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Abstract

Background: Altered pulmonary function is present early in the course of cystic fibrosis (CF), independent of documented infections or onset of
pulmonary symptoms. New initiatives in clinical care are focusing on detection and characterization of preclinical disease. Thus, animal models are
needed which recapitulate the pulmonary phenotype characteristic of early stage CF.
Methods: We investigated young CF mice to determine if they exhibit pulmonary pathophysiology consistent with the early CF lung phenotype.
Lung histology and pulmonary mechanics were examined in 12- to 16-week-old congenic C57bl/6 F508del and R117H CF mice using a forced
oscillation technique (flexiVent).
Results: There were no significant differences in the resistance of the large airways. However, in both CF mouse models, prominent differences in
the mechanical properties of the peripheral lung compartment were identified including decreased static lung compliance, increased elastance and
increased tissue damping. CF mice also had distal airspace enlargement with significantly increased mean linear intercept distances.
Conclusions: An impaired ability to stretch and expand the peripheral lung compartment, as well as increased distances between gas exchange
surfaces, were present in young CF mice carrying two independent Cftr mutations. This altered pulmonary histopathophysiology in the peripheral
lung compartment, which develops in the absence of infection, is similar to the early lung phenotype of CF patients.
© 2016 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cystic fibrosis (CF) is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene.
The CF pulmonary phenotype worsens over time; progressing
from early, pre-symptomatic pathophysiologic changes in the
lung and airways to overt disease with mucus obstruction
and bronchiectasis. Progressive lung disease characterized by
recurrent infections is the major cause of morbidity and
mortality. However, growing evidence suggests that the CF
pulmonary phenotype develops prior to, and partially indepen-
dent of, the recurrent cycle of infection, inflammation and
obstruction [1–5]. Early manifestations of the CF pulmonary
phenotype include increased airway resistance, evidence of gas
trapping and diminished expiratory flow rates and volumes.
These abnormalities have been reported in young patients with
mild CF [6] and in clinically stable individuals without
detectable infection [7–14]. Using the single frequency forced
oscillation technique, decreases in reactance (Xrs) and
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Table 1
Lung measurements.

Body weight
(g)

Lung weight
(g)

Lung height
(mm)

Lung width
(mm)

WT 25.6 ± 3.6 0.16 ± 0.04 10.6 ± 0.7 5.8 ± 0.5
F508del 22.4 ± 2.7 ⁎ 0.15 ± 0.04 10.5 ± 0.7 5.7 ± 0.6
R117H 19.1 ± 2.4 ⁎ 0.13 ± 0.01 10.2 ± 0.3 5.3 ± 0.5

⁎ p b 0.05 compared to WT.
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increases in resistance (Rrs) of the respiratory system in CF
patients has been reported, although the magnitude of these
differences was not consistent across studies [7,15–17], likely
due to variability of clinical status in these cohorts. Taken
together, these findings indicate that a phenotype of altered
pulmonary function is present early in the course of CF,
independent of documented infections, or onset of pulmonary
symptoms.

The advent of newborn screening has enabled clinical
studies of lung function parameters in pre-symptomatic patients
with CF, and has extended the time between diagnosis and
onset of overt symptoms. This silent period provides a window
of opportunity where therapeutic interventions may be most
effective [18,19]. Thus, a recent focus has been on the early
detection [18,20–24] and treatment [25,26] of pre-symptomatic
CF patients. However, these efforts are challenged by the fact
that there is an incomplete understanding of the underlying
pathobiology of lung function in early CF. As clinical strategies
shift from treatment of symptoms to prevention of progressive
lung disease, animal models are needed which manifest the
pulmonary pathology characteristic of the early CF phenotype.
In the present work, we demonstrate that two different mouse
models of human CFTR mutations (F508del and R117H)
exhibit significant histological and lung mechanical differ-
ences, which are localized to the peripheral lung compartment.
CF mouse lungs exhibited a greater mean free distance between
gas exchange surfaces and had an impaired ability to stretch
and expand. These alterations in respiratory mechanics and
lung structure were identified in the absence of infection,
detectable airway mucus or inflammatory cell infiltration, and
are similar to the early pulmonary phenotype described in CF
patients [20,27–29].
2. Materials and methods

2.1. Mice

Two congenic CF mouse models were utilized: homozygous
F508del Cftr mutation (Cftrtm1kth) [30], and homozygous
R117H mutation [31]. These mutations have been backcrossed
N10 generations to the C57Bl/6J strain to make the strains
congenic. Non-CF mice were wild type (WT) littermates of the
CF mice. All CF and non-CF mice used in the study were
young adults (8–16 weeks old). Mice were allowed unrestrict-
ed access to chow (Harlan Teklad 7960; Harlan Teklad Global
Diets, Madison, WI) and sterile water with an osmotic laxative,
Colyte (Schwarz Pharma, Milwaukee, WI), and were main-
tained on a 12 h light/dark cycle at a mean ambient temperature
of 22 °C. WT mice (n = 7; 4 males and 3 females) weighed
25.6 ± 3.6 g. F508del CF mice (n = 6, 4 males and 2 females)
weighed 22.4 ± 2.7 g (p b 0.04 compared to WT mice), and
R117H CF mice (n = 6, 3 males and 3 females) weighed
19.1 ± 2.4 g (p b 0.01 compared to WT mice). While the body
weights of both CF groups were less than WT, there were no
statistically significant differences in lung weight, height or
width (Table 1).
2.2. Screening for infectious organisms and specific pathogen
testing

Sentinel mice from the colony were screened on a monthly
basis via culture of bronchoalveolar lavage fluid. During the
course of this study, no active infections were detected in any of
the sentinel animals housed alongside the experimental
animals. In addition, all the experimental animals were tested
using serum ELISA for Bordetella hinzii, which is the only
known pathogen to be identified in this mouse colony. All
experimental mice tested negative for any current or previous
B. hinzii infection.
2.3. Respiratory mechanics

Forced oscillation measurements were obtained in intact,
intubated, anesthetized mice. Following induction of anesthesia
via intraperitoneal injection of ketamine (150 mg/kg) and
xylazine (15 mg/kg), tracheotomy and cannulation (Becton
Dickinson Angiocath, 20GA, trimmed to 20 mm length) were
performed. Animals were mechanically ventilated using a
computer-controlled mechanical ventilator (flexiVent system,
SCIREQ) at a rate of 150 breaths/minute with tidal volumes of
10 mL/kg and positive end-expiratory pressure of 3 cmH2O.
Lung mechanics measurements were made using automated
maneuvers and analysis algorithms as described previously
[32]. Briefly, inspiratory capacity was measured by slow
lung inflations to 30 cmH2O over 3 s. Data obtained from
single-frequency forced oscillation maneuvers were used to
calculate overall respiratory system resistance (Rrs), compliance
(Crs) and elastance (Ers), using operating software and assuming a
single compartment model of the respiratory system. Respiratory
input impedance was calculated from automated measurements
made during a broadband low-frequency forced oscillation
maneuver with a mixed frequency forcing function comprised of
multiple prime frequencies ranging from 0.25 to 20 Hz. Operating
software fit a constant phase model to the respiratory input
impedance to determine Newtonian resistance (Rn), tissue
damping (G) and tissue elastance (H). Parameters from individual
data sets were included in the final analysis, provided that the
coefficient of determination assessing the fit of the model to the
experimental data was ≥0.95. Pressure–volume curves were
produced by stepped increases and subsequent decreases in airway
pressure. At each step, a pause of 1 s was conducted during which
the plateau pressure and change in lung volume was measured.
Static lung compliance (Cst) was calculated from the slope of each
curve. The area (hysteresis) of the pressure–volume curve and a
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shape parameter (K) describing the deflation limb of the pressure–
volume loop were also calculated.

2.4. Histology

Separate groups of mice (WT (n = 6); F508del (n = 6);
R117H (n = 5)) were used for histologic determinations.
Following CO2 euthanasia, a tracheotomy was performed and
the lungs were pressure-inflated to 30 cmHg with 10% buffered
formalin for 30 min. Lungs were then removed and fixed in
10% buffered formalin for ten days. Fixed specimens were
embedded in paraffin, sectioned in 150 μm increments at a
thickness of 5 μm, and mounted on glass slides. For assessment
of airway luminal diameter, presence of inflammatory cells and
distal airspace structure, one slide from each specimen was
stained with hematoxylin/eosin (H&E). For visualization of
mucosubstances, one slide from each specimen was stained
with periodic acid–Schiff (PAS). Slides were analyzed with
bright-field microscopy at 10× and 20× magnification. Airway
luminal diameter was measured using a 1 mm stage microm-
eter. A mean linear intercept (MLI, Lm) calculation was used to
quantitatively assess distal airspace enlargement. An indirect
method was utilized, in which the software generated a test-line of
known length across multiple 20× fields of view, to represent
~5% of the total lung area. The Lm was then determined by
calculating the ratio of line endpoints within parenchyma,
including airspaces and ductal spaces [P(A)+P(duct)], to points
intersecting the septum [I(A)] across the known-length test line (d)
(excluding nonparenchyma structures) [33], as indicated by the
following formula [34]:

Lm ¼ d ∙ P Að Þ þ P ductð Þ½ �=I Að Þ

2.5. Statistics

Descriptive statistics were used for summarizing pulmonary
function measurements, airway luminal diameters and MLI
distances. Analysis of variance (ANOVA) was used to analyze
the differences between group means using the statistical software
package Stata 13.0. When significant differences were detected, a
pairwise comparison of the means of each combination of groups
was conducted assuming equal variances. We accounted for
multiple comparisons using the Sidak procedure. Corrected
p-values ≤0.05 were considered significant.

3. Results

3.1. Overall mechanics of the respiratory system

Lung mechanics were initially assessed using a single-
frequency forced oscillation approach, which assumes a linear,
first-order single compartment model of the respiratory system
(Fig. 1). Respiratory system compliance (Crs) was significantly
reduced in both F508del (0.038 ± 0.003 mL/cmH2O; p = 0.003)
and R117H (0.033 ± 0.003 mL/cmH2O; p b 0.001) compared to
wild type (WT) controls (0.045 ± 0.003 mL/cmH2O). Analogous
increases in elastance (Ers) of the respiratory system were also
identified in both F508del (p = 0.010) and R117H (p b 0.001).
Resistance of the overall respiratory system tended to be higher
(p = 0.09) in both groups of CF mice when compared to WTmice
(Fig. 1). Inspiratory capacity normalized to body weight (Fig. 1)
was not different between CF andWTmice (p = 0.15). These data
quantify a CF lung phenotype, but were unable to localize the
anatomic source of these differences.

3.2. Distinguishing central from peripheral lung compartments

To further evaluate the observed changes in lung mechanics,
broadband forced oscillations were used to discriminate central
and peripheral lung mechanics (Fig. 2). Using this constant
phase model, Newtonian airway resistance (Rn) was not
different between CF and WT mice (p = 0.31). However,
tissue damping (G) was increased in both F508del (4.80 ± 0.43
cmH2O/mL; p = 0.001) and R117H (4.84 ± 0.22 cmH2O/mL;
p = 0.001) mice compared to WT (3.97 ± 0.34 cmH2O/mL).
Tissue elastance (H) was also increased in both F508del (23.6 ±
1.9 cmH2O/mL; p = 0.040) and R117H (28.6 ± 3.3 cmH2O/mL;
p b 0.001) compared to WT (19.8 ± 1.9 cmH2O/mL). Thus, the
changes in respiratory systemmechanics were not due to increases
in resistance of the large conducting airways. Rather, the observed
differences in the mechanical properties of the peripheral tissue
compartment of CFmice reflected alterations in the small airways,
lung parenchyma, or both.

3.3. Pressure–volume loops and static lung mechanics

To specifically quantify the contribution of lung parenchy-
ma to the observed CF pulmonary phenotype, quasi-static
mechanical properties of the respiratory system were measured.
Pressure–volume loops constructed from average data from
WT and CF mice (Fig. 3, top panel) indicate that the intrinsic
stiffness of the lung and chest wall is increased (lower static
compliance under closed-chest conditions) in CF mice.
Compared to WT mice (0.076 ± 0.005 mL/cmH2O), static
compliance (Cst) was significantly reduced in both F508del
(0.066 ± 0.005 mL/cmH2O; p = 0.009) and R117H (0.063 ±
0.005 mL/cmH2O; p = 0.001) CF mice (Fig. 3). The overall
area of the pressure–volume loops was not significantly different
(p = 0.35; Fig. 3), indicating that hysteresis was unchanged.
However, differences in the shape of the pressure–volume loop, as
quantified by a shape parameter (K, Fig. 3), was significantly
different in both F508del (0.123 ± 0.008 1/cmH2O; p = 0.011)
and R117H (0.122 ± 0.005 1/cmH2O; p = 0.005) mice compared
to WT (0.135 ± 0.005 1/cmH2O).

3.4. Lung histology

To further investigate the anatomical source of the changes
indicated by the pulmonary mechanics measurements, a
histological analysis of the large conducting airways (bronchi-
oles and terminal bronchioles), small airways (respiratory
bronchioles), and distal airspaces was performed (Fig. 4).
There were no differences in luminal diameters of the
bronchioles (p = 0.50), the terminal bronchioles (p = 0.93) or



Fig. 1. Overall mechanics of the respiratory system are altered in CF mice. Single compartment analysis of respiratory system mechanics using flexiVent forced
oscillation technique in wild type mice (black bars, n = 7), F508del (gray bars, n = 6) and R117H (white bars, n = 6) cystic fibrosis mice. Compliance of the
respiratory system was significantly decreased in both CF mice as compared to WT control mice (*p b 0.05). Overall resistance of the respiratory system tended to be
greater in CF mice (p = 0.09). Inspiratory capacity normalized to body weight was not different between groups.
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the respiratory bronchioles (p = 0.84) (Fig. 5). Mucus (PAS
stain) was not present in the airway lumens, and there was no
inflammatory infiltration within the airway walls (Fig. 4).
However, there were structural changes in CF lung parenchy-
ma. Both CF mouse models displayed a visible increase in
airspace diameter (Fig. 4) that was quantified using a mean
linear intercept (MLI) calculation of distal airspace enlarge-
ment. MLI was significantly increased in F508del (21.1 ±
3.3 μm; p b 0.005), and R117H (22.1 ± 1.7 μm; p b 0.005)
compared to WT (13.8 ± 1.7 μm) (Fig. 5).

In summary, compared to WT controls, there were overall
differences in the mechanical properties of the respiratory
system in two independent CF mouse models. These differ-
ences were localized to the peripheral lung compartment, which
is comprised of the small airways and the lung parenchyma.
Histological analyses confirmed enlargement of the distal
airspaces consistent with the peripheral lung compartment as
the anatomical source of the changes in pulmonary mechanics.

4. Discussion

The objective of the present study was to evaluate two
independent CF mouse models to determine the extent to which
they recapitulate the early CF lung phenotype in humans.
Resistance of the large airways was unchanged in CF mice;
however, prominent differences in the mechanical properties of
the peripheral lung compartment were identified. Histological
Fig. 2. Significant differences in the mechanical properties of the CF lung are local
phase analysis was used to discriminate central and peripheral lung mechanics in wi
bars, n = 6) cystic fibrosis mice. Newtonian airway resistance (central compartment)
peripheral lung compartment were both significantly increased in both CF mice (*p
analysis revealed distal airspace enlargement without significant
differences in the luminal diameter of any of the bronchioles.
These differences indicate the initial development of pathologic
manifestations in the peripheral compartment, and were detected
in the absence of mucus, overt inflammation or infection in CF
mice. Distal airway alterations such as those described here in
both CF mouse models are consistent with the initial stages of the
preclinical pulmonary phenotype in CF patients [20,27–29]. In
particular, early in the course of CF, patients have abnormal
increases in airway resistance and associated gas trapping
[35,36], which often occurs independent of lung infection or
environmental factors [9,10,37]. Using the forced oscillation
technique, alterations in pulmonary mechanics have been
observed as an early pulmonary change in CF patients [16].
Airway resistance is also increased in young children with CF
compared to healthy controls [12,37]. These differences were
independent of infection and typically present early in the course
of CF. Although infection will worsen these changes over time
[1,29], this baseline phenotype exists prior to the development of
symptoms, as significant increases in the resistance of the small
airways and evidence of gas trapping may occur even in patients
with spirometry within normal limits [1,4,5].

Our study identified CF-specific changes in respiratory
mechanics in F508del and R117H CF mice. Initial protocols
employed dynamic measurements which model the respiratory
system as a uniform single compartment. During single-frequency
forced oscillations, CF mice had decreased dynamic compliance
ized to the peripheral tissue compartment and not the central airways. Constant
ld type mice (black bars, n = 7), F508del (gray bars, n = 6) and R117H (white
was similar between groups. Tissue damping (G) and tissue elastance (H) of the
b 0.05).
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Fig. 3. Pressure–volume loops identify differences in lung mechanics. Pressure–volume loops (top panel) generated by stepped inflation and deflation maneuvers in
wild type mice (solid black line, n = 7), F508del (dashed gray line, n = 6) and R117H (solid gray line, n = 6) cystic fibrosis mice. Static lung compliance (Cst) was
significantly reduced in CF (gray and white bars) as compared to WT mice (black bars). The area between the inflation and deflation limbs of the pressure–volume
loop was similar among all groups. Significant differences were present in the shape of the deflation limb of the pressure–volume loop as quantified by the shape
parameter (K) (*p b 0.05).
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and increased dynamic elastance of the whole respiratory system,
including the airways, lung parenchyma and chest wall. These
data indicate that with the movement of gas during breathing,
extra work will be required to exchange a volume of air to expand
and deflate the lungs of CF mice. While these findings clearly
identified differences in pulmonary mechanics between CF and
non-CF mice, the anatomical source of these alterations cannot be
determined using the single compartment approach.

A broadband forced oscillation technique was utilized to
determine whether the observed differences in respiratory
mechanics were due to the central (large airways) and/or
peripheral (small airways and distal lung structures) lung
compartments. The central airways, which are characterized by
Newtonian airflow, had similar resistance measurements
between CF and non-CF mice. Thus, the large airways are not
the source of the decrease in dynamic lung compliance. In
contrast, there were significant differences in peripheral lung
mechanics, which could reflect differences in either the
peripheral airways and/or peripheral tissues [38]. In particular,
CF mice had increased tissue damping and increased tissue
elastance of the peripheral lung compartment. This indicates
that in the lungs of CF mice, more energy is lost to frictional or
other resistive forces and that more work will be required to
expand the lungs.

To determine if the observed differences in CF peripheral
lung mechanics were reflective of changes in the lung
parenchyma, static measurements of lung mechanics were
made. Although inspiratory capacity was similar between CF
and non-CF mice, static lung compliance (Cst) was different
between the groups. Static measures of compliance are not
influenced by properties of the large airways, but rather reflect
the peripheral lung tissue's intrinsic tendency to inflate or
deflate under a given pressure change. Thus, this finding
identifies a difference in the CF lung parenchyma's ability to
stretch and expand. To further quantify the mechanical
behavior of CF lungs under static conditions, quasi-static
pressure–volume loops were measured. The area between the
inflation and deflation limbs (hysteresis) was similar between
the groups. However, significant differences in the shape of the
deflation limb (K) were identified. Specifically, the slope of the
pressure–volume curve during stepwise deflation was less in
CF mice, indicating a smaller volume of air was expelled from
CF lungs in response to a given decrease in pressure. Therefore,
under normal conditions, an extended period of exhalation
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Fig. 4. Histologic analysis of the airways and lung parenchyma. Representative micrographs of WT, F508del and R117H mice are displayed. Bronchioles were
visualized at 10× (A–C), and all others were visualized at 20× (D–O). Slides were stained with H&E (A–L), and the terminal bronchioles were also stained with PAS
to verify the absence or presence of any mucoid substance in the airway lumen (M–O).

741R.J. Darrah et al. / Journal of Cystic Fibrosis 15 (2016) 736–744
would be required for a given volume of air to exit CF lungs.
These data confirm that CF-specific changes in the peripheral lung
compartment contribute to the differences in the mechanical
properties of the respiratory system between CF and non-CFmice.

Taken together, these data indicate that homozygous
F508del and R117H CF mice have decreased dynamic
compliance of their overall respiratory system. This is not due
to changes in the resistance of the large airways. Rather, our
findings indicate increased impedance of the distal airways and
airspaces in CF mice, likely due to CF-specific changes in the
small airways and/or alveolar spaces. The development of
pathologic changes in the peripheral lung compartment might
be associated with differences in lung architecture. To further
evaluate this possibility, histological analysis of the CF mouse
lung was used to confirm the anatomical source of the changes
in pulmonary mechanics. Luminal diameter of the conducting
airways (bronchioles and terminal bronchioles) and small
airways (respiratory bronchioles) was measured, and the CF
mice were not different from the non-CF mice. This was
consistent with the pulmonary mechanics data that indicated no
difference in the resistance of the central airways of the CF
mouse. Measurements of anatomical structure of the distal
airspaces identified increased mean linear intercept distances
suggestive of a greater mean free distance between gas
exchange surfaces within the three-dimensional acinar surface
complex of the peripheral lung compartment. Increased mean
linear intercept distances have been reported in children with
CF, and were interpreted as being clinically indicative of
over-inflation or gas trapping [39]. In summary, CF mice
exhibit physiologic and histologic evidence of pulmonary
pathology consistent with features of the early CF pulmonary
phenotype in humans [1,4,6,7,16,37,39].

The pulmonary mechanics phenotype described here was
apparent in both CF mouse models, which were age-matched to
non-CF control mice. As a result, the CF mice weighed less
than the non-CF mice used in this study. While body weight is
not a major contributor to lung function measurements, lung
size is an important variable. Lung size and weight were
measured and found to be similar in all 3 groups (Table 1),
indicating that the differences in lung function measurements
were not a direct result of differences in body weight. We
elected not to weight-match the CF and non-CF mice, as this
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Fig. 5. Quantitative assessment of the airway luminal diameter and peripheral lung
airspace structure. Measurements of the luminal diameter of the bronchioles,
terminal bronchioles, and respiratory bronchioles showed no difference in CF (gray
bars, n = 6; white bars, n = 5) and WT (black bars, n = 6) lung. The mean linear
intercept was significantly increased in CF peripheral lung compared to WT
(*p b 0.05).
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would have required using juvenile WT mice (~4 weeks of
age) and would have introduced other confounding variables.

Respiratory mechanics have been previously evaluated in
alternative mouse models of loss of Cftr [40–43]. The findings
of the present study are consistent with the previous reports, but
extend the characterization of the pulmonary phenotype in CF
mice in several important ways. Prior studies have suggested a
change in lung architecture, but without a quantitative
assessment of these differences [40,43]. Here, we used a
mean linear intercept calculation to provide quantitative
assessment of this phenotype in congenic C57Bl/6 F508del
and R117H CF mice. The first report of altered pulmonary
mechanics in CF mice utilized older F508del mice with varied
genetic backgrounds [40]. Subsequent studies detected in-
creased resistance and elastance of the lungs of F508del CF
mice (congenic on the FVB/N background), both at baseline
and following methacholine challenge [42]. These mice were of
a similar age to those in the present study; however, specific
characterization of the contribution of central and peripheral
lung compartments was not reported [42]. Cohen, et al. used a
forced oscillation technique to more completely evaluate
pulmonary mechanics in CF mice, and reported findings
similar to those described here including decreased compliance,
increased tissue damping (G) and increased elastance (H) [41].
However, these investigators used an alternative CF mouse
model (null mutation) that was not congenic. Nevertheless, the
fact that altered pulmonary mechanics described in the present
study were also detected in alternative CF mouse models
supports the conclusion that loss of Cftr results in changes in
pulmonary mechanics. The present study extends that work by
using young congenic C57BL/6 mice homozygous for two of the
most common human CFTR mutations (F508del and R117H),
and providing a characterization of both the pulmonary mechanics
phenotype and alterations in lung architecture.

A limitation of the CF mouse as a model of the human CF
pulmonary phenotype is that it does not naturally progress to
more severe disease pathology, including bronchiectasis and
mucus plugging of the conducting airways, which are among
the most prevalent changes in patients with symptomatic CF
[5]. However, the CF pulmonary phenotype develops over
time, and pathophysiologic changes in the lung and airways are
present even in pre-symptomatic patients. The two described
CF mouse models exhibit manifestations which are consistent
with the early stage pulmonary phenotype present in
pre-symptomatic CF patients. They offer the scientific com-
munity the opportunity to investigate the underlying effects of
absent CFTR on lung physiology and mechanics in the absence
of infection.

While the CF mouse is a useful model of the initial
pulmonary phenotype, other CF animal models have been
developed and used successfully to study the many manifes-
tations of CF disease. For example, mice with airway-specific
overexpression of the epithelial Na(+) channel (ENaC) provide
an alternative model to study mucus obstruction and chronic
airway inflammation [44]. Pig and ferret models, which have
altered mucocilliary transport and develop spontaneous lung
infections, have been developed to study the onset and
progression of CF lung disease [45–47]. However, the
pulmonary phenotype in young CF mice identified and
described here developed in the absence of detectable mucus
obstruction and lung infection. This raises the possibility that
these changes are initially attributable to the absence of
functional Cftr. The development of infection in CF certainly
hastens the progression of lung and airways disease [1,29].
However, our findings suggest that ongoing small airways
disease and/or peripheral parenchymal changes may develop
independently of infection or mucus plugging. Identifying the
pathways responsible may lead to the identification of novel
therapeutic targets or the development of disease-modifying
agents. Furthermore, there is a growing recognition that small
airways disease, similar to that described here in the CF mouse,
is present long before the overt manifestation of respiratory
symptoms. Effective therapeutic agents for use during this
period of silent progression of lung disease would be a major
advance. The CF mouse offers the ability to begin the
development and testing of such agents.
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