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Recent studies indicate that the antiapoptotic Bcl-XL, one of five
isoforms expressed by the Bcl-X gene, protects a variety of cell lines
exposed to hyperoxia. However, its role in lung development and
protection against oxidative stress in vivo is not known. Here, we
show Bcl-XL is the predominant isoform expressed in the lung, and
the only isoform detected in respiratory epithelium. Because loss of
Bcl-XL is embryonically lethal, Bcl-XL was ablated throughout the
respiratoryepitheliumbymatingmicewithafloxedexon IIof theBcl-
X gene with mice expressing Cre under control of the surfactant
protein-C promoter. Interestingly, the loss of Bcl-XL in respiratory
epithelium was perinatally lethal in approximately 50% of the
expected offspring. However, some adult mice lacking the gene
were obtained. The epithelial-specific ablation of Bcl-XL did not
disrupt pulmonary function, the expression of epithelial cell–specific
markers, or lung development. However, it shifted the lung toward
a proapoptotic state, defined by a reduction in antiapoptotic Mcl-1,
an increase in proapoptotic Bak, and increased sensitivity of the res-
piratoryepitheliumtohyperoxia. Intriguingly, increased8-oxoguanine
lesions seen during hyperoxia were also evident as lungs transi-
tioned to room air at birth, a time when perinatal lethality in some
mice lacking Bcl-XL was observed. These findings reveal that the
epithelial-specificexpression ofBcl-XL is not required for proper lung
development, but functions to protect respiratory epithelial cells
against oxygen-induced toxicity, such as during hyperoxia and the
lung’s first exposure to ambient air.
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The primary function of the lung, and in particular respiratory
epithelial cells, is to deliver and exchange oxidant gases
effectively between the environment and blood. At the same
time, the lung must protect itself against both external and
intrinsic agents that provoke cell injury and death. Extrinsic
agents include air pollution and proinflammatory cytokines such
as TNF-a or FasL, whereas intrinsic agents include intracellular
reactive oxygen species (ROS) and signals emanating from
damaged DNA or unfolded proteins. Airway and alveolar
epithelial cells are further challenged by ROS produced by
their continuous exposure to ambient air (1). These oxygen-
induced ROS are likely to be elevated rapidly at birth when the
lung is first exposed to oxygen, or when elevated oxygen
(hyperoxia) is used to treat respiratory distress (2). The fate
of oxidized cells is dictated by the production of antioxidant
defense molecules, repair pathways, and genes that control

survival and death. Given that antioxidant defenses are only
partially efficacious against oxidative lung injury (3), a better
understanding of the genes involved in determining the fate of
injured cells is needed.

Cell survival and death are controlled by members of the Bcl-2
gene family, now numbering more than 20, that share homology
in one to four regions designated as Bcl-2 homology (BH)
domains, as reviewed elsewhere (4). The multidomain members
can be subdivided into two groups, based on their ability to
promote survival (Bcl-2, Bcl-XL, Bcl-w, Bfl-1/A1, and Mcl-1) or
cell death (Bax and Bak). The single BH3-only members (Bad,
Bid, Bim, Noxa, PUMA, HRK, BMF, and NBK/BIK) become
activated in response to extrinsic and intrinsic death stimuli, such
as damaged DNA. Recent studies suggest that a subset of these
single-domain proteins binds antideath Bcl-2 proteins, thereby
releasing a second subset of single BH-3 proteins that activate
Bax-dependent and Bak-dependent cell death (5, 6). Consistent
with hyperoxia inducing cell death via this family, fibroblasts
derived from Bax2/2 Bak2/2 mice exhibit increased resistance to
hyperoxia (7). On the other hand, the overexpression of antideath
Bcl-XL, Mcl-1, Bfl-1/A1, or Bcl-2 in cell lines or mice protects
against hyperoxia (7–10). Although less is known about the role
of the single BH3-only proteins during hyperoxia, caspase 8
activation and Bid cleavage in response to the Fas-induced death
signaling complex were reported in A549 human lung carcinoma
cells (11). Although this suggests that hyperoxia activates extrin-
sic death stimuli, our studies indicate that hyperoxia also activates
intrinsic death signaling via the ATM-p53 DNA damage pathway
(12, 13). In turn, P53 stimulates the expression of cyclin-de-
pendent kinase inhibitor p21 and the prodeath Bcl-2 protein
Puma (14). During hyperoxia, P21 antagonizes prodeath signals
by delaying the loss of Bcl-XL and Mcl-1, and Bcl-XL specifically
blocks Bax-dependent cell death (10, 15).

Despite this strong evidence for the involvement of Bcl-2–
related proteins during hyperoxia, their role in specific cell types
in the lung remains undefined. The lung is composed of more
than 40 cell types, and among these, hyperoxia largely promotes
the death of alveolar microvascular endothelial and type I
epithelial cells (16). Mechanisms underlying this cell-restricted
sensitivity to hyperoxia remain to be clarified, and in fact may
be caused by the selective expression or activation of prodeath
and antideath members of the Bcl-2 family. We previously
reported that hyperoxia stimulates the mRNA for Bcl-XL and
Bax in bronchiolar epithelial and alveolar cells of adult mice
(17). Although hyperoxia stimulated Bcl-XL protein in that
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study, we subsequently discovered that the antibody does not
recognize Bcl-XL, and in fact, Bcl-XL protein declines during
hyperoxia (15). The Bcl-X gene encodes both prodeath and
antideath isoforms generated by the alternative splicing of
mRNAs transcribed from multiple promoters (18–20). The
most common isoform is Bcl-XL, and it is encoded by exons
II and III. Bcl-XS contains an internal deletion of Bcl-XL, and
Bcl-XDTM undergoes alternative splicing that produces a frame-
shift and translation termination, 8 base pairs (bp) after the stop
codon in Bcl-XL. Bcl-Xb is encoded by an unspliced variant of
exon II, and Bcl-Xg is encoded by exon II splicing to novel
exons IV, V, and VI. Thus, all isoforms except Bcl-XS share
a common 188 amino-acid amino-terminal domain, with small
differences in the carboxy terminus. In vitro translation and
overexpression of individual isoforms revealed that Bcl-XL, Bcl-
XDTM, and Bcl-Xg are antiapoptotic, whereas Bcl-XS and Bcl-
Xb are proapoptotic. Five promoters located with 3.5 kb of exon
II are thought to influence alternative splicing, and hence the
expression of these various Bcl-X isoforms (21).

The complexity of the Bcl-X gene, and the lack of antibodies
specific for individual isoforms, make it challenging to un-
derstand how the Bcl-X gene controls the survival of individual
cells in a heterocellular organ such as the lung. This is especially
problematic when loss of the Bcl-X gene causes early embry-
onic lethality, attributed to massive apoptosis of immature
erythroid progenitors in fetal liver (22). Tissue-specific ablation
was achieved in a variety of tissues, using specific Cre drivers
that ablate the first two exons (23–25). Here, we used surfactant
protein-C (Sftpc)–Cre driver mice to investigate how selective
loss of the Bcl-X locus throughout the respiratory epithelium
affects lung development and the response to hyperoxia-induced
lung injury. Some of the findings were presented as a poster at
the American Thoracic Society Meeting of May 2009.

MATERIALS AND METHODS

Mice

Mice were housed in sterile microisolator cages in a specified pathogen-
free environment, with approval of the Committee on Animal Resources
at the University of Rochester. The Sftpc–Cre mice (strain C57Bl6/J)
were mated to floxed Bcl-X (strain Swiss Webster from Lothar Hennigh-
ausen at NIH, Bethesda, MD) or floxed mT/mG (Jackson Laboratories,
Bar Harbor, ME) mice. Heterozygous F1-generation Bcl-X mice were
backcrossed to obtain F2 progeny, whereas the heterozygous F1-
generation of mT/mG mice was sacrificed for study. To genotype mice,
tail biopsies were digested at 558C in lysis buffer including proteinase K
(1 mg/ml) (26). Genomic DNA was precipitated in 100% isopropanol,
washed in 70% ethanol, and resuspended in buffer containing 10 mM
Tris and 1 mM EDTA, pH 8.0. The Bcl-X wild-type and floxed geno-
types were amplified from 100 ng genomic DNA, using forward
primer (59-CGGTTGCCTAGCAACGGGGC-39) and reverse primer

(59-CTCCCACAGTGGAGACCTCG-39), with 30 cycles at 948C, 588C,
and 728C each for 30 seconds (24). The Cre genotype was amplified
with forward (59-TTCGGCTATACGTAACAGGG-39) and reverse
(59-TCGATGCAACGAGTGATGAG-39) primers, using 30 cycles of
948C for 30 seconds, 558C for 30 seconds, and 728C for 1 minute. The
amplified Bcl-X wild-type (200 bp), Bcl-X floxed (300 bp), and Cre
(500 bp) products were detected by agarose gel electrophoresis.

Lung Mechanics

At 8 weeks of age, five mice were anesthetized with sodium pentobar-
bital (40 mg/kg). The trachea was exposed and connected to a computer-
controlled, small animal mechanical ventilator (flexiVent; SCIREQ,
Montreal, PQ, Canada), as previously described (27). Mice were injected
intraperitoneally with pancuronium (1 mg/kg) to paralyze the diaphragm,
and mice were ventilated with 8 ml/kg at a rate of 150 breaths/minute,
with a positive end-expiratory pressure of 2 cm H2O. Estimated tissue
damping and tissue elastance were obtained from the flexiVent by fitting
a model to each impedance spectrum (28).

RNA Isolation and RT-PCR

Lungs were homogenized in 4 M guanidine isothiocyanate, 0.5% N-
laurylsarcosine, 20 mM sodium citrate, and 0.1 M 2-mercaptoethanol.
The RNA was extracted using acid phenol and phase-lock columns (5
Prime-3Prime, Boulder, CO), and resuspended in diethylpyrocarbon-
ate (DEPC)-treated water. type II cells were isolated as described
elsewhere (29) and lysed in Trizol reagent (Invitrogen, Carlsbad, CA).
The RNA was precipitated in isopropanol and resuspended in DEPC-
treated water. Complementary DNA was prepared using an iScript
cDNA Synthesis kit (Bio-Rad, Hercules, CA) at 258C for 5 minutes,
428C for 30 minutes, 858C for 5 minutes, and 48C for 5 minutes. The
Bcl-X isoforms were amplified using 59 forward primer GATC
GAATTCATGTCTCAGAGCAACCGGGA. The reverse primers
used were GATCAGATCTTCATTTCCGACTGAAGAGTG for
Bcl-XL and Bcl-XS, GATCAGATCTTGCATGTAGTGGTTCTCCTC
for Bcl-XDTM, GATCAGATCTAAGATACAGGTCCCTTAA for Bcl-
Xb, and GATCAGATCTCGTCCTTCCTGAAGTCCTCC for Bcl-Xg.
Complementary DNAs were amplified at 958C, 608C, and 728C each for
30 seconds for 35 cycles. We detected Bcl-XL (701 bp), Bcl-XS (512 bp),
Bcl-XDTM (731 bp), Bcl-Xb (772 bp), and Bcl-Xg (979 bp) isoforms, using
agarose gel electrophoresis. Primer sequences and amplification condi-
tions for surfactant protein C (SP-C), Type I alpha (T1a), Clara cell
secretory protein (CCSP), and platelet endothelial cell adhesion mole-
cule (PECAM) were described previously (30).

Lung Histology and Staining

The left lobes were tied off, and the right lobes were inflation-fixed
through the trachea for 10 minutes with 10% neutral-buffered formalin
at 20 cm pressure. The fixed lobe was dehydrated in graded alcohol and
embedded in paraffin. Tissue sections (5 mm) were deparaffinized in Pro-
Par clearant (Anatech, Ltd., Battle Creek, MI) and rehydrated through
a series of ethanol to water. Lung sections were then stained with
hematoxylin and eosin. To detect Bcl-X protein, sections were boiled in
10 mM citrate buffer, pH 6, followed by a hydrogen peroxide block, PBS
wash, and avidin/biotin block (catalogue number SP-2001; Vector

Figure 1. Genotypic analysis of Sftpc–Cre and floxed

Bcl-X mice. (A) Representative RT-PCR analysis of Bcl-X

isoforms detected in whole-lung RNA or type II cell
RNA. (B) Depiction of floxed Bcl-X and Sftpc–Cre genes,

with primers (arrowheads) used for genotyping mice.

Open arrows in Bcl-X gene represent LoxP site flanking

exons 1 and 2. Below the cartoon is a representative
PCR analysis of genomic tail DNA, showing wild-type

(wt) and floxed (fl) products of the Bcl-X and Cre genes.
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Laboratories, Burlingame, CA). Sections were then blocked with
a Mouse on Mouse kit (catalogue number PK-2200; Vector Laboratories,
Inc.), followed by incubation overnight with mouse anti-Bcl-X antibody
(catalogue number B9429; Sigma, St. Louis, MO). Immune complexes
were detected with biotinylated mouse antibody, and visualized as brown
precipitate, using 3,39-diaminobenzidine (Vectastain Elite; Vector Lab-
oratories). Stained slides were counterstained with hematoxylin (Zymed,

South San Francisco, CA) and visualized with a Nikon E800 microscope
(Nikon, Melville, NY) coupled to a SPOT-RT digital camera (Diagnostic
Instruments, Sterling Heights, MI). For visualizing Discosoma sp. red
(DsRed) and enhanced green fluorescence protein (EGFP) in mT/mG
transgenic mice, rehydrated tissues were immunostained with anti-
EGFP antibody and counterstained with DAPI (31). Images were
captured on an Olympus FV1000 laser scanning confocal microscope
with Fluoview version 2.0 software (Olympus America, Center Valley,
PA), using sequential scanning and adjusting only the photomultiplier
tube voltage. Copies of images were postprocessed for brightness and
contrast only, using FV1000 postprocessing features.

Western Blots

Lung tissues were homogenized with a polytron in 1 ml lysis buffer (15).
Proteins were separated by size, using a polyacrylamide gel, and trans-
ferred to polyvinylidene fluoride membrane. Membranes were blocked in
5% dried milk in Tris-buffered saline 1 0.1% Tween-20, and immuno-
blotted with primary antibody for 1 hour at room temperature (anti-actin,
catalogue number A2066; Sigma) or overnight at 48C (anti–Bcl-X,
catalogue number B9429; Sigma; anti–Mcl-1, catalogue number 32087;
Abcam, Cambridge, MA; anti-Bcl-2, catalogue number BD554279; BD
Pharmingen, San Diego CA; anti-Bak, catalogue number AM03; Calbio-
chem, Gibbstown, NJ; anti-Bax, catalogue number SC-493; Santa Cruz
Biotechnology, Santa Cruz, CA; anti–proSP-C, catalogue number
AB3786; Chemicon, Temecula, CA; anti-CCSP was provided by Barry

TABLE 1. PREDICTED AND ACTUAL GENOTYPIC
FREQUENCIES OF F2 OFFSPRING BETWEEN Sftpc–Cre
AND FLOXED Bcl-X MATINGS

Genotype of

F2 Mice

Bcl-X in Lung

Epithelium

Predicted

Frequency (%)

Adult

Frequency (%)

Embryonic

Frequency (%)

Cre2:Bcl-Xwt/wt Homozygous 6.25 37.50 10.00

Cre1:Bcl-Xwt/wt Homozygous 18.75 23.21 40.00

Cre2:Bcl-Xwt/fl Homozygous 12.50 8.93 6.67

Cre2:Bcl-Xfl/fl Homozygous 6.25 11.61 6.67

Cre1:Bcl-Xwt/fl Heterozygous 37.50 11.61 3.33

Cre1:Bcl-Xfl/fl Knockout 18.75 7.14 33.33

Mice were genotyped by PCR, using primers that detect the wild-type and

floxed alleles of Bcl-X, and the Cre gene. Adult frequencies were determined from

112 mice (52 males and 60 females) at 21 days of age, and embryonic

frequencies were determined from 30 mice on Embryonic Day 18.

Figure 2. Immunohistochemical staining of Bcl-X protein in

Bcl-X control and knockout mice. Lungs from Cre1:Bcl-Xwt/wt

(A, C, E, and G) and Cre1:Bcl-Xfl/fl (B, D, F, and H ) mice were

immunostained for Bcl-X protein that was detected as a brown
stain, using 3,39-diaminobenzidine. Sections were lightly

counterstained with hematoxylin. Solid arrowheads denote

airway epithelium, open arrowheads denote alveolar epithe-

lium, and arrows denote vascular endothelium. Inset bar in
F 5 100 mm, and in H 5 50 mm.
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Stripp at Duke University; T1-a was provided by the Iowa Hybridoma
Bank; and anti-PECAM, catalogue number SC1506; Santa Cruz).
Blots were washed in PBS–Tween and incubated with horseradish
peroxidase–conjugated secondary antibodies, and proteins were detected
by chemiluminescence (ECL kit; GE Lifesciences, Piscataway, NJ), using
blue-sensitive film (Laboratory Products Sales, Rochester, NY). Band
intensities were visualized on a gel documentation system (Alpha Inno-
tech, San Leandro, CA), and quantified using Image J software.

Measurements of Hyperoxia and Lung Injury

Mice were exposed to room air or 100% oxygen (hyperoxia) that was
humidified to 40–70% by passing through deionized water-jacketed
Nafion membrane tubing (PermPure, LLC, Toms River, NJ). Animals
were lavaged four times with 1 ml sterile saline. Samples from an
individual mouse were pooled, and cells were removed by centrifuga-
tion. The supernatant was assayed for protein concentrations, using
a BCA protein assay kit (Thermo Scientific, Rockford, IL). The left
lobe was fixed, sectioned, and stained with an apoptosis detection kit
(catalogue number S7165; Serologicals Corp., Norcross, GA), using
fluorescent antibodies or FITC-labeled 8-oxoguanine–binding peptide
(31). The 8-oxoguanine–positive cells were quantified using Meta-
Morph software (Molecular Devices, Sunnyvale, CA) according to
the thresholded area of FITC compared with DAPI. Terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive
and DAPI-positive cells were quantified using Metaview software
(Molecular Devices).

Statistical Analysis

Values are expressed as means 6 standard deviations. Group means
were compared according to ANOVA, using Fisher post hoc analysis
with Statview software (Abacus Concepts, Inc., Berkeley, CA). P ,

0.05 was considered significant.

RESULTS

Epithelial Ablation of Bcl-X Does Not Disrupt Lung

Function or Development in Adult Mice

The Bcl-X locus encodes five alternatively spliced isoforms that
differ in their carboxy terminus (18–20). Because isoform-

specific antibodies are not available, the expression of individ-
ual isoforms was investigated by RT-PCR, using a common 59

primer and isoform-specific 39 primers for Bcl-XL, Bcl-XS, Bcl-
XDTM, Bcl-Xb, and Bcl-Xg. We readily detected Bcl-XL in whole
lung, and Bcl-Xb was faintly detected (Figure 1A). We did not
detect Bcl-XS, Bcl- XDTM, and Bcl-Xg. Although Bcl-XL and
Bcl-Xb were detected in whole lung, only Bcl-XL was detected
in freshly isolated preparations of type II epithelial cells. Using
primers specific for type II cells (SP-C), TYPE I cells (T1a),
airway (CCSP), and endothelium (PECAM), RT-PCR con-
firmed that our isolated cell preparations were predominantly
type II, with some contaminating airway Clara cells (data not
shown). These findings indicate that antiapoptotic Bcl-XL is the
predominant isoform of the Bcl-X gene expressed by respira-
tory epithelium and the lung in general.

The floxed Bcl-X gene contains a single loxP site in the 59-
flanking region and a second loxP site in the second intron,
thereby allowing ablation of the proximal promoter region and
exons 1 and 2 (Figure 1B) (23). Because exon 2 encodes all five
isoforms of Bcl-X, this targeting strategy ablates both proa-
poptotic and antiapoptotic members of the Bcl-X gene. To
ablate Bcl-X throughout the respiratory epithelium, the floxed
Bcl-X mice were mated to Sftpc–Cre transgenic mice (32). The
F1-generation mice were screened for the presence of the Cre
gene, because all mice were heterozygous for the floxed Bcl-X
allele. The Sftpc–Cre–positive mice were then mated to each
other to obtain F2 mice, with or without the Cre transgene and
wild-type or floxed forms of the Bcl-X gene (Table 1).
Although the expected numbers of Cre1:Bcl-Xwt/wt mice were
obtained, significantly more Cre2:Bcl-Xwt/wt were obtained
than expected, suggesting that the presence of Cre recombi-
nase with a floxed Bcl-X allele was lethal. Indeed, only 50% of
the predicted mice containing Cre1 and both floxed alleles of
Bcl-X (Bcl-Xfl/fl) were detected, and they were identified in
both male and female mice. Surprisingly, only 30% of the
expected numbers of Cre1 and heterozygous Bcl-X (Bcl-Xwt/fl)

Figure 3. Epithelial-specific recombination of mT/mG mice,
using Sftpc–Cre mice. Lungs from Sftpc–Cre (A), mT/mG1/1

(B), Cre2 mT/mG1/2 (C ), and Cre1 mT/mG1/2 (D) mice were

stained for EGFP and DAPI. Fluorescent images for intrinsic red
from the membrane targeted tdTomato gene, FITC-stained

EGFP, and DAPI were obtained using confocal microscopy.

Arrows indicate respiratory epithelial cells expressing EGFP,

and arrowheads indicate nonrespiratory epithelial cells
expressing the tdTomato gene. Bar in A 5 50 mm.
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mice were obtained. To determine whether mice were being
lost at birth, mice were genotyped on embryonic day 18.
Consistent with increased perinatal lethality, Cre1:Bcl-Xfl/fl

mice were readily identified on embryonic day 18. Intriguingly,
the number of positive embryos was higher than expected,
perhaps because the number of Cre1:Bcl-Xwt/fl was lower than
predicted, but that finding might be attributed to the relatively
low number of embryos screened (n 5 30). The pathology of
E18.5 Cre1:Bcl-Xfl/fl appeared normal and indistinguishable
from control animals (n 5 10; data not shown). The few
surviving Cre1:Bcl-Xfl/fl mice were then mated to each other to
establish a line of conditionally knocked out mice. However,
for unknown reasons, only one of five mating pairs produced
progeny, and this only happened once. This outcome sug-
gested that Cre1:Bcl-Xfl/fl mice were not sterile, but for
unknown reasons, displayed reduced fecundity. Despite our
best efforts to rotate the mating pairs and modify their housing
conditions, a conditional line of mice lacking Bcl-X could not
be established, and so the present study was performed with
mice derived from F1 crosses.

Using an antibody against the amino terminus, and thus
recognizing all isoforms, Bcl-XL protein was readily detected in
airway epithelial cells and alveolar cells in corners consistent
with type II epithelial cells of Cre1:Bcl-Xwt/wt control mice
(Figures 2A and 2C). It was also detected in endothelial cells of
large veins, but not in thin alveolar walls composed of micro-
vascular endothelial cells and type I epithelial cells (Figures 2E
and 2G). Similar patterns of expression were seen with other
genotypes (data not shown). However, Bcl-XL protein was not
observed in airway and alveolar type II cells of Cre1:Bcl-Xfl/fl

mice (Figures 2B and 2D). It was detected in large veins, which
is consistent with the Sftpc promoter selectively targeting Cre
recombinase to the respiratory epithelium and not other cell
types (Figures 2E and 2H).

Two approaches were used to confirm the epithelial re-
stricted ablation of Bcl-XL, using Sftpc–Cre. First, Sftpc–Cre
mice were mated to homozygous mT/mG mice, which contain
a floxed membrane-targeted tdTomato (mT) cassette, followed
by membrane-targeted EGFP (mG) under the control of
cytomegalovirus enhancer/chicken b-actin core promoter (33).
In the presence of Cre recombinase, the ubiquitous expression
of mT (a variant of DsRed) is replaced by EGFP. As expected,
intrinsic and ubiquitous red-shifted fluorescence was observed
throughout the lungs of homozygous mT/mG mice, but not
Sftpc–Cre mice (Figure 3). When mated to each other, F1
progeny were heterozygous for the mT/mG locus, which led to
an overall reduction in intrinsic red fluorescence. Although
EGFP was not detected in Cre-negative mice, the early de-
velopmental expression of Sftpc in the lung resulted in a near
ubiquitous activation of green fluorescence throughout the
respiratory epithelium in the Cre-positive offspring.

Western blot analysis of whole-lung homogenates was also
used to confirm that Bcl-X protein was significantly reduced to
22% 6 1.7% in Cre1:Bcl-Xfl/fl lungs, compared with control
Cre1:Bcl-Xwt/wt lungs (Figure 4A; P 5 0.017). Based on its size
of 28 kD, the knowledge that Bcl-XL comprises 234 amino acids
and Bcl-Xb comprises 210 amino acids, and the knowledge that
Bcl-XL mRNA is the predominant isoform in the lung and the
respiratory epithelium, the detected Bcl-X protein is likely to be
Bcl-XL. Surprisingly, loss of Bcl-XL led to a significant re-
duction to 19% 6 4.3% in the expression of antiapoptotic Mcl-1
(P 5 0.0013), but not Bcl-2 (P 5 0.93) (Figure 4A). It also led to
an increase (2.1 6 0.02-fold) in the expression of proapoptotic
Bak (P 5 0.018), but not Bax (P 5 0.88). These findings suggest
that a loss of Bcl-XL shifts the respiratory epithelium to
a proapoptotic state.

Despite the partial perinatal loss of Cre1:Bcl-Xfl/fl mice and
the loss of Bcl-XL in the respiratory epithelium, lung histology
in mice that survived to adulthood appeared normal (Figure 2).
Loss of the Bcl-X gene did not alter the expression of proteins
expressed by type II cells (proSP-C; P 5 0.88), airway Clara
cells (Clara cell secretory protein; P 5 0.64), type I cells (T1a;
P 5 0.81), and endothelial cells (PECAM or CD31; P 5 0.77)
(Figure 4B). It also did not affect airway resistance (P 5 0.75),
airway elastance (P 5 0.98), alveolar compliance (P 5 0.43),
tissue damping (P 5 0.97), or tissue elastance (P 5 0.77), as
measured on a flexiVent (Figure 5). These findings indicate that
epithelial loss of the Bcl-X gene is perinatally lethal in some
mice, but those that survive to adulthood present with normal
lung structure and function.

Epithelial Ablation of the Bcl-X Gene Increases Sensitivity

of Respiratory Epithelium to Oxygen

Although type I epithelial cells are sensitive to hyperoxia, the
relative resistance of airway and alveolar type II cells may be
attributed in part to their expression of Bcl-XL. To test this,
TUNEL staining was performed on lungs harvested from
Cre1:Bcl-Xwt/wt and Cre1:Bcl-Xfl/fl mice that were exposed to
room air or 100% oxygen for 60 hours. Less than 1% of lung

Figure 4. Gene expression in control and Bcl-X conditional knockout

mice. (A) Lungs from Cre1:Bcl-Xwt/wt and Cre1:Bcl-Xfl/fl mice were
immunoblotted for Bcl-XL, Mc-1, Bcl-2, Bak, Bax, and actin. (B) Lungs

from Cre1:Bcl-Xwt/wt and Cre1:Bcl-Xfl/fl mice were immunoblotted for

proSP-C, CCSP, T1a, and PECAM. Each lane represents a different

mouse, and blots are representative of five mice for each group.

380 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 43 2010



cells from control mice exposed to room air were TUNEL-
positive, and this amount was unaffected by the loss of Bcl-XL

(Figure 6). We detected TUNEL-positive staining in 3.4 6 0.76
cells of Cre1:Bcl-Xwt/wt mice exposed to hyperoxia, compared
with 8.7% 6 4% of Cre1:Bcl-Xfl/fl mice (n 5 5 per group; P ,

0.02), as largely observed in distal airway and alveoli (Figure
7A). Although hyperoxia increased alveolar-capillary mem-
brane permeability, as defined by protein in bronchoalveolar
lavage fluid (P , 0.0001), it was not significantly different in
mice lacking the Bcl-X gene that were also exposed to hyper-
oxia (Figure 7B). This observation confirms the specificity of the

Sftpc promoter to drive Cre and hence ablate the Bcl-X locus
selectively in the respiratory epithelium and not other cell types.

To investigate oxidant DNA damage further, lungs were
immunostained for 8-oxoguanine. As previously reported (31,
34), 3.0% 6 0.22% of airway and alveolar epithelial cells of
adult Cre1:Bcl-Xwt/wt mice exposed to room air had detectable
8-oxoguanine staining, and this markedly increased to 29.9% 6

1.0% (P , 0.0001) in mice exposed to hyperoxia (Figures 8A
and 8B). Similarly, 8-oxoguanine staining was evident in 1.2% 6

0.5% of Cre1:Bcl-Xfl/fl mice exposed to room air, and this in-
creased to 19.9% 6 2.5% (P , 0.0001) in mice exposed to

Figure 5. Lung mechanics in control

and Bcl-X conditional knockout mice.
Airway resistance (A), airway elastance

(B), alveolar compliance (C ), tissue

damping (D), and tissue elastance (E )

were measured in Cre1:Bcl-Xwt/wt and
Cre1:Bcl-Xfl/fl mice. Values represent

mean 6 SD of four control mice

(Cre1:Bcl-Xwt/wt) and three knockout

mice (Cre1:Bcl-Xfl/fl) per group.

Figure 6. Apoptosis in control and Bcl-X conditional

knockout mice exposed to hyperoxia. Cre1:Bcl-Xwt/wt

(control) and Cre1:Bcl-Xfl/fl (knockout) conditional

knockout mice were exposed to room air or hyperoxia

for 60 hours. Representative images are of TUNEL

staining in control and floxed Bcl-X mice exposed to
room air (A, B) or hyperoxia (C, D) for 60 hours. Lungs of

Cre1:Bcl-Xfl/fl mice exposed to hyperoxia were stained for

TUNEL (red ) and CCSP (E ) or proSP-C (F ) (green).

Arrowheads indicate TUNEL-positive cells in airway and
arrows indicate TUNEL-positive cells in alveoli. Dotted line

in E defines the basement membrane of the airway. Inset

bar 5 50 mm.
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hyperoxia (data not shown). Although loss of Bcl-XL did not affect
the percentage of 8-oxoguanine–positive cells in mice exposed to
room air, it did reduce the number of positive cells seen in mice
exposed to hyperoxia (P , 0.0001). However, this result could be
an underestimation, because the significant epithelial injury seen
in hyperoxic Cre1:Bcl-Xfl/fl mice reduced the DAPI staining (a
fluorescent dye that intercalates in double-stranded DNA) used to
identify individual cells. Nonetheless, the perinatal loss of some
mice lacking Bcl-XL led us to speculate that oxidized lesions are
produced at birth, when the lung is exposed to ambient air. To test
this, lungs were harvested on Embryonic Day 18.5 and Postnatal
Days 0.5, 2, and 14, and stained for 8-oxoguanine, using adult lungs
as control samples. Intriguingly, 8-oxoguanine–positive cells were
not detected in Embryonic Day 18.5 lungs (Figures 8C and 8E).
Although staining was not evident on Postnatal Day 0.5 (data
not shown), 8-oxoguanine–positive cells were readily detected in
7.2% 6 0.7% of the distal respiratory epithelium on Postnatal Day
2 (Figures 8D and 8F). Higher-power magnification revealed that
the staining was both nuclear and cytoplasmic. The cytoplasmic
staining was punctate and consistent with the mitochondrial
localization previously reported in adult mice exposed to hyper-
oxia (31). Staining was slightly decreased by Postnatal Day 14

(data not shown), but still greater than that seen in 8-week adult
mice, implying that repair may be occurring.

DISCUSSION

Respiratory epithelial cells are constantly under oxidative stress
caused by exposure to molecular oxygen and inhaled oxidizing
pollutants. Despite strong evidence that Bcl-XL, an antiapop-
totic protein encoded by the Bcl-X gene, protects cultured cell
lines against hyperoxia-induced cell death, its role in proper
lung development and protection against oxidative stress in vivo
is not known. Here we provide evidence Bcl-XL is the pre-
dominant isoform expressed in the lung, and confirm through
Cre-mediated recombination that it functions to protect the
respiratory epithelium in vivo against hyperoxia-induced cell
death. Although loss of Bcl-XL did not noticeably disrupt lung
function or development, perinatal lethality was observed in
some mice, leading us to consider that Bcl-XL may protect
against the oxidative damage caused by exposure to ambient air
at birth. Indeed, exposure to room air at birth oxidizes DNA,
much like the exposure of adults to hyperoxia. Our findings
confirm that Bcl-XL protects the respiratory epithelium against
hyperoxia, and provide new evidence that it may serve to
protect against oxidative damage created as the lung transitions
to ambient air at birth.

The Bcl-X gene encodes multiple isoforms created by
alternative splicing of RNA transcripts generated from multiple
promoters (21). Whereas Bcl-XS, Bcl-Xb, and Bcl-Xg promote
apoptosis, Bcl-XL and Bcl-XDTM possess antiapoptotic activi-
ties. Although it remains unclear how promoter choice and
alternative splicing control the expression of individual iso-
forms, they are required for the proper development of some
tissues. For instance, germline ablation of the Bcl-X gene causes
massive apoptosis of postmitotic neurons of the brain, spinal
cord, and dorsal root ganglion (22). Shortened lifespans of
immature lymphocytes are also seen, and the mice die by
Embryonic Day 13. Erythroid-specific ablation using mouse
mammary tumor virus-long terminal repeat/Cre driver mice
causes the hyperproliferation of megakaryocytes and immature
erythroid cells, and hemolytic anemia by age 3 months (24).
These deficits could be rescued by simultaneously ablating Bax.
The conditional deletion of Bcl-X in mammary epithelium
caused accelerated apoptosis of the epithelium during involu-
tion, but increased apoptosis could not be reduced by deleting
Bax (25). The inability to rescue mammary gland development
by deleting Bax implies that erythroid and mammary cells
express different isoforms of the Bcl-X gene, or that Bcl-XL

acts to block Bax in some cell types and not in others. Regard-
less, we found that normal lung development and function was
unaffected by ablation of the Bcl-X gene in the respiratory
epithelium. Because Bcl-XL was the only isoform detected in
respiratory epithelium, this suggests that apoptosis (e.g., the low
levels of apoptosis seen in postnatal rats) may not be absolutely
required for specifying proper lung development and function
(35). Alternatively, the apoptosis of epithelial cells is important
for lung maturation, but the process does not involve Bcl-XL.

On the other hand, loss of Bcl-XL increases the sensitivity of
respiratory epithelium to hyperoxia, as defined according to
TUNEL staining and histologic features of cell necrosis. Be-
cause biotin was not used to amplify staining, the number of
TUNEL-positive cells reported here was much lower than in
previous studies (31, 34, 36). Because TUNEL staining during
hyperoxia is associated with oxygen-induced DNA strand
breaks, the omission of biotin allowed us to identify those cells
with the most severe DNA damage as they died (31). The
increased number of TUNEL-positive but not 8-oxoguanine–

Figure 7. Apoptosis and edema in control and Bcl-X conditional

knockout mice exposed to hyperoxia. (A) The number of TUNEL-
positive cells to total number of DAPI-positive cells in Cre1:Bcl-Xwt/wt

and Cre1:Bcl-Xfl/fl mice exposed to room air or hyperoxia was graphed.

Values represent mean 6 SD for n 5 5 mice per group (*P , 0.0001

and #P 5 0.02) (B) Total protein in bronchoalveolar lavage fluid of
Cre1:Bcl-Xwt/wt and Cre1:Bcl-Xfl/fl mice exposed to room air or hyperoxia

was quantified and graphed. Values represent mean 6 SD for n 5 5

mice per group (*P , 0.0001).
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positive cells in hyperoxic mice lacking Bcl-XL suggests that
Bcl-XL protects against signals coming from DNA damage (e.g.,
p53, Puma, Noxa, or Bak) that promote cell death and hence
the degradation of DNA (37–39). Our findings in mice lacking
Bcl-XL confirm studies in mouse-lung epithelial MLE12 cells,
Rat1a fibroblasts, and p21-deficient HCT116 colon carcinoma
cells, showing that the overexpression of Bcl-XL protects
against hyperoxia-induced Bax activation and cell death (7,
14, 40). The overexpression of Bcl-XL does not protect A549
human lung adenocarcinoma cells against hyperoxia (11).
However, this is because A549 cells express the cell-cycle–
inhibitor p21, which delays the loss of Bcl-XL during exposure
(10, 41). Unlike findings in p21-deficient mice exposed to
hyperoxia (42), increased alveolar–capillary membrane perme-
ability and mortality were not evident in mice lacking the
epithelial expression of Bcl-XL. This finding implies that
alveolar–capillary membrane permeability, at least for this
length of exposure, is not affected by injury to the respiratory
epithelium. This is consistent with histologic observations that
microvascular endothelial cells are more sensitive to hyperoxia,

and their loss leads to increased vascular permeability and
mortality (43–45).

Although Bcl-XL is not required for proper lung develop-
ment, our study suggests that it protects the developing lung
from oxidative damage as it becomes exposed to ambient air at
birth. This is a critical period during which the lung undergoes
oxidative stress as it transitions from a relatively hypoxic in
utero to an oxygen-rich ex utero environment. Although oxida-
tive damage attributed to exposure to room air at birth has not
been extensively studied, plasma levels of F2-isoprostanes are
high in early human infants, and decline by 6 months of age
(46). The elevated expression of antioxidant defense enzymes,
as reported in newborn rats, is thought to protect against
such oxidative stress (47, 48). Consistent with this idea, the
targeted overexpression of manganese-superoxide dismutase or
extracellular-superoxide dismutase to the respiratory epithe-
lium protects the developing lung against hyperoxia (49, 50).
However, mice lacking these enzymes are normal, implying
a redundancy in antioxidant defense mechanisms required for
adaptation of the lung to oxygen (3). However, the present

Figure 8. Oxygen promotes 8-oxoguanine lesions in the

lung. Lungs of adult mice exposed to room air (A) and
lungs of adult mice exposed to hyperoxia (B) on Embry-

onic Day 18.5 (C, E ), and Postnatal Day 2 (D, F ) were

stained with FITC-labeled 8-oxoguanine–binding peptide.

Sections were counterstained with DAPI, and images were
captured by confocal microscopy. Inset box in C and D is

magnified 3-fold in E and F. Arrows indicate 8-oxoguanine–

positive cells. Bar 5 50 mm for A–D, and 10 mm for E and F.
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study indicates that these antioxidant defense mechanisms are
insufficient to block oxidative stress fully, because increased 8-
oxoguanine lesions were evident in newborn mice. Instead,
antiapoptotic proteins such as Bcl-XL appear to provide an
additional line of defense by blocking apoptotic signals ema-
nating from oxidized molecules such as DNA. Interestingly, 8-
oxoguanine staining was both nuclear and cytoplasmic, because
cytoplasmic staining was seen in newborn rats and adult mice
exposed to hyperoxia (31, 51). This may reflect the oxidation of
mitochondrial DNA, because 8-oxoguanine staining in mice
colocalized to cytochrome-C oxidase subunit 1. Intriguingly,
mitochondrial dysfunction was recently associated with arrested
lung development in newborn mice exposed to hyperoxia, and
Bcl-XL functioned to maintain mitochondrial homeostasis (52,
53). Although levels of Bcl-XL were similar in newborn and
adult mice (data not shown), targeting additional levels to
developing lungs exposed to hyperoxia may provide a novel
therapy for preventing BPD.

The loss of Bcl-XL by itself shifted the lung toward a proapop-
totic state, as defined by a reduction in antiapoptotic Mcl-1 and
an increase in proapoptotic Bak. These were selective changes,
because the expression of Bcl-2 and Bax were unaffected. How
the loss of Bcl-XL affected the expression of Mcl-1 and Bak is
unclear. Studies on the effects of germline or Cre-mediated
ablation of Bcl-XL in other tissues did not investigate how loss
of Bcl-XL affected the expression of other members of the Bcl-2
family (22–25). The silencing RNA knockdown of Bcl-XL in cell
lines (A549, H1299, and HCT116) does not affect the expres-
sion of Mcl-1 or Bak (unpublished observations). On the other
hand, similar changes in expression of these Bcl-2–related
proteins were seen when these cell lines were exposed to
hyperoxia (10, 11, 14, 41). This implies that the Bcl-2 rheostat
of the respiratory epithelium was shifted in Cre 1:Bcl-Xfl/fl mice
as if they were already in a state of hyperoxia. Viewed this way,
it may be less surprising to find that they are hypersensitive to
hyperoxia or even oxygen exposure at birth. Although addi-
tional studies are needed to understand how Bcl-XL maintains
the expression of Mcl-1 and Bak, Bcl-XL should be considered
equivalent in importance to antioxidants for defending the
respiratory epithelium against oxidative damage created by
inhaled pollutants or oxygen at birth.

A limitation of this study was our inability to generate a line
of mice lacking epithelial Bcl-X, and we have no explanation for
this failure. The Sftpc–Cre and unfloxed Bcl-X lines of mice
breed in a normal Mendelian manner, and produced the
expected F1 progeny when bred together. Although viable F2
mice were obtained, we were unsuccessful at generating a line
of mice using five independent mating pairs. One pair produced
F3 progeny, but only once, and pregnancy was never observed
in the other pairs. Thus, the present study was largely per-
formed on a limited number of F2 mice obtained from F1
heterozygote matings. A remote but possible explanation is that
Cre expression is ‘‘leaky’’ in the germline. Indeed, as these
studies were nearing completion, we learned that some germ-
line leakiness was observed (personal communication with
Barry Stripp at Duke University). Although it remains to be
determined whether that was responsible for our failure to
create a line of mice, enough mice were created for us to
conclude that Bcl-XL protects respiratory epithelial cells against
oxidative damage when oxygen tensions increase, but is not
required for proper lung development.
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