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ecruitment of leukocytes from the blood stream to
sites of injury or infection is initiated early in the inflammatory response. Cell–cell interactions among leukocytes, platelets, and endothelial cells on the blood vessel
wall during this process are mediated by cell adhesion molecules that reside on the plasma membranes of these cells
(1). The initial contact and rolling of leukocytes on activated endothelium are mediated by the selectins (2, 3).
Chemoattractants, together with signals generated by cell–
cell interaction, activate integrins on leukocytes, leading to
firm attachment and migration of leukocytes into tissues.
The selectin family of adhesion molecules includes E-selectin, L-selectin, and P-selectin. P-selectin, stored in the
alpha granules in unstimulated platelets and the WeibelPalade bodies in resting endothelial cells, is translocated to
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the cell surface upon cell activation (4, 5). In mice lacking
P-selectin, neutrophil rolling in venules of the mesentery
or the cremaster muscle is nearly absent at early time points
and neutrophil influx into the inflamed peritoneum is delayed (6–8). Cell surface expression of E-selectin is induced
at the transcriptional level after endothelial stimulation by
cytokines (9), so E-selectin expression is a late event after
de novo synthesis. E-selectin–deficient mice do not show
obvious defects in leukocyte function, although slow rolling is impaired (10). L-selectin is expressed constitutively
on leukocytes. Significant inhibition in neutrophil rolling
at later time points is observed in L-selectin–deficient mice
(7, 11). Mice deficient in both P-selectin and E-selectin
demonstrate minimal neutrophil rolling and delayed and
suppressed neutrophil migration (12, 13).
The physiologically relevant counterreceptors on cell surfaces that bind specifically to selectins have been difficult to
identify, although many putative selectin ligands have been
proposed. The selectins are lectins, and the selectin ligands
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Summary
P-selectin glycoprotein ligand 1 (PSGL-1) is a mucin-like selectin counterreceptor that binds to
P-selectin, E-selectin, and L-selectin. To determine its physiological role in cell adhesion as a mediator of leukocyte rolling and migration during inflammation, we prepared mice genetically deficient in PSGL-1 by targeted disruption of the PSGL-1 gene. The homozygous PSGL-1–deficient
mouse was viable and fertile. The blood neutrophil count was modestly elevated. There was no
evidence of spontaneous development of skin ulcerations or infections. Leukocyte infiltration
in the chemical peritonitis model was significantly delayed. Leukocyte rolling in vivo, studied
by intravital microscopy in postcapillary venules of the cremaster muscle, was markedly decreased 30 min after trauma in the PSGL-1–deficient mouse. In contrast, leukocyte rolling 2 h
after tumor necrosis factor a stimulation was only modestly reduced, but blocking antibodies to
E-selectin infused into the PSGL-1–deficient mouse almost completely eliminated leukocyte
rolling. These results indicate that PSGL-1 is required for the early inflammatory responses but
not for E-selectin–mediated responses. These kinetics are consistent with a model in which
PSGL-1 is the predominant neutrophil P-selectin ligand but is not a required counterreceptor
for E-selectin under in vivo physiological conditions.

1Abbreviations used in this paper: ES, embryonic stem; PSGL-1, P-selectin
glycoprotein ligand 1.
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eosinophils (61), HL-60, and U937 cells contains 15 repeat
units; PSGL-1 from human polymorphonuclear leukocytes
and monocytes contains 16 repeat units (62). PSGL-1 contains O-linked glycans that form highly extended structures
that participate with the NH2-terminal binding domain of
PSGL-1 to bind the counterreceptor (63, 64).
To clarify the physiological role of PSGL-1, we generated mice deficient in PSGL-1. Using this mouse model,
we explored the consequences of the absence of PSGL-1 in
vivo to leukocyte rolling and leukocyte migration. We demonstrate that PSGL-1 deficiency impairs early neutrophil
migration and trauma-induced leukocyte rolling. Our results indicate that in vivo PSGL-1 is required for the earliest
steps in the inflammatory response but is not required for cytokine-induced, E-selectin–mediated leukocyte rolling.

Materials and Methods
Cell Lines and Tissue Culture. The embryonic stem (ES) cell
line WW6 (65) was generated by F. Poirier and E.J. Robertson
(Harvard University) from a mouse (50% 129Sv, 25% C57BL/6,
5% SJL, and 20% unknown) and provided by Dr. P. Stanley (Albert Einstein College of Medicine, New York, NY). Cells were
cultured on g-irradiated STO feeder cells (SNL2; developed by
E.J. Robertson) in DMEM (GIBCO BRL) containing 20% FCS
(Hyclone).
Construction of the Targeting Vector. Genomic clones of mouse
PSGL-1 were isolated from an adult 129/SvJ mouse liver genomic DNA library (no. 946305; Stratagene) as described previously (55). Two contiguous EcoRI fragments together containing a portion of the 59 flanking region, the complete coding region,
and the complete 39 untranslated region of the PSGL-1 gene
were cloned independently into the pBluescript vector to create
A1.6 and A1.1 (see Fig. 1 A). An SmaI-EcoRI fragment from
A1.6 and an EcoRI-BamHI fragment from A1.1 were recombined in pBluescript at the EcoRV and BamHI sites to generate
ASMB. A HindIII (blunt ended)-BamHI fragment released from
ASMB was ligated 39 to the Neo cassette in pNT at Xbal (blunt
ended) and BamHI sites to create KOIII. The vector pNT was
provided by Dr. B. Spiegleman (Dana-Farber Cancer Institute, Boston, MA). Primer pairs P1/P2 and P3/P4 were used to amplify the
DNA sequence by PCR to be inserted 5 9 to the Neo cassette.
The PCR product from NotI-tagged P1 (59-CCCCA ACGGG
TTGTT TTGGC CCACC-39) and EcoRI-tagged P2 (59-GAAGC
CGGAA GGGTC TGGGC ATGG-3 9) was subcloned and recombined at the EcoRI site with the PCR product from EcoRItagged P3 (59-AGAATC TCATT GAGTT ACACA GCC-3 9)
and XhoI-tagged P4 (59-GGGGT CCTGC AGCTG AAGGC
TG-39). The resulting 1.3-kb fragment was inserted at the NotI
and XhoI sites of KOIII to create KO.pNT.
Selection of Homologous Recombinants. WW6 cells (2 3 107)
were electroporated (GenePulser, 500 mF, 240 V; Bio-Rad) with
the targeting vector DNA ( z30 mg/ml) that was linearized by
NotI digestion. Cells were plated onto monolayers of g-irradiated feeder cells. After 24 h, medium was replaced with medium
containing 200 mg/ml of G418 (GIBCO BRL) and 2 mM ganciclovir (Syntex). Individual colonies were picked 7 d after application of selective media.
Screening of Recombinants and Generation of Homozygous Null
Mice. Genomic DNA from individual colonies was isolated, digested with HindIII, and analyzed by Southern blotting using
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include Lewis X (CD15 [14]) and sialic acid (15, 16). Oligosaccharide sequences of the ligands, predominantly sialyl
Lewis X antigen–related sialylated fucosylated lactosamine,
are recognized by these selectins but with low affinity. To
date, several mucin-like proteins have been reported to bind
to L-selectin, P-selectin, and E-selectin. Putative L-selectin
ligands include E-selectin and P-selectin (17), glycosylationdependent cell adhesion molecule 1 (GlyCAM-1 [18]), CD34
(19, 20), sialoglycoprotein 200 (Sgp 200 [21]), mucosal addressin cell adhesion molecule 1 (MAdCAM-1 [22]), and
P-selectin glycoprotein ligand 1 (PSGL-1)1 (23–30). Putative
ligands for E-selectin include E-selectin ligand 1 (ESL-1 [31]),
L-selectin (32, 33), and PSGL-1 (34–40). Mouse E-selectin
also binds PSGL-1 (33; and Hirata, T., B.C. Furie, and B.
Furie, unpublished results). Although in vitro studies have
indicated binding under certain conditions, none of these
ligands has been shown in animal models to mediate physiologically relevant interactions with L-selectin or E-selectin.
The putative P-selectin ligands include CD24 (41–43),
sulfated glycolipids (44), components of the peripheral node
addressin (PNAd) complex (45), and PSGL-1 (34, 46). Of
these, only PSGL-1 has been implicated as a biologically
important ligand for P-selectin (34; for a review, see Varki
[47]). The functional importance of PSGL-1 as a P-selectin
ligand was suggested from studies in which blocking antibodies to PSGL-1 inhibited P-selectin–mediated leukocyte rolling in exteriorized rat mesentery venules (48) and prevented
the early P-selectin–directed accumulation of neutrophils in a
mouse model of peritoneal inflammation (49). Furthermore,
infusion of soluble PSGL-1 prevents acute inflammation in
transient ischemia in a rat kidney model (50).
PSGL-1 is expressed as a functional ligand of P-selectin
on myeloid cells and T lymphocyte subsets (40, 51–54).
PSGL-1 was identified by expression cloning from COS cells
that were cotransfected with a human HL-60 cDNA library and an a1,3/1,4-fucosyltransferase (34). The mouse
homologue of PSGL-1 was subsequently cloned based on
sequence similarity (55). The predicted protein sequence
reveals a type I integral membrane protein of 402 residues
for human PSGL-1 and 397 residues for mouse PSGL-1.
The mature PSGL-1 protein begins at residue 42 after proteolysis of a signal peptide and cleavage of a propeptide by a
furin-like converting enzyme (52). Human PSGL-1 is a
homodimer of z210,000 molecular weight, with the two
chains covalently linked by a disulfide bond. Formation of
the homodimer is required for high-affinity binding of
PSGL-1 to P-selectin (56, 57). The P-selectin binding domain of PSGL-1 is located within the first 20 residues of
the mature PSGL-1 (58, 59). The NH2-terminal binding
domain of human PSGL-1 includes tyrosine sulfate and is
also O-glycosylated (58–60). PSGL-1 contains a serine/
threonine- and proline-rich decameric repeat region. Mouse
PSGL-1 contains 10 repeat units (55). Human PSGL-1 from
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for 2 wk, then monthly thereafter. Antipeptide antibodies were
purified from rabbit immune serum by immunoaffinity chromatography. The serum was applied to a KLH-Sepharose column to
remove antibodies against KLH. The serum proteins that failed to
bind to KLH-Sepharose were then applied to a PSGL-1 (residues
42–56)–Sepharose column in which the peptide was covalently
attached to Sulfo-Link Resin (Pierce Chemical Co.). Bound antibodies were eluted with 4 M guanidine and dialyzed into PBS.
Peripheral Blood Counts. Blood was collected from 8–10-wkold male wild-type and PSGL-1 2/2 mice as well as P-selectin2/2
mice and their matched controls. Complete blood counts were
performed using a Coulter Counter. Differential counts were
performed on blood smears stained with Wright-Giemsa stain
(Sigma Chemical Co.). Differentials were performed in duplicate
on 100 leukocytes per slide.
Thioglycollate-induced Peritonitis Model. PSGL-12/2 mice and
wild-type mice of similar mixed genetic background were used at
8–12 wk of age. P-selectin2/2 mice (C57BL/6 background) and
wild-type C57BL/6 mice (The Jackson Laboratory) were of the
same age. Mice were injected intraperitoneally with 1 ml of 4%
Brewer thioglycollate medium (Difco). At each time point after
stimulation, the mice were killed and 10 ml of PBS containing
1% bovine serum albumin, 0.5 mM EDTA, and 10 U/ml heparin was injected into the peritoneal cavity. After gently massaging the peritoneal wall, the injected wash was withdrawn. Total
cell numbers in the peritoneal lavage were determined on a
Coulter Counter. Cytospin preparations of the cells were stained
with Wright-Giemsa stain, and a differential leukocyte count was
determined. From the total cell count in the peritoneal lavage
and the percentage of neutrophils on cytospin preparations, the
absolute number of neutrophils was calculated.
Leukocyte Rolling In Vivo in the Mouse Cremaster Muscle. Mice
were preanesthetized with an intraperitoneal injection of 125
mg/kg of ketamine HCl (Parke Davis), 12.5 mg/kg xylazine
(Phoenix Pharmaceuticals), and 0.25 mg/kg atropine sulfate
(American Reagent Laboratories). A trachea tube was inserted to
facilitate spontaneous respiration, and the mice were kept on a
378C thermocontrolled rodent blanket (Thermal Care) during
the experiment. To maintain anesthesia and neutral fluid balance,
Nembutal (5 mg/ml in saline) was administered in 30–50 ml boluses through a cannula placed in the jugular vein. Mean arterial
blood pressure ranged between 60 and 100 mmHg as measured
on a physiological pressure transducer (model 60-051; Harvard
Apparatus) connected to a carotid artery cannula. When TNF- a
was used, mice were treated with an intrascrotal injection of
mouse TNF (0.5 mg in 200 ml saline; R&D Systems) 2 h before
exteriorization of the cremaster muscle. In experiments where
the neutralizing anti–E-selectin mAb 9A9 was used, mice were
injected with 80–90 mg of antibody through the jugular cannula
just after exteriorization of the cremaster muscle.
The cremaster muscle was prepared for intravital microscopy as
described by Ley et al. (7). Through an incision made in the scrotum, the testicle and surrounding cremaster muscle were exteriorized onto an intravital microscopy tray. After removal of the connective tissue, a longitudinal incision was made in the cremaster,
and the muscle was carefully stretched and pinned across the intravital microscopy stage while the testis and epididymis were tacked
to one side. The cremaster preparation was superfused with thermocontrolled (368C) and aerated (5% CO2, 95% N2) bicarbonate
buffered saline throughout the experiment. The cremaster exteriorization surgery was typically accomplished in 4–7 min.
Microvessel data were obtained using an intravital microscope
(Axioskop; Carl Zeiss, Inc.) fitted with an Achroplan (40 3, 0.80
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probes B or C and Neo. One positive clone, W19, was expanded. ES cells from clone W19 were injected into C57BL/6
blastocysts. The blastocysts were transferred to pseudopregnant
foster mothers. Four chimeric male mice were obtained and bred
with C57BL/6 mice. Germline transmission was identified by
Southern analysis of EcoRI-digested DNA using probe A. Heterozygous animals were bred to generate mutant mice. All studies
and procedures were approved by the Animal Care and Use
Committee of Beth Israel Deaconess Medical Center.
Northern Blot Analysis. Total RNA samples (20–60 mg) were
prepared from spleen and thymus obtained from PSGL-1 2/2 and
PSGL-11/1 mice using the SV Total RNA Isolation System
(Promega). RNA samples were separated by electrophoresis in 0.8%
agarose-formaldehyde gels using 1 3 3-(N-morpholino)propanesulfonic acid (Mops) buffer (40 mM Mops, 10 mM sodium acetate, and 1 mM EDTA, pH 7.0). The RNA was transferred to
a Duralon-UV™ membrane (Stratagene) and affixed to the
membrane by incubation at 80 8C for 1 h. Prehybridization or hybridization was at 658C overnight in 50 mM piperazine- N,N9bis(2-ethanesulfonic acid) (Pipes), pH 6.5, 100 mM sodium chloride, 50 mM sodium phosphate, pH 7.0, 1 mM EDTA, 5% SDS,
and 60 mg/ml salmon sperm DNA. The probe was a 1.0-kb PCR
fragment amplified from the coding region of mouse PSGL-1
(probe D).
Flow Cytometry Analysis. Mice were bled from the retroorbital sinus into EDTA-anticoagulated tubes while under anesthesia with Metofane (Mallinckrodt Veterinary). Leukocytes were
prepared by red cell lysis followed by washing and centrifugation.
Cells were incubated for 10 min with Fc Block (anti-CD32/16;
PharMingen) before all staining procedures. Cells were incubated
on ice for 30 min with 10 mg/ml of affinity-purified anti–PSGL-1
antibody or rabbit nonimmune IgG in PBS containing 1% FCS
and 0.04% azide, washed, and stained with FITC-labeled goat
anti–rabbit IgG (Sigma Chemical Co.) and PE-conjugated antiLy6G (PharMingen). Analysis was performed on a FACSCalibur™
flow cytometer with CELLQuest™ software (both from Becton
Dickinson). Light-scatter gating procedures were used to enrich
for granulocytes.
Immunohistochemistry. Fresh frozen sections were fixed with
80% acetone, and samples were treated with normal goat serum
for 1 h at 258C. The sections were then incubated with rabbit
anti–mouse PSGL-1 antibody at 0.5 mg/ml in PBS for 16 h at
48C. The tissue was washed three times for 5 min with PBS at
238C. The washed sections were incubated with biotinylated goat
anti–rabbit antibody (VectaStain™ Elite ABC staining kit, 1:200
dilution; Vector Labs) for 1 h at 23 8C. Sections were washed
three times and then incubated with peroxidase-conjugated
streptavidin for 1 h at 258C. After three washes, the tissue sections were stained using 3,3 9-diaminobenzidine in 40 mM Tris
buffer, pH 7.4, and then counterstained with methylene blue.
Anti–mouse PSGL-1 Antibodies. A polyclonal antibody directed against PSGL-1 was prepared using a synthetic peptide
(QVVGDDDFEDPDYTYC) based on residues 42–56 of mouse
PSGL-1 as immunogen (55). A cysteine residue was added at the
COOH terminus to facilitate coupling to KLH. The peptide was
synthesized using FMOC/N-methylpyrolidone chemistry on a
peptide synthesizer (model 430A; Applied Biosystems). After
cleavage and deprotection, the peptide was purified to homogeneity by reverse phase HPLC using a C18 column. The peptide
was covalently coupled to KLH through the free cysteine, and
the conjugate was injected intradermally (550 mg/ml) in complete Freund’s adjuvant into a New Zealand White rabbit. Subsequent injections of immunogen (250 mg) were performed weekly

factor (66). For each vessel, wall shear rate ( Wsr) was determined:
Wsr 5 2.13 3 [(8 3 0.625 3 Vcl)/Dv)], where Dv is the vessel diameter. Critical velocity (Vcrit) was also calculated: Vcrit 5 (Vcl 3
0.625)(Dcell/Dv)[(2 2 (Dcell/Dv)]. Recordings of each vessel were
analyzed for 30–60 s, and rolling leukocytes were identified as the
visible cells passing through a plane perpendicular to the vessel axis.
In certain cases, the rolling velocity of visible high velocity cells
(Vcell) was estimated in order to determine whether these cells
qualified as rolling leukocytes, defined Vcell , Vcrit. Total leukocyte
flux was determined as the product of the measured systemic leukocyte concentration and microvessel volumetric blood flow. To
compensate for differences in systemic leukocyte count, the rolling
behavior of leukocytes in the cremaster muscle is presented as the
rolling leukocyte flux fraction, which is the number of rolling leukocytes in the vessel as a percentage of the total leukocyte flux.
Online Supplemental Materials. We have included six videoclips from representative experiments depicted in Figs. 6 and 7.
These experiments correspond directly to those used to prepare
the still photos in Figs. 6 and 7. Leukocyte rolling in the venules
was recorded for 75–90 s using a CCD camera connected
through an IBM-compatible computer to an SVHS video recorder.
Fig. 7 C was videotaped at an accelerated rate to compress the
images into a shorter time span.

Figure 1. Disruption of the
PSGL-1 gene in mice: targeting
vector and Southern blot analysis. (A) Partial restriction maps of
the PSGL-1 gene and the targeting vector KO.pNT. Restriction
enzyme sites are marked as follows: E, EcoRI; H, HindIII; B,
BamHI; S, SmaI; N, NotI.
Probes used for Southern analyses (A–D, Neo), primers used for
generating the vector (P1–P4),
and the repeat elements are indicated. (B) Southern blot analyses
of ES clones. Genomic DNA
from two clones, W19 and W34,
were digested with HindIII. After gel electrophoresis, DNA was
transferred to the membrane and
hybridized with probe C. The
blot was stripped and reprobed
with probe Neo. The targeted
band (KO) and the wild-type
band (WT) are indicated. (C)
Southern blot analyses of DNA
isolated from F1 and F2 generations. Genomic DNA from tail
biopsies was digested with
EcoRI. The fragments were separated by gel electrophoresis,
transferred to a membrane, and
hybridized with probe A. The
bands corresponding to the targeted allele (KO) and the wildtype allele (WT) are indicated.
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numerical aperture) water immersion objective, long distance
condenser, and stabilized D.C. power supply. Leukocyte rolling
in the venules was recorded for 75–90 s using a Sony CCD camera (model SSC-S20) connected through an IBM-compatible
computer to a Sony SVHS video recorder (model SVA-9500MD).
The centerline red blood cell velocity ( Vcl) in each venule was
measured in real time with a dual photodiode velocimeter running a digital cross-correlation program on an IBM-compatible
computer (Microvessel Velocity OD-RT; CircuSoft Instrumentation). A Coulter Counter (model T890) was used to determine
the systemic leukocyte counts from 30–50 ml blood samples
taken from the carotid cannula at 30–40-min intervals or after injection of antibodies. After the start of the cremaster surgery, data
were acquired for 30 or 40 min in the untreated and TNFtreated mice, respectively.
Analysis of Leukocyte Rolling. Video recordings from the intravital microscopy experiments were analyzed on a computerbased image acquisition system, and vessel diameter was determined using the IBM-adapted version of NIH Image (Scion
Corp.). The centerline red cell velocity recorded from each vessel
was used to determine the volumetric blood flow ( Q) via the
equation Q 5 (Vcl)(0.625)(Acs), where Acs is the cross-sectional
area of the cylindrical vessel, and 0.625 is an empirical correction

Results

Figure 2. Northern blot analysis of tissue for
PSGL-1 mRNA. Total RNA isolated from the thymus and spleen of PSGL-1 (2/2) and PSGL-1
(1/1) mice was subjected to electrophoresis, and
the RNA was transferred to a Duralon-UV™
membrane. The PSGL-1 messenger RNA was detected with a probe representing most of the coding
region. The membrane was stripped and probed
with a cDNA probe for b-actin.
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sion of PSGL-1 messenger RNA in wild-type mice but did
not show any transcript in PSGL-12/2 mice (Fig. 2), indicating that the targeted mutation created a null allele.
To confirm that PSGL-12/2 mice were deficient in cell
surface expression of PSGL-1, leukocytes from the blood
of wild-type, heterozygous, and homozygous mutant animals were stained with a rabbit anti–PSGL-1 antibody that
was raised to an NH2-terminal peptide of PSGL-1, and analyzed by flow cytometry. Granulocytes were identified by
light-scatter properties and positive staining with anti–Ly-6G
antibody. All granulocytes from wild-type animals expressed high levels of PSGL-1. In contrast, granulocytes
from the PSGL-12/2 mice did not show specific staining
(Fig. 3), confirming a null mutation. The mean fluorescence intensity of PSGL-1 on granulocytes from heterozygous (1/2) mice was z50% of that observed on wild-type
granulocytes, consistent with the presence of only one
PSGL-1 gene allele in the heterozygotes. Lymphocytes from
the blood of PSGL-12/2 mice did not express PSGL-1, as
assessed by flow cytometry (data not shown).
The absence of PSGL-1 expression in lymphoid organs
was also confirmed by immunohistochemistry. Thymus,
spleen, and lymph node from wild-type mice showed positive staining on lymphocytes, whereas no specific staining
was observed in PSGL-12/2 mice (Fig. 4). Bone marrow

Figure 3. Flow cytometric
analysis of PSGL-1 expression on
peripheral blood neutrophils.
Cells from wild-type (1/1;
top), PSGL-11/2 (middle), and
PSGL-12/2 (bottom) mice were
stained with anti–PSGL-1 antibodies (solid line) or polyclonal
rabbit nonimmune IgG (dotted
line) followed by FITC-labeled
goat anti–rabbit IgG. Fluorescence intensity is shown on the
x-axis; cell number is presented
on the y-axis.
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Generation of PSGL-1–deficient Mice. Several ubiquitous
transposon-like repetitive sequences B1 and B2 (67) were
found in the 59 and 39 flanking regions of the PSGL-1 coding region, and two segments containing CT repeats similar
to those in ribosomal DNA (68) were located 59 to the
PSGL-1 coding region (Fig. 1 A). These repetitive sequences
were excluded from the knockout vector, KO.pNT, in
which a small region of the PSGL-1 coding sequence from
69 to 94 nucleotides (nt) was replaced by a neomycin-resistance gene cassette (Fig. 1 A). A deletion of z300 bp in the
59 flanking region of the PSGL-1 coding region was generated in the vector in order to exclude a segment containing
CT repeats. A thymidine kinase gene cassette was inserted
39 of the construct as a negative selection marker. ES cells
were transfected with linearized KO.pNT vector, selected
with G418 plus ganciclovir, and screened by Southern blot
analysis. Of 200 ES cell colonies analyzed, two exhibited a
targeted band at 6.1 kb by HindIII digestion (Fig. 1 B) using probe B or probe C (Fig. 1 A) in addition to the expected wild-type band at 4.3 kb. Negative clones including
W34, shown in Fig. 1 B, showed only the wild-type band.
One of the positive clones, W19, displayed a single band
corresponding to the targeted band when the Neo probe
was used, indicating a single integration event in the cells
(Fig. 1 B). As a result of random integration, the Neo probe
hybridized to a band of irrelevant size in W34 (Fig. 1 B). A
homologous recombination event in W19 cells was also
confirmed by EcoRI digestion followed by Southern blot
analyses using probe A or the Neo probe (data not shown).
In all cases, a targeted band of the predicted size was detected. Results from the EcoRI digest using probe A (Fig.
1 C) and PCR analyses using primers P1 and P4 (Fig. 1 A)
suggested that homologous recombination occurred 39 of the
EcoRI site of the targeting vector. Thus, there is no deletion in the 59 flanking region of the PSGL-1 coding region
in W19 cells.
W19 cells were microinjected into blastocysts from
C57BL/6 mice and transferred to recipient female mice,
and chimeric mice were obtained. Breeding of the chimera
with C57BL/6 mice yielded heterozygous animals. Homozygous mutant mice were obtained from subsequent breeding between heterozygotes. The animals were genotyped
by Southern blot analysis as shown in Fig. 1 C. Using
probe A, animals with the mutated allele showed an EcoRI
band at 7.1 kb, whereas those carrying the wild-type allele
yielded a band at 5.3 kb.
Verification of a Null Allele for PSGL-1. Northern blot
analysis of thymus and spleen RNA showed high expres-

was similarly negative for PSGL-1 antigen, in contrast to
that from wild-type mice.
PSGL-1–deficient Mice Develop Normally. PSGL-12/2 mice
developed normally, and their postnatal growth rate was
comparable with that of wild-type mice. Both sexes were fertile. P-selectin and PSGL-1 were previously shown to be cell
surface components of the sperm and ovum, respectively,
leading to the suggestion that cell adhesion involving P-selectin and PSGL-1 might mediate sperm–ova interaction (69).
Our results indicate that the presence of PSGL-1 on the ova,
if confirmed, is not required for fertilization. Similar results
were obtained for the P-selectin–deficient mouse (6).
Histological analysis of thymus, spleen, and peripheral
1774

and mesenteric lymph nodes, where PSGL-1 expression is
high, showed no abnormalities, indicating that PSGL-1 is not
required for normal lymphoid organ structure. This is in
contrast to the abnormal lymph node architecture that
characterizes L-selectin–deficient mice (11). Examination
of the bone marrow revealed normal erythroid and myeloid maturation; no abnormalities in cell morphology were
observed. PSGL-12/2 mice showed no signs of infection
up to 12 mo of age, and specifically lacked the ulcerative
cutaneous infections exhibited by P- and E-selectin double-deficient mice (12, 13).
PSGL-1–deficient Mice Have Mild Neutrophilia. Leukocytosis is well known to be associated with an inadequate leuko-
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Figure 4. Immunohistochemical
analysis of spleen, thymus, lymph
node, and bone marrow. Tissue
from homozygous null (2/2)
and wild-type (1/1) mice is indicated. Fixed tissue sections were
treated with normal goat serum
followed by rabbit anti–mouse
PSGL-1 antibody. Bound anti–
mouse PSGL-1 antibody was visualized with biotinylated goat
anti–rabbit antibody reacted with
peroxidase-conjugated streptavidin. The samples were developed
with 3,39-diaminobenzidine and
counterstained with methylene
blue.

Table I. Peripheral Blood Counts
Blood cell types

Wild-type

PSGL-12/2

Total leukocytes (per ml)
Neutrophils
Lymphocytes
Monocytes
Eosinophils
Hemoglobin (g/dl)
Platelets (3103/ml)

7,060 6 597
580 6 60
6,282 6 586
139 6 35
55 6 20
15.0 6 0.2
1,038 6 36

7,110 6 506
1,673 6 121*
5,106 6 394
190 6 41
193 6 68
15.4 6 0.2
1,021 6 39

Blood was collected from the retroorbital plexus of 10 male mice of each
genotype. Data are presented as mean 6 SEM. *P , 0.001 vs. wild-type.

Figure 5. Neutrophil migration in thioglycollate-induced
peritonitis. PSGL-1–deficient
mice with matched controls and
P-selectin–deficient mice with
matched controls were studied
in parallel. Absolute neutrophil
counts in the peritoneal exudate
were determined at the indicated
times after induction of experimental peritonitis with thioglycollate. An expanded comparison at 2 h is presented in the
inset. (A) PSGL-12/2 mice (d,
and [inset] black bars) and
matched wild-type control mice
(s, and [inset] white bars). (B)
P-selectin2/2 mice (j, and [inset] black bars) and matched
wild-type control mice (u, and
[inset] white bars). Each data
point represents the average of
the results of 8–10 mice. Data
are presented as mean 6 SEM.
Differences were statistically significant (*P , 0.001; #P 5
0.002) compared with respective wild-type controls.
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cyte adhesion and emigration phenotype. Modest elevation
of neutrophil counts is observed in P-selectin–deficient
mice (6) and in C2GlnNAc-deficient mice that exhibit partial deficiency of the selectin ligands (70), whereas a remarkable granulocytosis is observed in P- and E-selectin
double-deficient mice (12) and fucosyltransferase (Fuc-T)
VII–deficient mice that lack ligand activity for all three selectins (71). Therefore, we examined the peripheral blood
counts of wild-type and PSGL-12/2 mice. The total leukocyte counts were not significantly different between wildtype and PSGL-12/2 mice, whereas the neutrophil counts
in PSGL-12/2 mice were 2.9-fold higher than those in the
wild-type mice (Table I). The eosinophil counts tended to
be higher in PSGL-12/2 mice (3.5-fold elevation, P 5
0.07). The hemoglobin levels and platelet counts in PSGL12/2 mice are essentially identical to those of the matched

wild-type controls. The mild neutrophilia observed in
PSGL-12/2 mice is very similar to the 2.4-fold elevation
reported with P-selectin–deficient mice (6). The elevation
of neutrophil counts in the PSGL-12/2 mice suggests a defect in neutrophil adhesion and migration.
Early Neutrophil Migration during Experimental Peritonitis Is
Impaired in PSGL-1–deficient Mice. Neutrophil migration
in the PSGL-12/2 mice was examined in a thioglycollateinduced peritonitis model. Chemical peritonitis was induced by intraperitoneal thioglycollate injection in both
PSGL-1–deficient mice and matched wild-type controls.
At 2 h after thioglycollate injection, the number of neutrophils migrating into the peritoneal cavity in PSGL-12/2
mice was 4.3-fold lower than wild-type mice (Fig. 5 A,
inset). At the 4-h time point, the difference in neutrophil
recruitment between wild-type and PSGL-12/2 mice was
reduced to 1.9-fold (Fig. 5 A). At 8 h after thioglycollate
injection, the absolute number of neutrophils in the peritoneal cavity of PSGL-1–deficient mice was only slightly lower
(1.5-fold) than in the matched wild-type controls. These
results demonstrate that the kinetics of neutrophil influx
into the peritoneal cavity in PSGL-12/2 mice are characterized by an early defect after the initiation of the inflammatory stimuli. Neutrophil migration approaches normal
levels 8 h after exposure to the inflammatory stimuli. To directly compare the results obtained with the PSGL-1–deficient mice to those with P-selectin–deficient mice, we reexamined neutrophil migration in the P-selectin–deficient
mice. We observed a 15.7-fold decrease in neutrophil migration at 2 h (Fig. 5 B, inset), a 3.9-fold decrease at 4 h,
and a 1.7-fold decrease at 8 h compared with wild-type
matched controls (Fig. 5 B), thus confirming earlier results
(6). Our observation in PSGL-1–deficient mice of an early
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hemodynamic parameters were similar in both the wildtype control and PSGL-1 null animals (Table II, bottom).
Comparable results were obtained with the P-selectin–
deficient mice (Fig. 7 D).
To prove that the residual leukocyte rolling in the TNF-a–
treated PSGL-1–deficient mice is mediated by E-selectin,
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defect followed by a significant recovery at later time points
is very similar to that of P-selectin–deficient mice, but distinct from that observed in P- and E-selectin double-deficient mice in which neutrophil influx remains low at all
time points (12). Although PSGL-12/2 mice and P-selectin2/2
mice showed similar kinetics of neutrophil migration in the
peritonitis model, PSGL-12/2 mice recruited more neutrophils at each time point than P-selectin–deficient mice
when each strain was compared with its wild-type control.
It is possible that the difference in the genetic background
of the PSGL-12/2 mice (mixed 129Sv/C57BL/6J/SJL) and
the P-selectin2/2 mice (100% C57BL/6J) may affect the
neutrophil extravasation defect in these strains. Alternatively, these results are consistent with the presence of an
additional P-selectin ligand.
Leukocyte Rolling In Vivo. Leukocyte rolling in the postcapillary venules of the cremaster muscle was examined by
intravital microscopy in wild-type mice, PSGL-1–deficient
mice, and P-selectin–deficient mice to determine the relative
role of P-selectin and PSGL-1 in leukocyte trafficking in
vivo. This model enables direct examination of granulocytes, which comprise .90% of the adherent leukocytes,
with the blood vessel wall (72). In the first series of experiments, leukocyte rolling was assessed at time points ,30 min
after introduction of the inflammatory stimuli in a model of
mild trauma-induced inflammation. A severe early defect
in leukocyte rolling was observed in the PSGL-1–deficient
animals (Fig. 6). The rolling flux fraction was 1.2% compared with 20.9% in matched wild-type controls (Fig. 6,
and Table II, top) The microvessel and hemodynamic parameters in the observed vessels were closely matched across
all of the genotype groups (Table II, top). In agreement
with the results of other investigators (6), P-selectin–deficient animals had a pronounced defect in leukocyte rolling,
with an average leukocyte rolling flux fraction of 0.4%
compared with 18.4% in matched wild-type controls (Fig.
6, and Table II, top). These results emphasize that in mild
trauma-induced inflammation, leukocyte rolling is markedly decreased but not absent in both PSGL-1–deficient
mice and P-selectin–deficient mice within 30 min of introduction of inflammatory stimuli.
To determine the role of PSGL-1 in cytokine-induced
inflammation that is thought to be both P-selectin and
E-selectin mediated, we compared the rolling behavior of
leukocytes in TNF-a–treated cremaster muscles of PSGL-1–
deficient mice and matched wild-type controls. Mice were
treated with TNF-a, then rolling in the venules of the cremaster muscle was evaluated 2 h later. In contrast to traumainduced inflammation, PSGL-1–deficient mice had a significant number of rolling leukocytes. A leukocyte rolling
flux fraction of 5.2% (Fig. 7, and Table II, bottom) was observed. The rolling flux fraction of the TNF-a–treated
wild-type mice was 13.9% (Fig. 7, and Table II, bottom).
TNF-a treatment led to reduced blood flow in the microcirculation of the cremaster muscle and resulted in lower
wall shear rate values for TNF-a–treated animals than was
observed under conditions of trauma alone (Table II, bottom). Within the TNF-a–treated group, the microvessel and

Figure 6. Leukocyte rolling after mild trauma. Intravital microscopy of
cremaster muscle venules within 30 min of the initiation of surgery revealed the presence of a large number of rolling leukocytes (arrows) associated with the vascular wall in wild-type mice (A) and no leukocytes associated with the vascular wall in PSGL-1–deficient mice (B). Videos
available at http://www.jem.org/cgi/content/full/190/12/1769/F6/
DC1 correspond to A and B. The leukocyte rolling flux fraction, measured as the number of rolling leukocytes compared with the total leukocytes in flowing blood per unit time, is compared for PSGL-11/1, PSGL12/2, P-selectin (P-sel)1/1, and P-selectin2/2 mice in this assay system (C).
Both PSGL-12/2 and P-selectin2/2 mice have low but measurable leukocyte rolling flux fractions.
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Table II. Microvessel Parameters
Genotype

Mice

Vessels

Vessel diameter

Wall shear rate

Rolling flux fraction

mm

s21

%

4
7
5
4

23
36
31
24

40.1 6 1.9
33.2 6 1.2
37.3 6 1.6
33.1 6 1.7

1,460 6 158
1,311 6 148
1,259 6 143
1,034 6 110

20.9 6 1.6
1.2 6 0.3
18.4 6 1.2
0.4 6 0.2

TNF-a–induced inflammation
PSGL-11/1
PSGL-12/2
PSGL-12/2 1 9A9
P-selectin1/1
P-selectin2/2

5
4
4
4
4

25
27
24
36
28

37.5 6 2.4
33.7 6 1.1
36.0 6 1.7
34.7 6 1.6
34.1 6 1.5

905 6 101
857 6 95
767 6 97
805 6 91
767 6 76

13.9 6 1.3
5.2 6 0.7
0.6 6 0.1
12.7 6 1.6
5.1 6 0.7

the blocking anti–E-selectin antibody 9A9 was infused into
the PSGL-1–deficient mouse (8, 73). In TNF-a–treated
PSGL-12/2 mice, the leukocyte rolling flux decreased to
0.6% in the presence of 9A9 (Fig. 7, and Table II, bottom).
Leukocytes visible in the still photograph of the cremaster
venules from a PSGL-1–deficient mouse treated with both
TNF-a and antibody 9A9 (Fig. 7 C) are stationary on the
vessel wall and likely adhered via integrins before the infusion of 9A9. In contrast, antibody 9A9 infused into TNF-a–
treated wild-type mice had a leukocyte rolling flux of
24.9% (Fig. 7 D). This is likely due to the increased average
leukocyte rolling velocity when slow E-selectin–mediated
rolling is substituted by faster P-selectin–mediated rolling.
In sum, these results indicate that PSGL-1 is not required
for E-selectin–mediated leukocyte rolling. The basis for residual rolling after blocking of E-selectin–mediated leukocyte–vessel wall interaction is uncertain, but is consistent
with interaction of P-selectin with a ligand on leukocytes
other than PSGL-1.

Discussion
The counterreceptors on cell surfaces that bind specifically to the selectin family of adhesion molecules have been
difficult to identify, although many candidate selectin
ligands have been put forth. As lectins, the selectins bind
predominantly oligosaccharide sequences of sialylated fucosylated lactosamine. These sequences are recognized by the
selectins in vitro, albeit with low affinity (for a review, see
Varki [74]). Many carbohydrates, glycoproteins, or glycolipids bearing these oligosaccharide sequences will bind to
the selectins in vitro when the receptor or ligand is presented at high density or under static conditions. The issue
in understanding the biology of selectin ligands has been to
prove specific interaction of candidate ligands with selectins
under physiological conditions (47, 75).
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Although in vitro studies performed with isolated selectins and potential ligands or by cell adhesions assays have
been invaluable in defining candidates in the inflammatory
pathway, the determination of physiological import of each
of these adhesion molecules requires study in animal models. The three selectins contribute to leukocyte rolling on
the endothelial cell lining of venules in a cooperative and
sequential manner in the early stages of the inflammatory
process. Genetic disruption of the P-selectin gene in mice
demonstrated that P-selectin is required for neutrophil rolling in postcapillary venules and for neutrophil influx into
inflamed peritoneum at early time points (6, 7). These studies defined a critical role for P-selectin in early inflammatory events and led to the understanding that P-selectin initiates leukocyte rolling at sites of inflammation and tissue
injury. Disruption of the L-selectin gene in mice established
that this molecule is also essential for normal leukocyte rolling and emigration into the inflamed peritoneum (7, 11).
L-selectin mediates leukocyte rolling in inflamed venules
sequentially after P-selectin at time points between 40 and
120 min (7). In addition to defects in neutrophil rolling and
migration, the L-selectin–deficient mice had significant defects in lymphocyte homing to peripheral lymphoid tissue
(11, 76). Mice lacking E-selectin initially demonstrated no
defects in the inflammatory response (77). However, detailed
analysis later showed that slow, stable granulocyte rolling
was absent in E-selectin null mice (10) and that E-selectin
was required for firm leukocyte attachment (78). Further
studies using blocking E-selectin antibodies demonstrated
that E-selectin adhesive functions overlap with P-selectin
in the later phases (.2 h) of inflammation (79). The cooperative and overlapping function of the selectins is demonstrated in mice that are doubly deficient in both P-selectin
and E-selectin. Unlike mice deficient in a single selectin,
mice deficient for both P-selectin and E-selectin are characterized by spontaneous skin infections, leukocytosis, and
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Trauma-induced inflammation
PSGL-11/1
PSGL-12/2
P-selectin1/1
P-selectin2/2

drastic reduction in leukocyte rolling and neutrophil migration into the inflamed peritoneum at both early and late
time points (12, 13).
Thus, animal studies have demonstrated that P-selectin is
required to initiate early contact of leukocytes with the
vessel wall, and that after this initial step there is significant
cooperativity of function of all three selectins. Using a
PSGL-1–deficient mouse, we have explored the role of this
glycoprotein in selectin-mediated leukocyte adhesion with
the specific goal of determining whether PSGL-1 is the
sole ligand for P-selectin and whether PSGL-1 interaction
with E-selectin is important for the propagation of the normal inflammatory response.
We have now demonstrated that early neutrophil migration
after chemically induced peritonitis is impaired in PSGL-1–
deficient mice. Previous reports demonstrated that neutrophil migration into inflamed peritoneum is impaired in
mice that lack P-selectin or L-selectin but not E-selectin (6,
11, 77). P-selectin–deficient mice and L-selectin–deficient
mice demonstrate depressed neutrophil migration at the early
time points (2–4 h) after chemical insult. In contrast, mice
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that lack Fuc-T VII or are deficient in both P-selectin and
E-selectin show a marked reduction in neutrophil migration at time points up to 8 h (12, 71). Thus, in this assay
deficiency of multiple selectin functions results in a more
severe phenotype. In our chemical peritonitis studies, the
PSGL-1–deficient animals demonstrated a defect in neutrophil migration that was marked at 2 h (77% reduction) but
was only minimally abnormal at the later time points. This
phenotype more closely resembled that of P-selectin–deficient mice than the severe migration defect seen in mice
deficient in both P-selectin and E-selectin (12, 13). When
compared with the P-selectin–deficient mice, the PSGL-1–
deficient mice had significantly more neutrophils migrating
into the inflamed peritoneum at parallel time points. These
findings suggest the presence of additional P-selectin ligands
other than PSGL-1, although PSGL-1 nonetheless appears
to be an important and dominant P-selectin ligand.
Our leukocyte rolling experiments have shown that
early trauma-induced leukocyte–endothelial cell interaction is greatly reduced, whereas cytokine-induced leukocyte rolling is only modestly impacted in the PSGL-1–defi-
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Figure 7. Leukocyte rolling after TNF-a stimulation. Intravital microscopy
of cremaster muscle venules 2 h after injection of TNF-a into the scrotal sac revealed the presence of rolling leukocytes (arrows) associated with the vascular
wall in wild-type mice (A) and in PSGL-1–deficient mice (B). Infusion of the
blocking E-selectin antibody 9A9 into PSGL-1–deficient mice greatly reduced
the number of rolling leukocytes; leukocytes visible in C are stationary. Videos
available at http://www.jem.org/cgi/content/full/190/12/1769/F7/DC1 correspond to A and B, and to two time points in C, showing leukocyte rolling before infusion of anti–E-selectin antibody, and leukocyte rolling during and after
infusion of anti–E-selectin antibody, respectively. The leukocyte rolling flux
fraction, measured as the number of rolling leukocytes compared with the
total leukocytes in flowing blood per unit time, is compared for PSGL-11/1
mice, PSGL-12/2 mice, PSGL-12/2 mice treated with anti–E-selectin antibody
9A9, PSGL-11/1 mice treated with anti–E-selectin antibody 9A9, P-selectin
(P-sel)1/1 mice, and P-selectin2/2 mice in this assay system (D).

tivity. Mice deficient in both P-selectin and E-selectin (12,
13) and mice deficient in the fucosyltransferase required for
synthesis of the selectin ligands (71) exhibit leukocytosis.
However, our PSGL-1–deficient mice exhibited only a
mild elevation of neutrophils. Since genetic deficiency of
P-selectin, E-selectin, L-selectin, or, from these studies,
PSGL-1, is not associated with significant leukocytosis, it
would appear that the presence of 5% of normal leukocyte
rolling and delayed neutrophil migration comprises an adequate host defense. Thus, no single deficiency of a selectin or
selectin ligand causes a phenotype of leukocytosis, chronic
infection, and early demise. This observation speaks to the
importance of redundancy in these host defense systems. It
is also consistent with our observation that PSGL-1 is the
dominant ligand for P-selectin, but not required for the function of E-selectin within the context of leukocyte rolling.
These experiments using PSGL-1–deficient mice have
established that PSGL-1 is a critical P-selectin ligand early
in inflammation. Comparison of the phenotype of the
PSGL-1–deficient mouse and the mouse deficient in both
P-selectin and E-selectin (12, 13) provides evidence that
PSGL-1 is not a required neutrophil ligand for E-selectin–
mediated neutrophil rolling. In contrast to the mice deficient
in both P-selectin and E-selectin, the PSGL-1–deficient
mice have no leukocytosis, no susceptibility to spontaneous
infection, and have detectable leukocyte rolling and adequate
neutrophil migration into the inflamed peritoneum after inflammatory stimuli. If PSGL-1 were the sole ligand for
both P-selectin and E-selectin, the PSGL-1–deficient mice
and the mice deficient in both P-selectin and E-selectin
would have the same phenotype. These data provide strong
evidence for the existence of additional physiological
ligands for E-selectin, perhaps ESL-1 (31), and do not support a requirement for PSGL-1 in E-selectin–mediated
neutrophil rolling. The relative importance of PSGL-1–
E-selectin interaction during T cell homing (40, 80) is unresolved, but further studies using PSGL-1–deficient mice
will address this important question.
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