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Cystic fibrosis is caused by impaired ion transport due to mutated
cystic fibrosis transmembrane conductance regulator, accompanied
by elevated activity of the amiloride-sensitive epithelial Naþ chan-
nel (ENaC). Here we show that knockout of the ubiquitin ligase
Nedd4L (Nedd4-2) specifically in lung epithelia (surfactant protein
C-expressing type II and Clara cells) causes cystic fibrosis-like lung
disease, with airway mucus obstruction, goblet cell hyperplasia,
massive inflammation, fibrosis, and death by three weeks of age.
These effects of Nedd4L loss are likely caused by enhanced ENaC
function, as reflected by increased ENaC protein levels, increased
lung dryness at birth, amiloride-sensitive dehydration of lung
explants, and elevated ENaC currents in primary alveolar type II
cells analyzed by patch clamp recordings. Moreover, the lung
defects were rescued with administration of amiloride into the
lungs of young knockout pups via nasal instillation. Our results
therefore suggest that the ubiquitin ligase Nedd4L can suppress
the onset of cystic fibrosis symptoms by inhibiting ENaC in lung
epithelia.

Cystic fibrosis (CF) is caused by mutations in cystic fibrosis
transmembrane conductance regulator (CFTR). It leads to

severemorbidity andmortality from lung disease that is character-
ized by small airway obstruction due to mucus accumulation,
inflammation, repeated infections, and bronchiectasis (1). Among
the hypotheses that have been proposed to explain the defects in
CF lungs (e.g., refs. 2 and 3), the low volume hypothesis (4, 5)
suggests that impaired Cl− secretion coupled with enhanced
Naþ absorption caused by hyperactivity of the amiloride-sensitive
epithelial Naþ channel (ENaC) (6, 7) leads to a reduction in the
volume of airway surface liquid (ASL) (4). This airway dehydra-
tion, in turn, impairs cilia movement and mucociliary clearance,
thereby leading to mucus buildup in the airways seen in lungs
of CF patients. CFTR normally inhibits ENaC function in the
airways, but in CF, where CFTR is mutated and nonfunctional,
ENaC activity is enhanced (7).

ENaC is comprised of three subunits, α, β, and γ (8). It regu-
lates salt and fluid absorption in the distal nephron, distal colon,
lung, and other salt-sensitive tissues. In the kidney, it regulates
Naþ and fluid reabsorption, which controls blood pressure (9).
Each ENaC subunit contains a cytoplasmic PY motif (PPxY),
which binds to the Nedd4 family of ubiquitin ligases (10), parti-
cularly Nedd4-2 (Nedd4L) (11). Nedd4L is composed of a C2
domain, 4 WW domains, and a ubiquitin ligase HECT domain
(12, 13). Its WW domains mediate binding to the PY motifs
of ENaC (10). Mutation of these PY motifs leads to impaired
binding to Nedd4L, impaired channel ubiquitination, and endo-
cytosis, and thus to increased cell-surface stability and function of
ENaC (11, 14–16), which results in increased fluid absorption in
the kidney (17). Although ENaC is expressed in both airway and
alveolar type II epithelia (18, 19) (much like Nedd4L, as our pre-
liminary results suggest) and plays an important role in fluid
absorption in the lung, especially at birth (20), the function of
Nedd4L in that tissue is unclear and no genetic models have been

described. Here we show that specific ablation of Nedd4L in lung
epithelia in mice leads to the development of cystic fibrosis-like
symptoms, most likely caused by increased ENaC function. These
results provide evidence for a protective regulatory role of a ubi-
quitin ligase, Nedd4L, against the development of cystic fibrosis.

Results
Generation of Nedd4L Conditional Knockout in Lung Epithelia. To
investigate Nedd4L function in the lung, we generated Nedd4L
conditional knockout mice, in which loxP sites were introduced
into a sequence flanking exon15 (at the N terminus of the HECT
domain—see Fig. 1A and Materials and Methods). This approach
leads to ablation of expression from Exon 15 and downstream
residues (i.e., the HECT domain) due to frameshift. It was cho-
sen, rather than interference with the N-terminal start site, to
ensure inactivation of Nedd4L and to avoid possible splicing
around the start site, which is known to occur at the N terminus
of Nedd4L (21, 22). The presence of the LoxP sites in the lungs of
the Nedd4L floxed (Nedd4Lf∕f ) mice was verified by PCR and
Southern blotting (Fig. 1B and Fig. S1A). Infection of mouse
embryonic fibroblast cells generated from the Nedd4Lf∕f mice
with Cre-expressing retroviruses revealed loss of the whole
Nedd4L protein, not just the HECT domain (Fig. S1B).

To inactivate Nedd4L specifically in lung epithelia (alveolar
type II cells and Clara cells), we crossed our Nedd4Lf∕f mice
to surfactant protein C (SPC)-rtTA;teto-Cre mice [(23) and
Materials and Methods]. The presence of Cre and SPC-rtTA
expression in lungs of these mice was verified by PCR (Fig. 1B).
As reported earlier (24, 25), we also observed that Cre expression
was confined to the lung, with no expression detected in the
kidney, liver, or heart (Fig. S1C), but was “leaky” (Fig. S1D),
i.e., detectable even in the absence of tetracycline (doxycycline,
Dox) treatment. Because the leaky Cre expression was suffi-
cient to cause severe phenotypic changes in the lungs of the
Nedd4-2f∕f ;SPC-rtTA;teto-Cre mice but had no effect in WT or
heterozygous mice (see below), all experiments (unless otherwise
indicated) were carried out without Dox treatment. Deletion
of Nedd4-2 (loss of exon 15) was verified by RT-PCR of mRNA
isolated from alveolar type II cells of Nedd4-2f∕f ;SPC-rtTA;
teto-Cre mice (Fig. 1C), or by PCR of genomic DNA isolated
from lungs if E18.5 knockout embryos (Fig. 1D).
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Mice Lacking Nedd4L in Lung Epithelia (SPC-Expressing Cells) Develop
Cystic Fibrosis-Like Lung Disease. Following crossing of Nedd4f∕f
mice to SPC-rtTA;teto-Cre mice, we analyzed the lung phenotype
of the Nedd4-2f∕f ;SPC-rtTA;teto-Cre animals. Most of the
Nedd4Lf∕f ;SPC-rtTA;teto-Cre mice died between two and three
weeks of age (Fig. 1E), whereas Cre-expressing Nedd4Lþ∕þ or
Nedd4Lþ∕f animals, or Nedd4Lf∕f mice lacking SPC-rtTA or
teto-Cre, were unaffected. To investigate the lungs of the
Nedd4Lf∕f ;SPC-rtTA;teto-Cre mice and the cause of their death,
we sacrificed 10-d-old (P10) animals and analyzed their lungs.
H&Estainingof lungs fromtheNedd4Lf∕f ;SPC-rtTA;teto-Cremice
revealed large dense patches covering extensive regions, whichwere
infiltrated with neutrophils (Fig. 2A). This effect was not seen in
control animals lackingCreexpression (Nedd4Lf∕f ;SPC-rtTAmice)
(Fig. 2B), or in Cre-expressing Nedd4Lþ∕þ or Nedd4Lþ∕f mice
(Fig. S2 A and B). Analysis of bacterial growth in bronchioalveolar
lavage fluid and minced lungs revealed no bacterial infection in the

knockout lungs at P10 or P14, suggesting that lung inflammation
was not secondary to infection, in agreement with observations in
CF infants in which inflammation often precedes fulminant infec-
tion (26). Periodic acid/Schiff (PAS) staining of the lungs demon-
strated severe mucus accumulation (mucus plugs) in airways of
the Nedd4Lf∕f ;SPC-rtTA;teto-Cre animals (Fig. 2C), but not in the
controls (Nedd4Lf∕f ;SPC-rtTA). In addition, collagen (Trichrome)
staining of the knockout lungs, to mark connective tissue and inter-
stitial fibrosis (27), revealed expansion of fibrotic areas (Fig. S3).
It is thus likely that Nedd4Lf∕f ;SPC-rtTA;teto-Cre mice die from
airway obstruction and asphyxiation. This severe lung phenotype
is developed postnatally over time, because lungs of Nedd4Lf∕f ;
SPC-rtTA;teto-Cre E18.5 embryos just before birth (of mothers
that had been treated with Dox to maximize Cre expression) were
normal (Fig. 2D) and indistinguishable from controls (Fig. S2C).

Overall, the lung phenotype observed upon loss of Nedd4L
appears remarkably similar to that seen in lungs of CF patients.

Fig. 1. Generation of Nedd4L conditional knockout in lung
epithelia that express SPC. (A) General strategy for genera-
tion of floxed Nedd4L allele in mice, targeting the N-term-
inal region of the HECT domain (exon 15), to inactivate
catalytic activity. After confirmation of proper homologous
recombination by Southern blotting, the heterozygous
mouse with the exon 15 flanked by two loxP sites (black tri-
angles) and the neomycin resistance cassette (Neo) flanked
by two FRT sites (gray boxes) [Floxed allele (+Neo)] were
crossed with the FLP deleter mouse to generate heterozy-
gous Nedd4Lf∕þ mouse without the neomycin resistance
cassette [Floxed allele (−Neo)]. This mouse was crossed with
the SPCrtTA;teton-Cre mouse to conditionally inactivate the
Nedd4L allele (deleted allele). (B) PCR analysis of genomic
DNA to test for the presence of Nedd4L floxed (f ) allele,
SPC, or Cre. In this example, only mouse 13 was a knockout,
expressing Nedd4Lf∕f , SPC, and Cre. (C) RT-PCR of isolated
alveolar-type II cells of P14 mice proving loss of the N-term-
inal region of the HECT domain, as also verified by sequen-
cing. Removal of exon15 causes a frameshift that deletes the
whole HECT domain. (D) Loss of exon 15 in lungs from E18.5
knockout embryos analyzed by PCR on genomic DNA and
verified by sequencing. (E) Survival rate of Nedd4Lf∕f ;SPC-
rtTA;teto-Cre KO mice and controls (all other phenotypes),
revealing death of most of the KO mice at 2–3 wk of age
(n ¼ 37 for Nedd4Lf∕f ;SPC-rtTA;teto-Cre and 109 for the
controls). Some of the KOmice died immediately after birth
from an unknown cause (not included in the figure).
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Knockout of Nedd4L in Lung Epithelia Leads to Increased ENaC Expres-
sion and Function.BecauseNedd4L is known to inhibit ENaCwhen
expressed in tissue culture cells or in Xenopus oocytes (11, 14, 15,
28), we tested using several approaches, whether loss ofNedd4L in
type II and Clara cells leads to increased ENaC expression and
function in vivo in the lung. First, we assessed levels of ENaC
protein expression in lungs using immunostaining of lung sections
and isolated type II cells under nonpermeablilizing condition (bio-
chemical analysis using immunoblotting was not feasible due to
insufficient number of type II cells that can be isolated from the
mice). Fig. 3A shows an increase in levels of ENaC in knockout
lung epithelia relative to controls as assessed by immunofluores-
cence of lung slices incubated with anti αENaC antibodies that
recognize the ectodomain of this subunit. Likewise, an increase
in cell surface αENaC in type II cells isolated from the knockout
animals was also observed using these antibodies (Fig. 3B). These
results suggest that ENaC protein levels, especially at the plasma
membrane, are elevated in lung epithelia upon loss of Nedd4L.

To assess the effect of loss of Nedd4L on ENaC function we
utilized several approaches. First, we measured wet∕dry ratio of
newborn lungs (4 h postpartum), an indication of fluid absorption
capacity (20). As seen in Fig. 4A, lungs of newbornNedd4Lf∕f ;SPC-
rtTA;teto-Cre mice were drier than controls (Nedd4Lf∕f ;SPC-rtTA
or Nedd4Lf∕f ;teto-Cre), suggesting that the knockout mice are
better able to absorb lung fluid at birth. Next, we tested fluid
absorption in distal lung explants harvested from E16 embryos
and grown in culture, as described previously (29). Fig. S4 A and B
demonstratespoor explant expansion (drierexplants) inNedd4Lf∕f ;
SPC-rtTA;teto-Cre explants relative to controls (Nedd4Lf∕f ;SPC-

rtTA or Nedd4Lf∕f ;teto-Cre), likely due to increased fluid absorp-
tion. This dehydration was likely mediated by ENaC, because it was
inhibited by low doses of the ENaC inhibitor amiloride (10 μM),
which was added to the bathing medium upon seeding of the
explant, to ensure luminal access of the drug. Thus, blocking ENaC
function with amiloride rescued the hyperabsorption defect seen in
the Nedd4Lf∕f ;SPC-rtTA;teto-Cre explants.

Finally, to directly investigate elevated ENaC activity, type II
cells from P14 Nedd4Lf∕f ;SPC-rtTA;teto-Cre mice or controls
(Nedd4Lf∕f ;SPC-rtTA) were isolated using a recently described
protocol (30). These cells were subjected to whole-cell patch clamp
recordings to analyze amiloride- and benzamil-sensitive currents.
Fig. 4B(a–d) show that the amiloride-sensitive conductance in
Nedd4Lf∕f ;SPC-rtTA;teto-Cre cells was significantly larger than
in control cells (Nedd4Lf∕f ;SPC-rtTA) at all concentrations of
amiloride tested (0.3, 1, or 10 μM). In contrast, in the presence of
amiloride, the residual conductance in Nedd4Lf∕f ;SPC-rtTA;teto-
Cre cells was similar to controls [Fig. 4B(a and b)]. Furthermore,
we found that the conductance blocked by benzamil, an amiloride
analogue highly specific for ENaC, was greater in Nedd4Lf∕f ;
SPC-rtTA;teto-Cre cells than in control cells, at benzamil concen-
trations of 0.1 or 1 μM[Fig. 4B(e and f)]. Collectively, these findings
indicate that ENaC activity was greatly increased inNedd4L knock-
out cells.

Taken together, the above results show that deletion of Nedd4L
in lung epithelial (SPC-expressing) cells leads to increased ENaC
expression at the plasma membrane and enhanced channel
function.

Rescue of the Lung Defects of Nedd4L Knockout Mice with Amiloride
Treatment. If knockout of Nedd4L in lung epithelia leads to
CF-like lung disease due to excess ENaC function, then treatment
of newborn pups with amiloride should ameliorate the lung
disease. To test this, we administered amiloride (1 μL∕g body
weight of 10 mM solution) or water to young pups via nasal instil-
lation (three times per day, from day 1 to 10), as recently described
(31). As seen in Fig. 5A, whereas lungs harvested from 11-d-old
Nedd4Lf∕f ;SPC-rtTA;teto-Cre mice treated with water exhibited
the same defects as seen in untreated mice (Fig. 2A), mice treated
with amiloride exhibited a markedly improved lung phenotype
(architecture) with much reduced inflammation (Fig. 5).

These results therefore demonstrate that the CF-like lung disease
causedby loss ofNedd4L results fromanexcessive functionofENaC.

Decreased Height of Airway Periciliary Liquid Layer and Hyperplasia
of Airway Secretory Cells upon Loss of Nedd4L. Excessive Naþ and
fluid absorption leading to increased mucus formation in the air-
ways of CF patients is expected to reduce ASL and the periciliary
liquid (PCL) layer (4). To analyze PCL layers, we fixed trachea seg-
ments and assessed its thickness in Nedd4Lf∕f ;SPC-rtTA;teto-Cre
lungs and controls (Nedd4Lf∕f ;SPC-rtTA) using electron micro-
scopy. Our results reveal a decrease in average PCL height in
Nedd4L knockout trachea relative to controls (Fig. S5 A and B).
Interestingly, the epithelial cell layer lining the trachea, which is
normally well organized, appears disorganized in the Nedd4L
knockout lungs, with significant expansion of the nonciliated
mucus secreting (mostly goblet) cells relative to ciliated cells
(Fig. S5 C and D). Both reduced airway PCL and expansion of
the secretory cell population are hallmark features of CF airways.

Discussion
Using a genetic approach we show here that ablation of Nedd4L
specifically in epithelial alveolar type II and Clara cells in the
airways leads to enhanced ENaC function and fluid absorption
in the lung, causing accumulation of mucus in the airways, mas-
sive inflammation, and death due to airway obstruction and
asphyxiation. These features recapitulate the defects seen in
lungs of CF patients (1) and in transgenic mice that overexpress

Fig. 2. Severe inflammation and airway mucus accumulation in lungs of
Nedd4L conditional KO mice. (A–C) H&E staining of lungs of 10-day-old KO
(i.e., Nedd4Lf∕f ;SPC-rtTA;teto-Cre) mice (A) or controls (Nedd4Lf∕f ;SPC-rtTA)
mice (B), showing thewhole lung (1× objective,Upper), or a highermagnifica-
tion (20× objective, Lower) of a lung segment. Note large dense patches,
revealing inflammation (neutrophil infiltration) in the Nedd4L KO lungs
shown in A. (C) PAS staining of 10-day-old Nedd4L KO (Nedd4Lf∕f ;SPC-
rtTA;teto-Cre) mice and control (Nedd4Lf∕f ;SPC-rtTA) mice revealing mucus
accumulation (red color) in the airways of the knockout animals (original
magnification 20×). (D) Normal lungs of E18.5 KO (Nedd4Lf∕f ;SPC-rtTA;teto-
Cre) embryos just before birth (indicating that the defects shown in A–C
developed postnatally). The pregnant mothers of these E18.5 embryos had
been treated with Doxycycline (200 mg∕kg in food plus 2 mg∕mL in 5%
sucrose solution in water) from E8 to E14 to maximize Cre expression.

3218 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1010334108 Kimura et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010334108/-/DCSupplemental/pnas.1010334108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010334108/-/DCSupplemental/pnas.1010334108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010334108/-/DCSupplemental/pnas.1010334108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010334108/-/DCSupplemental/pnas.1010334108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010334108/-/DCSupplemental/pnas.1010334108_SI.pdf?targetid=SF5


ENaC (32) and strongly support a role for ENaC in regulating the
development of CF symptoms, as previously proposed (4, 33).
Our results suggest that Nedd4L plays an important and benefi-
cial role in opposing the elevated function of ENaC in CF
patients, most likely by increasing ENaC ubiquitination and
endocytosis, hence decreasing its levels and function.

Although we cannot currently exclude the possibility that
Nedd4L targets other substrates in the lung in addition to ENaC,
our ability to substantially ameliorate the lung defects with nasally
instilledamiloride in thevery youngknockoutmice strongly suggests
that these lung defects were caused primarily by loss of suppression
of ENaC due to ablation of Nedd4L. Our present work does not
support the notion that Nedd4L directly ubiquitinates CFTR to
target it for degradation, as suggested recently (34). If Nedd4L
was the E3 ligase for CFTR that leads to its degradation, the puta-
tive excess CFTR accumulating upon loss of Nedd4L would not
have causedCF-like disease seenhere, becauseCF is caused by loss,
not gain, of CFTR function. In addition, although Nedd4L was
recently shown to regulate processing of SPC itself (35, 36), the
phenotype of our mice is unrelated to the regulation of SPC, be-
cause the lungs appear normal just before birth and most of our
knockout neonates survivewell, suggesting no surfactant deficiency.

Recently, another Nedd4L knockout (floxed) model was gener-
ated, targeting a N-terminal region of the protein [in a region that is
known to be subjected to splicing (21)]; thesemice, when crossed to
a Cre driver line that expresses Cre in the germ line (EIIa-Cre),
developed salt-induced hypertension (28), but a lung phenotype

was not described. Because their genetic background was similar
to ours (althoughnot identical), it is possible that thosemice contain
a shorter splice isoform of Nedd4L [suggested from a Nedd4L
immunoblot (28)] that may help explain the milder phenotype.
Another possibility is that because these mice lacked Nedd4L
throughout embryonic development, other Nedd4 family E3
ligase(s)mighthave compensated for the lossofNedd4L in the lung.

In conclusion, thepresent study shows that lossofNedd4L in lung
epithelia causes a CF-like disease, suggesting that normally this E3
ligase provides a protective functionagainst the development of cys-
tic fibrosis symptoms. Based on these findings, it is possible that in
addition to a search for drugs that inhibit ENaC, a search for com-
pounds that enhance Nedd4L activity could provide a useful
approach to develop unique treatments for cystic fibrosis.

Materials and Methods
Generation of Floxed Nedd4L Mice. The fragment of a bacterial artificial chro-
mosome clone encoding the Nedd4L gene from the 13th to the 18th introns
was cloned in the pL253 vector (37). One loxP site and another loxP site with a
neomycin resistance cassette flanked by two FRTsites were integrated in 14th
and 15th introns to flank the 15th exon (corresponding to a region located at
the N terminus of the HECT domain; National Center for Biotechnology
Information gene ID code 83814, CCDS#29305.1) by the recombineering
method (37) (Fig. 1A). This approach leads to ablation of expression from
Exon 15 and downstream residues (i.e., the HECT domain) due to frameshift.
After transfection of the targeting vector into mouse ES cells derived from
129∕Ola, properly recombined ES cells were selected with G418 (Invitrogen)
and Ganciclovir (Roche). The genotypes of cloned ES cells were studied by
Southern blotting after digesting the genomic DNA with BamHI (Fig. S1A).

Fig. 3. Increased ENaC protein expression in lung epithelia
and type II cells from Nedd4L conditional KO mice. (A) Im-
munostaining of cryo sections from lungs of 10-day-old
Nedd4L KO (Nedd4Lf∕f ;SPC-rtTA;teto-Cre) and control
(Nedd4Lf∕f ;SPC-rtTA) mice stained with anti αENaC antibo-
dies (red) that are directed to the extracellular domain of
αENaC. Tissues were then permeabilized and stained with
anti-SPC antibodies (green). (Bottom) Enlargements of
the insets indicated, revealing increased ENaC immunoreac-
tivity in alveolar-type II cells of the KO lungs. (B) Immunos-
taining of isolated, nonpermeabilized type II cells with
anti-αENaC antibodies followed by permeabilization and
staining for SPC and analysis by confocal microscopy, as
in A. Note the increase in membrane staining of ENaC in
the KO type II cells relative to controls. (C) Immunostaining
controls showing lack of staining of type II cells in the
absence of primary anti-αENaC antibodies (Upper). (Lower)
Depicts SPC staining of the same cells (after permeabiliza-
tion). Immunostaining of lung sections and isolated type II
cells was carried out using lungs from 4 KO and 7 control
mice, with representative micrographs shown.
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Two properly targeted clones were expanded and injected into blastocysts
(38). Nedd4Lflox∕þ (Nedd4Lf∕þ) were crossed with FLP-1 expressing deleter line
(B6;SJL-Tg(ACTFLPe)9205Dym/J; Jackson Laboratory) to remove the Neo cas-
sette. Southern blot analysis of genomic DNA of targeted embryonic stem
cells was performed on purified genomic DNA digested with BamHI and
separated by agarose gel DNA electrophoresis followed by transfer to the
Hybond-N membrane (GE Healthcare) and hybridization with the radiola-
beled probe. Knockout of Nedd4L in SPC-expressing lung epithelial cells
was generated by crossing Nedd4Lf∕f mice to SPCrtTA;teton-Cre mice. In the
latter mice, Cre expression is stimulated by the docycycline-inducible reverse
tetracycline transactivator (rtTA), which is expressed under the control of the
SPC promoter (23). However, due to leakage of Cre (Fig. S1D), we performed
all experiments (unless otherwise indicated) in the absence of Dox induction.
Mice used for the experiments were on a mixed (C57BL/6;129;FVB/N) back-
ground. All animal work conformed to institutional guidelines. Genotyping
of mice was carried out as described in the SI Text.

Histology and EM. Pups were sacrificed by cervical dislocation, lungs inflated,
fixed, sectioned (5 μm), and processed for H&E, PAS, or collagen (Trichrome)
staining, as detailed in SI Text. EM analysis of trachea and some bronchi were
processed as described (29).

Lung Wet∕Dry Ratio, and Lung Explant Growth in Culture. Wet∕Dry weight
ratio of lungs from 4-h-old newborns was carried out as described (29). Lung
explant growth assay was performed on explants from E16 embryos in
the presence/absence of amiloride (10 μM), as described (29) and detailed
in SI Text.

Isolation of Alveolar Type II Cells. Alveolar type II cells were isolated from
lungs of ∼2-wk-old mice, as described (30), with minor modifications, as
detailed in SI Text.

Double Immunofluorescence Staining. For double immunostaining of αENaC
and SPC, lung tissue cryo sections were first stained with anti αENaC rabbit
polyclonal antibodies, which are directed to the extracellular domain of
αENaC (1∶100) under nonpermeabilizing conditions, permeabilized, and then
stained with goat anti-SPC antibodies (1∶200), as described in SI Text. The
immunostained lung tissues and cells were analyzed by confocal microscopy
(Zeiss LSM).

Patch Clamp Recording in Primary Cultured Alveolar Type II Cells. Conventional
whole-cell recordings were performed on isolated type II cells in the
presence/absence of low doses of amiloride (0.3, 1 or 10 μM, Sigma), or the
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Fig. 4. Increased ENaC function in Nedd4L conditional KO
lungs and isolated type II cells. (A) Decreased wet∕dry ratio
of lungs harvested at 4 h postpartum from Nedd4L KO
(Nedd4Lf∕f ;SPC-rtTA;teto-Cre) vs. Control (Nedd4Lf∕f ;SPC-
rtTA or Nedd4Lf∕f ;teto-Cre) mice. Values are mean� SD of
5–7 mice. P < 0.005 (Student’s t test). (B) Whole-cell patch-
clamp recording to analyze ENaC activity in alveolar-type
II cells isolated from lungs of 2-wk-old Nedd4L KO mice
(Nedd4Lf∕f ;SPC-rtTA;teto-Cre) and controls (Nedd4Lf∕f ;SPC-
rtTA). (A and B) Representative traces show the currents
recorded during the voltage ramp from −100 to þ60 mV
before (−) and after (+) adding 10 μM amiloride in a control
(A) cell and a KO (B) cell. The amiloride-sensitive difference
currents are illustrated. (C) A plot showing average amilor-
ide (10 μM) -sensitive currents in control (n ¼ 19) and KO
(n ¼ 33) cells. The gray areas are �1 SEM for each point.
(D) Bar graph showing average amiloride-sensitive (�SEM)
conductance at the concentrations of amiloride tested
(0.3, 1, or 10 μM) in control (n ¼ 12) and KO (n ¼ 24) cells.
***p < 0.001 compared with corresponding control group.
(E) A plot showing average 1-μMbenzamil-sensitive currents
in control (n ¼ 20) and KO (n ¼ 26) cells. (F) Bar graph show-
ing average benzamil-sensitive conductance at the concen-
trations of benzamil tested (0.1 or 1 μM) in control (n ¼ 15)
and KO (n ¼ 25) cells. **p < 0.01, ***p < 0.001 compared
with corresponding control group (Mann–Whitney U test).
For all patch-clamp experiments, type II cells were isolated
from 11 KO and 14 control mice, which originated from six
different litters.
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amiloride analog benzamil (0.1 or 1 μM, Sigma) that is highly specific for
ENaC, as detailed in SI Text.

Amiloride Treatment of Young Pups. Amiloride [1 μL∕g body weight of 10 mM
solution (i.e., 10 nmol∕g)], or 1 μL∕g body weight water, was administered to
young pups via nasal instillation three times daily for 10 d (days 1–10), exactly
as described (31). Mice were sacrificed on day 11, and lungs were analyzed by
H&E staining, as above.
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Fig. 5. Amelioration of lung defects of the Nedd4L conditional KOmicewith amiloride treatment. Newbornmicewere treated three times daily (from day 1 to
10) with amiloride, or water, and lungs ofmicewere sacrificed on day 11 analyzed byH&E staining. (A and B) KO (Nedd4Lf∕f ;SPC-rtTA;teto-Cre) mice treatedwith
(A) H2O or (B) amiloride, showing whole lungs as well as a higher magnification of lung segments from each (Lower). Note the areas of inflammation in water-
treated KO animals (arrows in A), not seen in amiloride-treated KO mice (B). (C and D) Control mice treated with (C) H2O or (D) amiloride. Results are repre-
sentative of data from five to six mice per treatment.
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