leukocyte rolling flux
fraction, which is defined as the number of rolling leuko-
cytes divided by the total number of leukocytes passing
through the same vessel (42). Consistent with previous
data (22), the leukocyte rolling flux fraction was reduced
to 7% in PSGL-1–/– mice compared with 19% in PSGL-1+/+

mice (P < 0.05) (Figure 6a). In the earlier study, the reduc-
tion in rolling flux was ascribed solely to defective leuko-
cyte adhesion to P-selectin, although interactions with
E-selectin were not directly measured (22).

To determine whether PSGL-1 contributes to leuko-
cyte interactions with E-selectin, we injected anti–P-se-
lectin mAb RB40.34 into venules of PSGL-1–/– and 
PSGL-1+/+ mice (Figure 6b). The leukocyte rolling flux
decreased from 12% in PSGL-1+/+ mice to 2.5% in 
PSGL-1–/– mice, suggesting a major impairment in
interactions of PSGL-1–/– leukocytes with E-selectin.
The difference in rolling flux was not due to enhanced
capture of WT leukocytes by binding of L-selectin to
PSGL-1 (secondary tethering), because injection of
anti–L-selectin mAb Mel-14 into PSGL-1+/+ mice pre-
treated with anti–P-selectin mAb RB40.34 did not sig-
nificantly decrease leukocyte rolling flux (Figure 6b).
The difference in rolling flux was not due to platelet-
mediated delivery of WT leukocytes to endothelial
cells (43), because flow cytometry established that
RB40.34 circulated in sufficient concentrations to sat-
urate all P-selectin sites on activated platelets for at
least 24 hours after injection (data not shown). Taken
together, these data confirm that E-selectin–mediated
leukocyte capture (and hence rolling flux) is severely
reduced in PSGL-1–/– mice.
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Figure 5
Rolling of PSGL-1+/+ and PSGL-1–/– leukocytes on P-selectin in vitro. (a)
Peripheral blood leukocytes were perfused over P-selectin–IgM cap-
tured on adsorbed mAb against the Fc portion of human IgM or over
adsorbed mAb alone, in the presence or absence of EDTA or anti–
P-selectin mAb RB40.34. After 5 minutes, the number of rolling cells
was quantified. (b) Leukocytes were perfused over a very high densi-
ty of P-selectin–IgM at the indicated wall shear stress in the presence
or absence of anti–PSGL-1 mAb 4RA10 and/or anti–P-selectin mAb
RB40.34. After 5 minutes, the number of rolling cells was quantified.
(c and d) Leukocytes were allowed to accumulate on P-selectin at 0.5
dyn/cm2. Wall shear stress was increased every 30 seconds, and the
percentage of cells remaining adherent and the rolling velocities of the
cells were determined. (e) PSGL-1–/– leukocytes preincubated with or
without Pronase, OSGE, or anti-CD24 mAb 79 or M1.69 were per-
fused over high density P-selectin in the presence or absence of anti–
P-selectin mAb RB40.34. After 5 minutes, the number of rolling cells
was quantified. The data in each panel represent the mean ± SEM of
three or four experiments.*P < 0.05 vs. untreated PSGL-1–/–.



Injecting anti–P-selectin mAb RB40.34 into PSGL-1–/–

mice further decreased the rolling flux fraction 
from 7% to 2.5% (P < 0.05) (Figure 6c). This finding
demonstrates that PSGL-1–independent ligands medi-
ate leukocyte rolling on P-selectin. Addition of anti–
E-selectin mAb 9A9 eliminated the residual rolling,
confirming that all rolling depended on P- and 
E-selectin (Figure 6c). Injecting only mAb 9A9 into
PSGL-1–/– mice reduced the rolling flux fraction from
7% to 2.8% (Figure 6c). The low rolling flux fraction
observed in PSGL-1–/– mice after treatment with mAb
9A9 reflects the severe but not complete impair-
ment in P-selectin–mediated rolling. Addition of
anti–P-selectin mAb RB40.34 elimi-nated this residual
rolling, confirming the presence of PSGL-1–independ-
ent ligands for P-selectin.

To exclude potential nonspecific effects of the block-
ing Ab’s used, we injected isotype-matched control
mAb’s (rat IgG1 for anti–P-selectin mAb RB40.34 and
anti–E-selectin mAb 9A9; and rat IgG2a for anti–
L-selectin mAb Mel-14). In control mice pretreated
with TNF-α for 2 hours to induce P- and E-selectin on
endothelial cells, leukocyte rolling flux fraction was
19% ± 3%, which was not significantly altered by isotype
control IgG1 (22% ± 2%). In control mice treated with
TNF-α for 5 hours to induce L-selectin ligands on
endothelial cells, and with mAb’s RB40.34 and 9A9 to
block P- and E-selectin, leukocyte rolling flux fraction
was 9% ± 3%, which was not significantly altered by iso-
type control IgG2a (8% ± 0%).

Next, we investigated the distributions of leukocyte
rolling velocities in TNF-α–treated cremaster venules.
PSGL-1–/– mice had a distribution of rolling velocities
(Vavg, 8.7 ± 0.4 µm/s) that was similar to that of 
PSGL-1+/+ mice (Vavg, 8.3 ± 0.5 µm/s) (Figure 7a). Treat-
ment with anti–P-selectin mAb RB40.34 decreased
rolling velocities to the same extent in both PSGL-1–/–

mice (Vavg, 6.0 ± 0.3 µm/s) and PSGL-1+/+ mice (Vavg, 
6.3 ± 0.3 µm/s) (Figure 7b). Thus, fewer PSGL-1–/–

leukocytes roll on E-selectin, but the cells that interact
roll at the same slow velocities as do PSGL-1+/+ leuko-
cytes. This demonstrates that PSGL-1 mediates tether-
ing of leukocytes to E-selectin but does not contribute
significantly to rolling after the cells tether.

In contrast, treatment with the anti–E-selectin mAb
9A9 dramatically increased leukocyte rolling velocities
in PSGL-1–/– mice (Vavg, 64 ± 5 µm/s), whereas it only
slightly increased rolling velocities in PSGL-1+/+ mice
(Vavg, 16 ± 1 µm/s, P < 0.05) (Figure 7c). These data con-

firm that PSGL-1–independent ligands
mediate rolling on P-selectin, but the
rolling is much less stable than that
mediated by PSGL-1.

Discussion
PSGL-1 binds to E-selectin, but there has
been no definitive evidence that PSGL-1
contributes to leukocyte interactions with
E-selectin under flow. Using independent-

ly generated PSGL-1–/– mice, we demonstrate that 
PSGL-1 has an important function in tethering flowing
leukocytes to E-selectin in vitro and in vivo. After the
cells tether, however, PSGL-1 is not required to maintain
slow rolling on E-selectin. These data reveal separable
functions for adhesion molecules in supporting tether-
ing and rolling of flowing cells.

In leukocyte lysates, PSGL-1 is one of the major gly-
coprotein ligands for E-selectin (10). Rolling of leu-
kocytes on E-selectin correlates with expression of 
sLex-related epitopes on PSGL-1 (44–46). When immo-
bilized on membranes, PSGL-1 or CD44 derived from
hematopoietic progenitor cells supports rolling of 
E-selectin–expressing cells under flow (47). However,
no previous study has addressed whether 
PSGL-1 or any other specific glycoprotein on intact
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Table 2
Hemodynamic and microvascular parameters in TNF-α–induced inflammation

Mouse genotype Mice Venules Diameter Centerline velocity Wall shear rate
(n) (n) (µm) (µm/s) (s–1)

PSGL-1–/– 10 42 33 ± 1 2,800 ± 200 900 ± 70
PSGL-1+/+ 11 38 34 ± 1 2,900 ± 300 900 ± 70

Diameter, centerline velocity, and wall shear rate are presented as mean ± SEM of all inves-
tigated venules.

Figure 6
Leukocyte rolling flux fractions in venules of cremaster muscle
from PSGL-1+/+ and PSGL-1–/– mice, subjected to TNF-α–induced
inflammation. Rolling flux fractions (mean ± SEM) were measured
2–4 hours after injection of TNF-α in the presence or absence of
anti–P-selectin mAb RB40.34, anti–E-selectin mAb 9A9, or anti–
L-selectin mAb Mel-14. The asterisks indicate that the rolling flux
fraction was significantly different from the reference value in the
top bar of each panel, at P < 0.05.



leukocytes supports tethering to or rolling on 
E-selectin under physiological flow conditions. Cells
must present a ligand in sufficient density and with an
optimal orientation that may reflect its length, its dis-
tribution on microvilli, and its clustering through
molecular self-association or through interactions
with cytoplasmic components (3, 48). An earlier study
of PSGL-1–/– mice concluded that PSGL-1 is not
required for leukocytes to roll on E-selectin in venules
of TNF-α–treated cremaster muscle, but the study did
not specifically examine rolling on E-selectin when 
P-selectin function was blocked (22).

In vivo, we observed an approximately 80% reduc-
tion in rolling of PSGL-1–/– leukocytes on E-selectin in
TNF-α–activated venules when P-selectin was
blocked, consistent with an approximately 70% reduc-
tion in binding of fluid-phase E-selectin–IgM to
PSGL-1–/– neutrophils. This establishes that PSGL-1
comprises a major subset of E-selectin ligands on the
cell surface. In vitro, significantly fewer PSGL-1–/–

leukocytes rolled on E-selectin under flow. This was
due in part to decreased secondary tethering through
loss of leukocyte-leukocyte interactions mediated by
binding of L-selectin to PSGL-1. However, a major
decrease in rolling leukocytes resulted from impaired
primary tethering of flowing leukocytes to E-selectin.
The PSGL-1–/– cells that successively tethered demon-
strated rolling that was equivalent to that of PSGL-1+/+

leukocytes, as measured by similar resistance to
detachment and similar distributions of rolling veloc-
ities over a range of wall shear stresses. The tethering
defect observed in vitro was even more severe in vivo.
Compared with PSGL-1+/+ controls, far fewer PSGL-1–/–

leukocytes rolled on E-selectin in venules of TNF-α–
treated cremaster muscle that were treated with an
mAb to block P-selectin function. However, the resid-
ual cells that interacted with E-selectin rolled with
slow velocities equivalent to velocities of PSGL-1+/+

leukocytes. The decreased rolling flux reflected a
major defect in primary tethering of PSGL-1–/– leuko-
cytes to E-selectin, because the experiments were con-

ducted in small and medium-sized venules where 
L-selectin–dependent leukocyte-leukocyte interac-
tions are rare (8, 20, 41). Furthermore, injection of an
anti–L-selectin mAb in PSGL-1+/+ mice treated with
anti–P-selectin mAb did not significantly reduce
leukocyte rolling flux. Leukocyte-leukocyte interac-
tions are more common in larger veins and in arteries
where shear rates are higher (41). In these vessels, the
number of PSGL-1–/– leukocytes rolling on E-selectin
may be more severely decreased because of the loss of
leukocyte tethers to other leukocytes through binding
of L-selectin to PSGL-1.

Clustering of PSGL-1 on microvilli (11) and the
extended length of the molecule (18) may enhance its
ability to tether flowing leukocytes to E-selectin. This
tethering function may explain the impaired recruit-
ment of PSGL-1–/– Th1 cells to inflamed skin in a con-
tact hypersensitivity model (49). The PSGL-1–inde-
pendent ligands for E-selectin remain to be identified.
One candidate is E-selectin ligand-1, an N-glycosylated
protein that may oligomerize to enhance binding avid-
ity, compensating for its relatively low binding affinity
(50). The specific contributions of PSGL-1–mediated
leukocyte tethering to E-selectin during inflammation
require further study. Concurrent expression of 
P-selectin masks this function, because the interaction
of P-selectin with PSGL-1 is an exceptionally effective
mechanism for mediating leukocyte tethering (3).
However, some inflammatory responses may induce
expression of E-selectin but not P-selectin, particularly
in humans (51–53).

Core-2 O-glycans are important components of sev-
eral selectin ligands, including PSGL-1. There are
three known core-2 β1,6-N-acetylglucosaminyltrans-
ferases (Core2GlcNAcTs) that create the core-2 branch
on O-glycans (54–56). The major one of these trans-
ferases in leukocytes is Core2GlcNAcT-I (57). The
defects in leukocyte rolling that we observed in
venules of PSGL-1–/– mice are similar to those observed
in venules of Core2GlcNAcT-I–/– mice (20). In both
PSGL-1–/– mice and Core2GlcNAcT-I–/– mice, there is a
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Figure 7
Leukocyte rolling velocity distributions in venules of cremaster muscle from PSGL-1+/+ and PSGL-1–/– mice, subjected to TNF-α–induced inflam-
mation. The cumulative histograms of rolling velocities of the indicated number of leukocytes are depicted. The mean rolling velocities (Vavg)
are also shown. (a) No mAb injected. (b) Injection of anti–P-selectin mAb RB40.34. (c) Injection of anti–E-selectin mAb 9A9. The asterisk
indicates that the rolling velocities of PSGL-1+/+ and PSGL-1–/– mice were significantly different, at P < 0.05.



major reduction in leukocyte rolling in venules of
TNF-α–treated cremaster muscles that were injected
with an mAb to block P-selectin function. In both
mice, the residual leukocytes that tether to E-selectin
are able to roll with the same slow velocities as those
of WT mice. This suggests that PSGL-1 is the primary
Core2GlcNAcT-I–dependent tethering molecule for 
E-selectin on leukocytes. However, one study reported
that Core2GlcNAcT-I–/– and Core2GlcNAcT-I+/+ leuko-
cytes roll equivalently on E-selectin in vitro (58).
Another study reported that Core2GlcNAcT-I–/– leuko-
cytes detach more readily from E-selectin in response
to increasing wall shear stress (57). In contrast, we
found that fewer PSGL-1–/– leukocytes rolled on 
E-selectin in vitro, but these cells had shear resistance
that was similar to that of PSGL-1+/+ leukocytes. Deter-
mining the relative contributions of Core2GlcNAcT-I
and PSGL-1 to adhesive interactions with E-selectin
will require direct comparisons of leukocytes from
mice that lack either or both molecules. In vivo, the
defect in tethering of Core2GlcNAcT-I–/– leukocytes to
E-selectin is particularly evident at higher shear rates
(20). It will be interesting to determine if this is true
for PSGL-1–/– leukocytes.

We also found that ligands other than PSGL-1 medi-
ate detectable but unstable leukocyte rolling on 
P-selectin in vitro and in vivo. PSGL-1 has specialized
features that optimize its interactions with P-selectin
under flow (3, 10). The PSGL-1–independent ligands
on murine leukocytes must be limited in number
and/or have very low affinity, because fluid-phase 
P-selectin–IgM did not detectably bind to PSGL-1–/–

neutrophils. In vitro, PSGL-1–/– leukocytes rolled only
on very high densities of P-selectin, and even this
rolling was modest and extremely unstable. By con-
trast, it was not difficult to detect rolling of PSGL-1–/–

leukocytes on P-selectin in vivo, although the number
of rolling cells was markedly reduced and the cells
rolled significantly faster. In vivo, erythrocytes promote
close proximity of circulating leukocytes with the
endothelial cell surface, which may facilitate the inter-
action of PSGL-1–independent ligands with P-selectin
(59, 60). The sensitivity of the PSGL-1–independent lig-
ands to Pronase and OSGE implies that they are pro-
teins, at least one of which may have clustered O-gly-
cans. One candidate is CD24, a small glycosylphos-
phatidylinositol-linked protein that binds to P-selectin
(24, 61–63). However, anti-CD24 mAb’s, which inhibit
most or all binding of purified CD24 to P-selectin, did
not affect rolling of PSGL-1–/– leukocytes on P-selectin.
Thus binding of a purified ligand to a selectin does not
predict whether the ligand on a flowing leukocyte can
mediate tethering to or rolling on a selectin.

In summary, we have identified a novel function for
PSGL-1 as a ligand that tethers leukocytes to E-selectin
in vitro and in vivo. We confirm that PSGL-1 supports
adhesive interactions with P- and L-selectin. Thus,
PSGL-1 contributes significantly to leukocyte adhesion
to all three selectins under flow.
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