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Chronic endobronchiolitis compounded by recurring Pseudomonas aeruginosa infections is the major cause
of morbidity and mortality in patients with cystic fibrosis (CF). In this study, a mouse model of repeated
respiratory exposure to P. aeruginosa was established to facilitate investigations of factors contributing to P.
aeruginosa persistence and associated inflammatory processes in the lung. While a single exposure to P.
aeruginosa aerosols resulted in only mild histopathological changes, repeated exposure caused significant lung
pathology in C57BL/6J mice. The peak of histopathological changes and inflammation in C57BL/6J mice was
characterized by subacute lymphohistiocytic bronchopneumonia and persistent elevation of tumor necrosis
factor alpha and macrophage inflammatory protein 2 in the lung but not in the serum. When isogenic
nonmucoid (mucA1) and mucoid (mucA22) P. aeruginosa strains were compared, the mucoid cells were cleared
several-fold less efficiently than the parental nonmucoid strain during the initial stages of the aerosol exposure
regimen. However, the microscopic pathology findings and proinflammatory cytokine levels were similar in
mice exposed to nonmucoid and mucoid P. aeruginosa throughout the infection. We also tested lung histopa-
thology and proinflammatory cytokines in interleukin 10 (IL-10)-deficient transgenic (IL-10T) mice. Signifi-
cant mortality was seen in IL-10T mice on initial challenge with P. aeruginosa, although no histopathological
differences could be observed in the lungs of C57BL/6J and surviving IL-10T mice after a single exposure.
However, increased pathology was detected in IL-10T mice relative to C57BL/6J after repeated challenge with
P. aeruginosa. This observation supports the proposals that anti-inflammatory cytokines may play a role in
suppressing P. aeruginosa-induced tissue damage during chronic infection.

Chronic lung infections with Pseudomonas aeruginosa and
associated inflammation are the major causes of morbidity and
mortality in patients with cystic fibrosis (CF) (17, 52). A num-
ber of concurrent proposals (4, 6, 16, 24, 39, 46, 55) addressing
possible relationships between a defect in the CFTR gene and
the respiratory complications in CF have recently been offered.
For example, it has been suggested that reduced sialylation of
glycoconjugates on the surface of epithelial cells promotes P.
aeruginosa adhesion in CF (55). More recently, it has been
reported that CF epithelial secretions display reduced bacte-
ricidal properties due to altered salt content (16, 46). CFTR
has also been implicated in P. aeruginosa uptake by respiratory
epithelial cells, which may play a role in the putative process of
clearance by desquamation (39). These models are reliant for
the most part on the known functions of CFTR as a chloride
channel (9) and on its suspected pleiotropic effects (4). Other
studies, focusing on cytokine profiles in bronchoalveolar lavage
fluids of CF patients, have suggested that the excessive inflam-
mation in the CF lung may be attributed to endogenously
increased levels of proinflammatory cytokines such as tumor
necrosis factor alpha (TNF-a), interleukin 8 (IL-8), and IL-1
(6). According to some reports, the levels of these cytokines
may be altered in CF subjects even before a bacterial infection
can be documented (24). Intriguingly, reduced levels of the

anti-inflammatory cytokine IL-10 have been recently reported
in CF patients (6).

Despite these promising leads, our understanding of host-
pathogen interactions in CF is incomplete at present. It is likely
that the chronic presence of P. aeruginosa, the most common
pathogen in CF (17, 36, 52), contributes to the overall progres-
sion of the disease. One of the prominent properties of P.
aeruginosa encountered in CF is its mucoid, alginate-overpro-
ducing phenotype (17, 36). The emergence of mucoid variants
occurs at variable times upon the initial colonization with non-
mucoid strains (12, 19, 29, 36, 37). Conversion to mucoidy in P.
aeruginosa is linked to the establishment of chronic infection in
CF (25, 36). The molecular mechanism of conversion to mu-
coidy has recently been elucidated (54). The majority of CF
mucoid isolates carry mucA mutations (7, 30, 31) which allow
transcription of alginate biosynthetic genes, resulting in a mu-
coid phenotype. Based on studies in surrogate models in vitro,
it has been suggested that mucoidy may be a virulence factor in
CF (36). Alginate production inhibits opsonic and nonopsonic
phagocytosis (48), protects cells from reactive oxygen interme-
diates (28, 45), and plays additional roles associated with bio-
film phenomena (27). Despite the general belief that alginate
production plays a role in the persistence of P. aeruginosa in
CF (17), direct in vivo evidence supporting its role in the
pathogenesis of respiratory infections is currently not avail-
able. The dearth of in vivo results is further complicated by
studies suggesting equal clearance of mucoid and nonmucoid
P. aeruginosa upon intrabronchial instillation in guinea pigs
(5).

Several useful models of acute and forced chronic P. aerugi-
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nosa infection have been described in normal, neutropenic,
neonatal, or burned mice and in other animals (5, 8, 10, 21, 38,
47, 49–51, 53). Recently, an aerosol model of respiratory in-
fections with Staphylococcus aureus and Burkholderia cepacia
has been developed in the CFTRm1HGU transgenic mouse with
a mild defect in the CFTR gene (11). A reduced clearance of
these pathogens and more pronounced lung disease in the
CFTRm1HGU animals have been reported. However, these
studies did not address colonization with P. aeruginosa. In the
present study, in order to investigate P. aeruginosa endobron-
chial infections in mice, we adopted bacterial aerosol delivery
technology for the deposition of the pathogen in distal airways.
Using this approach, we developed a model of prolonged re-
spiratory infection with P. aeruginosa, based on a regimen of
repeated exposure to P. aeruginosa aerosols, and investigated
bacterial clearance and inflammatory response in the context
of mucoid and nonmucoid status of P. aeruginosa. We also
tested the role of IL-10 in lung inflammation, using IL-10-
deficient mice, and observed increased histopathology in the
lungs of the IL-10-deficient transgenic (IL-10T) animals rela-
tive to those of normal controls.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. aeruginosa was grown on Pseudo-
monas isolation agar (Difco) or Luria broth. P. aeruginosa PAO1 is the standard
genetic nonmucoid strain (mucA1) (22, 31). PAO381 (14) is a leucine auxotroph
derived from PAO1 (leu mucA1; nonmucoid) (30). PAO578I (leu mucA22;
mucoid) is a mucoid derivative of PAO381 (14) carrying the previously charac-
terized mucA22 allele, which has the most common mutation, DG440 (7, 31).
PAO578I, unlike many mucoid derivatives which also carry a second site sup-2
mutation (7) and show medium-dependent alginate expression, is always mucoid,
independent of growth condition. CF strains were fresh clinical isolates from
patients diagnosed with CF. To prepare infection doses for nebulization, P.
aeruginosa was grown in 200 ml of Luria broth at 37°C for 12 h and harvested by
centrifugation at 4,000 rpm for 15 min at 4°C. Pellets (wet-cell mass, 1.2 g) were
washed once in cold 1% Proteose Peptone (Difco)–phosphate-buffered saline
(pH 7.4) and resuspended in cold phosphate-buffered saline. Cell density was
adjusted to 1.0 3 1011 CFU/ml, and 5 ml of this suspension was used for
nebulization.

Animals. All mice in this study were 8 weeks old (21.0 6 1.2 g) (mean 6
standard deviation [SD]) at the inception of the experiment. C57BL/6J and
IL-10T mice were purchased from the Jackson Laboratory (Bar Harbor, Maine).
IL-10T mice were backcrossed 10 times with C57BL/6J mice to ensure similar
genetic backgrounds. All animals were housed under specific-pathogen-free con-
ditions within the animal care facility at the University of Michigan until the
initiation of aerosol exposure experiments. Once the animals had been exposed
to P. aeruginosa aerosols, they were transferred to conventional housing. During
the housing of IL-10T mice, a few syncytial cells were sometimes seen in the
alveoli of unexposed control animals. In the course of repeated exposure, the
animals did not lose weight relative to unexposed controls. However, the wet-
lung weight continuously increased relative to that of the age-matched unex-
posed control but was equal regardless of the mucoid or nonmucoid status of
bacteria.

Apparatus and aerosol exposure. Equipment for generation of bacterial aero-
sols was manufactured by Glas-Col (Terre Haute, Ind.). The Glas-Col inhalation
exposure system was chosen in this study based on the following characteristics
(35): (i) it is suitable for delivering nebulized pathogenic agents in the form of
aerosols consisting of dried droplet nuclei (average size, 2 mm), which are
deposited in distal airways; (ii) the initial deposition of aerosolized bacteria is
uniform throughout the lungs; (iii) nebulization, cloud decay, and decontamina-
tion are controlled by a microprocessor; (iv) the inoculum is evenly distributed
among all animals simultaneously exposed (relative error, 9.4%; SD, 65.2),
yielding low mouse-to-mouse variation; and (v) a HEPA filter, germicidal UV
lamps, and an outlet incinerator serve as a means of biological containment and
decontamination. The main component of the inhalation exposure equipment is
a nebulizer unit into which 5 ml of bacterial suspension was introduced. Mice
were placed in a compartmentalized mesh basket (five chambers, each with a
capacity for 20 mice). Parameters for the standard aerosol exposure cycle were
30 min for nebulization, 30 min for cloud decay, 5 min for decontamination (UV
irradiation). For determination of initial bacterial deposition in the lungs, ani-
mals were sacrificed immediately after the standard exposure cycle. For single-
exposure experiments, animals were sacrificed 18 h after the completion of the
standard cycle, unless stated otherwise. For repeated exposure, animals were
subjected to a new cycle of aerosol delivery every 72 h and sacrificed 18 h after
the last exposure.

Lung histopathology. Lungs, heart, thymus, and trachea were removed en
bloc. The left lobe of the lung was clamped with a hemostat at the trachea
bifurcation and removed for homogenization, followed by microbiological and
cytokine assays. The right lobe of the lung was insufflated in alcoholic formalin
and fixed in 10% neutral buffered formalin. Tissue processing and paraffin
embedding were carried out by conventional methods. The lung was sectioned
along the long axis of the lobe catching the primary bronchus for a variable
distance. Tissue sections (5 to 6 mm) were stained with hematoxylin-eosin (H-E)
or Alcain Blue/periodic acid-Schiff stain. Stained sections were scored for (i)
pulmonary septal (capillary and intra-alveolar) inflammation, (ii) inflammatory
cell accumulation in bronchioles, (iii) exudate, (iv) airway epithelial cell hyper-
plasia, (v) perivascular and peribronchiolar lymphoid hyperplasia, and (vi) goblet
cell hyperplasia. Pathology scoring indices were as follows: 0, no change (normal
tissue); 1, ,10% of parenchyma affected; 2, 30% of parenchyma affected; 3, 50%
of parenchyma affected; 4, .50% of parenchyma affected.

Bacterial clearance. Pulmonary clearance of P. aeruginosa was monitored by
plate counts of viable bacteria in lung homogenates (left lobe) 18 h after the last
exposure, unless stated otherwise. The numbers were corrected for left-lung
weight. Initial bacterial deposition was from 2.0 3 106 to 8.5 3 106 CFU/lung and
was monitored after each exposure by including and sacrificing two additional
mice along with the experimental group.

Dynamics of P. aeruginosa removal from the lungs. All infected mice displayed
vigorous ability to clear P. aeruginosa from the lung following exponential
(PAO1) or nearly exponential (auxotrophic mutants) kinetics of reduction in
bacterial load. The remaining fractions of the initially deposited bacteria at
different time points for PAO1 and PAO381, respectively, were (i) 160% 6 15%
(mean 6 SD) and 11.1% 6 2% (4 h postinfection), (ii) 25.9% 6 3% (13 h) and
0.27% 6 0.04% (18 h), and (iii) 0.05% 6 0.005% and 0.002% 6 0.0002% (48 h).
The prototroph PAO1 was cleared less efficiently than its auxotrophic derivatives
(e.g., PAO381), a result which was attributed to its ability to proliferate imme-
diately upon the initial deposition, a feature not noted with auxotrophic mutants
and fresh CF isolates. CF isolates showed high strain-to-strain variability and
were inferior to PAO strains in their ability to survive in the murine lung (usually
completely cleared at 48 h postinfection). In order to avoid high strain-to-strain
variability among CF isolates and to allow comparisons of genetically defined
isogenic mucoid and nonmucoid strains, PAO derivatives were used in this
model.

Cytokine measurements. TNF-a, macrophage inflammatory protein 2 (MIP-
2), and IL-10 in lung tissue (left-lung lobe homogenates) and sera were measured
by enzyme-linked immunosorbent assay kits (R & D Systems, Minneapolis,
Minn.) according to the manufacturer’s instructions. Detection limits for murine
TNF-a, MIP-2, and IL-10 were 5.0, 1.5, and 4.0 pg/ml, respectively. Absorbance
was monitored at 450 nm with a wavelength correction at 540 nm in a Bio-Rad
microplate reader model 550. All determinations were performed in triplicate.

Statistical analysis. Analysis of variance (ANOVA), t test, and posthoc pair-
wise comparisons with the Student-Newman-Keuls test were performed with
SuperANOVA (version 1.11; Abacus Concepts) and SPSS statistics software
(PowerMac advanced version 6.1). A Kruskal-Wallis nonparametric ANOVA
was carried out with StatView (version 4.5; Abacus Concepts).

RESULTS

Pulmonary clearance of P. aeruginosa from the murine lung
in the model of repeated exposure to bacterial aerosols. Since
respiratory infections with P. aeruginosa in CF are frequently
associated with chronic presence of the pathogen, we investi-
gated parameters of P. aeruginosa clearance from the lungs in
animals continually exposed to this pathogen. A group of age-
matched C57BL/6J mice (n 5 64) was subjected to a course of
repeated exposure to P. aeruginosa aerosols which included the
administration of fresh bacterial challenge every 72 h. The
strains used were PAO381 (mucA1; nonmucoid) and its ge-
netically characterized (30, 31, 44) mucoid derivative PAO578I
(mucA22) (14). In this protocol, a new bolus of aerosolized P.
aeruginosa was deposited in the lung when the previous bacte-
rial load was significantly reduced. During this regimen, the
mice usually showed symptoms of slow responsiveness and
piloerection within 4 to 6 h after each exposure but appeared
healthy the next day, and no mortality was observed. This
pattern was seen for all exposure points from the beginning to
the termination of the experiment. The animals were sacrificed
for bacteriological assessment after exposures 1, 8 (3 weeks),
and 15 (6 weeks). The following observations were made with
respect to the clearance of P. aeruginosa from the lung. For the
groups of mice exposed one or eight times to P. aeruginosa, a
statistically significant reduction in the survival of the mucoid
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(mucA22) strain PAO578I was observed compared to its non-
mucoid (mucA1) parent, PAO381. Monitored after one or
eight consecutive exposures, the nonmucoid parental strain
PAO381 was cleared twofold faster 4 h postexposure when the
fraction of the initial inoculum remaining in the lung was still
above 20% (P , 1.6 3 1024, ANOVA; data not shown). The
survival of PAO578I (mucoid) was 6 to 8 times higher 18 h
postinfection (P , 0.001, ANOVA; Table 1) than its nonmu-
coid parent PAO381, although the majority of the initial inoc-
ulum was cleared at that time point. Collectively, the survival
data at 4 and 18 h suggest that in animals not previously
exposed to P. aeruginosa or exposed repeatedly within a period
of 3 weeks after the initiation of the experiment, the mucoid
strain had an advantage over its nonmucoid parent in resisting
pulmonary clearance. However, when the animals were exam-
ined 6 weeks after the initiation of the experiment, differences
in survival between the mucoid and nonmucoid strains were
abrogated (P 5 0.25, ANOVA; Table 1). The loss of the
advantage associated with mucoidy coincided with an overall
improvement in pulmonary clearance (P 5 0.005, ANOVA).

Lung histopathology during extended exposure to P. aerugi-
nosa. The experiments described in the previous sections were
aimed at determining potential differences between mucoid
and nonmucoid strains in resistance to innate clearance mech-
anisms in the respiratory tract. A related goal in these studies
was to monitor lung histopathology in mice repeatedly exposed
to P. aeruginosa. For this purpose, while the left lung was
homogenized for microbiology and additional analyses, the
right lung was fixed and inspected for histopathological
changes. A summary of histopathological findings is given in
Fig. 1A. The lung histopathology at various stages of the re-
peated exposure is illustrated in Fig. 2. Only minor changes
were observed after a single exposure (Fig. 2B), with some
exudate detected in the large airways. In the later phases of the
repeated-exposure experiment, the exudate subsided, but

other microscopic histopathology parameters increased. The
most prominent changes observed were peribronchial cuffing
and bronchial epithelium hyperplasia. Although some goblet
cell hyperplasia was detected on periodic acid-Schiff-stained
sections (data not shown), this was not a prominent feature of
the infected mice. Significantly more cells (P 5 0.03, ANOVA)
were observed in the alveoli after exposures 8, 15, and 22 (Fig.
2C through E) than following the initial exposure (Fig. 2B).
Overall, the highest lung pathology (Fig. 1) coincided with
exposures 8 and 15 (P 5 0.011, Kruskal-Wallis nonparametric
ANOVA). The histopathological findings were consistent with
increased inflammation upon repeated exposure to P. aerugi-
nosa for the period of time preceding the presumptive immune
phase of the repeated-exposure experiment (Fig. 1A and 2F).
However, no significant differences (P 5 0.67, Kruskal-Wallis
nonparametric ANOVA) between the mucoid and nonmucoid
strains were observed in overall levels or details of lung histo-
pathology (Fig. 1A). This finding suggests that both phenotypic
forms of P. aeruginosa interacted with the host in a similar
fashion and that the increased persistence of the mucoid strain
PAO578I in our experiments (Table 1) was not sufficient to
cause or induce additional damage to the lung in the model
being tested.

Cytokine profiles in the lungs and sera during repeated
exposure to P. aeruginosa aerosols. In order to examine profiles
of a subset of inflammatory cytokines in animals exposed to P.
aeruginosa, we measured levels of TNF-a and MIP-2, a che-
mokine considered to be a murine equivalent of human IL-8
(20, 42, 43), in the lungs and sera at exposure points coinciding
with bacteriological and histological evaluations. The results of
these experiments are shown in Fig. 3. Several observations
were made. (i) Both TNF-a and MIP-2 remained increased in

FIG. 1. Histopathology indices during repeated exposure to P. aeruginosa in
normal (A) and IL-10T (B) mice. Histopathology scores ranged from 0 to 4 as
described in Materials and Methods. Shown are the 25th, 50th (median), and
75th percentiles (Kruskal-Wallis nonparametric ANOVA). (A) Open boxes and
381-1, -8, -15, -22, and -29, nonmucoid (mucA1) parental strain PAO381 after 1,
8, 15, 22, and 29 exposures (n 5 4 for each experimental point). Lightly shaded
boxes and 578-1, -8, -15, -22, and -29, PAO578I, a mucoid mucA22 derivative of
PAO381, after 1, 8, 15, 22, and 29 exposures (n 5 4 for each experimental point).
Unexposed age-matched control animals (n 5 2) for each time point had a score
of 0 (not shown). (B) Eight-week-old (at the inception of the experiment)
C57BL/6J (n 5 12) (open boxes) and IL-10T (n 5 8) (filled boxes) mice were
exposed to P. aeruginosa PAO1 once (-1) or 8 times (-8). Pairwise comparisons
(Student-Newman-Keuls test) indicated that all histopathology indices relative to
unexposed controls were significant (P , 0.05). Pairwise analyses showed no
statistically significant difference between PAO381 and PAO578I for any of the
exposures. Exposures 8 through 22 had a statistically significant increase (P ,
0.05) relative to exposure number 1, but this significance was lost for exposure 29.
The difference between C57BL/6J and IL-10T was not significant for exposure 1
but was significant for exposure 8 (P , 0.05).

TABLE 1. Differential pulmonary clearance of mucoid and
nonmucoid P. aeruginosa in C57BL/6J micea

No. of
exposures Strain Phenotype

Initial
deposition

(CFU/lung)b

Viable counts at
18 h postexposure

(CFU/g of lung
tissue 6 SE)c

1 PAO381 Nonmucoid 4.7 3 106 838 6 32
PAO578I Mucoid 4.6 3 106 7,043 6 161

8 PAO381 Nonmucoid 4.5 3 106 633 6 52
PAO578I Mucoid 4.0 3 106 4,051 6 180

15 PAO381 Nonmucoid 3.9 3 106 147 6 45
PAO578I Mucoid 3.8 3 106 232 6 85

a C57BL/6J mice (n 5 64; 8 weeks old at the inception of the experiment) were
singly or repeatedly exposed to aerosols of two isogenic nonmucoid and mucoid
P. aeruginosa strains, the nonmucoid parent PAO381 (mucA1) and the mucoid
mutant PAO578I (mucA22). For each exposure point, the mice were separated
into three groups to determine the initial deposition of PAO381 and PAO578I in
the lungs, and the viable remaining bacteria 18 h following the exposure were
counted by plating. P. aeruginosa aerosols were generated, and the animals were
exposed as described in Materials and Methods.

b Initial deposition represents the mean value obtained with two C57BL/6J
mice at each time point. Values for initial deposition per individual mouse
(left-lung lobe) were as follows: at exposure 1, 4.4 3 106 and 5.0 3 106 for
PAO381 and 4.4 3 106 and 4.8 3 106 for PAO578I; at exposure 8, 4.2 3 106 and
4.8 3 106 for PAO381 and 4.0 3 106 and 4.0 3 106 for PAO578I; at exposure 15,
4.4 3 106 and 3.4 3 106 for PAO381 and 4.1 3 106 and 3.5 3 106 for PAO578I.

c Four mice were used at indicated experimental points for the determination
of viable cell counts for each strain. P values (ANOVA) were 1.0 3 1023 for
exposure 1, 1.0 3 1023 for exposure 8, and 0.25 for exposure 15.
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the lungs of repeatedly exposed animals for the duration of the
experiment (P 5 1024, ANOVA). (ii) A maximum increase in
inflammatory cytokines was observed following the initial ex-
posure; the reduced levels at later exposures remained 22-fold
(TNF-a) and 3-fold (MIP-2) higher than in the unexposed,
age-matched control animals (Fig. 3B). (iii) In contrast to lung
tissue cytokine levels, serum concentrations remained gener-

ally low, with only a slight increase coinciding with the initial
maximum of TNF-a and MIP-2 production following the first
exposure (Fig. 3A and B, exposure 1). These findings indicated
that upon the repeated encounter with the pathogen, the mice
adjusted to a new, intermediate level of inflammatory cytokine
production which remained relatively constant throughout the
experiment. The highest cytokine levels did not coincide with

FIG. 2. Lung histopathology in C57BL/6J mice during repeated exposure to P. aeruginosa. Two groups (n 5 40) of 8-week-old C57BL/6J mice were repeatedly
exposed to mucoid (PAO578I) or nonmucoid (PAO381) P. aeruginosa aerosols at 72-h intervals for a period of 12 weeks (see Materials and Methods). Shown are
H-E-stained sections of the right lobe of the lungs at sequential exposure points. For each stage, only the mucoid (PAO578I) or nonmucoid (PAO381) strain is shown,
but similar findings were obtained for both strains. (A) Lung from the unexposed control (at age corresponding to exposure 22 in the infected group). (B) Exposure
1 (strain PAO578I). Inset, inflammatory cells in peribronchial area. (C) Exposure 8 (strain PAO381). Note extensive peribronchial cuffing. Perivascular and
peribronchial inflammation was characterized as subacute lymphohistiocytic bronchopneumonia. (D) Exposure 15 (strain PAO578I). (E) Exposure 22 (strain
PAO578I). (F) Exposure 29 (strain PAO381). Note improved lung histology.
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the peak of pathological findings in the lung, and only a rela-
tively moderate elevation of proinflammatory cytokines
seemed to be associated with the phase characterized by the
most prominent morphological changes in the lung. In keeping
with the results of the lung pathology evaluations, which ap-
peared to be equal for both the mucoid and nonmucoid strains
tested, we did not observe differences in TNF-a and MIP-2
levels between the animals exposed to PAO578I and those
exposed to PAO381 (P 5 0.35, ANOVA). These findings sug-
gest that the production of alginate or the increased persis-
tence of mucoid P. aeruginosa in the lungs infected with
PAO578I was not sufficient to generate perceptible differences
in cytokine levels.

Lung pathology in IL-10 transgenic mice infected with P.
aeruginosa aerosols. Lower levels of IL-10 have recently been
reported in the bronchoalveolar fluids of CF patients relative
to those of healthy controls (6). We intended to test the po-
tential role of IL-10 in the inflammatory process associated
with P. aeruginosa infection by comparing C57BL/6J and IL-
10T mice in our infection model. Two groups of C57BL/6J and
IL-10T mice (n 5 12 per group) were exposed to aerosolized
P. aeruginosa PAO1. Strain PAO1 was used in these experi-
ments because it displayed retarded clearance relative to
PAO381 in normal mice, and thus its increased presence could
promote inflammatory changes. The first observation made in
these experiments was that following the two initial exposures,
50% of the IL-10T animals died. No mortality was observed in
the C57BL/6J group. The high death rate among IL-10T mice
was in sharp contrast to the virtual absence of mortality in the
C57BL/6J mice in any of our experiments, regardless of
whether PAO1 or PAO381 was used (Table 2). Necropsy of
the IL-10T mice that succumbed to the infection revealed
marked to severe alveolar hemorrhages and numerous neutro-
phils in the alveoli and alveolar ducts (Fig. 4). Remarkably,
there were no discernible differences in histopathological
changes between C57BL/6J and the surviving IL-10T mice
after a single exposure to P. aeruginosa. In order to assess
whether differences in lung histopathology may become dis-
cernible in IL-10T mice relative to those in C57BL/6J mice
during the prolonged presence of P. aeruginosa, the mice were
subjected to a regimen of repeated aerosol challenge. The
experiments were carried out up to the point coinciding with

the peak of pathology (exposure 8, Fig. 1A) in previous exper-
iments with C57BL/6J mice. The lung histopathology reached
a higher index at exposure 8 in both groups of surviving mice
(Fig. 1B). However, unlike after a single exposure, when no
differences between the normal and IL-10-deficient mice could
be detected, lung histopathology was significantly more severe
in IL-10T than in C57BL/6J mice (P 5 1023, ANOVA) (Fig.
4). As in the experiments carried out with PAO381, the lungs
of C57BL/6J mice exposed for 3 weeks to PAO1 had moderate
to marked perivascular and peribronchial infiltrates of mono-
nuclear cells (Fig. 4A) composed primarily of lymphocytes and
scattered macrophages. The lungs of IL-10T mice exposed for
3 weeks had similar lesions; however, the amount of lung
parenchyma involved was much greater (Fig. 4B), and the
macrophage component was more prominent. In these exper-
iments, there were no microscopic lesions found in the unex-
posed control C57BL/6J mice. One of the unexposed IL-10T
controls had minimal lymphocytic cuffing of blood vessels and

FIG. 3. TNF-a (A) and MIP-2 (B) levels in lung tissue and sera during the course of repeated exposure of C57BL/6J mice to P. aeruginosa PAO381 (nonmucoid)
and PAO578I (mucoid). Determination of TNF-a and MIP-2 was by enzyme-linked immunosorbent assay as described in Materials and Methods.

TABLE 2. Mortality in IL-10T mice after exposure to P.
aeruginosa aerosols

Expt no. Mouse strain P. aeruginosa strain Mortality
(no. dead/total)

1a C57BL/6J PAO1 0/8
IL-10T PAO1 4/8
IL-10T None (control) 0/4

2b C57BL/6J PAO1 0/20

a Two groups of 8-week-old C57BL/6J and IL-10T mice (n 5 12 per group)
were exposed to P. aeruginosa PAO1 aerosols. The initial deposition was 7.1 3
106 CFU/lung. Eighteen hours postexposure, four mice from each group were
sacrificed for analyses of bacterial clearance, proinflammatory cytokine profiles,
and histopathology. Of the remaining eight mice in each group, two animals from
the IL-10T group died 60 h following exposure 1. Following the second exposure
(bacterial deposition, 1.3 3 106 CFU/lung), two additional mice from the IL-10T
group died 18 to 22 h postchallenge. Further exposures did not cause mortality
among the surviving IL-10T mice, which were sacrificed at 18 h post-exposure 8
(Fig. 1 and 4). No mortality was observed in the control (unexposed) IL-10T
group.

b Eight-week-old C57BL/6J mice were exposed twice to P. aeruginosa PAO1.
The bacterial depositions were 7.1 3 106 CFU/lung for the first exposure and
4.6 3 106 CFU/lung for the second exposure.

284 YU ET AL. INFECT. IMMUN.



airways, and there was a minimal increase in goblet cells in the
bronchi. These findings are reflected in the histopathology
indices shown in Fig. 1B (P 5 1023, ANOVA). Thus, the
model of repeated exposure to P. aeruginosa aerosols devel-
oped in this work permitted the detection of the effects of
IL-10 on lung histopathology which were not detectable after a
single exposure to the pathogen.

Bacterial clearance and cytokines in IL-10T mice challenged
with P. aeruginosa. Bacterial clearance and levels of proinflam-
matory cytokines TNF-a and MIP-2 were determined in the
IL-10T and control mice that underwent a course of repeated
exposure. Interestingly, IL-10T mice cleared P. aeruginosa
somewhat better than C57BL/6J mice did upon initial exposure
(4.4 3 104 6 9 3 103 CFU [IL-10T] versus 1.4 3 105 6 3.5 3
104 CFU [C57BL/6J] per mouse lung) (P 5 7.6 3 1023,
ANOVA), with initial deposition of 7.1 3 106 CFU per lung.
However, a threefold-lower level of TNF-a (19 6 2.9 ng versus
54 6 7.8 ng per g of lung tissue; P 5 1023, ANOVA) and a
twofold-lower level of MIP-2 (75 6 2.5 ng versus 140 6 18 ng
per g of lung tissue; P 5 1023, ANOVA) were found in the
lungs of the IL-10T mice relative to those of the C57BL/6J
mice at the time of bacteriological evaluation after the initial
exposure. One explanation for the lower levels of detected
proinflammatory cytokines in the IL-10T animals at the time of
organ harvesting is that IL-10 mice cleared P. aeruginosa faster.
The higher bacterial burden in C57BL/6J animals most likely
continues to elicit more TNF-a and MIP-2 than in the IL-10T
mice, which at the time of lung harvesting had significantly
lower counts of P. aeruginosa cells. As in the experiments with
repeated exposures described in previous sections, TNF-a and
MIP-2 levels declined between exposures 1 and 8 but remained
significantly higher compared to those in the unexposed age-
matched control groups (data not shown). At the termination
of the experiment (exposure 8), bacterial clearance improved
in both groups relative to the single-exposure experiment and

was equal in IL-10T and C57BL/6J mice. This result was ac-
companied by equal levels of TNF-a and MIP-2 in the two
groups.

DISCUSSION

In this work, a mouse model of repeated aerosol challenge
with P. aeruginosa has been described. This infection model
was used to assess the role of several microbial and host factors
in bacterial clearance and inflammation. In addition, normal
and transgenic mice defective for the major anti-inflammatory
cytokine IL-10 were studied. The main conclusions for the
analyses presented here are as follows. (i) Mucoid P. aerugi-
nosa displayed lower susceptibility to innate clearance mecha-
nisms in the murine lung relative to its nonmucoid parent.
However, the extent of lung histopathology and the levels of
proinflammatory cytokines were similar in animals exposed to
mucoid and nonmucoid P. aeruginosa. (ii) Unlike after a single
exposure to P. aeruginosa, which caused only a marginal his-
topathology, significant lung pathology was observed during
the repeated inhalation regimen. This feature of the repeated
exposure model facilitated several comparative studies carried
out in the present work. (iii) An increase in the histopathology
in IL-10T mice was observed upon repeated challenge with P.
aeruginosa. The IL-10-deficient animals displayed an array of
differences relative to normal mice, including significant mor-
tality upon the initial encounter of the pathogen and increased
pathology of the lung detectable only in the model of repeated
aerosol exposure described here.

The observations indicating that mucoid P. aeruginosa is
more resistant than the nonmucoid form to the innate clear-
ance mechanisms in the murine lung are in keeping with a
recently detected retarded clearance of mucoid strains moni-
tored 4 h postinfection with a single administration of bacterial
aerosols (7). The latter study also employed a variety of mu-

FIG. 4. Increased lung pathology in IL-10T mice after repeated exposure to P. aeruginosa. (A) C57BL/6J lung section after 3 weeks of repeated exposure to P.
aeruginosa PAO1. Note perivascular, peribronchial, and interstitial inflammation. The mouse whose lung section is pictured in panel A was a specimen with maximal
severity for the corresponding group. (B) IL-10T mouse lung section after 3 weeks of exposure to P. aeruginosa. Note increased severity of inflammatory changes
compared to those in C57BL/6J. The mouse whose lung section is pictured in panel B was average for the group. (C) Lung necropsy of an IL-10T mouse that died after
two exposures to P. aeruginosa aerosols. Note the numerous neutrophils. All sections were stained with H-E.
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tants and growth conditions with a number of mucoid P. aerugi-
nosa strains, including fresh CF isolates (7), aimed at demon-
strating a direct role of alginate production, and such analyses
were not repeated here. The nonmucoid parent PAO381 and
its mucoid derivative, PAO578I, employed in the present study
were leucine auxotrophs, and the dynamics of bacterial clear-
ance and survival may have been affected by this property,
although such effects are expected to be equal in both strains.
It should also be noted that CF isolates frequently contain
auxotrophic mutations (1). Taken together with the analyses
using CF strains (7), our results support the findings of the
previous extensive work carried out in vitro suggesting that the
mucoid coating of P. aeruginosa may confer resistance against
phagocytic and other bactericidal systems in the lung (2, 17, 25,
28, 36, 45). Our observations contrast with an earlier report by
Blackwood and Pennington, who found that mucoid P. aerugi-
nosa had no advantage over its nonmucoid revertant in a
model of intratracheal instillation in guinea pigs (5), and are in
keeping with an earlier report by Govan et al. (18) and a more
systematic analysis by Boucher et al. (7).

The significant pathology observed in the respiratory tract of
animals repeatedly exposed to P. aeruginosa supports the no-
tion that this opportunistic pathogen can cause considerable
damage to the host (provided that it is not eliminated from the
lung), negating some views that P. aeruginosa may be just a
bystander in CF. The considerable pathology detectable in the
repeated-exposure model enabled us to compare the damage
inflicted by mucoid and nonmucoid isogenic strains. However,
the results of such analyses did not indicate that mucoid P.
aeruginosa caused heightened pathological changes relative to
its nonmucoid parent. Nevertheless, mucoid cells are cleared
less efficiently and appear to linger in the lung longer than
nonmucoid organisms. This finding suggests that mucoidy may
confer an ability to resist innate clearance mechanisms in the
lung and, along with other potentially contributing factors,
could be the basis for selection of mucA mutants in CF. The
results of an earlier study, with the rat agar bead model (53),
suggest that mucoid strains emerge in vivo when P. aeruginosa
persistence is assisted by agar beads for protection from phago-
cytic cells. A selection in vitro for mucA mutations, which are
found in 85% of mucoid isolates from CF patients (7), remains,
however, to be demonstrated in vivo in a situation in which P.
aeruginosa is not artificially protected from natural clearance
mechanisms in the lung. It would also be of interest to localize
in the lung the residual fraction of mucoid cells observed in our
studies. Current experiments with green fluorescence protein-
expressing P. aeruginosa may help detect the pockets of bacte-
ria remaining in the lung.

Furthermore, while we have not investigated the immune
mechanisms later in the infection, it will be of interest to
determine the nature of an apparent protection that was de-
tectable at exposure 15 (Table 1) and subsequent stages (data
not shown). Whatever immune processes and Pseudomonas
targets are involved in these phenomena, the elicited protec-
tion appears to have been effective against both mucoid and
nonmucoid cells. This may be important considering the pre-
viously published detection of specific opsonic antibodies in CF
patients which escaped colonization with P. aeruginosa (40, 41).
Future work will be needed to investigate the parameters of
prolonged exposure to P. aeruginosa in immunized animals.

The use of transgenic mice as in the infection model pre-
sented here provides other opportunities for investigating the
role of inflammation and anti-inflammatory cytokines (e.g.,
IL-10). The choice of cytokines monitored in this study was
based on (i) the specifics of cytokine profiles in CF (6, 24), (ii)
the acknowledged roles of both TNF-a and MIP-2 as crucial

factors in the innate response against bacterial pathogens, and
(iii) the role of IL-10 in the suppression of inflammatory pro-
cesses. TNF-a has been implicated in inflammation and in the
clearance of P. aeruginosa from the murine lung (33), albeit our
recent studies suggest that such effects may be highly strain
dependent (7). TNF-a plays a dual role by upregulating adhe-
sion molecules such as ICAM-1, a vital component of poly-
morphonuclear leukocyte recruitment, and by contributing to
the restriction of microbial growth by amplifying the innate
clearance mechanisms (3, 34). The proposed role for MIP-2 is
as a mouse equivalent of human IL-8. While IL-8 is the major
neutrophil chemotactic factor in the human lung, the mouse
lacks this chemokine. Instead, MIP-2 and another similar mu-
rine chemokine, KC, have been proposed to act as neutrophil
attractants in the mouse (20, 42, 43). MIP-2 can bind murine
IL-8 type B receptor homolog with high affinity and has been
associated with neutrophil influx and pulmonary inflammation.
Increased levels of both TNF-a and IL-8 have been found in
the bronchoalveolar fluid of CF patients (6). Similarly, we
found increased levels of TNF-a and MIP-2 in the lungs of
mice chronically exposed to P. aeruginosa. The increase in
TNF-a and MIP-2 in the repeated aerosol challenge was for
the most part limited to the lung tissue, indicating that the
effects of infection were restricted to the lung, reminiscent of
the strict confinement of P. aeruginosa to the respiratory tract,
commonly seen in CF. Furthermore, P. aeruginosa was not
found in the spleens and livers of infected animals at any stage
of infection (data not shown).

IL-10 has both anti-inflammatory and immunosuppressive
functions (32). Besides its role in contributing to the polariza-
tion of immune response by inhibiting the activity of Th1 cells
(26, 32), IL-10 is an important suppressor of innate inflamma-
tory response and downregulates the production of cytokines
such as TNF-a (13). Since IL-10 protects mice from lipopo-
lysaccharide-induced lethal shock (15, 23), the relatively high
mortality among IL-10T mice exposed to P. aeruginosa aero-
sols observed in the present study may be explained by the lack
of IL-10, although other, indirect effects cannot be excluded
based on our experiments. While, as expected, no IL-10 was
detected in IL-10T mice, IL-10 was produced in C57BL/6J
mice in our experiments (data not shown), and its levels were
increased 2.4-fold (P 5 0.01, ANOVA) 18 h following expo-
sure to PAO1, supporting its possible role in response to P.
aeruginosa infection. We also know that the IL-10T mice that
succumbed to P. aeruginosa infection did not die because of the
systemic spread of bacteria, since no viable organisms were
recovered from the spleens and livers of these animals. Intrigu-
ingly, no additional fatalities were observed in IL-10T mice
after the second exposure cycle. The reasons for this phenom-
enon are not known at present. However, it is possible that the
reduction in TNF-a levels during the later stages of the con-
tinuous exposure regimen, observed in all animals examined,
may contribute to the improved survival of IL-10T mice past
the initial encounter with the pathogen.

The usefulness of the repeated inhalation exposure model
developed in this study is best illustrated in experiments with
IL-10T mice. A single exposure to P. aeruginosa aerosol was
not sufficient to detect any histological differences between the
lungs of IL-10T and C57BL/6J mice. Based solely on his-
topathological evaluation after a single exposure to aerosol
infection, one could conclude that IL-10 was not significant for
lung inflammation induced with P. aeruginosa. However, in a
comparison of IL-10T and C57BL/6J mice after a series of
consecutive exposures to P. aeruginosa, increased lung damage
and inflammation were detected in IL-10T animals relative to
those in the identically exposed control animals capable of
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producing IL-10. These observations potentially underscore
the significance of the finding that IL-10 levels are reduced in
the lungs of CF patients relative to those in the lungs of healthy
individuals (6) in terms of its possible relevance for the uncon-
trolled lung tissue destruction typically seen in CF. Based on
our findings that IL-10 may be important for suppressing in-
flammation in the lung in the incessant presence of P. aerugi-
nosa, future attempts to reverse inflammatory processes and
tissue damage by the administration of exogenous recombinant
IL-10 may provide a model to test the potential benefits of an
IL-10-based therapy for CF.
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