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Abstract

Background: Factors determining the onset and severity of chronic obstructive pulmonary disease remain poorly
understood. Previous studies demonstrated that airway surface dehydration in BENaC-overexpressing (BENaC-Tg) mice on
a mixed genetic background caused either neonatal mortality or chronic obstructive lung disease suggesting that the onset
of lung disease was modulated by the genetic background.

Methods: To test this hypothesis, we backcrossed BENaC-Tg mice onto two inbred strains (C57BL/6 and BALB/c) and studied
effects of the genetic background on neonatal mortality, airway ion transport and airway morphology. Further, we crossed
BENaC-Tg mice with CFTR-deficient mice to validate the role of CFTR in early lung disease.

Results: We demonstrate that the C57BL/6 background conferred increased CFTR-mediated Cl~ secretion, which was
associated with decreased mucus plugging and mortality in neonatal BENaC-Tg C57BL/6 compared to BENaC-Tg BALB/c
mice. Conversely, genetic deletion of CFTR increased early mucus obstruction and mortality in ENaC-Tg mice.

Conclusions: We conclude that a decrease or absence of CFTR function in airway epithelia aggravates the severity of early
airway mucus obstruction and related mortality in BENaC-Tg mice. These results suggest that genetic or environmental
factors that reduce CFTR activity may contribute to the onset and severity of chronic obstructive pulmonary disease and
that CFTR may serve as a novel therapeutic target.
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liquid (ASL) dehydration as a disease-causing mechanism of
COPD and established a model to study its pathogenesis i vivo [4].
Proper regulation of ASL volume by coordinate regulation of
ENaC-mediated Na* absorption and C1~ secretion mediated by

Introduction

Chronic obstructive pulmonary disease (COPD) characterized
by airflow obstruction due to chronic bronchitis with airways

mucus plugging and/or emphysema belongs to the most common
chronic diseases and has evolved as a leading cause of death
worldwide [1]. Although it is well established that most COPD is
caused by cigarette smoke and exposure to other environmental
pollutants, the onset and severity of the disease in individuals who
were exposed to similar levels of cigarette smoke is highly variable,
and emerging evidence suggests that the risk of developing COPD
is influenced by genetic factors [2,3]. However, the role of genetic
factors and their contribution to disease-causing mechanisms in
the i vivo pathogenesis of COPD remain poorly understood.
Previous studies in a mouse model with airway-specific over-
expression of the B-subunit of the amiloride-sensitive Na* channel

(ENaC), which constitutes a limiting pathway for absorption of

Na* and fluid across airway epithelia, identified airway surfaces
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the cystic fibrosis transmembrane conductance regulator (CFTR)
and Ca**-activated C1~ channels (CaCC) plays a crucial role in
maintaining normal mucociliary clearance, which constitutes an
important innate defense mechanism of the lung [5,6]. In BENaC-
overexpressing (BENaC-Tg) mice, an imbalance between Na*
absorption and Cl secretion results in volume depletion (de-
hydration) of airway surfaces causing a spontaneous lung disease
that shares key features with COPD in humans including impaired
mucus clearance, airway mucus obstruction, goblet cell meta-
plasia, chronic neutrophilic inflammation with increased levels of
the IL-8 homologue KC, reduced clearance of bacterial pathogens
and emphysema [4,7,8]. Of note, a series of recent studies showed
that cigarette smoke impairs CFTR-mediated Cl secretion across
airway epithelia i vitro and in vivo indicating that impaired ASL
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hydration may also be implicated in the pathogenesis of COPD in
humans [9-12].

When BENaC-overexpressing (BENaC-Tg) mice were main-
tained on a mixed genetic background (C3H/He x C57BL/6), we
noted that the pulmonary phenotype was highly variable. Around
50% of BENaC-Tg mice died during the neonatal period due to
severe mucus plugging of the trachea associated with hypoxic
degeneration of airway epithelial cells and asphyxia, whereas the
surviving BENaC-Tg mice developed chronic bronchitis and
emphysema [4,13]. These observations suggested that similar to
COPD in humans, the COPD-like lung disease in this model may
also be modulated by the genetic background.

In the present study, we therefore backcrossed BENaC-Tg mice
onto two distinct inbred mouse strains (C57BL/6 and BALB/c)
and performed quantitative phenotyping to test the hypothesis that
dehydration-induced lung disease can be influenced by the genetic
background. Because lung disease in PENaC-Tg mice is caused by
a dysbalance between absorption and secretion of NaCl and fluid
across airway surfaces, a focus of our studies was on the impact of
the genetic background on ENaC-mediated Na™ transport and
Cl™ secretion mediated by CFITR and Ca”"—activated CI~
channels (CaCC) in freshly excised airway tissues. Further, we
studied the effects of the genetic background on mortality and
other characteristic early lesions, ie. mucus plugging of the
trachea, airway epithelial necrosis and inflammation at neonatal
ages, and on characteristic features of chronic lung disease
including airway mucus obstruction, goblet cell metaplasia, airway
inflammation and emphysema formation in surviving BENaC-Tg
mice [4,13]. Because these studies indicated that background-
dependent differences in CFTR activity were associated with the
severity of neonatal mucus plugging, airway epithelial necrosis and
mortality, we also crossed BENaC-Tg mice with gut-corrected
CFTR-deficient mice [14] to validate the role of CFTR for the
onset and severity of early airways disease.

Materials and Methods

Experimental animals

All animal studies were approved by the Animal Care and Use
Committee of the Regierungsprasidium Karlsruhe, Germany
(approval number 35-9185.81/G-120/05). The BENaC-Tg
mouse (line 6608) was originally generated on a mixed genetic
background (C3H/He x C57BL/6) [15,16] and backcrossed to
C57BL/6 and BALB/c backgrounds for a minimum of 10
generations. Transgene positive animals were identified by PCR of
genomic DNA, as previously described [15]. BENaC-Tg mice on
the C57BL/6 and BALB/c background were studied at neonatal
(3-day-old) and adult (3-week-old) ages, and wild-type (WT)
littermates served as controls in all experiments. Gut corrected CF
(CFTR /") mice overexpressing human CFTR in the intestine
under control of the fatty acid binding protein promoter (FABP-
hCFTR-CFTR ") on the FVB background were kindly pro-
vided by Dr. Jeffrey A. Whitsett and genotyped, as previously
described [14]. The gut-specific overexpression of hCFIR rescues
the lethal intestinal phenotype of CF mice thus allowing studies of
the effect of CIFTR deficiency in the lung independent of
concomitant intestinal obstruction [14]. Gut corrected CF mice
(FABP-hCFTR-CFTR ~’7) were intercrossed with BENaC-Tg
mice on the C57BL/6 background and double-transgenic
BENaC-Tg/CF mice, single-transgenic BENaC-Tg mice, CF
mice and WT littermate controls were studied at newborn (PN
0.5) and neonatal (3-day-old) ages. All mice used in this study
carried the FABP-hCFTR transgene. Experimental mice were
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housed in a specific pathogen-free animal facility and had free
access to chow and water.

Electrogenic ion transport measurements

Neonatal (3-day-old) mice were deeply anesthetized via intra-
peritoneal injection of a combination of ketamin/xylazin
(120 mg/kg and 16 mg/kg, respectively) and killed by exsangui-
nation. Tracheal tissues were dissected and mounted into perfused
micro-Ussing chambers with a circular open area of 0.5 mm? [17].
The luminal and basolateral bath was perfused continuously at
a rate of ~10 ml/min, with a solution of the following
composition (mM): NaCl 145, KH,PO, 0.4, K;HPO, 1.6, D-
glucose 5, MgCly 1, Ca-gluconate 1.3, pH 7.4, at 37°C.
Experiments were performed under open-circuit conditions as
previously described [17,18]. In brief, values for the transepithelial
voltage (V) were referenced to the serosal side. The transepithe-
lial resistance (R.) was determined by applying intermittent (1 s)
current pulses (AI=0.5 pA) and the equivalent short-circuit
current (I;) was calculated according to Ohm’s law from V.
and R, (I,. = V./R,.). After an equilibration period of 40 minutes
in the Ussing chamber, basal I, was determined and amiloride
(100 uM, luminal) was added to inhibit electrogenic Na*
absorption. Then, 3-isobutyl-1-methylxanthine (IBMX; 100 pM,
luminal) and forskolin (I pM, luminal) were added to induce
cAMP-mediated Cl secretion. In some experiments, we also
added uridine-5'-triphosphate (UTP) (100 puM, luminal) to induce
Ca**-activated Cl~ secretion [17]. In additional protocols, tissues
were treated which bumetanide (100 pM, basolateral), an in-
hibitor of the basolateral Na'-K*-2Cl~ cotransporter in the
presence of amiloride to block transepithelial Cl™ secretion [17].
Further, the CFTR blocker CFTR;,,-172 (20 pM, luminal) was
added to amiloride-pretreated tissues in the absence or presence of
cAMP-mediated stimulation (IBMX/forskolin) to determine
CFTR-mediated Cl secretion [19]. Amiloride dose-response
curves were obtained by measuring the change in I induced by
exposing tissues to increasing concentrations of amiloride (107 to
10~ M, luminal) and plotted as remaining amiloride-sensitive I,
(I) normalized to the maximal amiloride-sensitive I (I.y). 1Cs0
values were determined by fitting dose-response data to the Hill
equation with the Hill coefficient constrained to 1.0: Iy = Iax *
[1-1/(1+ ICs50/4)], where A4 is the apical bath amiloride
concentration. Amiloride, IBMX forskolin and bumetanide were
obtained from Sigma (Steinheim, Germany), UTP was obtained
from GE Healthcare (Buckinghamshire, UK) and the CFTR
inhibitor-172 was obtained from Calbiochem (Darmstadt, Ger-
many). All chemicals were of the highest purity grade available.

Histology and airway morphometry

Anesthetized mice were killed by exsanguination, lungs and
tracheae were removed through a median sternotomy, immersion
fixed in 4% buffered formalin, and embedded in paraffin.
Tracheae were sectioned longitudinally, and lungs were sectioned
transversally at the level of the proximal intrapulmonary main
axial airway near the hilus. Sections were cut at 5 tm and stained
with hematoxylin and eosin (H&E) or alcian blue periodic acid-
Schiff (AB-PAS) as previously described [4]. For quantitative
assessment of airway mucus obstruction, we used Analysis B image
analysis software (Olympus, Hamburg, Germany) to determine
mucus volume density as previously described [4]. In brief, images
of airway sections were taken with an Olympus IX-71 microscope
(Olympus, Hamburg, Germany), the length of the airway
boundary, as defined by the epithelial basement membrane, was
measured by the interactive image measurement tool and the AB-
PAS positive surface area within this boundary was measured by
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phase analysis according to the automatic threshold settings of the
software. The volume density of airway mucus, representing the
volume of airway mucus content per surface area of the basement
membrane (nl/mm?), was determined from the surface area of
AB-PAS positive mucus and the basement membrane length, as
previously described [20,21]. Goblet cells were identified by the
presence of intracellular AB-PAS positive material and degener-
ative airway epithelial cells were identified by morphologic criteria
(i.e., cell swelling with cytoplasmic vacuolization), and numeric cell
densities were quantitated by counting epithelial cells per mm of
the basement membrane [4].

Lung volume and mean linear intercepts

Lungs of 3-week-old mice were inflated with 4% buffered
formalin to 25 cm of fixative pressure, and lung volume
determined by the volume displacement method [22]. Sub-
sequently, lungs were processed for histology, sectioned at 5 pm,
and stained with hematoxylin and eosin (H&E). Histological
images were digitally captured with an Olympus IX 71
microscope, using Analysis B image analysis software (Olympus,
Hamburg, Germany) with a line counting tool at a magnification
of 16x beginning at a randomly selected point. Mean linear
intercepts were determined by dividing the sum of the lengths of
all lines in all frames by the number of intercepts between alveolar
septl and counting lines, as previously described [4,23]. For each
animal, we measured a minimum of 200 intercepts sampled in 10
fields in different lobes.

Real-time RT-PCR

Tracheal tissues were immediately stored in RNA later (Applied
Biosystems, Darmstadt, Germany). RNA was isolated by using
Trizol reagent (Invitrogen, Karlsruhe Germany) and RNeasy Mini
Kit (Qiagen, Hilden, Germany). RNA from tracheae of four
neonatal mice of the same genotype were pooled, RNA purity and
quantity was determined using a NanoDrop ND100 spectropho-
tometer (Peqlab, Erlangen, Germany) and integrity was verified
by with Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). cDNA was obtained by reverse transcription of
1 pug of total RNA (Superscript III RT; Invitrogen, Karlsruhe,
Germany). Quantitative real-time RT-PCR for aENaC, BENaC,
YENaC, CFTR, Muc5 b and glyceraldehyde 3-phosphate de-
hydrogenase (Gapdh) was performed on an Applied Biosystems
7500 Real Time PCR System using TagMan universal PCR
master mix and inventoried TagMan gene expression assays
according to the manufacturer’s instructions (Applied Biosystems,
Darmstadt, Germany). Relative fold changes in target gene
expression were determined from the efficiency of the PCR
reaction and the crossing point deviation between WT and
BENaC-Tg from the C57BL/6 and BALB/c backgrounds and
normalized to the expression of the reference gene Gapdh, as
previously described [4,24].

BAL cell counts and cytokine measurements

Adult mice were deeply anesthetized, the trachea cannulated,
and the lung lavaged with PBS. Bronchoalveolar lavage (BAL)
samples were centrifuged, total cell counts were determined in
a hemocytometer and differential cell counts were determined on
cytospin preparations stained with May-Griinwald-Giemsa, as
previously described [4,24]. Concentrations of KC and TNF-o in
neonatal mouse lungs were measured in lung homogenates using
ELISA (R&D Systems, Minneapolis, MN) according to manu-
facturer’s instructions. In briefly, neonatal lungs were homoge-
nized in 250 pl of PBS containing protease inhibitors (Roche,
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Mannheim, Germany), homogenates were centrifuged and the
cell-free supernatant was used for ELISA [4].

Statistics

All experiments were performed by an investigator blinded to
the genotype of the mice. Data were analysed with SigmaStat
version 3.1 (Systat Software, Erkrath, Germany) and are reported
as mean * SEM. Statistical analyses were performed using
unpaired Student’s ¢-test, Mann-Whitney Rank Sum test, Chi-
square test, Kaplan-Meier survival analysis, as appropriate and
P<0.05 was accepted to indicate statistical significance.

Results

Survival of BENaC-Tg mice is modified by genetic
background

On a mixed genetic background (C3H/HeN x C57BL/6),
around 50% of BENaC-Tg mice died due to severe airway mucus
obstruction in the first weeks of life, whereas the remaining ~50%
showed normal survival but developed chronic obstructive lung
disease [4,13,15]. We speculated that this variability in disease
severity may be determined by modifiers in the genetic
background. We therefore backcrossed BENaC-Tg mice with
the original mixed background to the inbred C57BL/6 and
BALB/c backgrounds, respectively (Fig. 1). Compared to the
mixed background, backcross to C57BL/6 significantly reduced
mortality of BENaC-Tg mice to 14% (n=46, P<0.05), whereas
backcross to the BALB/c background significantly increased
mortality to 81% (n=236, P<0.05). These results indicate that
mortality of BENaC-Tg mice is modulated by the genetic
background.

Genetic background modulates airway ion transport in
WT and BENaC-Tg mice

Early death in BENaC-Tg mice is caused by a dysbalance of
airway Na* absorption and Cl~ secretion producing ASL volume
depletion and airway mucus plugging [15]. We therefore
hypothesized that the background-dependent differences in
mortality may be related to differences in airway epithelial Na*
and/or Cl™ transport in neonatal PENaC-Tg mice on the
C57BL/6 wversus BALB/c backgrounds. To test this hypothesis,
we determined basal bioelectric properties, amiloride-sensitive Na*
absorption, and cAMP-induced and Ca®'—activated (UTP-
mediated) Cl secretion in freshly excised tracheal tissues from

—=— WT (BALBYc)
—= WT (C57BL/5)
-a— BENaC-Tg (C57BL/6)
—+— BENaC-Tg (Mixed)
t —— BENaC-Tg (BALB/c)

Survival (%)

R LA
8 10 12 14 16 18 20
Age (days)

Figure 1. Survival of ENaC-Tg mice is modified by genetic
background. Survival curves of BENaC-Tg mice and wild-type (WT)
littermates on mixed (C3H/He x C57BL/6), C57BL/6 and BALB/c
backgrounds (n=36-59 mice per group). *P<0.05 and 'P<0.01
(Kaplan-Meier survival analysis).
doi:10.1371/journal.pone.0044059.g001
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Figure 2. Genetic background modulates airway ion transport in wild-type and BENaC-Tg mice. A) Representative original recordings of
the effects of amiloride and cAMP-dependent activation (IBMX/forskolin) on transepithelial voltage (Vi) and transepithelial resistance (Re) across
freshly excised tracheal tissues from neonatal (3-day-old) wild-type (WT) and BENaC-Tg mice on the C57BL/6 and BALB/c background. Ry was
determined from V.. deflections obtained by pulsed current injection. (B-F) Summary of basal equivalent short-circuit current (ls) (B), amiloride-
sensitive I (C), amiloride-insensitive Isc (D), CAMP-induced I (E) and UTP-induced I, (F) in freshly excised tracheal tissues from neonatal WT and
BENaC-Tg mice on the C57BL/6 and BALB/c background. Data are presented as mean * SEM (n=8-20 mice per group). *P<<0.05 and **P<<0.001
compared with WT mice on same strain background, /P<0.05 and T"P<0.01 compared with mice of same genotype on C57BL/6 background.
doi:10.1371/journal.pone.0044059.9g002

3-day-old neonatal BENaC-Tg mice on the C57BL/6 and BALB/
¢ backgrounds and their respective WT littermates (Fig. 2).
Similar to previous results on the mixed background, the
comparison between WT and BENaC-Tg tissues within each
inbred background demonstrated that overexpression of BENaC
significantly increased basal and amiloride-sensitive I. in both
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C57BL/6 and BALB/c mice (P<0.001) (Fig. 2A-C). Further, the
cAMP-induced I, was increased and the UTP-mediated I
remained unchanged in BENaC-Tyg tissues from both backgrounds
compared to their respective WT tissues (Fig. 2A,E,F). Of note, the
comparison between the two inbred backgrounds (i.e. C57BL/6
versus. BALB/c) identified substantial effects of the genetic
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background on several components of airway ion transport.
Specifically, the basal I, amiloride-insensitive I, and cAMP-
induced I,. were significantly greater in WT tissues from the
C57BL/6 background compared to the BALB/c background
(P<0.01 to P<0.001) (Fig. 2A,B,D,E). Similar background-de-
pendent differences were observed for PENaC-Tg tissues (P<0.05
to P<0.01) (Fig. 2A,B,D,E). These results suggest that the C57BL/
6 background is associated with higher levels of basal and cAMP-
induced CI™ secretion in both WT and BENaC-Tg airways.

Conversely, the genetic background had no effect on the
magnitude of amiloride-sensitive Na* transport in airways from
WT or BENaC-Tg mice (Fig. 2C). Because previous studies
indicated that overexpression of BENaC produces a subpopulation
of affENaC channels that are less sensitive to amiloride and
physiological ENaC inhibitors (including endogenous anti-pro-
teases) than normal affyENaC channels, and that these dysregu-
lated oENaC channels may therefore aggravate ASL depletion
under physiological “thin film” conditions i vivo [25,26], we also
determined transcript levels of a-, B-, and YENaC subunits and
amiloride sensitivity in WT and BENaC-Tg tracheal tissues from
the C57BL/6 and BALB/c backgrounds. In BENaC-Tg airways
from both backgrounds, BENaC mRNA was overexpressed to
similar levels (Fig. S1A-C), which produced a similar decrease in
amiloride sensitivity, as determined from similar shifts of the
amiloride dose-response curves and ICso values on both back-
grounds (Fig. S1D-F). Collectively, these results indicate that the
genetic background had no effect on the magnitude or regulation
of increased airway Na" transport in PENaC-Tg mice.

Genetic background modulates CFTR-mediated CI™
secretion in airways of WT and BENaC-Tg mice

To obtain a more detailed characterization of the origin of the
increased amiloride-insensitive I. observed in tracheal tissues of
neonatal C57BL/6 WT and BENaC-Tg mice compared to
BALB/c mice of the same genotype, we perfused tissues with
bumetanide to block transepithelial C1~ secretion or CFTR;,,-172
to probe for CFTR activity. Similar to previous studies in adult
BALB/c WT mice [17], the amiloride-insensitive I, was largely
abolished by bumetanide in neonatal WT and BENaC-Tyg tissues
from both backgrounds (Fig. 2D and Fig. 3A) demonstrating that
this residual current reflected basal Cl secretion. Of note, the
bumetanide-sensitive I, was significantly increased in tracheal
tissues from WT and PENaC-Tg mice on the C57BL/6 compared
to the BALB/c background (P<<0.05 and P<0.01) (Fig. 3A)
demonstrating that basal Cl secretion was greater on the
C57BL/6 background independent of the genotype. Consistent
with previous studies in neonatal CFTR-deficient mice [27], we
show that ~50% of the amiloride-insensitive I, were inhibited by
CFIR;,,-172 (Fig. 2D and Fig. 3B) indicating that CFIR
contributes to basal Cl™ secretion in the neonatal trachea. Similar
to bumetanide, the CFTR;,,-172-sensitive I, was significantly
increased in tracheal tissues from WT and BENaC-Tg mice on the
C57BL/6 compared to the BALB/c background P<0.05 to
P<0.01).

Because cAMP-induced CI' secretory responses were also
increased in airways from C57BL/6 compared to BALB/c mice
(Fig. 2E), we next determined the effects of CFTR;,,-172 in the
presence of cAMP-dependent stimulation. The cAMP-induced I,
was largely abolished by CFTR;,,-172 in WT and BENaC-Tg
mice on both backgrounds (Fig. 2E and Fig. 3C). Interestingly, the
magnitude of CFTR;,,-172-sensitive I, in the presence of cAMP-
mediated activation was significantly increased in airways from
WT and BENaC-Tg mice on the C57BL/6 compared to the
BALB/c background (P<<0.05). Taken together, these results
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demonstrate that CFTR-mediated Cl secretion is increased in
native airway tissues from neonatal C57BL/6 compared with
BALB/c mice and suggest that higher levels of C1™ secretion may
counteract ASL depletion due to increased Na® absorption and
thus improve mucus clearance in BENaC-Tg mice [4,13,15].

To determine, if strain-dependent differences in CFIR-
mediated Cl™ conductance were caused by differences in CFTR
transcript levels, we next compared CIFFTR mRINA expression in
freshly excised tracheal tissues in WT and BENaC-Tg mice on
both backgrounds. These studies showed that the genetic
background had no effect on relative CFITR mRNA levels in
either WT mice (1.0+0.10 for WT C57BL/6 mice versus
0.96%0.12 for WT BALB/c mice; n=6 per group; P=0.91) or
BENaC-Tg mice (1.0£0.08 for PENaC-Tg C57BL/6 versus
1.03%+0.16 for BENaC-Tg BALB/c; n=6 per group; P=0.87)
suggesting that the strain-dependent differences in CFTR-medi-
ated Cl transport reflect differences in post-transcriptional
regulation of CFTR in murine airways.

Genetic background modifies early airway mucus
obstruction and epithelial necrosis but not inflammation

in neonatal BENaC-Tg mice

To determine the relationship between background-dependent
differences in airway Cl secretion and early mucus plugging, we
next compared the extent of intraluminal mucus obstruction and
transcript levels of the airway mucin Mucbb in lungs from 3-day-
old neonatal BENaC-Tg mice on the C57BL/6 and BALB/c
backgrounds. Similar to previous studies on the mixed genetic
background [4,13], mucus obstruction was readily detected in the
trachea, but not in intrapulmonary airways of neonatal fENaC-
Tg mice on both backgrounds (Fig. 4A,B and data not shown).
Morphometric analyses of tracheal sections demonstrated that
mucus content was significantly decreased (~2-fold) in BENaC-Tg
mice on the C57BL/6 compared to the BALB/c background
(P<0.05). These differences in tracheal mucus content were not
associated with differences in goblet cell densities or levels of
Muc5b mRNA expression in the lung. These results indicate that
distinct levels of mucus obstruction in BENaC-Tg C57BL/6 versus
BENaC-Tg BALB/c mice did not reflect background-related
differences in mucus production, as estimated from Mucbb
transcript levels and the numbers of mucin producing cells
(Fig. 4A-D).

In addition to airway mucus obstruction, unregulated Na*
absorption was shown to produce cellular hypoxia, hydropic
degeneration and necrosis of airway epithelial cells constituting
another characteristic lesion in neonatal BENaC-Tg mice [4,26].
We, therefore, compared the extent of epithelial necrosis in 3-day-
old BENaC-Tg mice on the C57BL/6 compared to the BALB/c
background (Fig. 4E,F). Necrotic airway cells were readily detected
in BENaC-Tg mice from both backgrounds, however, the number
of necrotic cells was significantly decreased on the C57BL/6
compared to the BALB/c background (Fig. 4F).

Previous studies in BENaC-Tg mice on a mixed genetic
background demonstrated that early airway mucus obstruction
and epithelial necrosis were associated with the onset of airway
inflammation [4]. Accordingly, expression of the pro-inflammato-
ry cytokines KC and TNF-oo was also increased in lung
homogenates from BENaC-Tg compared to WT neonates on
the C57BL/6 as well as BALB/c background (Fig. S2A,B). In
contrast to mucus obstruction and epithelial necrosis (Fig. 4), levels
of KC and TNF-a were not different in BENaC-Tg mice on the
C57BL/6 compared to the BALB/c background (Fig. S2A,B).
Taken together, these results indicate that higher levels of
endogenous CFTR-mediated Cl™ secretion on the C57BL/6
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background counteracted some of the early consequences of Na* observed in BENaC-Tg C57BL/6 mice were sufficient to trigger
hyperabsorption and reduced early death due to airway mucus inflammation to a similar level as observed in BENaC-Tg BALB/c
plugging in BENaC-Tg mice. Conversely, our results also suggest mice.
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Figure 4. Genetic background modifies early airway mucus obstruction and epithelial necrosis in neonatal ENaC-Tg mice. A)
Longitudinal sections of tracheae from neonatal (3-day-old) wild-type (WT) and BENaC-Tg mice on the C57BL/6 and BALB/c background. Sections
were stained with Alcian blue-periodic acid Schiff (AB-PAS) to determine the presence of mucus and goblet cells. Scale bars =200 um. B-D)
Summary of mucus content, as determined from measuring volume density of AB-PAS-positive material in the tracheal lumen (B), goblet cell
numbers (C) and Transcript levels of Muc5b (D) (n=4-13 mice per group). E) Airway histology from neonatal (3-day-old) WT and BENaC-Tg mice on
the C57BL/6 and BALB/c background. Sections were stained with hematoxylin and eosin (H&E) and evaluated for degenerative airway epithelial cells
(arrows). Scale bars =40 um (upper panels) and 20 um (lower panels). F) Summary of airway epithelial necrosis as determined from the number of
degenerative epithelial cells per mm of the basement membrane (n=9-11 mice per group). *P<<0.001 compared with WT mice on same strain
background, TP<0.05 compared with mice of same genotype on C57BL/6 background.

doi:10.1371/journal.pone.0044059.9g004
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Genetic background has no effect on chronic obstructive
lung disease in adult BENaC-Tg mice

To determine, if the genetic background also affected the
severity of chronic lung disease, we next compared the extent of
airway mucus obstruction and goblet cell metaplasia in intrapul-
monary airways, inflammation and emphysema characteristic of in
3-week-old surviving BENaC-Tg mice on the C57BL/6 and
BALB/c backgrounds [4] (Fig. S2). Several differences including
densities of airway goblet cells and BAL leukocyte counts were
observed in WT C57BL/6 compared to WT BALB/c mice
(Fig. S2B,C,G). However, the extent of airway mucus obstruction
and goblet cell metaplasia (Fig. S2A-C), emphysema formation as
determined from measurements of mean linear intercepts and lung
volume (Fig. S2D-F), and elevated BAL inflammatory cell counts
did not differ in BENaC-Tg C57BL/6 versus BENaC-Tg BALB/c
mice (Fig. S2G). These results indicate that background-related
differences in CFTR-mediated Cl™ secretion improved neonatal
survival, but had no impact on the severity of chronic lung disease
in BENaC-Tg mice.

Lack of CFTR increases early airway mucus obstruction,
airway epithelial necrosis and mortality in BENaC-Tg mice
For independent validation of the role of CFTR as a modifier of
carly airway disease in BENaC-Tg mice, we next crossed fENaC-
Tg mice with gut-corrected CF mice [14] and compared survival,
early mucus obstruction and airway epithelial necrosis in neonatal
single-transgenic BENaC-Tg mice and double-mutant BENaC-
Tg/CF mice (Fig. 5). Gut-corrected CF mice were used for these
studies to determine effects on pulmonary mortality independent
of concomitant mortality due to intestinal obstruction [14]. While
the onset of mortality in single-transgenic BENaC-Tg mice
typically begins at ~3 days of age, initial studies indicated that
most double-mutant PENaC-Tg/CF mice died even earlier and
escaped analyses because the carcasses were eaten by their dams.
To obtain more accurate estimates of neonatal mortality, we
therefore genotyped all remaining offspring from the intercross
either on the day of birth (PN 0.5) or at the age of 3 days, and
compared the frequencies of genotypes at the two time points. At
birth, all genotypes were represented at the expected Mendelian
ratios. At the age of 3 days, the frequency of alive single-transgenic
BENaC-Tg mice and CF mice remained unchanged, whereas the
frequency of surviving BENaC-Tg/CF mice was significantly
reduced by ~70% (P<0.05) (Fig. 5A). Morphometric analyses of
tracheal sections from neonatal (PN 0.5) mice demonstrated that
intraluminal mucus obstruction was significantly increased in
BENaC-Tg/CF mice compared to single-transgenic BENaC-Tg
(P<0.01) littermates (Fig. 5B,C). Further, the numeric densities of
necrotic airway cells were significantly increased in PENaC-Tg/
CF versus BENaC-Tg mice (Fig. 5D,E). Similar to WT mice, CF
mice did not show mucus obstruction or epithelial cell necrosis
(data not shown). Levels of the pro-inflammatory cytokine KC
were not different in lungs of newborn BENaC-Tg and BENaC-
Tg/CF mice (Fig. S4A). In both groups, KC concentrations
tended to be higher than in WT and CF mice, but this difference
did not reach statistical significance. Similar, levels of TNF-o were
neither elevated in newborn CF, nor in BENaC-Tg or double-
mutant PENaC-Tg/CF mice compared to WT littermates
(Fig. S4B). Collectively, these data demonstrate that lack of CFTR
aggravates tracheal mucus obstruction, airway epithelial necrosis
and mortality providing independent genetic evidence that CFTR
modifies the onset of airway disease in PENaC-Tg mice.
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Discussion

This study demonstrates that the genetic background has
a substantial influence on CFTR activity in murine airways, and
that genetically determined differences in CFTR function have
profound effects on the severity of dehydration-induced lung
disease in BENaC-Tg mice. In the airways, CFTR acts as a cAMP-
dependent C1™ channel as well as a regulator of ENaC, and plays
an important role in the regulation of proper airway surface
hydration that is essential for effective mucociliary clearance
[5,6,18,28,29]. In BENaC-Tg mice, increased ENaC-mediated
Na' absorption and airway surface dehydration were associated
with reduced mucus clearance and spontaneous airway mucus
plugging resulting in neonatal mortality in a subset of BENaC-Tg
mice [4,15,30]. Further, recent studies identified hydropic de-
generation and necrosis of BENaC-Tg-expressing airways cells,
likely triggered by cellular hypoxia caused by reduced oxygen
tension due to airway mucus plugging, combined with increased
oxygen demands due to excessive Na* entry into cells, as another
characteristic early lesion in BENaC-Tg mice [4,26]. Our
bioelectric studies in native airway tissues demonstrated that
endogenous CIFTR-mediated Cl secretion was ~50% decreased
in both WT and BENaC-Tg mice on the BALB/c compared to
the C57BL/6 background (Figs. 2 and 3). In contrast, the
magnitude of CaCC-mediated Cl secretion and ENaC-mediated
Na® absorption constituting other pathways critical for ASL
regulation [26,27], were not influenced by the genetic background
(Fig. 2 and Fig. S1). Decreased levels of CFTR function on the
BALB/c background had no effects on airway morphology in WT
mice, but were associated with strikingly more severe tracheal
mucus plugging, airway epithelial necrosis and mortality in
BENaC-Tg mice (Figs. 1 and 4).

The importance of CFIR function in early airways disease was
validated in independent studies, in which BENaC-Tg mice were
crossed with CFTR-deficient mice. These studies demonstrated
that neonatal mucus obstruction, epithelial necrosis and mortality
were substantially increased, when CFTR was genetically deleted
in double-mutant BENaC-Tg/CF mice compared to single
transgenic PENaC-Tg mice (Fig. 5). Interestingly, lack of CFTR
enhanced these airway pathologies prior to the onset of in-
flammation, as determined from measurements of the pro-
inflammatory cytokines KC and TNF-a in lungs from newborn
mice (Fig. S4). These results are consistent with an important role
of CFTR in the regulation of ENaC function in airway epithelia i
vivo, as previously demonstrated in heterologous cells and airway
epithelial cell lines n vitro [28,31-33]. Of note, a recent study
demonstrated that overexpression of human CFIR (hCFTR)
failed to ameliorate lung disease in BENaC-Tg mice [34],
probably due to different chromosomal integration sites of the
transgenic constructs after pronuclear injection leading to expres-
sion of hCFTR and BENaC transgenes in different subpopulations
of Clara cells [35], or because hCFTR din not function properly in
the context of mouse Clara cells [36]. In contrast to this transgenic
approach based on overexpression of human CFITR [34], our
studies relied on naturally occurring variability and knockout of
endogenously expressed murine CFIR. Collectively, the results
from our studies of PBENaC-Tg mice on different genetic
backgrounds and the cross with CFTR-deficient mice indicate
that genetically determined variability of endogenous CFIR
function modulates the extent of ASL dehydration and that low
levels or absence of CFTR-mediated Cl secretion aggravate the
severity of early airway lesions and related pulmonary mortality in
neonatal PENaC-Tg mice.
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Figure 5. Lack of CFTR increases early airway mucus obstruction, epithelial necrosis and mortality in BENaC-Tg mice. A) Neonatal
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BENaC-Tg and double-mutant BENaC-Tg/CF mice. Sections were stained with Alcian blue—periodic acid Schiff (AB-PAS) to determine the presence of
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basement membrane (n=4-10 mice per group). *P<0.01 and **P<0.001compared with WT, 7/P<0.01 compared with BENaC-Tg mice.
doi:10.1371/journal.pone.0044059.9g005

Conversely, background-dependent differences in CFTR func- inflammatory cytokines KC and TNF-o were elevated to similar
tion (Figs. 2 and 3) had no effect on the severity of COPD-like lung
disease in surviving PENaC-Tg mice (Fig. S3). These results,
together with the observation that expression of the pro-

levels in BENaC-Tg mice on both genetic backgrounds as early as
3 days of age (Fig. S2), suggests that the endogenous difference in
CFTR activity (~2-fold) between airway tissues from C57BL/6
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and BALB/c mice was not sufficient to prevent long-term
consequences and secondary pathologies, including airway in-
flammation, mucus hypersecretion, goblet cell metaplasia and
emphysema triggered by airway surface dehydration in BENaC-
Tg mice i vivo [4,13].

While it is well established that impaired CFTR-mediated C1™
secretion and airway surface dehydration due to mutations in the
CFTR gene cause cystic fibrosis (CF) with early onset and severe
chronic obstructive airways disease [37-39], little is known about
the relationship between endogenous variability of WT CFITR
function and susceptibility for lung disease in humans. Interest-
ingly, nasal potential difference (nPD) measurements in healthy
non-smokers documented substantial (up to ~3-fold) inter-in-
dividual differences in the magnitude of CFIR-mediated Cl™
secretion [10,40]. These studies indicate that similar to our
findings in inbred mouse strains, CFIR activity is also modulated
by the genetic background in humans. Interestingly, a series of
recent studies demonstrated that cigarette smoke, i.e. a common
environmental exposure, has acute effects on CFTR activity in
airway epithelia of healthy non-smokers causing ~60% inhibition
of CFTR function  vivo, and causes airway surface dehydration
and reduced mucus transport i vitro [10-12]. Further, emerging
evidence suggests that smokers who developed COPD exhibit
reduced CFTR-mediated Cl = secretion and airway mucus de-
hydration. [11]. These results indicate that reduced CFIR
function may be insufficient for proper mucus hydration in the
presence of concomitant cigarette smoke-induced goblet cell
metaplasia and mucin hypersecretion [8,41], and may thus set
smokers at risk for mucus stasis and airways disease [7]. Our
studies in mice indicate that a similar reduction (~50%) in
endogenous CFTR activity on the BALB/c compared to the
C57BL/6 background has indeed a significant impact on the
development of mucus obstruction in the airways of BPENaC-Tg
mice, where mucus is concentrated by increased ENaC-mediated
Na* and fluid absorption, as indexed by a substantial increase in
the percent solids content of the ASL [15] (Figs. 2 to 4). In
addition, recent reports demonstrated an inverse relationship
between CFTR expression, ceramide accumulation and severity of
emphysema in lung tissues from patients with COPD [42].
Further, studies in mice showed that cigarette-smoke decreased
CFTR expression in lipid-rafts and demonstrated that CFTR
plays an important role in the regulation of apoptotic and
autophagic responses in cigarette-smoke induced lung epithelial
mjury [43]. These studies suggest that reduced CFIR levels in
smokers may cause cellular dysfunctions, e.g. altered ceramide
metabolism, that may play an important role in the pathogenesis
of COPD independent of impaired epithelial CI" secretion and
ASL homeostasis [44,45]. When viewed in combination, it is
tempting to speculate that low levels of endogenous CFIR
activity, in addition to other genetic and environmental factors
[2,3], may constitute an important risk factor that makes smokers
susceptible for developing COPD. However, future studies are
required to determine the relationship between endogenous levels
of CFTR-mediated C1™ secretion, exposure to cigarette smoke and
other environmental stimuli, and the risk for developing COPD.

In this context, it is noteworthy that a small molecule CFTR
modulator, VX-770, recently developed to restore ClI  channel
function of mutant CFTR in patients with CF, was also shown to
improve the activity of WI' CFTR Cl™ channels [46] and restore
cigarette-smoke induced impairment of CFITR-mediated Cl
secretion, ASL homeostasis and mucus transport in cultured
non-CF human bronchial epithelia i vitro [12]. In patients with
CF with a specific CFTR mutation (G551D) that impairs gating of
the CFTR CI" channel, treatment with VX-770 partially restored
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CFTR-mediated Cl secretion in nasal epithelia and reduced
airflow obstruction and pulmonary exacerbations related to CFTR
dysfunction [47,48]. If future studies in humans can confirm the
results from our murine studies demonstrating an inverse relation-
ship between WT CFTR function and severity of obstructive
airway disease, VX-770 and potentially other CFTR modulators
that improve surface expression and/or function of WI' CFTR
Cl channels [49] may provide therapeutic opportunities for
COPD 1in a subgroup of individuals with low levels of endogenous
CFTR activity produced by either genetic factors or environmen-
tal factors such as cigarette smoke [12]. However, our results in
neonatal and adult BENaC-overexpressing mice on different
genetic backgrounds (C57BL/6, BALB/c and CFTR ™) (Fig. 4,5
and Fig. S3) also indicate that pharmacological augmentation of
CFTR function may be more effective in the early pathogenesis,
and that late treatment may not be able to correct or revert
established COPD with chronic mucus hypersecretion, airways
inflammation and emphysema.

Our phenotype-driven studies did not allow us to identify the
mechanisms underlying increased CFTR activity in airways from
C57BL/6 compared to BALB/c mice. Analyses of CFTR mRNA
expression by real-time RT-PCR demonstrated that CFTR
transcript levels were not different in WT or BENaC-Tg airway
tissues from C57BL/6 versus BALB/c mice suggesting that strain-
dependent differences in CFTR-mediated Cl ™ secretion reflected
differences in post-transcriptional and/or post-translational regu-
lation of CFTIR processing, trafficking, protein lifetime, or
autocrine signalling that regulates CFTR activity at the apical
plasma membrane. We expect that the backcross of the PENaC-
Tg mouse onto distinct isogenic backgrounds performed in this
study, will facilitate the use of genomics approaches such as
analyses of quantitative trait loci or whole genome sequencing [50]
to identify the molecular mechanisms underlying the genetically
determined differences in CFTR activity, and potentially identify
other modifiers that may contribute to the striking differences in
the neonatal airways phenotype of BENaC-Tg mice on the
C57BL/6 and BALB/c backgrounds.

In summary, our studies demonstrate that low levels or absence
of CFTR-mediated Cl secretion aggravate early airway mucus
obstruction and pulmonary mortality associated with COPD-like
lung disease in BENaC-Tg mice. These results suggest that genetic
or environmental factors that modify CFIR function may
modulate the onset and severity of airway mucus obstruction
and that CFTR may serve as a potential therapeutic target in
patients with COPD.

Supporting Information

Figure S1 Genetic background has no effect on @, § and
YENaC expression and ENaC-mediated Na* transport in
airways of wild-type and BENaC-Tg mice. A—C) Transcript
levels of aENaC (A), BENaC (B) and YENaC (C) in freshly excised
tracheal tissues from neonatal wild-type (WT) and PENaC-Tg
mice on the C57BL/6 and BALB/c background. Data are
expressed as fold changes from WT mice on the C57BL/6
background (n =4-5 samples pooled from 16-20 mice per group).
D-F) Amiloride dose-response curves (D,E) and summary of 1C5,
values (F) obtained from tracheal tissues of neonatal WT and
BENaC-Tg mice on the C57BL/6 and BALB/c background
(n=6-9 mice per group). Data are presented as mean = SEM.
*P<0.01 and **P<0.001 compared with WT mice on same strain
background, TP<0.05 compared with mice of same genotype on
C57BL/6 background.

(TIF)
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Figure S2 Genetic background has no effect on early
airway inflammation in neonatal fENaC-Tg mice. A, B)
Levels of KC (A) and TNF-o (B) in lung homogenates from 3-day-
old neonatal wild-type (WT) and BENaC-Tg mice on the C57BL/

6 and BALB/c background (n=5-10 mice per group). Data are
presented as mean = SEM. *P<<0.05 compared with W'T' mice on
same strain background.

(TIF)

Figure S3 Genetic background has no effect on chronic
lung disease in adult BENaC-Tg mice. A) Representative
airway morphology of adult (3-week-old) wild-type (WT) and
BENaC-Tg mice on the C57BL/6 and BALB/c background.
Sections were stained with Alcian blue-periodic acid Schiff (AB-
PAS) to determine the presence of airway mucus and goblet cells.
Scale bars =200 um. B,C) Summary of mucus content, as
determined from measuring volume density of AB-PAS-positive
material in the airway lumen (B), and goblet cell numbers (C)
(n=9-20 mice per group). D) Representative morphology of distal
airspaces. Sections were stained with hematoxylin and eosin
(H&E). Scale bars =100 um. E-G) Summary of mean linear
mntercepts (E), lung volume (F), and total and differential cell
counts in bronchoalveolar lavage (BAL) fluid (G) from adult WT
and BENaC-Tg mice on the C57BL/6 and BALB/c background
(n=5-18 mice per group). Data are presented as mean = SEM.
*P<0.05 and **P<0.001 compared with WT mice on same strain

References

1. Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, et al. (2007) Global strategy
for the diagnosis, management, and prevention of chronic obstructive
pulmonary disecase: GOLD executive summary. Am J Respir Crit Care Med
176: 532-555.

2. Silverman EK (2006) Progress in chronic obstructive pulmonary disease genetics.
Proc Am Thorac Soc 3: 405-408.

3. Cookson WO, Moffatt MF (2011) Genetics of complex airway disease. Proc Am
Thorac Soc 8: 149-153.

4. Mall MA, Harkema JR, Trojanek JB, Treis D, Livraghi A, et al. (2008)
Development of chronic bronchitis and emphysema in B-epithelial Na* channel-
overexpressing mice. Am J Respir Crit Care Med 177: 730-742.

5. Knowles MR, Boucher RC (2002) Mucus clearance as a primary innate defense
mechanism for mammalian airways. J Clin Invest 109: 571-577.

6. Mall MA (2008) Role of cilia, mucus, and airway surface liquid in mucociliary
dysfunction: lessons from mouse models. J Aerosol Med Pulm Drug Deliv 21:
13-24.

7. Goodman RM, Yergin BM, Landa JF, Golivanux MH, Sackner MA (1978)
Relationship of smoking history and pulmonary function tests to tracheal
mucous velocity in nonsmokers, young smokers, ex-smokers, and patients with
chronic bronchitis. Am Rev Respir Dis 117: 205-214.

8. Hogg JC, Timens W (2009) The pathology of chronic obstructive pulmonary
disease. Annu Rev Pathol 4: 435-459.

9. Welsh MJ (1983) Cigarette smoke inhibition of ion transport in canine tracheal
epithelium. J Clin Invest 71: 1614-1623.

10. Cantin AM, Hanrahan JW, Bilodeau G, Ellis L, Dupuis A, et al. (2006) Cystic
fibrosis transmembrane conductance regulator function is suppressed in cigarette
smokers. Am J Respir Crit Care Med 173: 1139-1144.

11. Clunes LA, Davies CM, Coakley RD, Aleksandrov AA, Henderson AG, et al.
(2012) Cigarette smoke exposure induces CFTR internalization and insolubility,
leading to airway surface liquid dehydration. FASEB J 26: 533-545.

12. Sloane PA, Shastry S, Wilhelm A, Courville C, Tang LP, et al. (2012) A
pharmacologic approach to acquired cystic fibrosis transmembrane conductance
regulator dysfunction in smoking related lung disease. PLoS ONE 7: ¢39809.

13. Wielputz MO, Eichinger M, Zhou Z, Leotta K, Hirtz S, et al. (2011) In vivo
monitoring of cystic fibrosis-like lung disease in mice by volumetric computed
tomography. Eur Respir J 38: 1060-1070.

14. Zhou L, Dey CR, Wert SE, DuVall MD, Frizzell RA, et al. (1994) Correction of
lethal intestinal defect in a mouse model of cystic fibrosis by human CFTR.
Science 266: 1705-1708.

15. Mall M, Grubb BR, Harkema JR, O’Neal WK, Boucher RC (2004) Increased
airway epithelial Na* absorption produces cystic fibrosis-like lung discase in
mice. Nat Med 10: 487-493.

16. Zhou Z, Duerr J, Johannesson B, Schubert SC, Treis D, et al. (2011) The ENaC-
overexpressing mouse as a model of cystic fibrosis lung disease. J Cyst Fibros 10
Suppl 2: S172-S182.

PLOS ONE | www.plosone.org

CFTR Modifies Obstructive Lung Disease in Mice
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the four experimental groups.

(TIF)
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