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The functional significance of the Fas/Fas-ligand (FasL) system in
hyperoxia-induced lung injury and alveolar disruption in newborn
lungs in vivo remains undetermined. To assess the role of the Fas/FasL
system, we compared the effects of hyperoxia (95% O2 from birth to
Postnatal Day [P]7) in Fas-deficient lpr mice and wild-type mice. Al-
veolar disruption was more severe in hyperoxic lpr mice than in wild-
type mice. In addition, a transient alveolarization defect was noted
in normoxic lpr mice. Hyperoxia induced marked up-regulation of
pulmonary Fas expression in wild-typemice,aswell aselevated mRNA
levels of pro-apoptotic Bax, Bad, and Bak. Pulmonary apoptotic
activity was similar in hyperoxic wild-type and lpr mice. In contrast,
lung growth and proliferation, assessed by stereologic volumetry and
Ki67 proliferation studies, were significantly higher in hyperoxic wild-
typemicecomparedwith lprmice, suggestingtheFas/FasL systemhas
a pro-proliferative role in hyperoxic conditions. Levels of the prosur-
vival MAPkinase, pERK1/2, were significantly higher in hyperoxic
wild-type mice compared with lpr mice, whilepAkt levels were similar.
These data suggest that the primary role of the Fas/FasL system in
hyperoxicnewbornlungsispro-proliferative,ratherthanpro-apoptotic,
and likely mediated through a Fas-ERK1/2 pathway. Fas-induced
proliferation and lung growth in hyperoxic newborn lungs may
counteract, in part, the detrimental effects of apoptosis mediated by
non-Fas pathways, such as pro-apoptotic Bax/Bcl-2 family members.
The capacity of the Fas/FasL signaling pathway to mediate pro-
tective rather than destructive functions in hyperoxic newborn lungs
highlights the versatility of this complex pathway.
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bronchopulmonary dysplasia

The treatment of advanced respiratory failure often requires
supraphysiologic oxygen concentrations to maintain oxygen de-
livery to peripheral tissues. This condition of hyperoxia may,
paradoxically, exacerbate lung damage. Oxygen toxicity has been
implicated in the pathogenesis of bronchopulmonary dysplasia
(BPD), a chronic lung disease of newborn infants associated with
significant mortality and morbidity (1–3). The main pathologic
hallmark of post-surfactant BPD is an arrest of alveolar de-
velopment, characterized by large and simplified distal lung acini
that show little evidence of vascularized ridges (‘‘secondary
crests’’) or alveolar septa. Impairment of alveolar formation in
BPD leads to long-term global reduction in alveolar number and
gas-exchange surface area (4, 5). In addition, lungs of infants with
BPD show variable degrees of interstitial fibrosis and structurally
abnormal microvasculature (6, 7).

The pathologic changes in hyperoxic lungs are characterized
by injury and death of the alveolar epithelial and endothelial
cells (8). Hyperoxia-induced pulmonary cell death may involve
necrosis and apoptosis, two distinct mechanisms of cell death
that have specific biochemical, morphologic, and functional
characteristics (9). In necrosis, acute, nonphysiologic injury
leads to extensive cell lysis and disruption of the cell membrane.
In contrast, apoptosis represents a regulated form of cell death
that typically involves the activation of proteases and nucleases
within an intact plasma membrane. Apoptosis has been de-
scribed as a major death mechanism in hyperoxia-induced lung
injury in various animal models in vivo (10–13). We have
recently investigated the mechanisms and regulation of hyper-
oxia-induced death in lung epithelial cells in vitro (14). We
determined that exposure of murine lung epithelial cells (MLE-
12 cells) (15) to hyperoxia (95% O2) induced time-specific
sequential patterns of cell death. Caspase-mediated apoptosis
was the first morphologically and biochemically recognizable
mode of cell death, occurring within 24 to 48 hours of oxygen
exposure. This initial wave of apoptosis was followed by
necrosis of residual adherent cells that became evident after
72 hours of oxygen exposure.

The effector pathways regulating alveolar epithelial apopto-
sis in hyperoxia-exposed postcanalicular lungs remain incom-
pletely defined. Cells can undergo apoptosis through two
distinct pathways (16). Mitochondrial-dependent apoptosis is
primarily regulated by the Bcl-2 protein family. This multimem-
ber family can be divided into pro-apoptotic (e.g., Bax, Bad,
Bak) and anti-apoptotic (e.g., Bcl-2, Bcl-XL) proteins. The
activity of Bcl-2 family members is regulated, in part, by
dimerization among the various family members (17). The
second pathway (receptor-mediated apoptosis [18–20]) involves
triggering cell surface ‘‘death receptors,’’ a specialized subset of
the tumor necrosis factor receptor (TNF-R) superfamily (18–
20). The Fas/Fas-ligand (FasL) pathway is the best-studied
receptor-mediated death signaling pathway. Stimulation of the
receptor Fas (CD95/APO1) by its natural ligand, FasL, or Fas-
activating antibody results in recruitment of two key signaling
proteins, the adapter protein FADD (Fas-associated death
domain, also called MORT-1) and the initiator cysteine pro-
tease caspase-8, which together form the death-inducing signal-
ing complex (DISC). Proteolytic autoactivation of DISC results
in activation of the effector caspases, including the key effector
caspase, caspase-3. Activated caspase-3 cleaves DNA repair
enzymes, cellular and nuclear structural proteins, endonu-

CLINICAL RELEVANCE

This study suggests that the main function of the Fas/FasL
signaling system in hyperoxic lungs is pro-proliferative,
rather than pro-apoptotic. These data may prompt reap-
praisal of the functions of the Fas system in the lung.

(Received in original form January 28, 2008 and in final form May 23, 2008)

This work was supported in part by NIH P20-RR18728 (to M.E.D.P.).

Correspondence and requests for reprints should be addressed to Monique E. De

Paepe, M.D., Women and Infants Hospital, Dept. of Pathology, 101 Dudley

Street, Providence, RI 02905. E-mail: mdepaepe@wihri.org

Am J Respir Cell Mol Biol Vol 39. pp 717–729, 2008

Originally Published in Press as DOI: 10.1165/rcmb.2008-0052OC on June 27, 2008

Internet address: www.atsjournals.org



cleases, and many other cellular constituents, culminating in
effective cell death (18–20).

The Fas/FasL death signaling system has been implicated in
alveolar type II cell apoptosis in various clinical and experimental
models of adult lung injury (21–26). Our recent studies implicated
the Fas/FasL death signaling system as important regulator of
hyperoxia-induced apoptosis in lung epithelial cells (14). We
determined that exposure of MLE-12 cells to hyperoxia induced
a 3-fold up-regulation of Fas mRNA and protein expression,
synchronous with the apoptotic stage of cell death. Fas gene si-
lencing by RNA interference significantly reduced hyperoxia-
induced apoptosis, confirming the critical role of the Fas/FasL
system in hyperoxia-induced lung epithelial cell apoptosis in vitro.

The role of Fas/FasL in hyperoxia-induced alveolar epithelial
apoptosis and alveolar disruption in vivo remains unclear. In-
creased pulmonary Fas mRNA expression has been reported in
adult mice exposed to greater than 95% O2 (27), replicating the
in vitro effects of hyperoxia. However, the impact of Fas deficiency
in hyperoxic adult animals seems controversial. Whereas one study
described a lack of protection against hyperoxia-induced lung
injury and death in adult Fas-deficient lpr mice (27), others
reported that Fas deficiency confers partial resistance to hyper-
oxia-induced apoptosis and death in adult mice with Legionella
infection (28).

It is uncertain whether data derived from studies in adult
mice can be extrapolated to newborn mice, since the systemic
and pulmonary responses to hyperoxia are strikingly different in
adult and newborn mice. In adult mice, hyperoxia exposure (.

95% O2) is uniformly lethal within 48 to 72 hours, whereas
newborn mice can survive for prolonged periods (. 7 d) under
the same conditions. In adult mice, hyperoxia induces extensive
acute lung injury, characterized by epithelial and endothelial
cell death, acute inflammatory infiltrates, and lung edema. In
contrast, the hallmark of hyperoxia in newborn mice is dis-
rupted alveolar development, associated with a more modest
inflammatory response. The differences in pulmonary response
to hyperoxia in adult and newborn animals suggest that the
effects of hyperoxia on pulmonary apoptosis and apoptosis-
related gene expression may be age-specific as well. Similarly,
striking developmental differences have been described in the
response of adult and newborn IL-6 and IL-13 transgenic mice
exposed to hyperoxia (29).

In this study, we determined the functional role of Fas/FasL
signaling in hyperoxia-induced apoptosis and dysregulated alve-
olar remodeling in postcanalicular lungs. To this end, apoptosis,
apoptosis-related gene expression, and alveolarization of new-
born wild-type mice exposed to hyperoxic conditions were
compared with those in newborn lpr mice, deficient for the Fas
receptor. Our results demonstrate that the Fas/FasL signaling
system, traditionally associated with cell death, in fact has a pro-
tective role in newborn lungs exposed to hyperoxia, and highlight
the nonapoptotic functions of this versatile signaling pathway.

MATERIALS AND METHODS

Animals and Tissue Processing

Breeding colonies were established from homozygous matings of
inbred C57BL/6J wild-type mice (Jackson Laboratories, Bar Harbor,
ME) or Fas-deficient lpr mice bred onto the same genetic background
(B6.MRL-Faslpr; Jackson Laboratories). The gene mutation in the lpr
(lymphoproliferation) mouse strain causes defective expression of Fas
due to insertion of a transposable element into intron 2 (30). Newborn
C57BL/6J mice and lpr mice were exposed to room air or hyperoxia
(. 95% O2) for 7 days, starting at birth. For hyperoxia experiments,
mice were placed in an airtight plexiglass chamber. Oxygen concen-
trations were continuously monitored and controlled with an in-line

oxygen analyzer and controller system (ProOx 110; BioSpherix, Red-
field, NY). Nursing dams were rotated daily between air- and oxygen-
exposed litters to minimize maternal oxygen toxicity. Newborn mice
were killed by pentobarbital overdose at Postnatal Day (P)7 (P1 5 day
of birth), corresponding to mid-alveolarization stage (31). Body and
wet lung weights were recorded. For molecular analyses, lungs were
snap-frozen in liquid nitrogen and stored at 2808C. All animal exper-
iments were conducted in accordance with institutional guidelines for
the care and use of laboratory animals.

Analysis of Lung Growth

In lungs processed for molecular analyses, lung growth was assessed by
wet lung weight and wet lung weight/body weight ratio. For morphologic
and morphometric studies, lungs were formalin-fixed by standardized
tracheal instillation in situ and lung growth was estimated by determi-
nation of inflated lung volume and lung volume/body weight ratio.

Morphometric assessment of growth of peripheral air-exchanging
lung parenchyma and contribution of the various lung compartments
(airspace versus parenchyma) to the total lung volume was performed
using standard stereological volumetric techniques, as previously de-
scribed (32, 33). The inflated lung volume, V(lu), was determined
according to the Archimedes principle (34). The areal density of air-
exchanging parenchyma, AA(ae/lu), was determined by point-counting
based on computer-assisted image analysis. The number of points
falling on air-exchanging parenchyma (peripheral lung parenchyma
excluding airspace) in random lung fields was divided by the number of
points falling on the entire field (tissue and airspace). AA(ae/lu)
represents the tissue fraction of the lung and as such is the complement
of the airspace fraction AA(air/lu). The total volume of air-exchanging
parenchyma, V(ae), was calculated by multiplying AA(ae/lu) by V(lu).

Analysis of Alveolarization

For morphologic and morphometric studies, the lungs were formalin-
fixed by standardized tracheal instillation at a constant pressure of
20 cm H2O. All samples were equally inflated and fixed on the same
apparatus. The lungs were dehydrated in graded ethanol solutions and
embedded in paraffin. Sections (4 mm thick) were stained with
hematoxylin and eosin.

Alveolarization was quantified by computer-assisted morphometric
analysis of the mean cord length (MCL) and radial alveolar count
(RAC). MCLs were determined by superimposing randomly oriented
parallel arrays of lines across randomly selected microscope fields of
air-exchanging lung parenchyma (at least 25 random fields per lung)
and determining the distance between airspace walls (including alveoli,
alveolar sacs, and ducts). The RAC was determined by counting the
number of septa intersected by a perpendicular line drawn from the
center of a respiratory bronchiole to the edge of the acinus (connective
tissue septum or pleura), based on analysis of at least 10 randomly
selected lung fields.

Analysis of Surfactant System

To determine alveolar type II cell density, sections were immunos-
tained using an antibody against pro–surfactant protein-C (pro–SP-C)
(Abcam Inc., Cambridge, MA). Immunoreactivity was detected by
streptavidin–biotin immunoperoxidase method followed by 3,39-diami-
nobenzidine tetrachloride (DAB). Specificity of staining was demon-
strated by omission of primary antibody, which abolished all reactivity.
The number of SP-C–immunoreactive type II cells per 340 high-power
field (type II cell density) was determined in 10 randomly selected
microscope fields. Pulmonary SP-C levels were determined by Western
blot analysis of whole lung lysates.

Analysis of Microvascular Development

For morphometric analysis of vessel density, sections were immunos-
tained for the presence of Factor VIII (von Willebrand factor [vWF])
(DAKO, Carpinteria, CA), an endothelium-specific marker. The
number of Factor VIII–positive vessels (20–80 mm in diameter) per
high-power field (320 objective) was counted in 25 randomly selected
fields to assess the vessel density. All morphometric assessments were
made on coded slides from at least eight animals per group by a single
observer who was unaware of the genotype or experimental condition
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of the animal being analyzed. Protein levels of the tyrosine kinase flk-1
(VEGF receptor-2) and vascular endothelial growth factor (VEGF) in
lung lysates were determined by Western blot analysis using anti–flk-1
and anti-VEGF antibodies (Santa Cruz Biotechnology).

Analysis of Apoptosis-Related Gene Expression

RNase protection assay (RPA) was used to detect and quantify Fas/
FasL-related and Bax/Bcl-2-related mRNAs in lung homogenates, as
described elsewhere (35). RPA was performed using the RiboQuant
RNase Protection Assay kit with the mouse apoptosis-related mAPO-2

and mAPO-3 multi-probe template sets (BD Biosciences, San Diego,
CA). The mAPO-2 template set contains DNA templates for bcl-W,
bfl1, bcl-XL, bcl-XS, bak, bax, bcl2, bad, and the ‘‘housekeeping’’ genes
L32 and GAPDH. The mAPO-3 template set contains DNA templates
for caspase-8, FasL, Fas, FADD, FAP, FAF, TRAIL, L32, and
GAPDH. Band intensities were normalized to that of GAPDH in
the same reaction.

Fas and FasL protein levels were evaluated by Western blot analysis
of whole lung homogenates using polyclonal anti-Fas (M-20; Santa Cruz
Biotechnology, Santa Cruz, CA) and polyclonal anti-FasL (C-178, Santa

TABLE 1. BIOMETRY AND LUNG MORPHOMETRY

Normoxia Hyperoxia

WT LPR WT LPR

Body wt, g 3.52 6 0.09 (39) 3.25 6 0.08 (42)* 2.36 6 0.18 (27)† 2.53 6 0.09 (62)†

Lung wt (wet), mg 61 6 2 (26) 57 6 2 (23) 48 6 2 (21)† 42 6 1 (44)†‡

Lung wt (wet)/BW, % 1.78 6 0.03 (26) 1.78 6 0.04 (23) 2.11 6 0.16 (21) 1.77 6 0.07 (44)‡

V(lung), ml 119 6 4 (10) 127 6 4 (15) 99 6 4 (6)† 116 6 5 (15)†‡

V(lung)/BW, ml/g 34.5 6 2.0 (10) 40.2 6 1.7 (15)* 59.7 6 4.3 (6)† 51.6 6 3.1 (15)x

AA(ae/lu), % 43.9 6 1.4 (10) 36.8 6 0.8 (11){ 35.4 6 2.1 (6)x 32.1 6 1.4 (15)

V(ae), ml 52.2 6 2.3 (10) 46.1 6 1.9 (11)* 35.0 6 3.0 (6)k 36.9 6 2.2 (15)x

V(ae)/BW, ml/g 15.1 6 0.9 (10) 15.1 6 0.8 (11) 20.8 6 0.9 (6)k 16.5 6 1.1 (15)‡

Definition of abbreviations: AA(ae/lu), areal density of air-exchanging parenchyma; BW, body weight; V(ae), volume of air-

exchanging parenchyma; WT, wild-type.

Values are mean 6 SEM of (n) animals examined at P7.

* P , 0.05 versus normoxic wild-type animals.
† P , 0.0001 versus same-strain normoxic animals.
‡ P , 0.05 versus hyperoxic wild-type animals.
x P , 0.05 versus same-strain normoxic animals.
{ P , 0.001 versus normoxic wild-type animals.
k P , 0.005 versus same-strain normoxic animals.

Figure 1. Morphologyandmorphometry
of alveolarization of murine lungs at Post-

natal Day (P)7. Top: morphology of lpr and

wild-type lungs at P7. (A) Representative

photomicrograph of normoxic wild-type
lung showing abundant secondary crests

and well-formed alveolar complexes, con-

sistent with mid-alveolarization stage. (B)

Normoxic lpr lung showing larger and less
complex airspaces with marked paucity of

secondary crests and fully formed alveoli.

(C) Hyperoxic wild-type lung showing
markedly enlargedand simplified airspaces

with thin-walled septa; only few secondary

crests are present. (D) Hyperoxic lpr lung

showing prominent enlargement and sim-
plification of the airspaces with virtual ab-

senceofsecondarycrests (hematoxylinand

eosin staining; original magnification:

3400). Bottom: mean cord length and
radialalveolarcount.Bottomleft:meancord

length. *P , 0.0002 versus normoxic wild-

type mice; **P , 0.05 versus hyperoxic

wild-type mice; xP , 0.001 versus corre-
sponding normoxic mice. Bottom right:

radial alveolar count. *P , 0.02 versus

normoxic wild-type mice; xP , 0.01 versus
normoxic wild-type mice; xxP , 0.001

versus normoxic lpr mice.
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Cruz) antibodies, as described in detail elsewhere (35). Band intensity
was expressed as the Integrated Optical Density (IOD) of relevant
bands, normalized to the IOD of actin bands (loading control, mono-
clonal anti-actin; Chemicon International, Temecula, CA). Specificity
controls included preincubation of the antibody with blocking peptide.

Analysis of Apoptosis

Pulmonary apoptotic activity was localized and quantified by ter-
minal deoxynucleotidyl transferase-mediated dUTP-FITC nick-end
(TUNEL) labeling, as previously described (35, 36). Negative controls
for TUNEL labeling omitted the transferase enzyme. For quantifica-
tion of TUNEL signals, a minimum of 25 high-power fields were
viewed per sample, and the number of apoptotic nuclei per high-power
field (Apoptotic Index [AI]) was recorded. To estimate the specific
rates of alveolar type II cell apoptosis, TUNEL labeling was combined
with immunohistochemical detection of alveolar type II cells using an
anti–pro–SP-C) antiserum (Abcam Inc., Cambridge, MA), as described
(36, 37). Negative controls included omission of the primary antibody,
which abolished all labeling.

Processing and cleavage of the key Fas-dependent executioner
caspase, caspase-3, was assayed by Western blot analysis of lung
homogenates, as described elsewhere (14, 35). Caspase-3 is expressed
as an inactive 32-kD precursor from which the 17-kD and 20-kD subunits
of the mature caspase-3 are proteolytically generated during apoptosis.
The rabbit polyclonal anticaspase-3 antibody used (H-277; Santa Cruz)
detects the 32-kD precursor caspase as well as the 17- and 20-kD cleavage
products generated during apoptosis. Secondary goat antibody was
conjugated with HRP and blots developed with an ECL detection assay
(Amersham Pharmacia Biotech, Piscataway, NJ). Specificity controls
included preincubation of antibody with blocking peptide.

Analysis of Proliferation

Cell proliferation in lpr and wild-type lungs was studied by immuno-
histochemical detection of the proliferation marker Ki-67 (38). Bound
antibody was detected using the ABC immunoperoxidase system with
a monoclonal mouse anti-human Ki-67 antibody (BD Biosciences, San
Jose, CA), followed by DAB treatment and a light hematoxylin
counterstain. The Ki-67 labeling index of air-exchanging parenchyma
was determined by manually counting the number of Ki-67–positive
nuclei relative to the total number of nuclei (proliferative index) within
distal lung parenchyma. For each lung, at least 10 randomly selected
fields per slide were evaluated (magnification 3400).

Analysis of ERK1/2 and PI3K/Akt Activation

Activation of ERK1/2 MAP kinase was assayed by Western blot
analysis of lung lysates using an antibody to the active phosphorylated
kinase: anti–phospho-ERK1/2 (anti–phospho-p44/42 MAP kinase
[Thr202/Tyr204]; Cell Signaling Technology, Danvers, MA). Subse-
quently, the blot was stripped and reprobed with antibody against the
nonphosphorylated kinase (anti-p44/42 MAP kinase; Cell Signaling
Technology). Activation of the PI3K/Akt pathway was assessed by
Western blot analysis using antibodies to phospho-Akt (anti–phospho-
Akt [Ser473]) and total Akt (both from Cell Signaling Technology).

Data Analysis

Values are expressed as mean 6 SD or, where appropriate, as mean 6

SEM. The significance of differences between wild-type and lpr mice
was determined with the unpaired Student’s t test or ANOVA with
post hoc Scheffe-test where indicated. The significance level was set at

Figure 2. Analysis of surfactant sys-

tem and microvascular develop-

ment. Top: analysis of surfactant
system. (A–D) Representative pro–

surfactant protein-C (pro–SP-C)

immunostaining of lungs of nor-
moxic or hyperoxic wild-type (WT)

and lpr mice at P7. (A) Normoxic

wild-type lung. (B) Normoxic lpr

lung. (C) Hyperoxic wild-type lung.
(D) Hyperoxic lpr lung. (Anti–SP-C/

DAB labeling; hematoxylin counter-

stain, original magnification: 3200).

Bottom left: Alveolar type II cell den-
sity. *P , 0.02versus corresponding

normoxic animals. Bottom right:

Western blot analysis of SP-C pro-
tein levels in lung lysates. Figure 2
(continued ): analysis of microvas-

cular development. Top left: (A–D)

Representative Factor VIII (von Wil-
lebrand factor) immunostaining of

lungs of normoxic or hyperoxic

wild-type (WT) and lpr mice at P7.

(A) Normoxic wild-type lung. (B)
Normoxic lpr lung. (C) Hyperoxic

wild-type lung. (D) Hyperoxic lpr

lung. (anti–FactorVIII/DAB labeling;

hematoxylin counterstain, original
magnification: 3200). Top right:

Vascular density, expressed as num-

ber of vessels (20–80 mm) per 320
high-power field. Values are mean

6 SD of at least four animals studied

per group. *P , 0.05 versus nor-
moxic wild-type lung; xP , 0.005 versus corresponding normoxic animals. Bottom left: Western blot analysis of VEGF and Flk-1 protein levels in lung lysates.
Bottom right: Densitometry of Flk-1 Westernblot analysis. Valuesare mean 6 SD IOD/IOD actin. At least fouranimalswere studiedper timepoint. *P , 0.05

versus normoxic wild-type animals; xP , 0.02 versus corresponding hyperoxic animals.
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P , 0.05. Statview software (Abacus, Berkeley, CA) was used for all
statistical work.

RESULTS

Effects of Hyperoxia on Lung Growth in Newborn lpr and

Wild-Type Mice

As expected, hyperoxia exposure had an adverse effect on body
and lung growth, both in Fas-deficient lpr and wild-type mice
(Table 1). However, overall survival at P7 was high (. 95%)
and similar in wild-type and lpr animals. The wet lung weight/
body weight ratio was significantly lower in hyperoxia-exposed
lpr animals compared with hyperoxic wild-type mice (1.77%
versus 2.11%, P , 0.05). To determine whether the lower lung
weight/body weight ratio in hyperoxic lpr animals was attribut-
able to decreased lung parenchyma or other factors such as
decreased edema fluid, the volume of air-exchanging paren-
chyma, V(ae), was determined by stereologic volumetry. As
shown in Table 1, the V(ae)/body weight ratio was significantly
lower in hyperoxic lpr mice than in hyperoxic wild-type mice
(16.5 ml/g versus 20.8 ml/g), consistent with a relatively smaller
lung mass in hyperoxic lpr mice.

Analysis of the biometry data in normoxic lpr and wild-type
mice revealed the lung weight/body weight and V(ae)/body
weight ratios to be strikingly similar between both groups (Table
1). In hyperoxic wild-type animals, the lung weight/body weight
and V(ae)/body weight ratios exceeded those seen in normoxic
wild-type animals, while in hyperoxic lpr mice these ratios were
similar to those in normoxic lpr mice. As the body weights of
hyperoxic wild-type and lpr mice are similar, these results
indicate that hyperoxia induces growth of the lung parenchyma

relative to body weight in wild-type mice, while such relative lung
expansion appears to be lacking in hyperoxic lpr mice.

Effects of Hyperoxia on Alveolarization in Newborn lpr and

Wild-Type Mice

To determine the potential functional involvement of the Fas/
FasL system in hyperoxia-induced alveolar disruption, we
compared alveolarization in hyperoxia-exposed wild-type and
Fas-deficient lpr mice at P7 (mid-alveolarization stage). Lungs
of air-exposed wild-type mice at P7 showed thin, well-vascular-
ized alveolar septa with abundant secondary crests and focal
alveolar complexes (Figure 1A). Compared with those of wild-
type mice, lungs of normoxic lpr mice at P7 showed larger and
less complex airspaces with focal invaginations of secondary
crests but few complete alveoli (Figure 1B). Exposure of
newborn wild-type mice to hyperoxia resulted in marked
enlargement and simplification of the airspaces, with thinning
of the septa and a striking paucity of secondary crests (Figure
1C). Inflammatory cells were inconspicuous. The airspace
enlargement of hyperoxia-exposed lpr lungs appeared even
more prominent than that of wild-type lungs (Figure 1D). The
visual impression of impaired alveolarization in hyperoxic lpr
lungs was confirmed and quantified by morphometric analysis
(Figure 1, bottom). The MCL of hyperoxic lpr lungs was
significantly greater than that of wild-type lungs (51.0 6 1.8 mm
in hyperoxic lpr lungs versus 43.8 6 2.4 mm in hyperoxic wild-
type lungs, P , 0.05), while the radial alveolar count (RAC)
tended to be smaller (Figure 1, bottom).

In addition to the impairment noted in hyperoxic lpr mice,
a significant alveolarization defect was identified in normoxic lpr
mice as well, as evidenced by higher MCL and lower RAC values

Figure 2. (continued ).
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compared with age-matched normoxic wild-type mice (Figure 1,
bottom). To determine whether this alveolarization deficit in
newborn lpr mice was permanent, we compared the alveolariza-
tion parameters in 6-week-old wild-type and lpr mice. In these
older animals, we did not detect significant differences (not
shown), suggesting that alveolarization in normoxic newborn
lpr mice is delayed, rather than permanently impaired.

Effects of Hyperoxia on the Surfactant System in Newborn lpr

and Wild-Type Mice

Development of the surfactant system in normoxic and hyper-
oxic lpr and wild-type mice at P7 was assessed by immunohis-
tochemical and Western blot analyses using an anti–pro–SP-C
antibody. Exposure to hyperoxia resulted in a 50% reduction of
the alveolar type II cell density and a marked decrease in
pulmonary SP-C protein levels, both in wild-type and lpr mice

(Figure 2, top three panels). The type II cell density and SP-C
protein levels were equivalent in lpr and wild-type mice
exposed to similar oxygen conditions, suggesting that Fas
deficiency did not affect alveolar type II cell cytodifferentiation.

Effects of Hyperoxia on Microvascular Development in

Newborn lpr and Wild-Type Mice

In view of the intimate relationship between pulmonary micro-
vasculature and alveolar epithelium in postcanalicular lungs, we
assessed microvascular development in hyperoxic and normoxic
wild-type and lpr mice. Growth of the pulmonary microvascu-
lature was quantified by two complementary techniques: mor-
phometric analysis of the density of vascular structures
immunoreactive for Factor VIII (vWF) and Western blot
analysis of Flk-1 protein levels in lung lysates. In normoxic

Figure 3. Analysis of Fas-related gene expression. Top: RNase protection assay (RPA) of Fas-related mRNA expression in lung lysates. Left: RPA assay.
Right: densitometry of RPA analysis of Fas mRNA. Values are mean 6 SD IOD of the gene of interest, normalized to the IOD of constitutively

expressed GAPDH mRNA (IOD/IOD GAPDH). Analyses were performed at least in triplicate. *P , 0.01 versus corresponding normoxic animals. IOD,

integrated optical density; FADD, Fas-associated death domain; FAP, Fas-associated phosphatase-1; FAF, Fas-associated factor-1. The housekeeping

genes L32 and GAPDH were included to assess relative RNA loading equality. Bottom: Western blot analysis of Fas/FasL protein expression in lung
lysates. Left, Western blot analysis of Fas and FasL protein expression in lung lysates of mice at P7. Appropriately sized bands were detected for Fas

(48 kD) and FasL (40 kD). Actin (42 kD) served as internal loading control. Right: densitometry of Fas/FasL Western blot analyses. Values are mean 6

SD IOD/IOD actin. At least four animals were studied per time point. *P , 0.05 versus corresponding normoxic animals.
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conditions, the pulmonary microvascular density and pulmo-
nary Flk-1 levels were significantly lower in lpr mice compared
with wild-type mice (Figure 2, continued), correlating with the
deficient alveolarization noted in lpr lungs at P7. Exposure to
hyperoxia resulted in a dramatic decrease in microvascular
density and pulmonary Flk-1 levels, both in lpr and wild-type
animals. While the vascular density and Flk-1 protein levels
tended to be lower in hyperoxic lpr mice compared with
hyperoxic wild-type mice, this difference did not reach statisti-
cal significance. Pulmonary VEGF protein levels were de-
creased in hyperoxic conditions but similar between lpr and
wild-type mice within each oxygenation group.

Effects of Hyperoxia on Apoptosis-Related Gene Expression in

Newborn Lungs

Steady-state mRNA levels of key Fas/FasL-associated genes in
lungs of normoxic and hyperoxic lpr and wild-type mice were
studied by multitemplate RNase protection assay. Hyperoxia
induced a significant 3-fold up-regulation of pulmonary Fas
mRNA levels in wild-type mice (Figure 3, top). In addition,
levels of Fas-associated apoptotic regulators including FADD,
FAP, FAF, and RIP were increased to various degrees by
hyperoxia exposure. The levels of FAP, FAF, and RIP were
equally high in hyperoxic lpr and hyperoxic wild-type mice. As
expected, Fas mRNA was virtually undetectable in lpr mice
(Figure 3, top). Levels of FasL mRNA were below the detection
threshold of this assay in all conditions.

The effects of hyperoxia on pulmonary Fas and FasL protein
expression were assessed by Western blot analysis of lung
homogenates at P7. As shown in Figure 3 (bottom), hyperoxia
resulted in a 3-fold increase in pulmonary Fas protein levels in
wild-type mice. Hyperoxia had no effect on pulmonary FasL
protein levels. Virtually no immunoreactive Fas protein was
detected in lungs of lpr mice.

To determine the effects of hyperoxia on the expression of
the regulators of mitochondrial-dependent apoptosis, the
mRNA levels of key Bcl-2/Bax family members were deter-
mined by RPA. As shown in Figure 4 and Table 2, hyperoxia
induced a significant up-regulation of several apoptotic regu-
lators of the Bax/Bcl-2 family, most notably a 3-fold up-
regulation of pro-apoptotic Bax, Bak, and Bad. Levels of anti-
apoptotic Bcl-2 were equally low in all conditions studied. The
mRNA levels of all mitochondrial-dependent regulators studied
were equivalent in wild-type and lpr lungs (Figure 4).

Effects of Hyperoxia on Apoptosis in Lungs of Newborn lpr

and Wild-Type Mice

To begin to determine the mechanisms of differential lung
growth in hyperoxic lpr versus wild-type mice, we studied their
pulmonary apoptotic activity by TUNEL analysis. As shown in
Figure 5A, lungs of air-exposed wild-type mice showed rela-
tively few TUNEL-positive nuclei that were scattered within
the alveolar septa and in peribronchial and perivascular soft
tissue. The apoptotic activity of normoxic lpr lungs appeared
similar to that of normoxic wild-type lungs (Figure 5B). The
pulmonary apoptotic activity of hyperoxia-exposed wild-type
mice at P7 was significantly higher than that of normoxic
animals (Figure 5C). Abundant TUNEL-positive nuclei were
distributed over alveolar epithelial and interstitial compart-
ments. While many nuclei appeared pyknotic or karyorrhectic,
as typically seen in cells undergoing apoptotic cell death, other
cells showed more diffuse nuclear as well as cytoplasmic
TUNEL-reactivity, which may represent an alternative mode
of cell death/injury. The TUNEL labeling of hyperoxic lpr lungs
was equivalent to that of wild-type lungs (Figure 5D).

The apoptotic activity of alveolar epithelial type II cells was
studied by combining TUNEL labeling with immunohistochem-
ical identification of SP-C–positive type II cells. As shown in
Figure 5 (bottom), the apoptotic activity of SP-C–positive
alveolar type II cells in normoxic conditions was low. Instead,
the vast majority of apoptotic cells in normoxic conditions were
SP-C–negative interstitial cells, both in wild-type and lpr lungs.
The apoptotic activity of alveolar type II cells was 3-fold higher
in hyperoxic lungs than in normoxic lungs at P7 (P , 0.05)
(Figure 5, bottom). Some TUNEL-positive alveolar type II cells
were still attached to the alveolar wall, while others were seen in
clusters of SP-C–positive cellular debris within the airspaces

Figure 4. RNase protection assay (RPA) of Bax/Bcl-2-related mRNA

expression in lung lysates.

TABLE 2. DENSITOMETRY OF Bcl-2–RELATED RNase
PROTECTION ASSAY

Normoxia Hyperoxia

WT LPR WT LPR

Bax 23.44 6 2.20 32.92 6 4.64 62.58 6 3.51* 64.33 6 0.91*

Bak 7.33 6 2.63 12.07 6 1.05 25.55 6 4.69* 13.53 6 2.53†

Bad 4.24 6 1.78 6.75 6 0.45 11.31 6 1.64* 7.41 6 1.32‡

Bcl-XL/S 37.68 6 0.48 45.30 6 0.53 56.92 6 2.78* 57.16 6 2.91*

Bfl-1 4.61 6 0.45 11.60 6 0.95† 18.71 6 4.61* 15.13 6 1.37*

Definition of abbreviation: WT, wild-type.

Values represent mean integrated optical density (IOD) of gene of interest

normalized to IOD of GAPDH 6 SD. At least three animals were studied per

group. For Bax, Bak and Bcl-XL/S, IOD/IOD GAPDH was multiplied by 100.

* P , 0.01 versus normoxia.
† P , 0.01 versus corresponding wild-type.
‡ P , 0.05 versus corresponding wild-type.
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(Figure 5, bottom). The frequency of apoptotic alveolar type II
cells in hyperoxic lpr lungs was similar to that in hyperoxic wild-
type lungs.

As suggested by others (39), the TUNEL assay may not be
specific for internucleosomal DNA fragmentation, such as
typically seen in apoptosis; some of the TUNEL reactivity
may represent random nonapoptotic DNA damage. To confirm
the occurrence of true apoptosis, we performed Western blot
analysis of cleavage and processing of the main Fas-dependent
executioner caspase, caspase-3. Hyperoxia exposure was asso-
ciated with significant decrease of precursor caspase levels,
consistent with apoptosis (Figure 6). Interestingly, caspase-3
cleavage products were readily visualized in lungs exposed to
a 4-day period of hyperoxia, but barely visible after 7 days. We
speculate that the loss of visible cleaved caspase bands after
prolonged hyperoxia may be due to preferential degradation of
the smaller-sized 17- and 20-kD bands by secondary necrosis.
Similarly, we described caspase-mediated apoptosis as the first
morphologically and biochemically recognizable mode of cell
death in murine lung epithelial cells exposed to hyperoxia
in vitro, which was followed by secondary necrosis (14). The
intensity of the cleaved caspase bands tended to be higher in
hyperoxic lpr lungs compared with wild-type lungs; however,
the difference in intensity was not statistically significant. These
findings demonstrate that hyperoxia-induced pulmonary apo-
ptotic activity is equivalent in Fas-deficient lpr mice compared

with wild-type mice, and imply that the Fas/FasL system is not
critical in the regulation of hyperoxia-induced pulmonary
apoptosis.

Effects of Hyperoxia on Proliferation in Lungs of Newborn lpr

and Wild-Type Mice

To determine whether the observed difference in hyperoxia-
induced lung growth between lpr and wild-type mice may be
due, at least in part, to different proliferation rates, we studied
the pulmonary proliferative activity by immunohistochemical
analysis using the proliferation marker Ki67. In both hyperoxic
and normoxic animals, Ki67-positive nuclei were present within
the alveolar epithelial lining as well as stromal interstitial cells
and bronchial epithelial cells (Figure 7). The pulmonary Ki67
labeling index was significantly lower in hyperoxic lpr animals
compared with wild-type animals (Figure 7). The proliferative
activity of normoxic lungs was higher than in hyperoxic lungs,
and, again, lower in normoxic lpr mice compared with wild-type
mice (Figure 7).

Effect of Hyperoxia on Activation of Prosurvival Regulators

ERK1/2 and PI3K/Akt in Lungs of Newborn lpr and

Wild-Type Mice

Taken together, our data indicate that hyperoxia induces
relatively more lung growth in wild-type mice compared with

Figure 5. Analysis of apo-

ptosis by TUNEL labeling.

Top: TUNEL labeling. (A–D)
Representative TUNEL

assays of normoxic and

hyperoxic lungs at P7 (left).

(A) Normoxic wild-type
lung. (B) Normoxic lpr lung.

(C) Hyperoxic wild-type

lung. (D) Hyperoxic lpr

lung. Rare TUNEL-positive
cells are noted in alveolar

septa of normoxic lungs.

TUNEL activity is markedly
higher in hyperoxic wild-

type and lpr lungs. Note

the presence of TUNEL-pos-

itive pyknotic nuclear frag-
ments, characteristic of

apoptosis (arrows). Omis-

sion of transferase enzyme

abolished all FITC labeling
(not shown). (TUNEL-FITC

labeling; original magnifica-

tion: 3400). Right: apopto-

tic index (AI, number of
TUNEL-positive nuclei per

high power field). Values

represent mean AI 6 SD.
*P , 0.01 versus corre-

sponding normoxic ani-

mals. Bottom: TUNEL

labeling combined with
anti–SP-C immunohisto-

chemistry. (A–D) Murine

lungs at P7. (A) Normoxic

wild-type lung. (B) Normoxic lpr lung. (C) Hyperoxic wild-type lung. (D) Hyperoxic lpr lung. TUNEL-positive cells in A and B represent SP-C–negative
apoptotic interstitial cells. Arrows in C and D indicate apoptotic SP-C–positive alveolar epithelial type II cells. Omission of transferase enzyme and anti–

SP-C antibody abolished all staining (not shown). (TUNEL-FITC labeling and cy-3–labeled anti–SP-C immunofluorescence; original magnification:

3400). Right: type II cell apoptotic index. Values represent mean AI 6 SD of SP-C–positive cells, expressed as a percentage. *P , 0.01 versus

corresponding normoxic animals.
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lpr mice, attributable, in large part, to higher proliferation rates
in hyperoxia-exposed wild-type animals. To elucidate the
molecular regulation of hyperoxia-induced lung growth and
proliferation in wild-type and lpr mice, we determined the
effects of hyperoxia on expression and activation of two key
prosurvival regulators, ERK1/2 and PI3K/Akt. The ERK1/2
and PI3K/Akt cell survival signaling pathways are implicated in
the survival of pulmonary epithelial cells after hyperoxic
exposure (40–42).

To determine the potential involvement of ERK1/2 in the
regulation of hyperoxia-induced Fas-dependent proliferative
effects, we studied the effect of hyperoxia exposure on ERK1/2
activation by Western blot analysis of lung lysates. As seen in
Figure 8 (top), exposure to hyperoxia induced strong stimula-
tion of ERK1/2 tyrosine phosphorylation in wild-type mice
without affecting the levels of total ERK1/2. In striking
contrast, hyperoxia failed to stimulate ERK1/2 phosphorylation
in lpr lungs, resulting in dramatically lower pulmonary pERK1/
2 levels in hyperoxic lpr mice compared with wild-type mice
(Figure 8, top). In normoxic conditions as well, the levels of the
phosphorylated (active) form of ERK1/2 were significantly
lower in lungs of lpr mice compared with wild-type mice. These
experiments suggest the possibility that proliferative signals in
hyperoxic newborn lungs are regulated through a Fas/ERK1/2
signaling pathway.

We also analyzed Akt activation in lpr and wild-type lungs
by Western blotting. Hyperoxia did not have an effect on
pulmonary phospo-Akt (pAkt) or total Akt levels (Figure 8,
bottom). Furthermore, pAkt levels were similar in wild-type and
lpr lungs, both under normoxic and hyperoxic conditions.

DISCUSSION

In this study, we determined the functional significance of the
Fas/FasL pathway in the regulation of hyperoxia-induced apo-
ptosis and alveolar disruption in postcanalicular lungs. To this
end, we compared growth kinetics, apoptosis-related gene ex-
pression and alveolar development in hyperoxia-exposed new-
born wild-type mice with that of age-matched Fas-deficient lpr
mice bred onto the same genetic background.

Wild-type and Fas-deficient mice were exposed to 95% O2

from birth to P7. As previously described by others (12), this
oxygen regimen resulted in marked enlargement and dimin-
ished septation of the airspaces in wild-type mice, replicating
the alveolar disruption typical of preterm infants with BPD. In
accordance with previous observations in adult and newborn
mice (13, 27, 43, 44), hyperoxia induced a dramatic increase in
pulmonary apoptosis, involving alveolar type II cells as well as
surfactant-negative stromal cells.

Hyperoxia-induced apoptosis was associated with significant
3-fold up-regulation of pulmonary Fas mRNA and protein
levels in newborn wild-type mice, in agreement with studies in
adult mice (27) and our in vitro observations (14). If the Fas/
FasL system was a critical regulator of hyperoxia-induced
apoptosis and alveolar disruption, we would expect to see less
apoptosis and, consequently, a larger mass of lung parenchyma
in lpr lungs. Paradoxically, however, the lung mass of hyperoxic
lpr mice was smaller than that of hyperoxic wild-type mice and
associated with more profound alveolar disruption. Further-
more, the levels of pulmonary apoptosis were similar in both
groups.

Thus, whereas Fas deficiency did not have an impact on
hyperoxia-induced pulmonary apoptosis, lung growth and pro-
liferation were significantly diminished in hyperoxic lpr mice
compared with wild-type mice. The growth deficit in lpr mice
suggests that the predominant function of the Fas/FasL system
in hyperoxic newborn lungs is pro-proliferative, rather than pro-
apoptotic. To begin to elucidate the regulation of hyperoxia-
induced Fas-dependent proliferation, we studied the expression
and activation of extracellular signal–regulated kinases (ERK1/
2) in hyperoxic lpr and wild-type lungs. ERK1/2 is a member of
the MAPkinase family, which comprises three major signaling
pathways, each with distinct terminal kinases: ERK1/2, the c-
Jun N-terminal kinase (JNK), and the p38 MAP kinase (45).
These pathways fulfill fundamental roles in cell growth, cell
function, cell differentiation, and cell death. Among the major
MAPkinase family members, the ERK1/2 pathway mainly
responds to activation by mitogenic stimuli and is generally
involved in the regulation of cell proliferation (45), while p38
MAPK and JNK usually promote cell death (46). Activation of
the ERK1/2 pathway has been previously reported in lung
epithelial cells after hyperoxic exposure. ERK activation in lung
epithelial cells has a protective effect in hyperoxia-induced cell
death, and prolongs cell survival (40, 42, 47, 48).

To determine the potential functional involvement of ERK1/
2 as mediator of hyperoxia-induced, Fas-dependent prolifera-
tion, we studied its activation by Western blot analysis of lung
homogenates of hyperoxic lpr and wild-type mice. We de-
termined that hyperoxia induced significant ERK1/2 activation
in wild-type lungs, without affecting levels of total ERK1/2. In
contrast, hyperoxia did not lead to ERK1/2 activation in Fas-
deficient lpr lungs. These findings suggest that ERK1/2 plays
a role in the functional coupling of Fas to proliferation in
hyperoxic lungs.

In addition to being defective in hyperoxic newborn lpr mice,
alveolarization and lung growth were also impaired in normoxic
lpr mice. Impaired alveolarization in newborn lpr mice

Figure 6. Western blot analysis of caspase-3 cleavage. Analysis of
caspase processing in lung lysates of normoxic or hyperoxic wild-type

(WT) and lpr mice at P7 (top) or P4 (bottom). Exposure to hyperoxia re-

sulted in cleavage of 32-kD precursor caspase into the 17-kD and 20-kD
active subunits. The 17-kD and 20-kD cleavage products were readily

visible in hyperoxic lungs at P4. At P7, only some hyperoxic samples

revealed faint cleavage bands, despite obviously diminished intensity

of the 32-kD precursor caspase bands. Actin served as internal load-
ing control. C: positive control (murine lung epithelial (MLE-12) cells

(ATCC no. CRL-2110) exposed to agonistic anti-Fas antibody (clone Jo-2,

20 mg/ml; BD Bioscience).
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appeared to be developmentally regulated. By 6 weeks of life,
the lungs of wild-type and lpr mice showed similar MCL and
radial alveolar count. Pulmonary growth or maturation defects
in Fas- or FasL-deficient mice have not been reported pre-
viously. This may be attributed to the fact that the alveolar
anomalies of newborn Fas-deficient mice are temporal, com-
patible with life—at least in nonchallenged conditions—and

largely dependent on sensitive morphometric techniques for
identification.

Our studies indicate that the Fas system confers proliferation
capacity and partial protection against alveolar disruption in
hyperoxic newborn lungs. While seemingly paradoxical, this
novel proliferative function of Fas/FasL signaling during alveo-
larization is consistent with an increasing body of evidence
suggesting that Fas/FasL signaling has important nonapoptotic
functions in addition to its better known apoptotic effects. Fas
stimulation can enhance proliferation in lymphocytes, fibro-
blasts, hepatocytes, cardiomyocytes, and in tumor cells of many
different tissue origins (49–58). In addition to promoting pro-
liferation and activation, Fas engagement can also trigger
inflammatory changes, including the release of IL-6 and IL-8
(59, 60) and up-regulation of cell surface integrins (61). Finally,
Fas engagement has been shown to be capable of inducing
angiogenesis (62).

We have previously demonstrated that engagement of the
Fas receptor in newborn lungs, either by activating anti-Fas
antibody (35) or respiratory epithelium-specific FasL overex-
pression (63), results in increased alveolar epithelial apoptosis
and disrupted alveolar remodeling. The present study implicates
the Fas/FasL system as regulator of proliferation in hyperoxic
lungs. To integrate the apoptotic and proliferative functions of
Fas in postcanalicular lungs, the following unifying paradigm is
proposed (Figure 9). Fas activation can trigger either apoptotic
or proliferative events. Under normoxic and nonstimulated
conditions, both pathways are in equilibrium, although pro-
liferative effects may transiently dominate during the first
postnatal week. Fas activation in normoxic conditions, either
by agonistic anti-Fas antibody or FasL overexpression, results in
activation of the ‘‘classical’’ Fas-dependent apoptotic cascade.
This overshadows any Fas-dependent proliferative effects.
Hyperoxic conditions increase Fas expression and activate

Figure 7. Analysis of proliferation by Ki67 labeling. Top: murine lungs at P7. (A) Normoxic wild-type lung. (B) Normoxic lpr lung. (C) Hyperoxic

wild-type lung. (D) Hyperoxic lpr lung. Omission of primary antibody abolished all labeling (not shown). (Anti-Ki67/DAB labeling; hematoxylin

counterstain, original magnification: 3400.) Right: Ki67 labeling index (Ki67-LI, number of Ki67-positive nuclei per total number of nuclei, expressed

as a percentage). Values represent mean Ki67-LI 6 SD. *P , 0.01 versus normoxic wild-type mice; **P , 0.05 versus hyperoxic wild-type mice; xP ,

0.001 versus corresponding normoxic mice.

Figure 8. Western blot analysis of pulmonary ERK1/2 and PI3K/Akt

activation in lung lysates of mice at P7. Actin (42 kD) served as internal

loading control.
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a molecular switch, diverting Fas-dependent signaling toward
a proliferative pathway that involves activation of the prosur-
vival MAPkinase, ERK1/2. Hyperoxia-induced Fas-dependent
proliferation and growth counteract, in part, the apoptotic
effects mediated by hyperoxia-induced Fas-independent apo-
ptotic pathways, resulting in attenuation of alveolar disruption.
In the absence of Fas, hyperoxia fails to activate the pro-
liferative Fas-dependent pathway. Consequently, apoptosis by
Fas-independent pathways, such as those regulated by the Bax/
Bcl-2 family members, is noncompensated, resulting in more
profound loss of lung tissue and alveolar disruption.

The putative molecular switch regulating Fas-dependent life-
versus-death decisions in hyperoxic newborn lungs remains to
be determined. Several possible mechanisms have been impli-
cated in the regulation of the balance of Fas-induced signaling
between apoptosis and proliferation, including oxidative stress,
ligand dose, caspase 8/FLIP ratio, growth factors, cytokines, and
expression/activation of survival pathways such as PI3K/Akt
(reviewed in Refs. 64 and 58). To determine the possible role of
the PI3K/Akt pathway in the regulation of hyperoxia-induced
Fas-dependent proliferation in newborn lungs, we compared the
expression/activation status of pulmonary Akt in normoxic and
hyperoxic wild-type and lpr mice. We determined that hyper-
oxia had no effect on levels of active pAkt. Furthermore, the
pulmonary pAkt levels were similar in lpr and wild-type mice,
both in normoxic and hyperoxic conditions. These findings
suggest that Akt-mediated survival is not critically involved in
the regulation of hyperoxia-induced Fas-dependent prolifera-
tion/apoptosis decisions in newborn lungs.

The pulmonary apoptotic activity of hyperoxic lpr lungs was
similar to that of wild-type lungs, suggesting that the Fas/FasL
signaling pathway is not essential for activation of hyperoxia-
induced apoptosis in newborn lungs. Rather than the Fas/FasL-
system, members of the mitochondrial-dependent pathway are
likely candidate regulators of hyperoxia-induced apoptosis in
newborn lungs. In the present studies, hyperoxia induced signif-
icant up-regulation of major pro-apoptotic members of the Bax/
Bcl-2 family to the same extent in wild-type and lpr mice.
Similarly, hyperoxia exposure has been reported to modulate
Bcl-2 family members in adult animals (Bax, Bcl-X, Bid) (12, 27,
44, 65, 66). Of note, hyperoxia exposure in adult animals also
affects expression of other cell death-related molecules, such as
p53 and p21Cip1/WAF1/Sdi1 (p21) (27, 65, 67–70). These were not
evaluated in this study, but may also be relevant in newborn lungs.

Parenthetically, our in vivo results are in apparent contra-
diction with our previous in vitro studies (14). Indeed, whereas
the Fas/FasL system was found to be a critical regulator of
hyperoxia-induced apoptosis in transformed murine lung epi-
thelial (MLE-12) cells in vitro, Fas appears to play no role in
hyperoxia-induced lung apoptosis in vivo. The mechanism
behind the apparent contradiction between the in vitro and
in vivo findings remains to be determined. It is possible,
however, that cell-protective mechanisms that are available in
intact lungs may not be functional in transformed cells derived
from malignant neoplasms. The discrepancy between the
in vitro and in vivo findings illustrates the importance of
in vivo verification of results obtained in cell culture systems.

In summary, our results suggest that the primary function of
the Fas/FasL system in hyperoxic newborn lungs is to signal
lung growth and proliferation, thus compensating, in part, for
the lung injury and apoptosis caused by non-Fas apoptotic
pathways. The Fas-dependent hyperoxia-induced proliferative
effects are likely mediated by activation of the prosurvival
MAPkinase, ERK1/2. Further studies are required to determine
the signaling components that link the Fas receptor to pro-
liferative decisions in postcanalicular lungs.
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