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Abstract

These studies tested the hypothesis that L-selectin plays a
role in neutrophil traffic in the lungs, particularly in neutro-
phil margination, sequestration, and emigration, using L-selec-
tin—deficient mice. No defect in neutrophil margination
within either capillaries or arterioles and venules was ob-
served in uninflamed lungs of L-selectin—deficient mice. The
initial rapid sequestration of neutrophils within the pulmo-
nary capillaries 1 min after intravascular injection of com-
plement fragments was not prevented. In contrast, L-selec-
tin did contribute to the prolonged neutrophil sequestration
(= 5 min). Interestingly, neutrophil accumulation within
noncapillary microvessels required L-selectin at both 1 and
5 min after complement injection. During bacterial pneu-
monias, L-selectin played a role in neutrophil accumulation
within noncapillary microvessels in response to either Esch-
erichia coli or Streptococcus pneumoniae and within capil-
laries in response to E. coli but not S. pneumoniae. However,
L-selectin was not required for emigration of neutrophils or
edema in response to either organism. These studies demon-
strate a role for L-selectin in the prolonged sequestration of
neutrophils in response to intravascular complement frag-
ments, in the intracapillary accumulation of neutrophils
during E. coli-induced pneumonia, and in the accumulation
of neutrophils within noncapillary microvessels when in-
duced by either intravascular complement fragments or
bacteria within the airways. (J. Clin. Invest. 1997. 99:526-
533.) Key words: complement fragments « bacterial pneu-
monia « adhesion molecules « leukocytes « pulmonary in-
flammation « knockout mice

Introduction

L-selectin, a member of the selectin family of adhesion mole-
cules that is expressed on leukocytes, mediates rolling of leu-
kocytes along the postcapillary venular endothelium of the
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systemic circulation (1-3). It plays an important role in neu-
trophil-mediated injury or leukocyte emigration in ischemia/
reperfusion injury of the cat myocardium (4), thioglycolate-
induced neutrophil emigration into the peritoneum and skin (5-
7), and the accumulation of leukocytes around islets in insulin-
dependent diabetes in mice (8). L-selectin may also mediate
the infiltration of leukocytes in renal allograft rejection (9). In
the lungs, L-selectin appears critical in mediating rolling of
leukocytes within pulmonary venules induced by the place-
ment of a pleural window (10). L-selectin is also required for
full expression of lung injuries induced by IgG immune com-
plexes or cobra venom factor (11, 12). The functions of L-selec-
tin in these inflammatory diseases have been studied using
anti-L-selectin antibodies, L-selectin—IgG chimeras, and fucoi-
din in combination with studies using anti—P-selectin antibodies.
The pulmonary capillaries contain a large pool of margin-
ated neutrophils, as measured by an increase in the concentra-
tion of neutrophils to red blood cells (RBCs)' within pulmo-
nary capillary blood of 60 to 100 times that found in the
systemic blood (13, 14). In contrast to margination in the sys-
temic circulation where selectin-mediated rolling is the mecha-
nism, the primary mechanism through which the pulmonary
intracapillary pool forms is thought to be due to the complex
geometry of the capillary bed. This bed consists of multiple in-
terconnecting segments having diameters that are usually
smaller than that of the spherical neutrophils (15). Because
neutrophils require longer than RBCs to deform and pass
through these narrow segments, their transit time is length-
ened, resulting in a increase in their concentration within the
pulmonary capillary blood (13, 14, 16). However, adhesion
molecules may also play a role in lengthening the capillary
transit time of neutrophils. Although Yoder and colleagues
have shown that CD11/CD18 is not required for the formation
of the marginated pool in normal dogs (17), the role of selec-
tins has not been evaluated. Their potential importance is sug-
gested by their ability to mediate loose, rapidly cycling interac-
tions with their respective ligands. E-selectin is not a candidate,
as it is not constitutively expressed (1). P-selectin is also not ex-
pressed on pulmonary capillary endothelium of normal rats,
mice, and rabbits (18). However, L-selectin remains a possibility.
Complement fragments and other intravascular inflamma-
tory mediators induce neutrophil sequestration within the pul-
monary capillaries, defined as an increase in the number of in-
travascular neutrophils induced by inflammatory mediators
above the number present due to normal margination. Seques-

1. Abbreviations used in this paper: EVA, extravascular albumin;
RBC, red blood cell; ZAP, zymosan-activated plasma.



tration occurs through mechanisms that require at least two se-
quential steps. First, rapid sequestration of neutrophils, which
results in neutropenia within 0.5 min of infusion of comple-
ment fragments, occurs through a process that does not re-
quire CD11/CD18 (19). The mechanism is thought to involve a
stimulus-induced decrease in the neutrophil’s ability to deform
that may delay or prevent neutrophils from passing through
the capillary bed (14, 19-21). Second, prolonged sequestration
of these intracapillary neutrophils for more than a few minutes
does require CD11/CD18-mediated interactions with the en-
dothelium (19). The role of L-selectin in either the initial se-
questration of neutrophils or in maintaining the sequestered
neutrophils within the capillary bed has not been evaluated.
The observation that L-selectin was required for full induction
of injury by cobra venom factor, a neutrophil-mediated lung
injury that requires adhesion but not migration, suggests that
L-selectin may play a role (11).

Neutrophil emigration into the lung parenchyma in re-
sponse to stimuli within the alveolar space occurs through at
least two different adhesion pathways. For example, neutro-
phil emigration induced by Escherichia coli requires CD11/
CD18 while emigration elicited by Streptococcus pneumoniae
does not (22). In lung injury induced by IgG immune com-
plexes, a CD11/CD18-mediated injury, L-selectin is necessary
for neutrophil emigration and full expression of injury (12).
However, the role of L-selectin in CD11/CD18-dependent
and -independent pathways of emigration during bacterial pneu-
monias has not been evaluated.

Recently, L-selectin—deficient mice have been generated
(23, 24). These animals develop and reproduce normally and
have normal circulating mononuclear and neutrophil counts
up to the age of 14 wk. However, lymphocyte homing to pe-
ripheral and mucosal lymphoid tissue is reduced while homing
to the spleen is increased (23, 24, 25). These mice have no de-
fect in the leukocyte rolling that is present immediately after
exterioration of the cremaster muscle. However, the increased
leukocyte rolling that occurs after 20 min is completely pre-
vented, as well as TNF-a—induced rolling (26). These mice
have a complete defect in thioglycolate-induced emigration of
neutrophils into the peritoneum after 1 h and a partial defect
of 50-65% at 4, 24, and 48 h, as well as 70-80% reductions in
the numbers of lymphocytes and macrophages at 24 and 48 h
(24), indicating that L-selectin is required for optimal recruit-
ment of all leukocyte types. These mice also demonstrate im-
pairments of 60-80% in tissue swelling induced by delayed-
type hypersensitivity reactions induced by either oxazolone or
sheep RBCs, as well as defects in lymphocyte accumulation
within the draining lymph nodes (24). Finally, L-selectin defi-
ciency protected against death induced by endotoxemia (24).
These studies demonstrate an important role for L-selectin in
the response of leukocytes to many different types of inflam-
matory injuries.

This study tested the hypothesis that L-selectin is an impor-
tant mediator of neutrophil responses within the pulmonary
microvasculature using L-selectin deficient and wild type mice.
The role of L-selectin was examined in neutrophil margination
within the pulmonary capillaries of mice without experimen-
tally induced inflammation, in neutrophil sequestration within
the capillaries and noncapillary microvasculature induced by
intravascular complement fragments, and in neutrophil emi-
gration induced by either E. coli or S. pneumoniae within the
distal airways of the lungs.

Methods

L-selectin deficient mice. Mice deficient in L-selectin were generated
by mutation of the L-selectin gene in embryonic stem cells using
homologous recombination as previously described (23) and back-
crossed with C57BL/6 mice for at least four generations. The muta-
tion resulted in mice that were completely deficient in L-selectin ex-
pression but not in P- or E-selectin. This phenotype was confirmed
using immunohistochemistry to evaluate the expression of L-selectin
on neutrophils in the lung. Age-matched wild type mice used as con-
trols were C57BL/6 mice purchased from Harlan Sprague Dawley,
Inc. (Indianapolis, IN).

Neutrophil margination in the pulmonary capillaries. Age-matched
L-selectin—deficient (n = 5) and wild type mice (n = 3) 42-46 wk old
were given an overdose of inhaled halothane. The chest and abdomen
were rapidly opened, the base of the heart was ligated to prevent es-
cape of the pulmonary blood volume, and a blood sample from the
inferior vena cava was obtained for measurement of circulating leu-
kocyte and neutrophil counts using a hemocytometer and blood
smears. The thoracic organs were removed en bloc, and a 2.5% glu-
taraldehyde (in sodium cacodylate) buffer was instilled through the
trachea at a pressure of 25 cm H,O. Sections (1-2 mm? cubes) were
cut from the peripheral lung tissue of the left middle lobe, post-fixed
in 1% OsO,, and embedded in epoxy resin (Epox 812; Ernest F. Ful-
lan, Inc., Latham, NY). Thin (70-90 nm) sections were cut, stained
with uranyl acetate and lead citrate, and examined using a transmis-
sion electron microscope (Gloeilampfabrieken; Phillips, Einhoven,
The Netherlands). Randomly selected fields of alveolo—capillary
walls were sampled by photographing each grid square. In 36 micro-
graphs from each animal, the numbers of intracapillary neutrophils
and RBC were counted, and the results were expressed as the num-
ber of intracapillary neutrophils/100 RBC.

Neutrophil sequestration induced by intravascular complement
fragments. Zymosan-activated plasma (ZAP) was used as a source of
complement fragments and was prepared as previously described
(19). In brief, zymosan A yeast (Z-4250; Sigma Chemical Co., St.
Louis, MO) was boiled for 15 min and centrifuged twice at 1,200 g.
Heparinized blood obtained from donor L-selectin deficient or wild
type mice was centrifuged at 1,200 g. The plasma was incubated with
the boiled zymosan yeast (5 mg/ml plasma) for 30 min at 37°C. The
Z AP was centrifuged twice at 1,200 g for 10 min to remove the yeast.
Z AP was always used within 1 h of its preparation, and each mouse
received plasma from a mouse with a similar genotype.

Age-matched L-selectin (n = 15) and wild type mice (n = 15) 10—
14 wk old were anesthetized with ketamine hydrochloride (80-100
mg/kg i.m.) and acepromazine maleate (5-10 mg/kg i.m.). ZAP (50
wl/mouse) was injected intravenously. After either 1 or 5 min, the
mice received an overdose of inhaled halothane. Control L-selectin
deficient and wild type mice received intravenous injection of murine
plasma. The chest and abdomen were rapidly opened, the base of the
heart was ligated to prevent escape of the pulmonary blood volume,
and a blood sample from the inferior vena cava was obtained for
measurement of circulating leukocyte and neutrophil counts using a
hemocytometer and blood smears. The thoracic organs were re-
moved en bloc, and 6.0% glutaraldehyde in phosphate buffer was in-
stilled through the trachea at a pressure of 25 cm H,O.

Tissue sections were cut through the midportion of both lungs,
and paraffin sections (5-7 wm) were prepared. The size of the neutro-
phil accumulation within the alveolar capillaries was quantitated by
counting the number of neutrophils in 10 randomly selected fields of
alveolar walls. The number of leukocytes within the noncapillary mi-
crovasculature, both arterioles and venules, was quantitated by
counting the number of cells in each vessel and measuring the luminal
surface area. This surface area was determined by outlining the en-
dothelium of all vessels within the section that measured 20-100 pm
using a microscope with a drawing tube and a digitizing pad inter-
faced with PC-driven morphometry software (SigmaScan version 2.0;
Jandel Scientific Software, San Rafael, CA). The intravascular neu-
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trophils were categorized as free of interactions with the endothe-
lium, touching (but not spread along) the endothelium, or spread
(flattened) along the endothelium. The data are expressed as the
number of free, touching, or spread neutrophils/1,000 pm? vessel
lumen.

Neutrophil emigration during bacterial pneumonia. S. pneumoniae
and E. coli were grown overnight on trypticase soy agar plates with
5% sheep RBCs. The organisms were suspended in saline, and the
concentrations were measured using a spectrophotometer and by
quantitative cultures to determine the number of colony forming
units.

Age-matched L-selectin—deficient (n = 10) and wild type mice
(n = 10) at 12-16 wk of age were anesthetized with ketamine hydro-
chloride (80-100 mg/kg i.m.) and acepromazine maleate (5-10 mg/kg
im.). The trachea was exposed through a ventral midline incision.
125T-1abeled albumin (0.1 wCi/mouse) was injected intravenously to
estimate the accumulation of extravascular edema (27, 28). Either S.
pneumoniae (50 pl of a suspension of 1-5 X 10° CFU/ml saline) or E.
coli (50 pl of a suspension of 1-3 X 107 CFU/ml saline) mixed with
5% colloidal carbon was instilled into the lungs through a 24 gauge
angiocatheter 15 min later. After 5 h and 58 min, >!Cr-RBC (0.25-0.30
wCi/mouse) were injected intravenously to measure pulmonary intra-
vascular blood volume. At 6 h, the mice received an inhaled overdose
of halothane. The base of the heart was tied, a blood sample was ob-
tained for measurement of radioisotope levels, and the lungs were
fixed and sectioned as described above. A plasma sample was pre-
pared, and the lungs, blood sample, and plasma sample were placed
in preweighted vials, reweighed, and counted in a gamma counter
(Cobra Quantum; Packard Instrument Company, Meriden, CT) in-
terfaced with software to correct for multiple isotopes.

Edema formation, as measured by quantitation of extravascular
albumin (EVA), was calculated by (27, 28):

EVA = (total »I-albumin volume in lung) —

(intravascular '*I-albumin volume) (1)
where:
total '»I-albumin volume in lung = (**I-albumin in lung)/
(*»I-albumin/g plasma), )
and
intravascular »I-albumin volume = (*'Cr-RBC in lung)/
(*'Cr-RBC/g blood) X (1 — hematocrit) 3)

Both the size of the total (intravascular and extravascular) neu-
trophil accumulation within the alveolar walls and spaces and the

A

0 .
Circulating

Clrculating neutrophils x 10 °/ml blood
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1
Marginated neutrophils/100 RBC
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Figure 1. Circulating neutrophils and neutrophils marginated within
the lungs of mice without experimentally induced inflammation.
L-selectin—deficient mice (n = 5, striped bars) showed a 2.2-fold in-
crease in the number of circulating neutrophils compared to wild type
mice (n = 3, dark bars, P < 0.01). This increase was paralleled by a
similar increase in the size of the marginated neutrophil pool of 2.4-
fold (P < 0.01).
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number of emigrated (intraalveolar) neutrophils was quantitated.
The size of the total accumulation was measured by reflecting a grid
onto the microscopic field using a microscope with a drawing tube
and counting the number of dots that fell on neutrophils in five ran-
domly selected fields of peripheral lung tissue that contained colloi-
dal carbon within the alveolar spaces (28). These data are expressed
as the percent of the alveolar space that was occupied by neutrophils.
The number of emigrated neutrophils was quantitated by counting
the number of neutrophils present within all alveolar spaces in ran-
domly selected fields containing colloidal carbon until 200 alveolar
spaces were counted (22). The data are expressed as the number of
emigrated neutrophils/100 alveolar spaces. The number of spread,
touching, and free neutrophils in the noncapillary small vessels were
quantitated as described above.

Statistics. Analyses of variance or Student’s ¢ test were used to
compare circulating leukocyte and neutrophil counts, the accumula-
tion of neutrophils in the capillaries and noncapillary microvessels,
the emigration of neutrophils, and EVA as appropriate. The modi-
fied Bonferonni correction was used to correct for multiple compari-
sons when significant overall differences were identified in the analy-
sis of variance (29). A probability of less than 0.05 for the null
hypothesis was accepted as indicating a statistically significant differ-
ence. Data are expressed as mean+SEM.

Results

Neutrophil margination in the pulmonary capillaries. In normal
mice without experimentally induced inflammation, the cir-
culating leukocyte count measured 5.1+0.8 X 10%ml in the
L-selectin—deficient mice, significantly higher than the value of
3.1+1.4 X 10°ml observed in wild type mice (P < 0.05). This
increase was due entirely to an increase in the number of circu-
lating neutrophils (Fig. 1). The number of neutrophils that
were marginated within the pulmonary capillaries was also sig-
nificantly increased in the L-selectin—deficient mice (Fig. 1).
The increase in the size of the marginated pool (2.4-fold) ex-
actly paralleled the increase in the circulating neutrophil
counts (2.2-fold).

Neutrophil sequestration induced by intravascular comple-
ment fragments. Both the number of circulating neutrophils in
blood samples from the inferior vena cava (Fig. 2) and the

2.0

1.5

T T T T T T T

1.0

0.5

Circulating Neutrophil Counts x10%ml

0.0
1 min 5 min

0 1 min 5 min 0

Wild type L-selectin deficient
Figure 2. The number of circulating neutrophils in the blood of mice
given intravenous injection of either plasma (0) or complement frag-
ments for 1 or 5 min. Complement fragments induced a significant de-
crease in the circulating neutrophil counts at both 1 and 5 min after
injection that was similar in both the L-selectin—deficient and wild
type mice (P < 0.01 compared to mice with the same phenotype at
time 0). n = 5 in each group.
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Figure 3. The number of neutrophils in the pulmonary capillaries of
mice given intravenous injection of either plasma (0) or complement
fragments for 1 or 5 min. Complement fragments induced a signifi-
cant increase in the number of intracapillary neutrophils sequestered
in the lungs within 1 min of injection (P < 0.01 compared to time 0).
This increase was similar in both the L-selectin—deficient and wild
type mice. However, the number of intracapillary neutrophils was sig-
nificantly less after 5 min in the L-selectin—deficient compared to wild
type mice (*P < 0.05 compared to wild type mice at the same time).
n =5 in each group.

number of neutrophils within the pulmonary capillaries (Fig.
3) was similar in L-selectin—deficient and wild type mice that
did not receive complement fragments. Injection of comple-
ment fragments induced a fall in the circulating neutrophil
counts at both 1 and 5 min after injection that was similar in
the L-selectin—deficient and the wild type mice (Fig. 2). This
decrease was associated with an increase in the number of in-
tracapillary neutrophils within the lung (Fig. 3) that was simi-

Table I. Spread, Touching, and Free Leukocytes in
Noncapillary Microvessels after Injection of
Complement Fragments

Wild type Mice L-selectin—-deficient mice

No complement fragments

Total 4.7=0.5 5.0%0.4

Free 0.1=0.1 0.5+0.1

Touching 2.0x0.4 1.4+0.2

Spread 2.6*0.3 3.1%0.2
1 min after injection

Total 5.6%0.6 3.9+0.4

Free 0.4+0.1 0.2+0.1

Touching 1.5+0.3 1.0+0.2

Spread 3.7+0.4* 2.7*+0.2
5 min after injection

Total 5.9%0.5 5.4*0.5

Free 0.6=0.2 0.7+0.1

Touching 1.3+0.2 1.6+0.3

Spread 4.0x0.4* 3.2%x0.3

Mean=SEM number of leukocytes/1,000 wm? vessel lumen. n = 5 in
each group. *Significantly different from the same value in the pulmo-
nary capillary microvessels of mice that did not receive injection of com-
plement fragments and from the same value in the L-selectin—deficient
mice (P < 0.05).

Table 1. Circulating Neutrophil Counts 6 h after Instillation
of Bacteria

L-selectin—deficient

Wild type mice mice
No pneumonia 0.8+0.3 0.9+0.4
E. coli-induced pneumonia 1.0=0.3 1.1+0.3
S. pneumoniae-induced pneumonia 1.1+x04 1.1+0.3

Data expressed as the mean+=SEM X 10°ml. n = 5 in each group.

lar in magnitude at 1 min in L-selectin—deficient and wild type
mice (Fig. 3). However, the number of intracapillary neutro-
phils was significantly less in the L-selectin deficient mice than
wild type mice at 5 min after injection (Fig. 3), suggesting that
L-selectin was required to retain the sequestered neutrophils
within the lung.

In the arterioles and venules of mice that did not receive in-
jections of complement fragments, no significant differences in
the total number of leukocytes or in the number of free, touch-
ing or spread leukocytes were observed between L-selectin—
deficient and wild type mice (Table I). Injection of comple-
ment fragments significantly increased the numbers of spread
neutrophils in the noncapillary microvessels of wild type mice
at both 1 and 5 min (Table I). However, this increase was not
observed in the L-selectin—deficient mice. Intravascular com-
plement fragments did not significantly increase the number of
touching or free neutrophils in either wild type or L-selectin—
deficient mice at 1 or 5 min after injection (Table I).

Neutrophil emigration during bacterial pneumonia. The cir-
culating neutrophil counts were similar in L-selectin—deficient
and wild type mice 6 h after instillation of organisms (Table II).

The total accumulation of neutrophils within the intra- and
extravascular space in response to E. coli within the airways
was smaller in the pneumonic regions of L-selectin—deficient
mice than wild type mice (Fig. 4). In contrast, no significant de-
fect in the number of accumulated neutrophils was observed
after instillation of S. pneumoniae (Fig. 4).

30

S. pneumoniae

Neutrophils (% of peripheral lung)

E. coli

No pneumonia

Figure 4. The total accumulation of neutrophils within the regions of
pneumonia. Either E. coli or S. pneumoniae induced an increase in
the total number of neutrophils within the peripheral lung (alveolo—
capillary walls and the alveolar space) in both wild type (dark bars)
and L-selectin—deficient (striped bars) mice. However, this increase
was significantly less in the E. coli-induced pneumonias in the
L-selectin—deficient mice than in the wild type mice (*P < 0.05).

n = 5 in each group.
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Figure 5. The number of emigrated neutrophils within the regions of
pneumonia. Either E. coli or S. pneumoniae induced an increase in
the number of neutrophils that emigrated into the alveolar spaces
that was similar in wild type (dark bars) and L-selectin—deficient
(striped bars) mice. n = 5 in each group.

Despite the defect in the total number of accumulated neu-
trophils, the number of neutrophils that emigrated into the al-
veolar space in response to either E. coli or S. pneumoniae was
similar in L-selectin—deficient and wild type mice (Fig. 5). The
amount of edema formation, as quantitated by measurement
of EVA, induced by either organism was also similar (Fig. 6).

The numbers of spread, touching, free, and total neutro-
phils within the lumen of the pulmonary noncapillary mi-
crovasculature in uninfected mice and mice with either E. coli
or S. pneumoniae-induced pneumonia are shown in Table III.
There were no significant differences in these values between
the control L-selectin—deficient and wild type mice that did not
receive intratracheal instillation of organisms. In E. coli-induced
pneumonia, the number of neutrophils touching the endothe-
lium was increased in wild type mice compared to that in un-
infected mice. However, this increase was not observed in
L-selectin—deficient mice, indicating that L-selectin—deficient
mice demonstrated a defect in neutrophil adhesion within the
noncapillary microvessels. In S. pneumoniae-induced pneumo-
nia, the number of spread (but not touching) neutrophils was
significantly increased in wild type mice after infection. This
increase did not occur in L-selectin—deficient mice (Table III).

S. pneumoniae

Extravascular albumin (ul plasma)

No pneumonia E. coli

Figure 6. Edema formation during bacterial pneumonia. Either E.
coli or S. pneumoniae induced an increase in the accumulation of
EVA that was similar in wild type (dark bars) and L-selectin—defi-
cient (striped bars) mice. n = 5 in each group.

530 Doyleetal.

Table I11. Spread, Touching, and Free Leukocytes in
Noncapillary Microvessels 6 h after Instillation of Bacteria

Wild type mice L-selectin—deficient mice

No pneumonia

Total 3.5+0.6 3.7x0.5

Free 0.3x0.4 0.4x0.2

Touching 1.0£0.3 1.0+0.2

Spread 22+0.4 2.3+0.5
E. coli-induced pneumonia

Total 53%1.1% 4.1=x0.5

Free 0.4=0.1 0.3%0.1

Touching 2.0%+0.4* 1.4x0.3

Spread 2.9x0.7 2.5*0.3
S. pneumoniae-induced pneumonia

Total 4.6+0.6 3.6x0.2

Free 0.2+0.2 0.3*0.2

Touching 1.3+04 1.0+0.3

Spread 3.0x0.3* 24+0.2

Mean=SEM number of leukocytes/1,000 pm? vessel lumen. n = 5 in
each group. *Significantly different from the same value in the pulmo-
nary capillary microvessels of mice that did not receive instillation of or-
ganisms (P < 0.05).

Discussion

This study investigated the role of L-selectin in neutrophil
margination within normal lungs, neutrophil sequestration in-
duced by intravascular complement fragments, and neutrophil
emigration induced by bacterial pneumonias. The results show
interesting and specific functions for L-selectin in sequestra-
tion and emigration but no role for L-selectin in neutrophil
margination. There are, however, striking differences in the
function of L-selectin within the pulmonary compared to the
systemic microvasculature.

L-selectin does not play a role in the formation of the mar-
ginated pool of neutrophils within normal, uninflamed pulmo-
nary microvasculature, either the capillaries or the arterioles
and venules. In fact, the number of marginated neutrophils in-
creased more than twofold in the L-selectin—deficient mice
compared with wild type mice. However, this increase exactly
paralleled the increase observed in the number of circulating
neutrophils, suggesting that, at least for small changes in the
circulating pool size, the marginated and circulating pool sizes
were directly proportional. In addition, the L-selectin—defi-
cient mice that received plasma instead of complement frag-
ments also showed no defects in the size of the marginated
pool, and the sizes of both the circulating and marginated
pools were similar to those of age-matched wild type mice
(Figs. 2 and 3). L-selectin also played no role in the number of
neutrophils within the noncapillary microvasculature, as the
number of spread, touching, and free neutrophils was similar
in L-selectin—deficient and wild type mice that did not receive
complement fragments (Table I).

Circulating neutrophil counts may vary in L-selectin—defi-
cient mice as a function of aging. Neutrophil counts were in-
creased in the group of L-selectin—deficient mice in which the
marginated pool was quantitated ultrastructurally compared to
age-matched wild type mice (Fig. 1). These mice were 42-46



wk old at the time of this experiment. In contrast, the counts in
the L-selectin deficient mice given complement fragments
were not increased (Fig. 2). These mice were younger (10-14
wk). No significant differences in the circulating neutrophil
counts were observed between young and old wild type mice.
These data suggest that this difference may be due to a gradual
increase in the neutrophil counts with age in the L-selectin—
deficient mice that does not occur in wild type mice. This
increase in circulating neutrophil counts has not been consis-
tently observed in mice housed in a specific pathogen-free bar-
rier facility (25). Nonetheless, these data further demonstrate
that when circulating neutrophil counts increase in L-selec-
tin—deficient mice, the size of the marginated pool increases
proportionally. These observations support our conclusion the
L-selectin is not a major contributor to the margination of neu-
trophils.

L-selectin was not required for the initial sequestration of
neutrophils within the pulmonary capillaries observed within 1
min after injection of complement fragments, as the decrease
in the circulating neutrophil counts and the increase in the in-
tracapillary neutrophils was similar in the L-selectin deficient
and wild type mice. However, at 5 min, there were significantly
fewer intracapillary neutrophils in the lungs of L-selectin—defi-
cient mice, suggesting that interactions between L-selectin and
its endothelial ligand contributed to maintaining the seques-
tered neutrophils within the pulmonary capillaries. This role
for L-selectin-mediated interactions is similar to the role ob-
served for CD11/CD18, which is also not needed to sequester
neutrophils within the lungs but is required to keep seques-
tered neutrophils within the lungs for more than 4 min (19).
Whether interactions between L-selectin and its ligand are a
prerequisite for CD11/CD18-mediated adhesion or whether
L-selectin and CD11/CD18 are utilized in tandem cannot be
determined from these studies. However, because rolling of
neutrophils along the capillary endothelium does not occur,
most likely due to spatial constraints (10, 15), the function of
L-selectin is likely to be different from that observed in the
postcapillary venules of the systemic circulation.

Injection of complement fragments induced an increase in
the number of leukocytes that were flattened and spread along
the endothelium of arterioles and venules. In contrast to the
role of L-selectin in neutrophil sequestration within the pul-
monary capillaries, L-selectin—deficient mice showed a com-
plete defect in the increase in neutrophil spreading. These data
suggest that L-selectin was critically required at both 1 and 5
min for the firm attachment of neutrophils along the endothe-
lium of these noncapillary microvessels. It is possible that this
difference in spreading in L-selectin deficient mice relates to a
signal transduction role for L-selectin in leukocyte—endothelial
interactions (D. Steeber and T. Tedder, unpublished data; 30).
Without the L-selectin-mediated interaction, the appropriate
signals for firm adhesion and spreading appear not to be gen-
erated. Previous studies have shown that the number of neu-
trophils that accumulate in noncapillary microvessels is small,
measuring only 4% of the total number of sequestered neutro-
phils compared to 96% which sequester within the capillaries
(19, 31). However, the contribution of neutrophils sequestered
within capillaries compared to that within the noncapillary mi-
crovessels to the increased vascular permeability that develops
in this injury (32) and other more severe injuries has not been
established.

In pneumonia, both sequestration of neutrophils within the

pulmonary microvasculature and emigration of neutrophils
into the lung parenchyma are induced (33). In this study, the
total accumulation and the number of emigrated neutrophils
was evaluated. L-selectin—deficient mice showed a small but
significant defect of 40% in the total accumulation of neutro-
phils within E. coli-induced pneumonia. In contrast, no signifi-
cant difference was observed when S. pneumoniae was the
stimulus. However, no defect in neutrophil emigration into the
alveolar spaces was observed in response to either stimulus.
These data suggest that while L-selectin may play a role in the
intravascular accumulation of neutrophils when induced by E.
coli, a stimulus eliciting CD11/CD18-dependent emigration,
there is no resultant defect in emigration through either CD11/
CD18-dependent or -independent pathways. Previous studies
demonstrated that only a small fraction (2-3%) of the margin-
ated neutrophils actually emigrate into the alveolar space (33).
Taken together, these studies suggest that L-selectin partially
mediates the intravascular accumulation of neutrophils in re-
sponse to E. coli, but inhibition of this function is not sufficient
to cause a defect in the number of neutrophils that emigrate
into the alveolar space and destroy the organisms. As men-
tioned above, the role of L-selectin in the accumulation of neu-
trophils within capillaries, where rolling does not occur (10), is
unclear, and mediation of loose interactions without true roll-
ing may be its function. Finally, these studies also indicate that
L-selectin plays no role in either intravascular sequestration,
emigration, or edema formation in response to S. pneumoniae,
a stimulus inducing CD11/CD18-independent adhesion path-
ways, suggesting that L-selectin does not mediate CD11/CD18-
independent pathways of emigration.

Although the major site of neutrophil sequestration and
emigration in bacterial pneumonia, and in inflammation in-
duced by other inflammatory stimuli within the distal lung pa-
renchyma, is thought to be the pulmonary capillaries (34), neu-
trophils also accumulate within the pulmonary arterioles and
venules. In E. coli-induced pneumonia, an increase in the total
number of leukocytes within the noncapillary microvessels was
observed, and this increase was due primarily to increased
numbers of leukocytes touching endothelium and a tendency
toward increases in spread neutrophils. In S. pneumoniae-
induced pneumonia, the increase was observed only in the
number of spread leukocytes. In L-selectin—deficient mice, the
increases induced by E. coli were partially prevented and
the increases induced by S. pneumoniae were completely ab-
sent. These data indicate that L-selectin was required for ei-
ther increase.

Spreading appears to correspond to the phenomenon of
firm adhesion, as observed by videomicroscopic studies of sys-
temic postcapillary venules, while touching may correspond to
either tethering to the endothelium through rolling or in-
creased proximity to the endothelial surface due to either in-
creased numbers of neutrophils or altered hemodynamic fac-
tors. It is unclear why E. coli induced primarily an increase in
touching while either S. prneumoniae or intravascular comple-
ment fragments induced only an increase in spreading. How-
ever, these data suggest that the time spent tethered to the en-
dothelium may vary depending on the stimulus. Tethering and
spreading may occur very rapidly when induced by S. pneumo-
niae or complement fragments, resulting in no increase in teth-
ering when evaluated by static histological techniques. While
intravascular complement fragments induce prolonged neutro-
phil sequestration that requires CD11/CD18 (19), neutrophil
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emigration induced by intraairway instillation of this stimulus
does not (35). It is interesting to postulate that the time leuko-
cytes spend tethered to endothelium is shorter when CD11/
CD18-independent pathways of emigration are utilized than
when emigration requires CD11/CD18-mediated adhesion.

These studies raise questions about possible ligands for the
L-selectin expressed on neutrophils. No ligand for neutrophil
L-selectin on pulmonary endothelial cells of either arterioles,
capillaries, or venules has yet been identified. Because L-selec-
tin is utilized within 5 min after injection of complement frag-
ments, the ligand is likely to be either constitutively expressed
or rapidly upregulated from granular pools. Mulligan et al.
have demonstrated a role for neutrophil L-selectin in lung in-
juries induced by either cobra venom factor or IgG immune
complexes (11, 12). Cobra venom factor-induced lung injury
required only 30 min, also suggesting that the ligand does not
require protein synthesis for expression. Alternatively, the
L-selectin ligand may be located on neutrophils and mediate
homotypic aggregation (30, 36). However, previous studies
have shown that both the large number of neutrophils seques-
tered within the capillaries and the small number accumulating
in small noncapillary vessels were primarily single (31). These
data suggest that homotypic aggregation is not a prominent
mechanism through which complement fragment-induced neu-
trophil sequestration occurs.

In summary, L-selectin does not play a role in margination
of neutrophils within capillaries, arterioles, or venules of unin-
flamed lungs. It is not required in the initial events that result
in sequestration of neutrophils induced by intravascular com-
plement fragments, which is most likely mediated through
stimulus-induced changes in the biomechanical properties of
neutrophils, decreasing their ability to deform and preventing
their passage through the pulmonary capillary bed (13, 14,
19-21, 37). However, L-selectin plays an important role similar
to that of CD11/CD18 in maintaining the sequestered neutro-
phils within the capillaries and in the accumulation of neutro-
phils within the noncapillary microvessels. During bacterial
pneumonias, L-selectin plays a role in the accumulation of
neutrophils within noncapillary microvessels in response to ei-
ther E. coli or S. pneumoniae and within capillaries in response
to E. coli but not S. pneumoniae, but is not required for emi-
gration of neutrophils out of the microvasculature or the de-
velopment of edema in response to either organism, as evalu-
ated using L-selectin—deficient mice. These studies suggest
that L-selectin plays a role in pulmonary inflammation, partic-
ularly when CD11/CD18-mediated pathways of sequestration
or emigration are utilized.
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