Response to Acute Lung Infection with Mucoid
Pseudomonas aeruginosa in Cystic Fibrosis Mice
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Rationale: Cystic fibrosis is caused by defects in the cystic fibrosis
transmembrane conductance regulator gene, which codes for a
chloride channel, but the role of this chloride channel in inflamma-
tion induced by lung infection with Pseudomonas aeruginosa remains
to be defined.

Objectives: We tested the hypothesis that loss of this chloride chan-
nel alone is sufficient to cause excessive inflammation in response
to inflammatory stimuli.

Methods: We investigated the response of cystic fibrosis and wild-
type mice to mucoid P. geruginosa administered by insufflation.
Measurements: The host responses measured included survival,
weight change, lung morphometry, bacterial clearance, and inflam-
matory mediators, and cell counts were assessed in bronchoalveolar
lavage fluid.

Main Results: Depending on the dose administered and frequency
of dosing, cystic fibrosis mice experienced significantly higher mor-
tality rates, greater weight loss, higher lung pathology scores, and
higher inflammatory mediator and neutrophil levels compared with
wild-type mice, even after the bacteria had been cleared. Surpris-
ingly, bacteria were cleared just as rapidly in cystic fibrosis mice
as in wild-type mice, and sepsis was not observed. Chronic lung
infections could not be established with mucoid P. aeruginosa in
either cystic fibrosis or wild-type mice.

Conclusions: Absence of this chloride channel alone appears suffi-
cient for exaggerated inflammation and excess mortality compared
with wild-type controls in the face of mucoid P. aeruginosa lung
infection. To establish chronic infection, additional factors such as
bacterial trapping or poor clearance may be required.

Keywords: cystic fibrosis; cystic fibrosis transmembrane conductance
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Cystic fibrosis (CF) is caused by mutations in the CF transmem-
brane conductance regulator gene (CFTR). Patients with CF
are not able to effectively eliminate opportunistic pathogens
such as Pseudomonas aeruginosa, which is the leading cause
of morbidity and mortality in CF. Whether defects in CFTR
necessarily lead to lung infection is not clear, because mice with
absent murine CFTR homolog (Cftr) function do not develop
spontaneous lung infection. However, Cftr mutant mice report-
edly lack the marked up-regulation of activity of the epithelial
sodium channel (ENaC) in their lower airways that is observed
in humans with CF (1-3). A recently developed mouse model
overexpressing the g subunit of ENaC expresses normal Cfir, yet
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exhibits mucus plugging, bacterial trapping, and inflammatory
changes characteristic of the human CF lung (4-6). It is a short
step to infer from these data that the dysregulation of ENaC,
and not defects in Cfir per se, predisposes to the lung disease
characteristic of CF. However, it is not clear, in the ENaC-
overexpressing mouse, whether the inflammatory response is
either (/) appropriate to the bacterial or other stimulus or (2)
excessive, as it seems to be in patients with CF.

Several lines of evidence suggest that mice with defective
Cftr have exaggerated inflammation compared with wild-type
control animals in response to several organisms, including aero-
solized Staphylococcus aureus and Burkholderia cepacia (7, 8),
and repeated intranasal applications of B. cepacia have led to
chronic lung infection in Cftr-deficient mice, much like that ob-
served in patients with CF (9). It has been difficult to study
responses to P. aeruginosa in mice because, at lower inoculums,
the organism is rapidly cleared and at higher doses there is
considerable mortality (10). We and others have approached
this problem by embedding the P. aeruginosa in a matrix to retard
their clearance (11-14), and have demonstrated that infected mice
with defective Cftr have an exaggerated inflammatory response
and greater mortality compared with wild-type control mice. In
some of these studies, the exaggerated inflammatory response is
associated with increased numbers of bacteria cultured from the
lung, but in our own studies, it is not. However, one study demon-
strated that a mucoid clinical strain of P. aeruginosa (FRD1)
delivered transtracheally without matrix led to significantly
greater tumor necrosis factor (TNF)-a levels in lung homoge-
nates of CF mice compared with wild-type mice, although sur-
prisingly, bacterial clearance rates were similar (15). Their find-
ings led us to hypothesize that deficiency of Cftr function is
sufficient to produce excessive inflammation in response to bac-
terial challenge; therefore, we further examined the host in-
flammatory response of CF and wild-type mice to free-living
mucoid P. aeruginosa. Some of the results of these studies have
been previously reported in the form of abstracts (16, 17).

METHODS

Mice

Congenic B6.129P2-Cfir™!Ur heterozygotes (stock no. 2196; Cfir*’~ or
wild-type mice) and stock Cfir™U-TgN(FABPCFTR )#Jaw mice (stock
no. 2364; CF mice) were originally obtained from the Jackson Labora-
tory (Bar Harbor, ME). Details and rationale of the mice used can be
found in the online supplement, as well as information about animal
husbandry. Only female mice were used in these studies. Wild-type
mice used in lung infection studies were Cftr*/~ mice. All procedures
were approved by Case Western Reserve University’s Animal Care
and Use Committee.

P. aeruginosa Infection of Mice

Mice were 7.1 = 1.1 wk old and weighed 18.0 = 1.9 g at the time of
inoculation. Mice were anesthetized with isoflurane using a vaporizer
(VetEquip, Inc., Pleasanton, CA). Mice were inoculated with 0.02 ml
of bacterial broth (10°-10° cfu/mouse) by insufflation using a sterile
pipette placed just above the nostril. Details are provided in the online
supplement.
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Bronchoalveolar Lavage

Mice were killed using greater than 70% carbon dioxide in air followed
by exsanguination by direct cardiac puncture, in accordance with 2000
American Veterinary Medical Association Panel on Euthanasia Guide-
lines. After the mice were killed, bronchoalveolar lavage (BAL) was
performed, and cell counts were performed on resuspended cell pellets;
the sterile filtered supernatant was processed for evaluation of media-
tors, as described elsewhere (18). Murine cytokines measured were
TNF-a, interleukin (IL)-1B, IL-6, IL-4, IL-5, IL-10, IL-12, and IFN-y
read by a Luminex 100 using murine Lincoplex Multiplex immunoassay
kits (Linco Research, Inc., St. Charles, MO) and reagents from R&D
Systems (Minneapolis, MN) to generate standard curves. The murine
neutrophil chemokines, macrophage inflammatory protein (MIP)-2,
and keratinocyte chemoattractant (KC) were measured by ELISA,
according to the manufacturer’s recommendations (R&D Systems) or
as with the aforementioned mediators. Values that fell below the limits
of detection for the assay were assigned a value equal to the lowest
limit of detection for each assay. Values were corrected for urea dilution
(19) and expressed as ng/ml epithelial lining fluid (ELF).

Lung Histopathology

After BAL, lungs were prepared for histologic examination. Five-
micron sections were stained with hematoxylin and eosin (H&E), and
adjacent sections were stained with alcian blue and periodic acid-Schiff
(PAS). The area of the lung that was inflamed was assessed from H&E-
stained sections by quantitative morphometric techniques. Details have
been published previously (20). Qualitative production of mucin was
assessed in airways and airway epithelial cells from alcian blue/PAS-
stained slides.

10 10

n=5

Bacterial Clearance

The right and left lung were placed in 9 ml of cold, sterile phosphate-
buffered saline and homogenized. Tenfold serial dilutions of lung ho-
mogenates were plated on tryptic soy agar, in duplicate, and the number
of colonies counted 20 to 24 h after incubation at 37°C.

Statistics

The statistical software packages SigmaPlot version 2.03 or SAS version
9.1 (SAS Institute, Cary, NC) were used. Data are represented as the
means = SEM of the raw data. Data from untreated control animals
are shown at time-point zero. Details of the statistical analyses are
provided in the online supplement.

RESULTS

Effect of Isoflurane

Inhalation anesthetics can induce an inflammatory response in
the lung after prolonged exposure (21, 22) and may therefore
confound the inflammatory response to experimental P. aeruginosa
infection in mice using isoflurane anesthesia. Thus, we deter-
mined the effect of 5 min of exposure to isoflurane anesthesia
on the inflammatory response of CF and wild-type mice. These
data are provided in Table E1 of the online supplement. Briefly,
we detected no change in total or differential cell counts in BAL
fluid, no increase in TNF-a and IL-1B levels above the limits of
detection of the assays, and no significant change in IL-6 levels
in ELF compared with untreated control animals. Thus, isoflur-
ane is unlikely to confound our results.

Figure 1. Weight change after a single inoc-
s ulation with P. aeruginosa. Cystic fibrosis (CF;
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Response of Mice to a Single Dose of Mucoid P. aeruginosa

CF and wild-type mice were inoculated with a single dose of
P. aeruginosa (n = 6/group). All mice receiving 10° cfu died
2 d after infection. Mice that received 10° cfu started to die 3 d
after infection; CF mice had a greater mortality rate than wild-
type mice 6 d after infection (83.3 and 16.7%, respectively;
p = 0.08; Fisher’s exact test). The change in body weight over
time is shown in Figure 1A, with changes in sample size through
death indicated in the figure. A single inoculation with 5 X 10°
or 5 X 10° cfu administered per CF mouse (n = 10/group) was
not associated with mortality or weight loss; however, a dose of
5 X 107 cfu administered per CF mouse was associated with
significant weight loss yet no mortality where cultures of whole
blood and spleen homogenates were negative, and BAL cultures
showed only the organism inoculated. Combining data from six
experiments, CF mice lost significantly (p < 0.006) more weight
than wild-type mice 1, 2, 3, and 4 d after a single intranasal
administration of P. aeruginosa (Figure 1B). Mortality was not
observed in either CF or wild-type mice if the bacteria were
fixed in gluteraldehyde. The changes in body weight over time
are shown in Figures 1C and 1D, with changes in sample size
through death indicated in Figure 1D. One CF mouse that re-
ceived heat-killed bacteria died 3 d after inoculation; necropsy
revealed a consolidated right cranial lung lobe.

The host inflammatory response, as measured by BAL cell
counts and ELF cytokines, was assessed in mice represented in
Figure 1B. Relative and absolute cell counts (i.e., differential
cell counts and total leukocyte counts) were determined from
the BAL fluid (Figure 2); there were significant differences
(p =< 0.009) in the cell counts between CF mice and wild-type
mice at several time points as indicated in the figure. At earlier
time points, differences in relative cell counts were observed
starting 2 h after infection (Figure E1). Results from TNF-a, IL-6,
MIP-2, and KC are shown in Figure 3, and significant differences
between CF and wild-type mice are indicated in the figure. Other
cytokine levels were either at or below detectable limits (IL-12,
IL-13, IFN-v, and granulocyte-macrophage colony—stimulating
factor), or were not significantly different between CF and wild-
type mice (IL-1B and IL-10) and therefore the data are not
shown.

The numbers of bacteria were quantitated in the lungs of
mice after a single intranasal inoculation with P. aeruginosa in
three experiments (Figure 4). The number of bacteria recovered
in lung homogenates was significantly less than the inoculum
(~ 5 X 107 cfu/mouse) immediately after inoculation, and 1, 2,
and 3 h later in both CF and wild-type mice. By 1 to 2 d after
infection, bacteria were no longer detectable in most mice from
either strain. There were no significant differences in the number
of bacteria cultured from CF and wild-type mice at any time
point studied.

Lung sections were made from mice killed 2 d after a single
inoculation with P. aeruginosa; sections illustrating lung in-
flammation are shown in Figure 5. There was mild to moderate
pneumonia present in some areas of the lungs of both CF and
wild-type mice, though in a few mice endobronchial inflamma-
tion could be detected. H& E-stained sections were assessed for
the presence or absence of inflammation using morphometric
techniques 3 h, 1 d, and 2 d after infection. There were no
significant differences in the degree of inflammation between
CF and wild-type mice at any of the time points studied when
evaluating the left and right lung separately, though the degree
of inflammation tended to increase with time (Figures E2A and
E2B). Due to the similarity of the results in the right lung and
the left lung, the data were pooled for the entire lung (Figure
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Figure 2. Leukocytes in bronchoalveolar lavage fluid (BALF) after a sin-
gle inoculation with P. aeruginosa. Wild-type (closed circles) and CF mice
(open triangles) were inoculated with a single dose of P. aeruginosa.
Mice were killed 3 h, (n = 18/group), 1 d (18 mice/group), 2 d (27
mice/group), 3 d (11-13 mice/group), and 4 d (12-13/group) after
infection (B), and represent mice from Figure 1B. BAL was performed
and relative or differential (A, C, and E) and absolute or total numbers
(B, D, and F) of alveolar macrophages (A and B), neutrophils (C and D),
and lymphocytes (E and F) were enumerated, as described. *Signifi-
cantly different (p < 0.009) from wild-type control mice at the same
time point (due to data that were not normally distributed, the Van
Elteren’s test was used adjusting for differences between experiments
and the Bonferroni method was used to adjust for multiple testing; p <
0.01 was considered significant). Arrows indicate the timing of infection.
Data points at t = 0 represent untreated mice.

E2C). Again, there were no significant differences at any time
point studied.

Response of Mice to Multiple Doses of Mucoid P. aeruginosa

Experiments were performed to evaluate whether repeated admin-
istrations of P. aeruginosa (~ 5 X 107 cfu/mouse/administration)
could develop into a chronic lung infection in mice. P. aeruginosa
was administered by insufflation to CF and wild-type mice every
3 d for a total of four doses, similar to the protocol used to create
chronic B. cepacia lung infection (9). After a single administration,
CF mice lost weight the first 2 d, and then regained some of the
weight lost by the third day (Figure 6A). After the second dose,
mice lost weight the first day; however, the mice started to gain
weight the second and third day. By the third dose, although
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mice lost weight, the changes in body weight of the CF and wild-
type mice became more similar, and by the fourth dose, the
change in weights of the two groups mice were nearly indistin-
guishable. Mice were killed 13 d after the initial inoculum and
BAL performed. TNF-a, IL-1B, IL-6, MIP-2, and KC in BAL
fluid were at or near the limits of detection for the assays in
almost all mice.

Because we observed that mice recovered some of their body
weight 3 d after infection, mice were inoculated every 2 d in
subsequent experiments (Figure 6B). After the first day, CF and
wild-type control mice lost a similar amount of weight. However,
CF mice continued to lose more weight than wild-type mice
thereafter. Some mice died after the second and third dose; a
fourth dose was not administered, although survival and body
weight were monitoried until 8 d after infection. CF mice had
significantly greater mortality compared with wild-type control
animals (60 vs. 0%; p < 0.001). Survivors were killed 8 d after
the first bacterial administration, and BAL performed. Lung
sections stained with H&E were evaluated for inflammation.
TNF-a, IL-1B, IL-6, MIP-2, and KC in BAL fluid were at or
near the limits of detection for the assays in almost all mice, and
there was no significant difference in the area of inflammation
between the two groups of mice.

Because doses of approximately 10° cfu/mouse or greater led
to mortality of the CF mice, a dose-response curve was generated.
Three different doses were administered every 2 d for a total of
three doses, and the mice were weighed daily (Figure 7A). Mice
in the highest dosing group lost significantly more weight than
those in the other two dosing groups. Mice were killed 7 d after
the first dose, and BAL was performed. Mice receiving approxi-

mately 5 X 107 cfu/mouse lost significantly more weight than the
other two doses at all time points studied. All cytokine concentra-
tions but KC were still at or near the limits of detection for
most mice. KC concentration was significantly greater in mice
receiving the highest bacterial dose compared with the other
dosing groups (Figure 7B). Relative alveolar macrophage and
lymphocyte numbers were greatest and fewest, respectively, in
mice receiving the lowest bacterial dose compared with the other
two dosing groups, and relative neutrophil numbers were great-
est in mice receiving the highest bacterial dose compared with
the other two groups (Figure 7C). Absolute cell counts were
significantly greater in mice receiving the highest bacterial dose
compared with the other two dosing groups (Figure 7D).
Because cytokines could not be readily detected in mice after
repeated doses 7 d after the initial infection, earlier time points
were considered. CF and wild-type mice were inoculated every
2 d and killed 4 d after the first dose. One CF mouse died on the
last day due to pulmonary obstruction as a result of the infection.
After the surviving mice were killed, BAL was performed and lung
sections were stained with H&E. Again, CF mice lost significantly
more weight than wild-type mice (Figure 8A). There were signifi-
cantly more IL-6 and KC in the ELF of CF mice compared with
wild-type control animals (Figure 8B). There were no significant
differences in the relative cell counts (Figure 8C), which is differ-
ent than after a single inoculation shown in Figure 2C, although
there were significantly greater absolute numbers of alveolar
macrophages in the BAL fluid of CF mice compared with wild-
type control mice (Figure 8D). In addition, there was a signifi-
cantly greater area of the lung that was inflamed in the CF mice
compared with the wild-type mice (Figure 8E). Figure 9 shows
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Figure 4. Bacterial numbers in lung homogenates after a single inocula-
tion with P. aeruginosa. CF (open bar, open triangles) and wild-type (WT)
mice (solid bar, closed circles) were inoculated with a single dose of
P. aeruginosa. (A) WT and CF mice (n = 26 and 27, respectively; data
combined from four experiments) were killed 3 h after infection (aver-
age, 6 X 107 cfu/mouse). (B) Mice were killed immediately, 1 h, or 2 h
after infection (average, 4 X 107 cfu/mouse, n = 12/group). Data are
combined from two experiments. There were no significant differences
between the CF and WT mice at any time point studied (Van Elteren’s
test was used adjusting for differences between experiments).

sections of lungs from these mice stained with alcian blue and
PAS. There appeared to be mucus plugs in the distal airways
of CF mice (Figure 9B), more so than wild-type mice (Figure
9A), and that alcian blue—stained airway epithelial cells were
primarily found in the proximal airways (Figures 9E and 9F),
whereas PAS-stained cells were found in the distal airways

B

Figure 5. Histology sections representing areas of inflammation in distal
airways with adjacent alveoli after a single inoculation with P. aeruginosa.
Wild-type (A, C, and E) and CF (B, D, and F) mice were inoculated with
PA M57-15 by insufflation (~ 5 X 107 cfu/mouse), and killed 3 h
(Aand B), 1d (Cand D), or 2 d later (E and F;, n = 6/group). Control
wild-type and CF mice (G and H, respectively) were untreated. After
BAL, the lungs were prepared for histologic examination, and stained
with hematoxylin and eosin. Examples of blood vessels (solid arrows)
and airway epithelia (open arrows) are indicated in an untreated wild-
type mouse (G). Original magnification, 10X; bar = 100 um.

(Figures 9A and 9B). Similar parts of the airways are shown for
untreated mice for comparison (Figures 9C, 9D, 9G, and 9H).

DISCUSSION

Studying the pathophysiology of CF lung disease is critical for
developing novel treatments; however, because there are no

»
»

Figure 7. Dose response study. CF mice were inoculated on Days 0, 2, and 4 with a low (~ 5 X 10° cfu/mouse; closed circles or open bars), medium
(~ 5 X 10° cfu/mouse; open triangles or hatched bars), or high (~ 5 X 107 cfu/mouse; closed squares or cross-hatched bars) dose of P. aeruginosa,
weighed daily and killed on Day 7 (n = 10/group). All mice survived to the termination of the study. After the mice were killed, BAL was performed
for cytokine analysis and cell counts. (A) Change in body weight after infection. (B) KC concentration in ELF. (C) Relative cell numbers of alveolar
macrophages (AM), neutrophils (PMN), and lymphocytes (Lymph) in BALF. (D) Absolute cell counts of leukocytes (Leuk), AM, PMN, and Lymph
in BALF. *Significantly different (p < 0.001 using a one way ANOVA, and p < 0.001 using a Tukey test to make pairwise comparisons) from the
other two groups. Significantly different from mice receiving the other two dosing groups (p < 0.001 using the Kruskal-Wallis test and p < 0.05
using Dunn’s method to make pairwise comparisons). The Bonferroni method was used to adjust for multiple comparisons.
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Figure 6. Change in body weight after repeated ad-
ministrations of P. aeruginosa. CF and wild-type mice
were inoculated with P. aeruginosa by insufflation
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0 wild-type mice (closed circles) were inoculated on Days
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adequate controls in the human population, other models must
be considered. Animal models of CF lung disease must be used
because inflammatory processes are complex and almost surely
involve interactions among multiple cell types. However, under-
standing the strengths and limitations of the animal models avail-
able is essential for critically evaluating individual pieces of the
disease process and putting those pieces together to make a
more complete story.

The data reported here support the hypothesis that CFTR
deficiency is sufficient to produce increased inflammatory re-
sponses to free-living P. aeruginosa insufflated into the lung. At
higher doses, CF mice suffer higher mortality than wild-type
mice. At slightly lower doses, they survive, but suffer greater
weight loss with slower recovery than their wild-type counter-
parts. This is, however, not due to excessive or protracted bacte-
rial retention in the airways, for the CF mice cleared the bacteria
just as rapidly as wild-type mice. Rather, it is the result of in-
creased and prolonged inflammatory responses.

CF mice had an exaggerated inflammatory response to
P. aeruginosa compared with wild-type control mice both after
a single dose and multiple doses, as assessed by the area of the
lung that was inflamed and the levels of inflammatory cytokine
mediators and neutrophils in BAL fluid. In addition, bacterial
clearance was just as rapid in CF mice as in wild-type mice.
Control studies showed that these results could not be attributed
to the inhalational anesthesia used. The use of the CF mouse

strain selected eliminated dietary or nutritional differences as a
variable for these experiments (as these mice, although main-
taining the CF phenotype in the lung, grow normally, unlike
Cftr”~ mice, which require a liquid diet to survive and remain
small compared with wild-type littermates [18]). In the agarose
bead model, the CF mice had pulmonary responses similar to
Cftr’~ mice (13, 23). Therefore, we attribute the differences
between groups observed in this study to lack of Cfir activity.
Rapid clearance of the bacteria by the CF mice in this study
was likely due to the robust, early neutrophil response. Despite
the fact that bacteria are cleared within 2 d of administration,
CF mice have a prolonged inflammatory response as indicated
by excessive levels in the proinflammatory mediator TNF-o and
the murine neutrophil chemokine KC compared with wild-type
mice.

In another publication using free-living bacteria, mice with
Cftr mutations were reported to have reduced ability to kill
P. aeruginosa compared with wild-type mice (24). The discrep-
ancy in our results and theirs probably results from differences
in experimental conditions, the most important of which is likely
to be the mice themselves. In the earlier study, mice from that
colony were reportedly spontaneously infected, so the colony
was maintained routinely on antibiotics, which were stopped
24 h before challenge. In contrast, our mice were not treated
with antibiotics at any time and sentinel animals (both wild-type
mice and Cftr mutants) were not infected with any of the agents
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Figure 9. Lung histology sections after repeated administrations of
P. aeruginosa. Wild-type (Aand E) and CF (Band F) mice were inoculated
intranasally with P. geruginosa on Day 0 (2.6 X 107 cfu) and Day 2
(6.9 X 10% cfu), and killed on Day 4. Lung sections from untreated
wild-type (Cand G) and CF (D and H) mice in similar areas of the lung
are shown for comparison. BAL was performed and the lungs were
prepared for sectioning and stained with alcian blue and periodic acid-
Schiff (PAS). A magenta color indicates the presence of neutral polysac-
charides (PAS positive), whereas acid mucopolysaccharides and 1,2-
glycol acid substrates stain a dark blue (alcian blue positive; arrows).
Endobronchial inflammation can be seen in the lumen of airway from
a wild-type and CF mouse (A and B). Original magnification, 20X (A-D)
and 40X (E-H); bar = 100 pm.

reported in the other investigators’ colony. Moreover, in our
experiments, qualitative bacteriology cultures on BAL fluid in
challenged mice showed only the bacteria inoculated; this was not
the case in the prior study. In addition, the outcome measures were
performed differently. The earlier investigators used a technique
designed to detect the difference between bacteria that were in-
gested by CF and wild-type lung cells, as well as the multiple of
infectious inoculum, whereas the method described here simply
measured the number of bacteria in the entire lung and these are
reported as the number of cfu/lung.

CF mice maintained under specific pathogen—free conditions
do not spontaneously acquire lung infections, and they are capa-
ble of rapid clearance and killing of even substantial and re-
peated inocula of pathogenic organisms. In contrast, patients
with CF do spontaneously acquire bacterial colonization of the
airways early in life and eventually become unable to clear the

infecting organisms. Whether bacterial retention is due to (/)
changes in the CF lung and how it responds to the bacterium,
(2) changes in how the bacterium responds to the CF lung, or
(3) a combination of the two is not clear. Recent observations
in mouse models, including that presented here, may shed some
insight to this conundrum.

First, Cftr”’~ mice do not have the same up-regulation of
ENaC activity that is observed in the lower airways of patients
with CF (25). Mall and colleagues demonstrated that overexpres-
sion of the B subunit of ENaC directed to the airways by a Clara
cell-specific promoter in mice led to mucus plugging of the
lower airways, mimicking the natural pathophysiology of CF
lung disease (6). In addition, they found that bacterial clearance
of a nonmucoid clinical strain of P. aeruginosa (10° cfu/mouse)
was slower than in wild-type control mice, although it did not
produce mortality. The differences between Cftr~ mice and the
ENaC-overexpressing mice probably do not reside entirely in
the increase in goblet cells and mucins, however, because induc-
tion of increased mucin production and increased goblet cell
number in Cftr”~ mice still did not permit chronic infection
with free-living P. aeruginosa challenge (26). Second, neutrophil
necrosis and the release of DNA and actin likely enhance the
conversion of nonmucoid P. aeruginosa to the mucoid form (27).
Also, mucoid P. aeruginosa in the presence of alginate is retained
more readily in the lungs of CF mice than nonmucoid P. aerugi-
nosa, and mortality rates were significantly higher in CF mice
than in Balb/c wild-type control mice (28). Last, we report that
planktonic mucoid P. aeruginosa can be cleared readily from
the lungs of CF and wild-type mice without mortality.

Therefore, it is likely that trapping and retention of bacteria
in the CF lung is a combination of two factors: that of the CF
lung and that of the bacterium. First, it requires thick, sticky
mucus, which may be attributable to abnormalities in ENaC.
The lungs of CF mice appear to be well hydrated, which may
be due to normal activity of ENaC and increased activity of a
calcium-dependent chloride transporter (25). Although mucus
production is stimulated in both wild-type and CF mice after
challenge with P. aeruginosa, this does not appear to occur to
the extent that it does in mice overexpressing the B subunit of
ENaC. Second, retention is facilitated by conversion of
P. aeruginosa from a nonmucoid form into a mucoid form, and
the alginate coating protects the bacterium from clearance in CF
mice (28). Therefore, it is not surprising that chronic lung infec-
tions could not be established in CF mice under these experimental
conditions. However, our data clearly show that defective Cfir,
in the absence of both increased function of ENaC in the lower
airways and an overabundance of alginate in the challenge bacte-
ria, is sufficient to induce an increased and protracted inflamma-
tory response despite efficient clearance of the bacteria.

There are several possible mechanisms responsible for
the inflammatory response after repeated administration of
P. aeruginosa, some of them under active investigation in our
lab. For instance, if the host already has its defenses recruited
to defend against the first inoculum (e.g., neutrophils are already
in the airway, macrophages already activated, serum already
leaked into the airway), the host may control the second inocu-
lum better, without additional recruitment of cells or increase
in cytokines. It is also possible that due to the repeated administra-
tion and continual clearance of the bacteria, providing a continual
stimulus, a different cell population is now recruited. Indeed,
lymphocyte numbers are increasing, as indicated by BAL cell
counts and in observing histologic sections over time. The lympho-
cytic response may be more important later on in the infection.
In addition, due to absent Cftr, the CF mice have a more prolonged
neutrophilia with the continued production of KC.
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In conclusion, the interpretation of our results combined with
the work of others suggest that the impaired mucociliary clearance,
mucus plugging, and trapping of inhaled bacteria in CF may be
more closely associated with the up-regulation of ENaC initially
than with deficiency of CFTR activity per se, but that once an
infectious or inflammatory stimulus is applied, Cftr deficiency
permits the inflammatory response to be exaggerated. This exagger-
ated response probably allows increased airway damage from neu-
trophil products and provides a favorable setting for further bacte-
rial invasion. Also, overproduction of alginate by P. aeruginosa
protects the organism from clearance by the CF lung, further
exacerbating the cycle of chronic infection and exaggerated in-
flammation. Therefore, the vicious cycle of infection and in-
flammation in the CF lung probably arises from at least two
of the functions of CFTR, one of which has yet to be fully
characterized.
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