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We developed two models of sepsis with different degrees of severity, sublethal and lethal sepsis, induced by
cecal ligation and puncture. Lethal sepsis induced by cecal ligation and puncture (L-CLP) resulted in failure
of neutrophil migration to the infection site and high mortality. Treatment of septic animals with aminogua-
nidine (AG), a nitric oxide (NO) synthase inhibitor, precluded the failure of neutrophil migration and
protected the animals from death. However, cytokine-induced NO synthase (iNOS)-deficient (iNOS™ ™) mice
subjected to L-CLP did not present neutrophil migration failure, but 100% lethality occurred. iNOS™~ mice
subjected to sublethal sepsis induced by cecal ligation and puncture (SL-CLP) also suffered high mortality
despite the occurrence of neutrophil migration. This apparent paradox could be explained by the lack of
microbicidal activity in neutrophils of iNOS™~ mice present at the infection site due to their inability to
produce NO. Notably, SL- and L-CLP iNOS™/~ mice showed high bacterial numbers in exudates. The
inhibition of neutrophil migration by NO is due to inhibition of a neutrophil/endothelium adhesion mecha-
nism, since a reduction in leukocyte rolling, adhesion, and emigration was observed in L-CLP wild-type mice.
These responses were prevented by AG treatment and were not observed in the iNOS™'~ L-CLP group. There
was no significant change in L-selectin expression in neutrophils from L-CLP mice. Thus, it seems that the
decrease in leukocyte rolling is due to a defect in the expression of adhesion molecules on endothelial surfaces
mediated by iNOS-derived NO. In conclusion, the results indicate that despite the importance of NO in
neutrophil microbicidal activity, its generation in severe sepsis reduces neutrophil migration by inhibiting
leukocyte rolling and their firm adhesion to the endothelium, in effect impairing the migration of leukocytes

and consequently their fundamental role in host cell defense mechanisms.

Sepsis and septic shock represent an intense systemic inflam-
matory response syndrome (SIRS) with multiple physiological
and immunological abnormalities, which is commonly caused
by bacterial infection (1, 9). Once the host fails to restrict the
invading pathogens to a localized area of tissue, an overwhelm-
ing systemic inflammatory response may occur (8). Therefore,
the host’s response toward the pathogens must be under strict
regulation because the consequences of uncontrolled inflam-
mation can be more fatal than the original inciting pathogens
(8, 35).

The evolution of SIRS may have resulted from an imbalance
in the endogenous production of cytokines. The production of
proinflammatory cytokines at the infection site is important to
the recruitment and activation of leukocytes, which mediate
local host defenses (3, 14, 16). On the other hand, high levels
of the same proinflammatory cytokines in the circulation result
in SIRS with multiorgan dysfunction syndrome, culminating in
an increase in the morbidity and mortality of individuals (7, 34,
52).

Some of the deleterious and beneficial effects of cytokines
have been ascribed to the release of nitric oxide (NO), the
production of which is catalyzed by cytokine-induced nitric
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oxide synthase (iNOS) in leukocytes (7, 13). NO by itself, and
the products yielded by its interaction with other reactive ox-
ygen intermediates, plays a crucial role in the microbicidal
activity of leukocytes against a great number of pathogens,
including gram-positive and gram-negative bacteria (18, 30,
33). However, the overproduction of NO in circulation has
been implicated in several disorders observed in sepsis, such as
vascular relaxation associated with hypotension (54, 48), re-
fractoriness to vasopressor catecholamines (6, 46), and organ
lesions (17, 38). Indeed, iNOS inhibitors prevent the decrease
in systemic vascular resistance and unresponsiveness to cat-
echolamines induced by experimental endotoxemia (29) and in
patients with septic shock (42). Furthermore, iNOS-deficient
(iNOS™7) mice subjected to cecal ligation and puncture
(CLP) showed improved microvascular catecholamine respon-
siveness and survival compared with wild mice (28).

Early studies from our laboratory demonstrated that failure
of neutrophil migration to the inflammatory site is observed in
severe sepsis induced by endotoxemia and by CLP (5, 44). The
outcome for severely septic animals correlated with failure of
neutrophil migration to the infection site (5). Investigating the
mechanism involved in this phenomenon, we observed that
inhibitors of nitric oxide synthase (NOS), such as aminogua-
nidine (AG) and N°-mono-methyl-L-arginine, protected ani-
mals from impairment of neutrophil migration, suggesting that
NO mediates this phenomenon (5, 50). Accordingly, NO re-
duces leukocyte-endothelial cell adhesion (25, 26, 27). In the
CLP-sepsis model, treatment of mice with AG at doses of up to
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30 mg kg~ ' were shown to protect animals from lethality. On
the contrary, the administration of 90 mg kg~ ', despite pre-
venting the failure of neutrophil migration, did not abolish the
lethal effect. It was suggested that a high dose of a selective
iNOS inhibitor abrogates the microbicidal activity for an ex-
tended period of time, allowing enough bacterial replication to
cause death (5).

In the present study, we used iNOS™/~ mice and aminogua-
nidine-treated wild-type mice undergoing CLP to clarify this
paradoxical effect of NO in sepsis, in which NO plays a key role
in the microbicidal activity of the neutrophil present at the
infection site but inhibits the migration of this cell type towards
its target. Also, we investigated the NO mechanisms involved
in the failure of neutrophil migration towards the infection
focus, examining whether NO reduces neutrophil-endothelium
adhesion mechanisms.

MATERIALS AND METHODS

Mice. C57BL/6 (wild-type) mice from the Animal Facility of the Faculty of
Medicine of Ribeirdo Preto, University of Sdo Paulo, and C57BL/6 iNOS™/~
mice purchased from Jackson Laboratories (Bar Harbor, Maine), both com-
prised of males weighing between 18 and 22 g, were used in this study. The
animals were housed in cages in temperature-controlled rooms and received
water and food ad libitum. The iNOS™~ mice were housed in a sterile laminar
flow cabinet until experiments were conducted.

All experiments were conducted in accordance with the ethical guidelines of
the School of Medicine of Ribeirao Preto, University of Sdo Paulo, Sao Paulo,
Brazil.

Animal model. Sepsis was induced through CLP as described elsewhere (4,
53). Briefly, mice were anesthetized with tribromoethanol (250 mg kg™, diluted
in saline), a 1-cm midline perturbance incision was made on the anterior abdo-
men, and the cecum was exposed and ligated below the ileocecal junction without
causing bowel obstruction. The cecum was punctured two times with a 24-gauge
needle or 14 times with a 21-gauge needle, and the cecum was squeezed to allow
cecum contents to be expressed through the punctures. Sham-operated animals
underwent identical laparotomy but without cecum puncture and served as
controls. The cecum was placed back in the abdomen, and the peritoneal wall
and skin incision were closed. All animals received 1 ml of saline subcutaneously
immediately after the surgery.

The sublethal-CLP (SL-CLP) and lethal-CLP (L-CLP) groups consisted of
animals with 2 and 14 punctures in the cecum, respectively. All mice subjected to
L-CLP developed early clinical signs of sepsis, including lethargy, piloerection,
and tachypnea. Some L-CLP animals were treated with the iNOS inhibitor AG
at 30 mg kg~ ! subcutaneously 30 min before the CLP surgery. The SL-CLP and
L-CLP animals were examined for survival rate (assessed daily for 5 days),
neutrophil migration to the peritoneal cavity, number of bacteria in exudates
from the peritoneal cavity, cytokine levels in the peritoneal exudates, leukocyte
rolling, adhesion, and migration to the mesentery, and expression of CD62L and
CD18 in peripheral blood neutrophils.

Neutrophil migration in the peritoneal cavity. Neutrophil migration was as-
sessed 4 h after CLP. The animals were killed, and the cells present in the
peritoneal cavity were harvested by introducing 3 ml of phosphate-buffered
saline (PBS) containing 1 mM EDTA. Total counts were performed with a cell
counter (Coulter A€ T series analyzer; Coulter Corp., Miami, Fla.), and differ-
ential cell counts were carried out on cytocentrifuge slides (Cytospin 3; Shandon
Southern Products, Astmoore, United Kingdom) stained by the May-Griinwald-
Giemsa (Rosenfeld) method. The results are expressed as the number of neu-
trophils per cavity.

Number of bacteria in peritoneal cavity and in cecum luminal content. At
given times (4 and 24 h after CLP), animals were killed, and the peritoneal cavity
was washed with sterile saline. For peritoneal lavage, the skin of the abdomen
was opened at the midline after thorough disinfection and without injury to the
muscle. Sterile PBS buffer (3 ml) was injected into and aspirated out of the
peritoneal cavity. Aliquots of serial log dilutions of the peritoneal lavage fluid
were plated on Mueller-Hinton agar dishes (Difco Laboratories, Detroit, Mich.).
CFU were counted after overnight incubation at 37°C, and the results were
expressed as the number of CFU cavity ™'

To determine the number of bacteria in the cecum luminal content of
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iNOS™~ and wild-type mice, the cecum wall was opened and the cecum luminal
content was collected. The content was weighed, and a 10% suspension was
prepared in sterile saline. Aliquots of serial log dilutions of the suspensions were
plated on Mueller-Hinton agar dishes (Difco Laboratories, Detroit, Mich.). CFU
were counted after overnight incubation at 37°C, and the results were expressed
as the number of CFU (mg of cecum luminal content)™'. All procedures were
done under sterile conditions.

Cytokine measurements. The concentrations of tumor necrosis factor alpha
(TNF-a), interleukin-18 (IL-1B), and IL-10 in the peritoneal exudates were
determined by using a double-ligand enzyme-linked immunosorbent assay
(ELISA). Briefly, flat-bottomed 96-well microtiter plates were coated with 100
per well of antibody specific to one of the above cytokines at a dilution of 2 ng
ml~! (TNF-a and IL-1B8) or 1 pg ml~! (IL-10) of coating buffer and incubated
overnight at 4°C. After, the plates were washed, and nonspecific binding was
blocked for 120 min at 37°C with 1% bovine serum. Samples (nondiluted and
diluted 1:2) and standards were loaded in plates. Recombinant murine TNF-a,
IL-1B, and IL-10 standard curves were used to calculate the cytokine concen-
trations. The plates were thoroughly washed, and the appropriate biotinylated
polyclonal or monoclonal anticytokine antibodies were added. The plates were
washed 1 h later, avidin-peroxidase (diluted 1:5,000) was added to each well for
15 min, and each plate was thoroughly washed again. After, substrate (0.4 mg of
o-phenylenediamine [OPD] plus 0.4 pl of H,O, for 1 ml of substrate buffer) was
added, the reaction was stopped with H,SO, (1 M), and the optical density was
measured on an ELISA plate scanner (Spectra Max 250; Molecular Devices) at
490 nm. The results were expressed as picograms of TNF-a, IL-10, and IL-1B per
milliliter of supernatant or serum, comparing the optical density in the samples
with standard curves.

RNA extraction and RT-PCR analysis. RNase-free plasticware and solutions
were used throughout the procedure. Peritoneal macrophages (4 X 10° cells)
obtained from iNOS™/~ and wild-type mice were homogenized in 1.0 ml of
Trizol reagent (Gibco-BRL-Life Technologies, Grand Island, N.Y.), and the
extraction of total RNA was performed as described elsewhere (49). Afterward,
1 pg of total RNA was reverse transcribed using Superscript II reverse transcrip-
tase (Gibco-BRL-Life Technologies). The cDNA was then used for specific
amplification of iNOS and B-actin mRNAs using Tag DNA polymerase (5 U
ul™1). The primers (sense and antisense), shown from 5’ to 3', as well as the
number of cycles and expected sizes of the PCR products used in our reverse
transcription (RT)-PCR, were as follows: sense, CATGGCTTGCCCCTCTGA
TGGTGCCAYTCG, and antisense, GCAGCATCCCCTCTGATGGTGCCAT
CG, 35 cycles and 754 bp; B-actin: sense, TGGAATCCTGTGGCATCCATGA
AAC, and antisense, TAAAACGCAGCTCAGTAACAGTCCG, 25 cycles and
349 bp (21). After an initial incubation at 95°C for 3 min, temperature cycling was
started with each cycle as follows: 95°C for 1 min, 54°C for 1 min, and 72°C for
2 min (21).

Detection of PCR products. The 4 pl of the final reaction mix with 3 pl of 5X
TBE (Tris-borate-EDTA) was run at 120 V for 45 min on a 6% polyacrylamide
gel. Thereafter, the gel was stained with silver.

Measurement of nitrite (NO,”) concentration in supernatant from macro-
phages obtained from iNOS-deficient mice and wild-type mice. Wild-type and
iNOS ™/~ mice were sacrificed, and their peritoneal cells were harvested. Cells
were seeded (2 X 107 cells) in 96-well plates and incubated for 1 h at 37°C in a
5% CO, atmosphere. Thereafter, the plates were washed, and the adherent
macrophages were incubated with medium with and without lipopolysaccharide
(LPS) (200 ng ml™") plus recombinant murine gamma interferon (rmIFN-y)
(200 TU ml~") for 12, 24, and 48 h for further analyses of NO, ™ in the super-
natants. The samples were stored at —20°C until time of dosage. The nitrite
concentration in the supernatants was determined using the Griess method (23).
Briefly, 50 pl of supernatant samples was incubated with an equal volume of the
Griess reagent at room temperature. The absorbance was measured on a plate
scanner (Spectra Max 250; Molecular Devices, Menlo Park, Calif.) at 540 nm.
The NO, ™~ concentration was determined using a standard curve for 1 to 200 M
NaNO..

Intravital microscopy of leukocytes to assess rolling, adhesion, and migration
to the mesentery. The leukocyte parameters were examined as previously de-
scribed (2, 20, 43). Briefly, mice were anesthetized with an intraperitoneal in-
jection of 40 mg of sodium pentobarbital kg~!. The mesenteric tissue was
exteriorized for microscopic examination in situ. This was performed through a
longitudinal incision of the skin and abdominal muscle on the right side of the
body and then exposure of the mesentery. The preparation was not affected by
respiratory movements of the animals, and its microcirculatory characteristics
remained basically invariant throughout the course of the experiment. The ani-
mals were maintained on a special board thermostatically controlled at 37°C,
with a transparent platform on which the tissue to be transilluminated was
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FIG. 1. Lack of NO, production and absence of detection of iNOS mRNA in iNOS ™/~ mice. (A) Concentration of NO,~ in the supernatant
of macrophages stimulated with RPMI medium and LPS (200 ng ml~ ") plus IFN-y (200 IU ml~ ") and incubated for 12, 24, and 48 h. The results
were expressed as means = SEM of quadruplicates. *, P < 0.05 compared with RPMI group (control) (analysis of variance, followed by
Bonferroni’s test). (B) iNOS mRNA products of 754 bp were obtained after amplification using total RNA from peritoneal macrophages. Lane
1, nonstimulated macrophages from wild-type mice; lanes 2 and 3, macrophages from wild-type and iNOS™/~ mice, respectively, stimulated with
LPS (200 ng ml~") plus IFN-y (200 IU ml ') for 6 h. The same result was repeated two times, and 10 wild-type and iNOS™/~ animals were used

to obtain peritoneal macrophages in each experiment.

placed. The preparation was kept moist and warm by irrigating the tissue with
warmed (37°C) Ringer Locke’s solution, pH 7.2 to 7.4, containing 1% gelatin.

A 500-line television camera was incorporated onto a triocular Zeiss micro-
scope to facilitate observation of the enlarged image (x3,400) on the video
screen. Images were recorded on a video recorder with a X40 long-distance
objective with a 0.65 numerical aperture. An image-splitting micrometer was
adjusted to the phototube of the microscope as described by Baez (2). The image
splitter sheared the optical image into two separate images and displaced one
with respect to the other. By rotating the image splitter in the phototube, the
shearing was maintained at right angles to the axis of the vessel. The displace-
ment of one image from the other allowed measurement of the vessel diameter.
Vessels selected for study were third-order venules, defined according to their
branch-order location within the microvascular network. These vessels corre-
sponded to postcapillary venules, with a diameter of 12 to 18 wm.

The interaction of leukocytes with the luminal surface of the venular endo-
thelium was studied in a segment of the vessel. Rolling leukocytes (rollers) were
defined as those white blood cells that moved at a lower velocity than erythro-
cytes in the same stream. The number of rolling leukocytes was determined at
10-min intervals. These leukocytes moved at a sufficiently slow pace to be indi-
vidually visible and were counted as they rolled past a 100-um length of venule
(20). Rolling was assessed 3 h after CLP surgery. A leukocyte was considered to
be adherent to the venular endothelium if it remained stationary for >30 s (22).
The number of adherent cells (stickers) was expressed as the number per 100-pm
length of venule. Leukocyte adhesion was investigated 3 h after CLP surgery. To
assess leukocyte transmigration, the number of cells that accumulated in a
2,000-wm? standard area of connective tissue adjacent to a postcapillary venule
was determined. Cells were counted in the recorded image, using five different
fields for each animal to avoid variability due to sampling. Data were then
averaged for each animal. Leukocyte emigration was determined 3 h after CLP
surgery.

Flow cytometric analyses. Cell surface antigen immunostaining was performed
as previously described (55). Leukocytes from peripheral blood of both wild-type
and iNOS™~ mice subjected to CLP and from wild-type mice subjected to
L-CLP and treated with AG (30 mg kg™, 30 min before surgery) were blocked
with 10% normal goat serum for 20 min at 4°C and then stained with monoclonal
antibody for 30 min at 4°C (anti-CD62L and anti-CD18). Cells stained with the
appropriate isotype-matched fluorescein isothiocyanate (FITC)- and phyco-
erythrin (PE)-labeled monoclonal antibody immunoglobulin G (IgG) but of
irrelevant specificity (Pharmingen, Mississauga, Canada) were used as negative
controls. After being stained, the cells were fixed with 2% paraformaldehyde and
analyzed with a FACSort flow cytometer (Becton Dickinson, San Jose, Calif.).
Control experiments with purified peripheral blood neutrophils and monocytes
were analyzed by flow cytometer in order to determine the appropriate gate of
neutrophils.

Drugs, reagents, and antibodies. The following materials were obtained from
the sources indicated: rmIL-1B (lot 63/668, specific activity of 100,000 IU per
0.1-pg ampoule), rmTNF-« (lot 99/532, specific activity of 200,000 U per 0.1-p.g
ampoule), anti-mouse IL-18 purified antibody, anti-mouse TNF-a purified an-
tibody, biotinylated anti-mouse rmTNF-« antibody (lot 250697), and biotinylated
anti-mouse IL-1B antibody (lot 250997) were gifts from S. Poole (National
Institute for Biological Standards and Control, London, United Kingdom);
rmIL-10 (417-ML), anti-mouse IL-10 monoclonal antibody MAB417, and bio-
tinylated anti-mouse IL-10 antibody BAF417 were purchased from R&D; ami-
noguanidine was obtained from RBI; and all other reagents were purchased from
Sigma.

Statistical analysis. The data (except for the survival curves) are reported as
the means * standard errors of the means (SEM) of values obtained from three
different experiments. The means between different treatments were compared
by analysis of variance. If significance was determined, individual comparisons
were subsequently tested with Bonferroni’s ¢ test for unpaired values. Some
results were analyzed by the unpaired Student ¢ test. Statistical significance was
set at a P of <0.05. The survival rate was expressed as the percentage of live
animals, and a log rank test (x> test) was used to determine differences in survival
curves.

RESULTS

Absence of NO production in iNOS ™/~ mice. Macrophages
obtained from iNOS™/~ and wild-type mice were assayed for
NO, " production and iNOS mRNA expression. It was ob-
served that, unlike with macrophages obtained from wild-type
mice, the macrophages obtained from iNOS™/~ mice stimu-
lated with LPS (200 ng ml~") plus IFN-y (200 IU ml™ ') were
unable to produce NO,~ (Fig. 1A). Panel B of the same figure
shows that macrophages obtained from iNOS™/~ mice 6 h
after stimulation were negative for INOS mRNA (lane 3) com-
pared with stimulated macrophages obtained from wild-type
mice (lane 2). Nonstimulated macrophages of wild-type mice
expressed almost undetectable mRNA for iNOS (lane 1).

Neutrophil migration to peritoneal cavity and survival rate
of wild-type and iNOS™'~ mice subjected to CLP. Neutrophil
migration into the peritoneal cavity in sham-operated and SL-
and L-CLP mice was determined at 4 h after surgery. Com-
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FIG. 2. Neutrophil migration into the peritoneal cavity in wild-type
and iNOS ™/~ mice subjected to SL- and L-CLP. Assessment of neu-
trophil migration into the peritoneal cavity was performed 4 h after
surgery. Wild-type mice subjected to L-CLP were treated 30 min be-
fore the surgery with saline and 30 mg of AG kg~ ' subcutaneously.
Results are expressed as mean numbers of neutrophils per cavity =
SEM. *, P < 0.05 compared with sham-operated animals; #, P < 0.05
compared with wild-type SL-CLP group; =, P < 0.05 compared with
wild-type L-CLP group (analysis of variance, followed by Bonferroni’s
test).

pared to sham-operated wild-type mice, significant neutrophil
migration into the peritoneal cavity was observed in SL-CLP
wild-type and iNOS /" mice. L-CLP wild-type mice presented
with impaired neutrophil migration into the peritoneal cavity,
which was prevented by AG treatment of these animals. The
L-CLP iNOS™/~ mice also did not present with neutrophil
migration failure (Fig. 2).

Upon investigation of the mortality of these animals, it was
shown that although wild-type and iNOS ™/~ mice subjected to
SL-CLP presented similar neutrophil migration into the peri-
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toneal cavity, the iNOS™/~ animals suffered 60% mortality up
to 5 days after surgery, whereas the wild-type mice showed
100% survival. With regard to L-CLP mice, both wild-type and
iNOS ™/~ animals showed 100% mortality, despite the fact that
the iNOS™~ mice did not show failed neutrophil migration.
Among the iNOS™/~ mice, there was 100% lethality on the
first day after CLP surgery. On the other hand, wild-type mice
that had undergone L-CLP and received 30 mg of AG kg~ 30
min prior to surgery showed only 20% mortality (Fig. 3).
Bacterial counts in the peritoneal cavity and in the cecum
luminal content of wild-type and iNOS™~ animals after CLP.
Next, we investigated the number of bacteria in the peritoneal
cavity of iNOS ™/~ and wild-type mice that underwent SL-CLP
and L-CLP surgery. It was found that 4 h after surgery,
iNOS ™/~ SL-CLP mice already presented significantly higher
numbers of bacteria in the peritoneal cavity than were ob-
served in wild-type mice. At 24 h postsurgery, the number of
bacteria in the peritoneal cavity increased significantly (com-
pared with 4 h) in SL-CLP iNOS™/~ mice and was extremely
higher than that observed in SL-CLP wild-type mice, which
controlled the infection (no detection of bacteria in the peri-
toneal cavity). In the L-CLP group, a large number of bacteria
were observed in the peritoneal cavity of both wild-type and
iNOS™/~ mice at 4 h after surgery (Fig. 4). The number of
bacteria at 24 h in L-CLP mice was not determined because of
the death of the majority of the mice (60 to 80%). It is impor-
tant to note that before the surgery, the number of bacteria in
the cecum luminal content of iINOS ™/~ mice was similar to that
observed in the wild-type mice (iNOS™/~, 1.5 X 10°, versus
wild-type, 1.05 X 10> CFU per mg of cecum luminal content).
Cytokine levels in peritoneal exudates following CLP. Figure
5 shows the concentrations of TNF-«, IL-1@, and IL-10 in the
washed peritoneal exudate 4 h after surgery in the sham-op-
erated and SL- and L-CLP groups for both wild-type and
iNOS™/~ mice. The concentrations of TNF-a, IL-18, and
IL-10 in wild-type and iNOS™/~ SL-CLP mice were not statis-
tically different from those observed in sham-operated animals.
However, the concentrations of these cytokines increased sig-

100§ a! a 2! 0 a]
] AN —— SHAM
— m_
g 1 —A—LCLP +/+ AG
2 g
3’ J
S
20- —O— LCLP +/+
; —&— |.CLP -
0 L g @ @ @
0 1 2 3 4 5

days

FIG. 3. Survival of wild-type and iNOS™~ mice after SL- and L-CLP. (A) The survival rates of sham-operated (n = 25), wild-type (n = 15),
and iNOS ™/~ SL-CLP (n = 15) mice were determined daily up to 5 days after surgery. The iNOS™/~ SL-CLP group was significantly different from
sham-operated and wild-type SL-CLP mice. P < 0.05, Mantel-Cox log rank test. (B) The survival rates of wild-type mice treated subcutaneously
with saline (n = 30) and AG (30 mg kg ', 30 min prior) (n = 15) and iNOS™/~ mice (n = 15), both subjected to L-CLP surgery, were determined
daily up to 5 days after surgery. The wild-type and iNOS ™~ L-CLP mice were significantly different from sham-operated and wild-type L-CLP mice
treated with AG. P < 0.05, Mantel-Cox log rank test. Results are expressed as percent survival.
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FIG. 4. Bacterial counts in the peritoneal fluid of wild-type and
iNOS™/~ mice subjected to SL- and L-CLP. Quantification of the
amount of bacteria in the peritoneal cavity was performed 4 and 24 h
after SL-CLP and 4 h after L-CLP surgery. The number of bacteria
present in the peritoneal cavity is expressed as mean CFU per cavity.
The numbers of animals in the different experimental groups are
indicated below the bars. ND, value not determined because the ani-
mals died before this time. *, P < 0.05 compared with wild-type
SL-CLP group/4 h; #, P < 0.05 compared with iNOS™'~ SL-CLP
group/4 h.

nificantly in the exudates of wild-type and iNOS™~ L-CLP
compared with sham-operated mice. The increases in the con-
centrations of IL-18 and IL-10 were less in iNOS™/~ than in
wild-type animals.

Leukocyte-endothelium interaction (rolling, adhesion, and
transmigration) in animals subjected to CLP. Leukocyte-en-
dothelium interaction (rolling, adhesion, and transmigration)
was examined in the mesenteric postcapillary venules with rest-
ing diameters ranging from 12 to 18 wm. Figure 6 shows that
there was no increase in the rolling of leukocytes in wild-type
SL-CLP mice compared with that in the sham-operated mice.
Leukocyte rolling in the sham-operated group was probably
induced by manipulation during preparation of the tissue for
the intravital microscopy assay. However, a significant de-
crease in the number of rolling cells (rollers) in L-CLP wild-
type mice was observed. On the other hand, wild-type L-CLP
animals treated with AG (30 mg kg™ ') and iNOS™/~ L-CLP
mice did not present reduced leukocyte rolling. In fact, the
latter group had an increase in rolling values compared with
the SL-CLP group.

With regard to leukocyte adherence and migration, we ob-
served increases in endothelium-leukocyte adhesion and in
extravascular leukocyte accumulation in SL-CLP mice. On the
other hand, decreased values for these parameters were found
in the L-CLP wild-type mice compared with those in the SL-
CLP animals. The values for these parameters were not re-
duced in the wild-type L-CLP mice treated with AG or in the
iNOS™/~ L-CLP mice (Fig. 6).

Expression of CD62L and CD18 in blood neutrophils ob-
tained from CLP mice. Since the data described above suggest
that NO released during L-CLP surgery mediates the reduc-
tion of rolling and adhesion of leukocytes when interacting
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FIG. 5. TNF-q, IL-1B, and IL-10 levels in mice subjected to CLP.
The cytokine levels in peritoneal exudates were determined at 4 h after
surgery in sham-operated, wild-type, and iNOS™/~ CLP mice. Results
are expressed as means = SEM, and each group had 15 mice. *, P <
0.05 compared with sham-operated animals; #, P < 0.05 compared
with SL-CLP animals (analysis by unpaired Student’s ¢ test).

with endothelial cells, we examined whether the neutrophils
obtained from L-CLP animals showed alteration in the expres-
sion of CD62L (L-selectin) and CD18 (B, integrin). The anal-
yses were performed in the polymorphonuclear cell gate of the
FACSort previously defined by using isolated neutrophils from
murine blood.

Figure 7 (left panels) shows that polymorphonuclear cells
obtained from wild-type L-CLP mice 2 h after the surgery
presented a light reduction but not a significant change in
CD62L expression compared to SL-CLP and sham-operated
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FIG. 6. Leukocyte rolling, adherence, and migration to mesentery
in wild-type and iNOS ™/~ mice subjected to SL- and L-CLP. Bars show
the number of rolling, adherent, and migrating leukocytes in postcap-
illary venules of mesentery, using an in vivo intravital microscopy assay.
One group of L-CLP mice received 30 mg of AG kg™ ' subcutaneously
30 min before surgery. Sham-operated animals served as controls. The
parameters were evaluated 3 h after the surgery. The results are ex-
pressed as mean numbers of leukocytes = SEM, and each group had
15 mice. *, P < 0.05 compared with sham-operated animals; #, P <
0.05 compared with wild SL-CLP group; #x, P < 0.05 compared with
wild L-CLP group (analysis of variance, followed by Bonferroni’s test).

animals (second histogram from the top). The polymorphonu-
clear cells obtained from wild-type L-CLP mice treated with
AG and from iNOS™/~ L-CLP mice (third and fourth histo-
grams, respectively) also did not display a significant change in
the expression of CD62L.

The results for CD18 expression are shown in the right
panels of Fig. 7. These data show that CD18 expression on the
neutrophil surface increased significantly in SL-CLP wild-type
mice compared to sham-operated mice. Moreover, the expres-
sion of this molecule on the plasma membrane of neutrophils
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from wild-type L-CLP mice was significantly reduced com-
pared with sham-operated and SL-CLP (second histogram
from the top). This reduction was prevented by treatment of
the wild-type L-CLP animals with AG (third histogram), and it
was not observed in iNOS ™/~ mice subjected to L-CLP (fourth
histogram).

DISCUSSION

Neutrophil migration to infection loci is extremely important
for the local control of bacterial growth and consequently for
the prevention of bacterial dissemination. The importance of
this phenomenon in the evolution of sepsis has been clearly
demonstrated. It has been shown that the failure of neutrophils
to migrate to the infection site in lethal sepsis is accompanied
by an increased number of bacteria in the peritoneal fluid and
in the circulation and by a high mortality rate of the host (5,
36). It seems that NO mediates the failure of neutrophil mi-
gration, since it was shown to be prevented by an adequate
treatment regimen in CLP-septic animals using a selective in-
ducible NOS inhibitor, AG (30 mg kg™ ') (24). Consequently,
there was a reduction in the number of bacteria at the infection
site and in the circulation and a decrease in the mortality rate.
However, the pharmacological inhibition of iNOS with AG (90
mg kg~ ' and two doses of 30 mg kg™ ') for extended periods of
time prevented neutrophil migration failure but did not allow
the animals to escape death. The possible reason for these
apparently conflicting results is that, despite the presence of
neutrophils at the infection site, they are unable to kill bacteria
due to marked inhibition of NO production (5).

To clarify this apparent paradoxical effect of NO and to
determine the mechanism by which it mediates the impairment
of neutrophil migration to the infection site, we studied the
results of lethal and sublethal sepsis induced in iNOS™~ and
wild-type mice. The results demonstrated that NO produced by
iNOS mediates the failure of neutrophil migration observed in
lethal sepsis, since, in contrast to wild-type mice, iNOS™/~
mice subjected to L-CLP surgery did not present with failure of
neutrophil migration, determined 4 h after surgery (Fig. 2).
Failure of neutrophil migration in wild-type L-CLP mice was
also observed at 8, 12, and 24 h after surgery (data not shown).

The mortality in iNOS ™/~ mice caused by CLP (Fig. 3) could
be explained by their inability to control the growth of bacteria
at the infection site despite the presence of neutrophils. This
was a consequence of the lack of NO production, which is one
of the major mediators of neutrophil microbicidal activity (18,
30, 33). In fact, the bacterial number 4 h after surgery in
peritoneal exudates of iNOS ™/~ SL-CLP mice was higher than
that observed in wild-type mice. Furthermore, 24 h after sur-
gery, the wild-type SL-CLP mice controlled the infection,
whereas the iNOS™/~ mice presented elevated numbers of
bacteria in the cavity.

Concerning the L-CLP groups, a large number of bacteria
were observed in both wild-type and iNOS ™/~ animals (Fig. 4).
Although both groups were not able to control the infection, it
seems that the reasons are different. As described above, in
iNOS™/~ mice, the inability to control the infection is due to
the incapacity of the neutrophils present in the infectious site
to produce NO. However, the reason in the wild-type mice is
the failure of neutrophil migration to the infectious focus.
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FIG. 7. Flow cytometric analysis of CD62L (L-selectin) and CD18 (B,-integrin) expression on neutrophils obtained from sham-operated and
CLP mice. Three hours after the surgery, whole blood taken from wild-type sham-operated (solid thin line), SL-CLP (dashed line), and L-CLP
(thick line) mice were incubated with FITC- and PE-conjugated monoclonal antibodies. These monoclonal antibodies were used to detect the
phenotypes of CD62L and CD18, respectively, in neutrophil populations, discriminated in previous experiments. Also, L-CLP mice treated
subcutaneously with saline and with 30 mg of AG kg~' 30 min before surgery (dotted line) and iNOS™'~ L-CLP mice (dotted/dashed line) were
analyzed. The same result was repeated two times, and 10 animals in each group were used to obtain the purified peripheral neutrophils.

Confirming that NO is involved in neutrophil microbicidal
activity, it was observed that neutrophils harvested from the
peritoneal cavity of SL-CLP mice, which controlled the infec-
tion, presented iNOS protein which was active, parameters
determined by imunocytochemistry and by L-citrulline assay,
respectively (data not shown). Moreover, neutrophils from
wild-type but not from iNOS™/~ mice showed microbicidal
activity against Staphylococcus aureus (12).

Together, these data suggest that, despite the importance of
NO in the effective microbicidal activity of neutrophils, NO
impairs neutrophil migration to the infection site when pro-
duced in high concentrations by iNOS of cells in circulation.
Failure of neutrophil migration has also been described in
other diseases, such as diabetes, cirrhosis, and AIDS, all pa-
thologies associated with high susceptibility to infection (15,

19, 41). However, it has not been investigated yet if NO me-
diates the observed failure of neutrophil migration in these
diseases.

Our results indicate that the neutrophil migration observed
in iNOS ™/~ L-CLP mice is not due to an increased production
of TNF-a at the infection site, reported to be a mediator
involved in neutrophil recruitment in sepsis (32, 45), and of
IL-1B, which is also chemotactic to neutrophils (10). The
TNF-a and IL-1B levels in peritoneal exudates of iNOS™/~
animals subjected to SL-and L-CLP surgery, which did not
present with failure of neutrophil migration, were similar to
those observed in exudates of wild-type L-CLP animals, which
showed failure of neutrophil migration (Fig. 5). Moreover,
treatment of wild-type mice subjected to L-CLP with AG,
which also prevented neutrophil migration failure, did not pro-
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mote changes in the IL-18 and TNF-a concentrations in the
peritoneal exudate (5).

Although the concentration of IL-10 is increased in L-CLP
mice (Fig. 5), as a cytokine capable of inhibiting cell migration
(40, 51), it does not mediate the failure of neutrophil migration
observed in sepsis, since the treatment of wild-type L-CLP
mice with AG also did not promote any change in IL-10 pro-
duction (5).

We next investigated the mechanism by which NO mediates
the failure of neutrophil recruitment towards the infection site
in CLP-induced sepsis. First, we investigated whether NO in-
hibits the adhesion of neutrophils to endothelial cells. Earlier
in vivo and in vitro results have shown that NOS inhibitors
increase the adhesion of neutrophils to endothelial cells (25,
27). In our model using an intravital microscopy assay, we
demonstrated that animals subjected to L-CLP surgery had a
significant reduction in leukocyte rolling and adherence in
postcapillary venules of the mesentery. Consequently, a reduc-
tion of leukocyte transmigration to the extravascular tissue was
also observed. The reduction of cell rolling was associated with
NO production, since the treatment with AG in mice subjected
to L-CLP prevented the reduction in leukocyte rolling, adher-
ence and transmigration. Furthermore, iNOS™/~ mice sub-
jected to L-CLP surgery presented with high levels of rolling,
adherence, and leukocyte transmigration (Fig. 6). Accordingly,
iNOS-derived NO reduces leukocyte adhesion and recruitment
in mice injected with LPS intravenously due to a direct inhib-
itory effect on leukocyte rolling, since iINOS ™/~ animals dem-
onstrated an increase in leukocyte rolling and enhanced adhe-
sion (25, 26).

The rolling of neutrophils on endothelium is mediated by
the interaction of neutrophil L-selectin (CD62L) with endo-
thelium adhesion molecules, including P-selectin, E-selectin,
and GlyCAM (39). We investigated whether the reduction of
leukocyte rolling observed in L-CLP animals by intravital mi-
croscopy assay is a consequence of the reduction of L-selectin
expression on neutrophils. For this experiment, we purified
neutrophils from peripheral blood, and the fluorescence-acti-
vated cell sorting analysis demonstrated that only a slight re-
duction in L-selectin expression on neutrophils occurred in
L-CLP mice. This reduction is not apparently sufficient to
justify the failure of neutrophil migration towards the infection
site, because a similar reduction was observed in iNOS ™/~
L-CLP mice. Furthermore, AG treatment of wild-type L-CLP
mice did not prevent the slight reduction of L-selectin expres-
sion in neutrophils (Fig. 7).

The lack of a significant change in expression of L-selectin in
the neutrophils from wild-type L-CLP mice indicates that the
decrease in rolling observed in these animals could be a con-
sequence of a failure in the expression of adhesion molecules
on endothelial cell surfaces. The absence of a reduction in
L-selectin expression in neutrophils from L-CLP mice is ap-
parently in contradiction to data showing that neutrophils from
septic patients have reduced L-selectin expression due to the
shedding of this molecule from the neutrophil surface. How-
ever, the authors did not investigate whether the reduction of
L-selectin expression correlates with a reduction in the rolling
ability of neutrophils from septic patients (37). In accordance
with our results, wild-type and iNOS ™/~ mice treated with LPS
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presented with similar L-selectin levels in the circulation and
expressed on the membranes of leukocytes (26, 27).

The fluorescence-activated cell sorting analysis of CD18 in
neutrophils showed an important reduction in the expression
of this molecule on the surface of neutrophils from wild-type
L-CLP compared with SL-CLP mice. This reduction was pre-
vented by AG treatment of the wild-type L-CLP mice, and it
was not observed in iNOS ™/~ L-CLP mice (Fig. 7). The change
in CD18 expression in neutrophils correlates with the change
in the adhesion of neutrophils to endothelial cells in animals
subjected to CLP. Therefore, the reduction in CD18 expres-
sion could be a consequence of an ineffective activation of
neutrophils due to a reduction in rolling, leading to low ex-
pression of this molecule. It has been well described in the
literature that the in vivo expression of B-integrins (CD18) is
dependent on the rolling step (31). However, we cannot dis-
count the possibility that NO directly mediates the reduction in
the expression of CD18, since NO inhibits NF-kB, which is
involved in the expression of adhesion molecules in neutro-
phils, via induction of Ik-B synthesis and/or increase of its
stabilization (11, 47).

In conclusion, we have demonstrated that NO released by
iNOS has a dual effect in sepsis. On the one hand, it is an
important mediator for the microbicidal activity of neutrophils
present at the infection site. However, on the other hand, it
also impairs the recruitment of neutrophils to the infection
site. It was also demonstrated that the mechanism by which
NO impairs neutrophil migration is due to the reduction in
rolling and adhesion of neutrophils to endothelial cells. Fur-
thermore, our results point out the importance of investigating
the capacity for neutrophil migration in patients with sepsis to
determine a possible correlation between reduction of neutro-
phil chemotaxis and disease outcome. In the event that the
failure of neutrophil migration also occurs in patients, the
restoration of the neutrophil chemotactic function could be an
appropriate treatment strategy.
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