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Abstract

Neutrophil emigration during an inflammatory response is
mediated through interactions between adhesion molecules
on endothelial cells and neutrophils. P-Selectin mediates
rolling or slowing of neutrophils, while intercellular adhe-
sion molecule-i (ICAM-1) contributes to the firm adhesion
and emigration of neutrophils. Removing the function of
either molecule partially prevents neutrophil emigration. To
analyze further the role of P-selectin and ICAM-1, we have
generated a line of mice with mutations in both of these
molecules. While mice with either mutation alone show a

60-70% reduction in acute neutrophil emigration into the
peritoneum during Streptococcus pneumoniae-induced
peritonitis, double mutant mice show a complete loss of
neutrophil emigration. In contrast, neutrophil emigration
into the alveolar spaces during acute S. pneumoniae-in-
duced pneumonia is normal in double mutant mice. These
data demonstrate organ-specific differences, since emigra-
tion into the peritoneum requires both adhesion molecules
while emigration into the lung requires neither. In the peri-
toneum, P-selectin-independent and ICAM-1-independent
adhesive mechanisms permit reduced emigration when one

of these molecules is deficient, but P-selectin-independent
mechanisms cannot lead to ICAM-1-independent firm ad-
hesion and emigration. (J. Clin. Invest. 1995.95:1782-1788.)
Key words: adhesion * mutant mice * P-selectin * intercellu-
lar adhesion molecule-i - neutrophil

Introduction

Leukocyte emigration from the postcapillary venules in re-

sponse to an inflammatory stimulus requires multiple adhesive
interactions in addition to various chemoattractant and activator
molecules (1, 2). In vivo observations of postcapillary venules
using intravital microscopy have identified several distinct
phases of leukocyte/endothelial interactions which occur before
neutrophil emigration from the vasculature (3-5). In the initial
phase, leukocytes marginate to the endothelial cell wall and roll
along its surface. A portion of these rolling leukocytes then

Address correspondence to Arthur L. Beaudet, Department of Molecular
and Human Genetics, Baylor College of Medicine, One Baylor Plaza,
T619, Houston, TX 77030. Phone: 713-798-4795; FAX: 713-798-8515.

Received for publication 21 October 1994 and in revised form 15
December 1994.

firmly adheres to the endothelium, becomes activated, changes
shape, and migrates through the endothelial cell junctions into
the surrounding tissues. Three families of adhesion molecules
which play a significant role in mediating neutrophil/endothe-
lial interactions are the selectins, members of the immunoglobu-
lin superfamily, and the integrins (1, 2, 6).

The three members of the selectin gene family, L-, E-, and
P-selectin, have all been shown to be capable of mediating
neutrophil rolling either in vitro or in vivo (7-13). L-Selectin
is constitutively expressed on the majority of circulating leuko-
cytes and is shed upon their activation (14-16). P-Selectin is
rapidly and transiently expressed on endothelium and platelets
after stimulation with activating molecules such as thrombin,
histamine, and TNF-a (17-20). E-Selectin is expressed on
endothelial cells after stimulation with mediators such as IL-i
and TNF-a and its expression requires new mRNA synthesis
(21). The importance of this selectin-mediated neutrophil roll-
ing is illustrated by studies in which blocking of selectin-medi-
ated adhesion (with antibodies or by gene targeting) decreases
neutrophil emigration into a particular tissue after an inflamma-
tory stimulus (1, 7, 8, 16, 22).

The interactions between the CDl 1 /CD18 integrins ex-
pressed on neutrophils (specifically CD1 la and CD1lb) with
endothelial ligands such as intercellular adhesion molecule-I
(ICAM-1), ' in the presence of an activator molecule, can con-
tribute to the arrest of neutrophils along the endothelial cell
surface (1, 2). Activation of these CD18 integrins is associated
with both increased avidity and upregulation of expression on
the neutrophil cell surface (4). ICAM-1 is constitutively ex-
pressed on endothelial cells and can be upregulated at the cell
surface by various inflammatory mediators such as IL-1, TNF-
a, endotoxin, and y-interferon (23-26). Blocking or loss of
expression of CD1 la, CDiIb, or ICAM-1 can reduce the capa-
bility of neutrophils to adhere to the endothelium and subse-
quently reduces neutrophil emigration (1, 4, 27, 28). Transmi-
gration of neutrophils between the endothelial cell junctions
requires both adhesive interactions and a chemotactic gradient
(1). Transmigration can be significantly inhibited by antibodies
to CD18, ICAM-1, and platelet endothelial cell adhesion mole-
cule- 1, another member of the immunoglobulin superfamily ( 1,
4, 29, 30). Platelet endothelial cell adhesion molecule-I is ex-
pressed on the intercellular junctions of endothelial cells, plate-
lets, and leukocytes (31).

Inhibiting adhesive interactions at either the rolling, firm
adhesion, or transmigration steps can partially reduce neutrophil
emigration. However, neutrophil emigration in vivo is not com-
pletely blocked using these strategies, suggesting that redun-
dancy occurs at each step. To analyze further the role of adhe-

1. Abbreviations used in this paper: EVA, extravascular albumin;
ICAM-1, intercellular adhesion molecule-l; RBC, red blood cells.
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sion molecules in neutrophil emigration we have generated a
line of P-selectin- and ICAM-l -deficient mice. We have used
these mice to study emigration of neutrophils into the peritoneal
cavity and into the pulmonary alveolar space in response to
Streptococcus pneumoniae.

Methods

P-Selectin gene targeting in embryonic stem cells. A mouse cDNA clone
(32) was used to screen a 129/Sv genomic DNA library (Stratagene, La
Jolla, CA), and the genomic clones were characterized for preparation
of the P-selectin targeting vector. Intron-exon boundaries were assumed
to be conserved between mouse and human (33). Based on the mouse
cDNA sequence, PCR primer pairs were selected within each exon to
yield a product which could be used to localize the exon within genomic
DNA fragments. The construct for homologous recombination was pre-
pared as shown in Fig. 1. The AB2.1 embryonic stem cell line (34,
35) (provided by Allan Bradley, Baylor College of Medicine) was
electroporated with 25 Mg ml-' linearized vector as described (35, 36).
Digestion with EcoRV was used to identify homologous recombinants
on Southern blots hybridized with the probe indicated in Fig. 1 A.
Several clones were isolated which correctly targeted the P-selectin
gene, and injection of one of these clones into C57BL/6J embryos
resulted in germline transmission.

RNA analyses. RNA was isolated from wild-type, heterozygote, and
homozygous mutant animals 2 h after intraperitoneal injection with 50
tg of LPS from Salmonella typhosa (Difco Laboratories Inc., Detroit,
MI) to induce expression of the P-selectin gene (32). A primer specific
for exon 6 (5 '-ACAGGTTGGCAGTGGTTCAC-3') was used to prime
first strand cDNA followed by PCR amplification using this primer and
an exon 2 specific primer (5 '-GCTGGCTGCCCAAAAGGTT-3'). The
PCR products were then visualized by ethidium bromide staining on
agarose gels. PCR amplification from wild-type P-selectin RNA results
in a 953-bp fragment, while amplification from mutant transcripts, which
do not contain exons 3-5, results in a 271-bp fragment.

Immunohistochemistry. The lungs from mutant and wild-type mice
were inflated using 50% OCT compound (Miles, Inc., Elkhart, IN). P-
Selectin was localized on frozen sections using either the rat monoclonal
antimurine P-selectin antibody RB40.34.4 (0.01 mg/ml) (Bosse, R.,
and D. Vestweber, manuscript in preparation), rat IgG (0.01 mg/ml;
Sigma Immunochemicals, St. Louis, MO), or Tris buffer as the primary
antibody, followed by localization using avidin-biotin-alkaline phospha-
tase complexes and a substrate containing new fuchsin. The sections
were counterstained with hematoxylin.

Peripheral blood leukocyte counts. Peripheral blood was collected
from the retro-orbital venous plexus with EDTA anticoagulation from
mutant and wild-type animals. All animals were 6-8 wk old, and ap-
proximately equal numbers of males and females were analyzed. P-
Selectin and P-selectin/ICAM-l mutant mice were from a mixed 129/
Sv x C57BL/6J background; ICAM-1 mutant mice were from a fifth
generation backcross with C57BL/6J. Initially, two separate groups of
control mice were used for these studies (C57BL/6J x 129/Sv and
C57BL/6J); since no significant differences were found between these
control groups, the results were combined. Total leukocyte counts and
differentials were determined using an H * 1 Hematology analyzer
(Technicon, Tarrytown, NY) calibrated for analysis of murine samples.
One-way analyses of variance were used to compare the leukocyte
counts and differentials between each group. When a significant overall
difference was found, multiple contrasts were used with a Bonferroni
adjustment to determine which groups were significantly different.

S. pneumoniae-induced peritonitis. Mice were anesthetized using
ketamine hydrochloride (80-100 mg/kg intramuscularly) and acepro-
mazine maleate (5-8 mg/kg intramuscularly). lodinated albumin (0.2-
0.3 kCi/mouse) was given intravenously, followed 15 min later by
intraperitoneal injection of S. pneumoniae (0.2 ml/mouse of 5 x 109
CFU/ml). After either 2 or 4 h, the peritoneal space was lavaged with
3 aliquots of 5 ml phosphate-buffered saline. Neutrophil emigration into
the peritoneum was quantitated by performing cell counts and differen-

tials in the peritoneal lavage fluid using a hemocytometer and Wright-
stained cytospin preparations. The accumulation of '"I-albumin in the
peritoneum, a measure of edema formation, was calculated as the 15I-
albumin counts in the lavage fluid divided by the total '"I-albumin
counts recovered in the mouse minus the tail. Statistical analyses were
performed as described above. For calculation of the reduction in neutro-
phil emigration or edema formation, the value for mice not receiving
bacteria was first subtracted from the observed value.

S. pneumoniae-induced pneumonia. Mice were anesthetized (as
described above) and then were given an intravenous injection of iodin-
ated albumin (0.2-0.3 ILCi/mouse), followed 15 min later by intra-
tracheal instillation of S. pneumoniae (0.05 ml/mouse of 5 x 109 CFU/
ml) containing 5% colloidal carbon to mark its distribution in the distal
lung. "1Chromium-labeled murine red blood cells (RBC) were injected
after 5 h, 58 min to mark the intravascular blood volume. At 6 h, a
blood sample was taken from the inferior vena cava, the thoracic cavity
was rapidly opened, the base of the heart was tied to prevent loss of
blood from the pulmonary microvasculature, the thoracic organs were
removed, and the lungs were fixed using intratracheal instillation of
4.5% glutaraldehyde in phosphate buffer. Any leakage of fixative was
collected in scintillation vials. After fixation overnight, the heart and
mediastinal tissues were removed, and the lungs, blood, and plasma
were counted. The pulmonary extravascular albumin was calculated as:
EVA = total '25I-albumin volume in lungs - intravascular "2I-albumin
volume where

total "I-albumin volume in lungs
-

I-albumin in lungs'2I-albumin/g plasma

and

intravascular '251I-albumin = 51Cr-RBC/i blood x (1-hematocrit).

The EVA is expressed as microliters of plasma equivalents. Neutrophil
emigration was evaluated histologically using paraffin-embedded sec-
tions by counting the number of neutrophils per 100 alveoli on randomly
selected fields containing colloidal carbon. Statistical analyses were per-
formed as described above.

Results

Generation ofP-selectin and P-selectin/ICAM-J double mutant
mice. P-Selectin mutant mice were generated by gene targeting
using a replacement vector designed to delete exons 3-5 (Fig.
1 A) (35, 36). Deletion of a 4.5-kb region containing these
exons was confirmed by Southern blotting in mice (Fig. 1 B).
Analysis by RT-PCR demonstrated normal mRNA in wild-type
animals and a shortened mRNA consistent with deletion of
exons 3-5 in mutant animals (Fig. 1 C). A monoclonal rat
antibody against P-selectin was used to analyze expression of
P-selectin as assessed by immunohistochemical staining of the
lung microvasculature (Fig. 1, D and E). Antibody staining
was detected in wild-type animals on endothelial cells and on
platelets inside the vessel; mutant animals showed loss of ex-
pression on both endothelium and platelets. P-Selectin mutant
mice were bred to mice containing a mutation in the ICAM-1
gene (27) to generate double homozygotes. P-Selectin/ICAM-
1 double homozygotes were viable, fertile, and without obvious
phenotypic abnormalities.

Peripheral blood leukocyte counts. Examination of circulat-
ing leukocyte counts revealed a significant increase in the num-
ber of neutrophils in P-selectin, ICAM-1, and P-selectin/ICAM-
1 double mutants when compared with wild-type mice of similar
genetic background (Table I). The neutrophil counts in the
double mutant mice were similar to those in ICAM-1 mutants
but were significantly higher than those in the P-selectin mu-
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Figure 1. Disruption of the P-selectin gene in embryonic stem cells. (A) The P-selectin gene was

+ disrupted by the deletion of a 4.5-kb region containing exons 3-5; this region was replaced with

.sa sthe neor from Pol2neobpA (35) (provided by Phil Soriano, Fred Hutchinson Cancer Research
+ + + Center, Seattle; WA). Exons are indicated as solid boxes; the locations of the other exons were

not determined. E, EcoRV; H, HindIl; X, XhoI. (B) Southern blot analysis of tail DNA from
$ heterozygote crosses was performed using EcoRV-digested tail DNA and the probe indicated in

A. This probe identifies two fragments of 13.8 and 3.9 kb corresponding to the mutated and
endogenous P-selectin locus, respectively. (C) RT-PCR analysis ofRNA showing a 953-bp product
from the wild-type allele and a 271-bp product from the mutant allele. M, DX 174 HaeHI marker;
1, +/+ lung RNA; 2, +/- lung RNA; 3, -/- lung RNA. The 271-bp fragment is observed only
in the -/- and +/- lanes. (D and E) Expression of P-selectin was assessed using immunohisto-

_ 3.9 kb chemical techniques. Lung tissues from a wild-type mouse (D) and a P-selectin mutant mouse

(E) are illustrated.

tants. The circulating lymphocyte and monocyte counts were

increased only in the ICAM-1 and the P-selectin/ICAM-1 mu-

tants and not in the P-selectin mutants. The exact mechanism
for the increased circulating leukocyte counts in the mutants
when compared with wild-type mice is not known, but this
phenomenon is also observed in both CD18 mutant mice and
in patients with moderate or severe leukocyte adhesion defi-
ciency (28, 37-39).

Neutrophil emigration and edemaformation during S. pneu-
moniae-induced peritonitis. Mice with single mutations in the
P-selectin and ICAM-1 genes were previously shown to display
an impaired neutrophil response during thioglycollate-induced
peritonitis (7, 27). To address whether the combined deficiency
of both P-selectin and ICAM-1 would result in a more severe

reduction in neutrophil emigration than the loss of each single
gene, we studied the acute inflammatory process during perito-
nitis for each genotype. Peritonitis was induced in control, P-
selectin, ICAM-1, and P-selectin/ICAM-1 homozygous mutant
mice by intraperitoneal instillation of S. pneumoniae, and neu-

trophil emigration and edema formation were evaluated after 2
or 4 h (40).

As shown in Tabf~ II, neutrophil emigration into the perito-
neum in P-selectin mutant mice was reduced by 61% at 2 h
and 69% at 4 h compared with wild-type mice, although edema
formation was not altered. ICAM-1 mutant mice showed a 64%
reduction in neutrophil emigration at 4 h, with no significant

change in "2I-albumin accumulation. However, when mice de-
ficient in both P-selectin and ICAM-1 were examined, stimu-
lated neutrophil emigration was completely absent. Edema for-
mation was similar at 2 h to wild-type animals, but was reduced
at 4 h. The accumulation of mononuclear leukocytes was not
significantly different in any group.

Neutrophil emigration and edemaformation during S. pneu-

moniae-induced pneumonia. Previous studies investigating
neutrophil emigration during pneumonia have shown that the
inflamed site is recognized by the circulating neutrophils be-
tween 1 and 2 h after intrabronchial instillation of organisms
and that large numbers neutrophils have emigrated into the
alveolar space by 4-8 h (41). To examine the effect of com-
bined P-selectin and ICAM-1 deficiency on neutrophil recruit-
ment and edema formation in the lung, pneumonia was induced
in mutant and wild-type mice by intratracheal instillation of S.
pneumoniae (40, 42). After 6 h, wild-type mice developed an

acute inflammatory response within the bronchioles and alveolar
space (Table HI). In contrast to the results obtained in the
peritoneum, combined deficiency of P-selectin and ICAM-1 did
not cause a reduction in neutrophil recruitment into the alveolar
space or in edema formation (Table III).

Discussion
This study investigated the roles of P-selectin and ICAM-1 in
the acute inflammatory response induced by S. pneumoniae
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Table I. Peripheral Blood Leukocyte Counts

Animals Total leukocytes Neutrophils Lymphocytes Monocytes Platelets (x 1O5)

Wild-type (n = 46) 6207±244 689±44 5143±220 170±13 8.9±0.3
P-Selectin mutant (n = 15) 7817±657 1653±201* 5620±478 233±16 9.1±0.3
ICAM-1 mutant (n = 12) 12079±451* 3273±545* 8068±545* 373+34* 10.9±0.8
P-Selectin/ICAM-1 double mutant (n = 23) 11140±585* 3265±271* 7159±346* 312±25* 7.9±0.4

Data are presented as mean numbers/tl ±SEM, and the number of animals (n) in each group is provided in the table. * Adjusted P value significantly
different (P < 0.05) than value in wild-type mice. P values for neutrophil counts were as follows: P-selectin versus wild-type = 0.011; ICAM-l
versus wild-type < 0.0004; double mutant versus wild-type < 0.004; and P-selectin versus double mutant < 0.0004.

within the peritoneum and lung. The complete absence of neu-
trophil emigration in the peritoneum in the double mutant was
in sharp contrast to the 60-70% reduction with either mutation
alone. These data do not support a paradigm in which P-selectin
and ICAM-1 act in independent pathways leading to neutrophil
emigration, since the sum of the reduction observed in the single
mutants exceeds 100%. Similarly the data do not support a
paradigm in which P-selectin and ICAM-1 act sequentially and
independently in the same pathway, which would predict that
the number of emigrated neutrophils in the double mutants
should be equal to the product of the reductions observed in
each single mutant. If deficiency of P-selectin results in 69%
reduction of emigration due to impairment of early events, and
deficiency of ICAM-1 leads to 64% reduction due to impairment
of later events (Table II), then deficiency of both molecules
would theoretically allow 11% (31 x 36%) of the emigration
seen in wild-type mice. The data indicate that the roles of P-
selectin and ICAM-1 are unlikely to be completely independent.

Our data are consistent with partial redundancy of function
and indicate that some possible combinations of interactions
between adhesion molecules that mediate neutrophil rolling and
those that mediate firm adhesion do not occur. Some emigration
involving ICAM- 1-mediated firm adhesion can occur indepen-
dent of P-selectin and some emigration involving P-selectin-
mediated rolling can occur independent of ICAM- 1. However,
the observation that neutrophil emigration in the double mutant
mice is completely absent indicates that P-selectin-independent
mechanisms cannot lead to ICAM-l -independent firm adhe-
sion. Comparing the inflammatory process in P-selectin/ICAM-
1 double mutant mice with that in mice with double mutations
of either L- or E-selectin and ICAM-1 will help to determine
whether selectins can substitute for each other and whether

other selectin molecules mediate rolling leading to ICAM-1-
independent adhesion.

In the peritonitis experiments, complete absence of neutro-
phil emigration in mice deficient in both P-selectin and ICAM-
1 was associated with a reduction in vascular permeability at 4
but not 2 h, supporting a hypothesis that neutrophil emigration
and the release of products important in their effector functions
mediate edema formation at later time points. Vascular perme-
ability changes leading to the accumulation of edema are likely
to be mediated through different mechanisms at different time
points during the acute inflammatory process; at early times,
the release of histamine from peritoneal mast cells may play a
role, while at later times, neutrophils may contribute (43-45).

In striking contrast to the peritoneum where deficiency of
both P-selectin and ICAM-1 completely prevented neutrophil
emigration, the combined absence of these molecules had no
effect on neutrophil emigration into the parenchyma of the lung
in response to the same stimulus. Similar differences were ob-
served when anti-CD18 antibodies were used to block the func-
tion of CD18 in rabbits given S. pneumoniae intrabronchially
compared with animals which were implanted with infected
sponges in the abdominal wall (40, 46). These data indicate
that neutrophil emigration through the pulmonary microvascula-
ture can occur through adhesion pathways that do not require
P-selectin, CD11/CD18, or ICAM-1.

Several major differences between the pulmonary and the
systemic circulation may contribute to these observations. First,
the alveolar spaces contain macrophages which are chronically
exposed to inhaled air and its associated toxins. These macro-
phages are likely to produce mediators during the acute in-
flammatory response that are not produced by cells in the ab-
dominal wall or the peritoneum (47-50). Second, neutrophil

Table II. Accumulation of Cells and Edema during S. pneumoniae-induced Peritonitis

Accumulation of cells x 1O' per ml of peritoneal lavage fluid
Edema formation

Neutrophils Mononuclear cells (%'25I-albumin)

2h 4h 2h 4h 2h 4h

Wild-type 0.44+0.04* (11) 1.04±0.08* (9) 2.5±0.3 1.6±0.1 4.0±0.5* 5.3±0.5*
P-Selectin mutant 0.20±0.05' (5) 0.36+0.09$ (8) 1.2±0.3 2.1+0.2 3.2±0.6* 4.5+0.3*
ICAM-I mutant ND 0.41±0.04$ ND 1.9±0.1 ND 5.4+0.9*
P-Selectin/ICAM-l double mutant 0.06+0.01 (5) 0.03+0.01$ (5) 2.5±0.4 1.4±0.2 4.0±1.5* 1.9±0.2$
P-Selectin mutant, no bacteria 0.05±0.00$ (4) 2.2±0.1 0.4±0.2

ND, not done; (n), number of animals studied at each time point. $ Significantly different than value in wild-type mice with peritonitis, P < 0.05.
* Significantly greater than value in mice without bacteria, P < 0.05.

1786 Bullard et al.



Table III. Accumulation of Neutrophils and Edema during
S. pneumoniae-induced Pneumonia

Neutrophils/ Extravascular
100 alveoli albumin

Wild-type (5) 626+30* 60+7*
P-Selectin/ICAM-1 double mutant (5) 687+26* 56±3*
Wild-type, no bacteria (5) 1.4±0.6 29+3

The data are expressed as mean+SEM, and the numbers of animals (n)
in each group are provided in the table. * Significantly greater than in
wild-type mice that received no bacteria, P < 0.05.

emigration in the systemic circulation occurs through the post-
capillary venules while emigration in the lung occurs at least
in part through the capillary bed (51 ). The smaller diameter of
the lung capillary segments in comparison with the postcapillary
venules forces most neutrophils to deform to pass through these
vessels, and rolling is very unlikely to occur due to spatial
constraints (52). Finally, the expression of these adhesion mole-
cules varies in the pulmonary vasculature. Although ICAM-1
is constitutively expressed on the pulmonary capillary endothe-
lium, it is not upregulated in response to S. pneumoniae (53).
Light immunohistochemical studies identified constitutive ex-
pression of P-selectin only in arteries and venules, but not in
capillaries (Fig. 1 D). Recent studies showed P-selectin is not
upregulated on the capillary bed in response to S. pneumoniae,
although Mulligan et al. (54) showed that P-selectin can be
briefly expressed on these cells in response to cobra venom
factor. The adhesion molecules that mediate neutrophil emigra-
tion in response to S. pneumoniae in the lung remain to be
determined. It is possible that compensatory upregulation of
alternative adhesion pathways occurs in the lung in mutant ani-
mals. Alternatively, because of the geometric constraints, neu-
trophils may be in close contact with the endothelium during
transit through the capillary bed and may not require the same
adhesive mechanisms as other organs.
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