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Lee, Jooeun, Raghava Reddy, Lora Barsky, Kenneth Weinberg,
and Barbara Driscoll. Contribution of proliferation and DNA damage
repair to alveolar epithelial type 2 cell recovery from hyperoxia. Am J
Physiol Lung Cell Mol Physiol 290: L685–L694, 2006. First published
November 18, 2005; doi:10.1152/ajplung.00020.2005.—In this study,
C57BL/6J mice were exposed to hyperoxia and allowed to recover in
room air. The sublethal dose of hyperoxia for C57BL/6J was 48 h.
Distal lung cellular isolates from treated animals were characterized
as 98% epithelial, with minor fibroblast and endothelial cell contam-
inants. Cells were then verified as 95% pure alveolar epithelial type II
cells (AEC2) by surfactant protein C (SP-C) expression. After hyper-
oxia exposure in vivo, fresh, uncultured AEC2 were analyzed for
proliferation by cell yield, cell cycle, PCNA expression, and telo-
merase activity. DNA damage was assessed by TdT-dUTP nick-end
labeling, whereas induction of DNA repair was evaluated by GADD-
153 expression. A baseline level for proliferation and damage was
observed in cells from control animals that did not alter significantly
during acute hyperoxia exposure. However, a rise in these markers
was observed 24 h into recovery. Over 72 h of recovery, markers for
proliferation remained elevated, whereas those for DNA damage and
repair peaked at 48 h and then returned back to baseline. The
expression of GADD-153 followed a distinct course, rising signifi-
cantly during acute exposure and peaking at 48 h recovery. These data
demonstrate that in healthy, adult male C57BL/6J mice, AEC2 pro-
liferation, damage, and repair follow separate courses during hyper-
oxia recovery and that both proliferation and efficient repair may be
required to ensure AEC2 survival.
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IN LATE GESTATION OF MICE and rats, the alveolar epithelial cell
(AEC) lineage develops from a multipotent population of stem
cells that line the primitive respiratory tract (15). Alveolar
epithelial type 2 cells (AEC2) manufacture surfactant and can
differentiate, as required, into alveolar epithelial type 1 cells
(AEC1), which regulate the gas exchange function of the organ
(2, 14). To replace damaged cells throughout the life span of
any animal, a particular subpopulation within the total popu-
lation must retain the ability to divide. In the alveolar epithe-
lium, this progenitor cell-like function has been ascribed to
AEC2 (13, 31, 36). AEC2 proliferate during embryonic and
fetal life but, in the adult lung, in the absence of injury, are
highly differentiated and do not normally divide (9, 37).
However, in response to environmental insult, some AEC2
become both hypertrophic and hyperplastic, such that cells
undergo phenotypic and functional changes (17, 24). Regen-
erating rat AEC2 exhibit elevated cyclin and cyclin-dependent

kinase (cdk) expression and activity during recovery following
injury, indicating the regain of proliferative function (10, 39).
During this period, the number of proliferating AEC2 has been
reported to increase severalfold in rats (10, 36), mice (2), and
humans (4). In human patients, this phase of recovery from
lung injury has been associated with an elevated risk of
morbidity and mortality (33). Hyperoxic alveolar insult in-
duces extensive cell damage to both the vulnerable, terminally
differentiated AEC1 and the differentiated portion of the AEC2
population (17). This is followed by extensive remodeling,
requiring participation of the surviving AEC2 that are still
capable of proliferation (8). We have recently characterized a
specific subpopulation of rat AEC2 that is proliferative, ex-
presses telomerase, and is capable of surviving hyperoxic
damage, features that may allow it to orchestrate repair
(12, 31).

In the mouse model, previous studies have examined the
effect of hyperoxia on AEC2 in situ or as part of a whole lung
homogenate, rather than on cells isolated as a pure population
(22, 26–28, 30, 34, 36). To better understand the effects of
hyperoxia exposure and recovery on the AEC2 isolated from
one widely used laboratory animal model, we designed a series
of experiments in which healthy, adult male C57BL/6J mice
were systematically exposed to hyperoxia and allowed to
recover in room air over set time periods. These experiments
showed that a sublethal exposure time for this strain was 48 h,
whereas 96 h of exposure were invariably lethal. Fresh, uncul-
tured isolates from the lungs of these animals were character-
ized for homogeneity by immunohistochemical analyses and
then further analyzed for markers of proliferation and DNA
damage and repair. Cells exhibited a rise in both proliferation
and DNA damage to levels well over baseline during the initial
24 h of recovery. In addition, while markers of proliferation
remained elevated over the full 72-h recovery period, markers
for DNA damage and repair peaked by 48 h and then dropped
back to baseline levels. These data show that pathways for
proliferation and DNA damage repair follow separate courses
during recovery but may act in a coordinate fashion to restore
lung epithelial equilibrium.

METHODS

Hyperoxia treatment and AEC2 culture. Male C57BL/6J mice
purchased at age 6–8 wk from Jackson Laboratories (Bar Harbor,
ME) were exposed to short-term hyperoxia. In brief, caged animals
with food and water available ad libitum were placed in a 90 cm � 42
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cm � 38 cm Plexiglas chamber and exposed to humidified �95%
oxygen for the times indicated. At the end of the exposure period,
animals were allowed to recover in room air. Control mice were kept
in room air throughout the treatment period. To isolate murine AEC2,
mice were first anesthetized by intraperitoneal injection of pentobar-
bital. After excision of the left kidney, exsanguination was achieved
via injection of sterile saline into the right ventricle of the heart with
subsequent flow out through the left renal vein. Deblooded lungs were
perfused in situ with dispase (GIBCO) followed by molten, 1%
agarose, both in sterile saline, and both delivered via a 20-g intrave-
nous catheter inserted into the trachea. Agarose was set by covering
the chest cavity with ice for 2 min. Lungs were then removed en bloc
and incubated in dispase solution with gentle agitation for 45 min at
room temperature. Digested lung parenchyma was teased away from
airway and connective tissue, then minced in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma, St. Louis, MO) supplemented with
DNase (Sigma). The resulting cellular suspension was filtered sequen-
tially through 100-, 70-, and 25-�m mesh to achieve a single cell
suspension. Differential adherence on murine IgG-coated plates was
used to eliminate white blood cell contaminants from the preparation.
In brief, 100-mm Optilux dishes (Falcon, Franklin Lakes, NJ) were
precoated with monoclonal antibodies CD45 and CD32/16 (Phar-
mingen, San Diego, CA) at 4.4 and 1.6 �g/ml, respectively, in 50 mM
Tris, pH 9.5. Plates were washed thoroughly with phosphate-buffered
saline (PBS) before the cellular suspension was added. Plates were
incubated for 1 h at 37°C. Nonadherent cells were gently panned and
recovered. Cells were pelleted at 800 g for 8 min and then used fresh
and uncultured or suspended in DMEM with 10% FBS supplemented
with antibiotics and plated at 2 � 105 cells/cm2 in six-well plates or
chamber slides coated with fibronectin (Becton-Dickinson, Bedford,
MA). Cultures were maintained at 37°C in a humidified atmosphere
supplemented with 5% CO2 for the times indicated before analysis.

Immunohistochemical analysis. AEC2 cultured for 40 h in chamber
slides were fixed in acetone-methanol 1:1, washed with PBS, and then
blocked with CAS-Block (Zymed, San Francisco, CA). To detect cell
type-specific protein expression, monoclonal antibodies to cytokeratin
or vimentin (Pharmingen) were used at a concentration of 1:5,000.
Purified mouse IgG (Sigma) at the same final concentration was used
as the negative antibody control. Immunostaining was visualized
using Alexa Fluor 555-labeled secondary antibody at 1:500 (Molec-
ular Probes, Eugene, OR). Slides were mounted in a solution contain-
ing 4,6-diamidino-2-phenylindole for visualization of nuclei (Molec-
ular Probes). To detect endothelial cell contaminants, an antibody to
murine platelet endothelial cell adhesion molecule-1 (PECAM-1,
Pharmingen) was used at 1:5,000, whereas for detection of surfactant
protein (SP)-C expression, a rabbit anti-SP-C primary antibody from
Chemicon (Temecula, CA) was used at 1:500 on cells fixed and
blocked as described. For SP-C analysis, rabbit IgG (Sigma) at the
same concentration was used as the negative antibody control. For
detection of proliferating cell nuclear antigen (PCNA) expression in
situ, deblooded, whole lungs were fixed in 10% formalin, then
paraffin-embedded and sectioned to produce 7-�m-thick samples.
Slides were deparaffinized and hydrated, then unmasked with reagent
and protocol from Vector (Burlingame, CA). Slides were blocked
with 5% normal rabbit serum. PCNA expression was detected using a
primary monoclonal antibody from Santa Cruz Biotechnologies
(Santa Cruz, CA) at a dilution of 1:200 and a Cy-3-labeled anti-mouse
secondary antibody from Jackson ImmunoResearch (West Grove,
PA). We used 1% bovine serum albumin (BSA) in PBS (cultured
cells) or Tris-buffered saline/0.1% Tween 20 (slides) as diluents for
all antibodies. Results were observed under a Leica DMA microscope
at �200.

RT-PCR for SP-C expression. Total RNA was isolated from HEL-
299, rat AEC2, and murine AEC2 using the RNeasy minikit from
Qiagen (Valencia, CA). The RNA yield was quantitated by UV
spectrometry, and the integrity of the RNA was confirmed by analyz-
ing for the presence of intact 28S and 18S RNA following agarose gel

electrophoresis. For RT-PCR analysis, first-strand cDNA was synthe-
sized from 2 �g of total RNA using the Omniscript-Reverse Tran-
scriptase kit (Qiagen) to produce template cDNA, which was then
used as the template for PCR amplification and analysis of specific
mRNA expression. PCR was performed using reagents from the
Titanium-Taq PCR kit from Clontech (Palo Alto, CA). SP-C-specific
primers were designed to detect a region of the SP-C sequence with
shared homology between mouse and rat. Primers mouse (m) SP-C
forward (TGGTCCTTGAGATGAGCATCGG) and mSP-C reverse
(GTAGAGTGGTAGCTCTCCACAC) were used to produce a
380-bp product. �-actin specific primers, actin forward (GATCT-
TCATGGTGCTAGGAGCC) and actin reverse (GCTCTAGACTTC-
GACTTCGAGCAGGAGA), were used to produce a 367-bp product.

Western blotting for PCNA and GADD-153. Fresh, uncultured
AEC2, isolated from control and hyperoxia-treated animals, were
lysed by incubation in radioimmunoprecipitation assay buffer for 30
min on ice. Insoluble material was pelleted by centrifugation at 13,000
g for 10 min. Total soluble cellular protein was then analyzed for
PCNA and GADD-153 expression by Western blotting. Mouse mono-
clonal antibody to PCNA was obtained from Santa Cruz Biotechnol-
ogies, whereas rabbit polyclonal antibody to GADD-153 was from
AbCam (Cambridge, MA). Both were used at a concentration of 1
�g/ml. Horseradish peroxidase-labeled goat anti mouse IgG and goat
anti-rabbit IgG from Sigma were used as secondary antibodies at
1:25,000. Specific antibody binding was visualized using ECL re-
agents from Amersham to detect chemiluminescence. To analyze
differences in protein expression between control samples, specific
bands from three separate blotting experiments were subjected to
densitometric scanning and normalization to actin. Analysis was
performed on a Macintosh computer using the public domain NIH
Image program (developed at the U.S. National Institutes of Health
and available on the internet at http://rsb.info.nih.gov/nih-image/).

Fluorescence-activated cell sorting analysis for proliferative pro-
file and TdT-dUTP nick-end labeling. Fresh, uncultured AEC2 were
fixed with 1% paraformaldehyde in PBS for 15 min on ice. After
being washed, cells were incubated in 70% ethanol at �20°C for at
least 24 h before TdT-mediated dUTP nick end labeling (TUNEL)
analysis was performed according to the Apo-Direct kit manufactur-
er’s instructions (PharMingen). In brief, fixed cells were washed and
then incubated with TdT enzyme and substrate (FITC-dUTP) for 1 h
at 37°C. After being washed, cells were counterstained with a pro-
pidium iodide-RNase solution. Samples were analyzed using a Becton
Dickinson FACScan and CellQuest software. Parameters for TUNEL
were set with positive and negative control cells supplied with the
Apo-Direct kit. For these experiments, 10,000 events were acquired,
and the nonclumped cells were gated for analysis. These data sets
were used to both analyze cell cycle profile of the entire gated sample
and to calculate the percentage of the total that were TUNEL positive.
Events were analyzed for DNA content and cell cycle phase percent-
ages using ModFit LT version 2.0 DNA analysis software (Verity
Software House, Topsham, ME). For detection of TUNEL in situ,
slides were prepared as described for immunohistochemistry with the
exception that antigen unmasking was not performed. Samples were
subjected to TdT nick end labeling using reagents from the Apo-
Direct kit.

Telomerase repeat amplification protocol assay. Sample prepara-
tion and telomerase repeat amplification protocol (TRAP) assays were
performed according to the TRAP-EZE protocol (Chemicon, Te-
mecula, CA). Briefly, at least 106 fresh, uncultured AEC2 from each
indicated time point were lysed in 1� CHAPS lysis buffer. The lysate
was clarified by centrifugation, and protein content was measured. To
assess telomerase activity, we incubated samples containing 50 ng of
protein with a [�-32P]dATP end-labeled telomerase-specific primer at
30°C for 30 min for telomere primer extension. The telomerase
products were amplified by 30 rounds of two-step PCR (94°C/30 s,
60°C/30 s). The samples were subjected to 12.5% nondenaturing
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polyacrylamide gel electrophoresis (PAGE) in 0.5� TBE buffer (45
mM Tris-borate, 1 mM EDTA) for 1 h at 500 V. Gels were dried and
exposed to X-ray film to visualize the telomerase products. Each assay
included a positive control and a PCR contamination control lane
consisting of all sample elements with the exception of cell lysate.
Before each analysis, all cell samples were individually analyzed for
nonspecific PCR products by heating at 85°C for 10 min to inactivate
telomerase. Any samples exhibiting nonspecific products by TRAP
were not used for experiments.

Statistics. Data were analyzed by Tukey’s test for multiple com-
parison of means and are given as means � SE.

RESULTS

The majority of distal lung cells isolated from C57BL/6J
mice express the epithelial cell-specific marker cytokeratin.
Murine AEC2 were isolated by an adaptation of methods
previously described by Corti et al. (11) and Rice et al. (32).
Yield per 6- to 8-wk-old mouse was routinely 3 million to 5
million cells. These protocols use antibodies to hematopoietic
markers in a differential plating scheme during isolation to
eliminate blood cell contaminants. Antibodies to the CD45
antigen, which is expressed on all murine cells of hematopoi-
etic origin except for erythrocytes and platelets, and the
CD32/16 antigen, which is specific for mouse macrophages,
were used to immobilize monocytes and leukocytes and re-
move them from the crude lung isolate. By fluorescence-
activated cell sorting (FACS), the majority of mouse lung cells
obtained by the methods described are large and granular,
falling within gates previously established for rat AEC2 (7, 8).

To determine the identity of these cells, we fixed cultured
isolates and then immunostained them to detect expression of
cytokeratin, considered an epithelial cell-specific marker, or
vimentin, considered a marker specific for fibroblasts (20).
According to these differential expression markers, the major-

ity of cells obtained were of epithelial origin (Fig. 1). By a
count of multiple fields under microscopy, 97.6 � 2.1% were
cytokeratin positive. In contrast, vimentin-positive contami-
nants were rarely observed (1.8 � 0.6%) (n � 7 isolations).
Rare endothelial cell contaminants, characterized by PECAM-1
expression, were observed too infrequently to be considered a
significant contaminant. From these data, we conclude that
fibroblast and endothelial cell contamination of murine lung
epithelial cell isolates is minimal.

A significant majority of cells isolated from murine distal
lung are AEC2, as determined by SP-C expression. After 	40
h in culture, lung epithelial cells were fixed with acetone-
methanol and immunostained to detect expression of the
AEC2-specific marker, SP-C. Rabbit IgG was used as a neg-
ative control for expression. For multiple isolations, SP-C-
positive AEC2 were estimated to routinely compose 93–95%
of all cells. Although somewhat morphologically distinct from
rat AEC2, which exhibit a rounded, cobblestone shape, the
majority of the more triangular murine AEC2 exhibited high
levels of SP-C expression by immunostaining (Fig. 2A). The
level of SP-C mRNA expression in murine AEC2 was also
similar to that of rat AEC2 (Fig. 2B). mRNA extracted from
24-h cultures (D1) of murine and rat AEC2 were analyzed for
SP-C mRNA by RT-PCR. The SP-C-null cell HEL-299, an
immortalized human pulmonary fibroblast line, was used as a
negative control for surfactant expression. Primers for RT-PCR
were specific for murine SP-C but were chosen to correspond
to a region of mouse/rat homology, enabling amplification of
rat SP-C. Expression of �-actin mRNA was used as an internal
control. Together, data presented in Figs. 1 and 2 show that the
method used to isolate AEC2 from murine distal lung produces
a relatively homogenous population of AEC2.

Fig. 1. The majority of cells isolated from C57BL/6J distal lung
express the epithelial cell-specific marker cytokeratin. Murine distal
lung cells were isolated from mice by an adaptation of methods
previously described (11, 32). Cells were plated on fibronectin-coated
plates for culture in DMEM supplemented with 10% FBS. After
fixation in acetone-methanol (1:1), 48-h cultures were immunostained
to detect expression of cytokeratin, vimentin, or platelet endothelial
cell adhesion molecule (PECAM)-1. An Alexa Fluor 555-labeled
secondary antibody was used to detect signal. The majority of cells
isolated by this method were cytokeratin positive. Vimentin-positive
fibroblast contaminants and PECAM-1-positive endothelial cell con-
taminants were rarely observed (arrowheads). Mouse IgG (mIgG) at a
concentration identical to specific primary antibodies was used as a
negative control for staining.
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The sublethal dose of hyperoxia for C57BL/6J mice is 48 h.
To determine the effect of a sublethal dose of hyperoxia on
murine AEC2 function and survival, a model for exposure of
C57BL/6J mice was developed. Animals exposed to �95%
inspired oxygen for designated periods within a 96-h time
frame and then allowed to recover in room air for designated
periods within a 72-h time frame were monitored twice daily
for signs of distress leading to death. Data for survival of
exposure and recovery are presented in Fig. 3, in which the
100% survival rate of control animals that breathed room air
was compared with those exposed for 24, 48, 72, and 96 h.
Mice exposed for 24 h showed no ill effects, either during
exposure or during recovery in room air. Acute exposure for
48 h was survivable for all animals examined (n � 17), though
some succumbed during recovery. The survival rate at 24 h of
recovery was 88.89 � 5.67% (n � 17), which rose to 93.75 �
8.33% (n � 14) by 72-h recovery. Though this change showed
an intriguing trend, in that animals that did not succumb by
24 h following exposure were more likely to survive as
recovery progressed, this increase in survival rate over time
was not statistically significant. A slight majority of animals
exposed for 72 h also survived (61 � 8.84%, n � 11).
However, many more of these mice died during recovery, with
only 58.33 � 12.2% (n � 6) surviving 24 h in room air,
dropping to 29.25 � 11.04% (n � 13) surviving for 72 h after
hyperoxia exposure. Without exception, 96 h of exposure
resulted in death (n � 4). From these data we concluded that a
sublethal acute exposure time for healthy, adult male C57BL/6J
mice was 48 h.

Acute exposure to hyperoxia does not stimulate murine
AEC2 proliferation, but a strong induction of proliferation is
observed during recovery. To determine the effect of hyper-
oxia exposure and recovery on distal lung epithelial cells,
fresh, uncultured AEC2 from animals treated over the sublethal
time course previously described were analyzed for markers of
proliferation. Because we wished to determine the status of

AEC2 immediately following treatment without the influence
of culture, fresh isolates only were examined. However, ali-
quots of cells isolated from treated animals were routinely
plated and examined for the presence of contaminating cells by
immunohistochemistry. These analyses showed that popula-
tions isolated from hyperoxia-exposed and recovering animals
were homogenous AEC2 containing an extremely low number
of fibroblast and endothelial cell contaminants, as was previ-

Fig. 2. A significant majority of cells iso-
lated from murine distal lung are surfactant
protein (SP)-C positive. A: acetone-metha-
nol-fixed lung epithelial cells were immuno-
stained to detect expression of SP-C using a
specific primary antibody from Chemicon.
Positive expression was visualized using an
Alexa Fluor 555-labeled secondary antibody.
Rabbit IgG (rIgG, right) was used as a neg-
ative control. B: mRNA extracted from 24-h
cultures (D1) of mouse AEC2 was analyzed
for SP-C mRNA by RT-PCR, which pro-
duced a 380-bp band. Expression in murine
AEC2 was comparable to D1 cultures of
adult rat alveolar epithelial type II cells
(AEC2). SP-C-null HEL299 was used as a
negative control. Expression of a 367-bp
�-actin product was used as an internal con-
trol. (The central lane containing multiple
bands is a molecular weight marker.)

Fig. 3. A sublethal dose of hyperoxia and a time frame for recovery were
determined for C57BL/6J mice. Exposure of 6- to 8-wk-old C57BL/6J mice to
�95% inspired oxygen showed the sublethal exposure time frame extends to
48 h. Time points examined: control animals that breathed room air, 24, 48,
and 72 h exposure with 0, 24, 48, and 72 h recovery in room air and 96 h
exposure.
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ously observed for isolates from control animals. Analysis of
the DNA content of fresh, uncultured AEC2 showed that
proliferation, as indicated by activation of the cell cycle, was
strongly induced during the recovery phase. A significant
increase in the proportion of total AEC2 in S-phase was
observed in the first 24 h of recovery (Fig. 4A). By this marker,
proliferation peaked significantly by 48 h and remained ele-
vated at 72 h. (For all time points, n � 3–5.) These data were
supported by Western blotting for expression of PCNA in

AEC2 from control, hyperoxia-exposed, and recovering ani-
mals (Fig. 4B). Expression of PCNA, which, together with p53,
regulates DNA replication and repair and is a standard marker
for cellular proliferation, was significantly altered by these
treatments. The negligible levels of PCNA expression in mu-
rine AEC2 at baseline remain essentially static during exposure
to hyperoxia. However, strong induction of expression was
routinely observed when animals were allowed to recover in
room air. Blotting for �-actin expression was used as a loading

Fig. 4. AEC2 isolated from animals recovering from hyperoxia are proliferative compared with cells from control mice. A: percentage of AEC2 in S-phase was
significantly elevated in animals recovering from hyperoxia compared with AEC2 isolated from control mice. Fresh, uncultured AEC2 were fixed and stained
with propidium iodide to determine DNA content. Cell cycle analysis of cells was performed by a FACS assay followed by ModFit analysis. The mean percentage
of cells in S-phase were: in controls, 1.12 � 0.44%; at 48-h exposure/0-h recovery, 2.28 � 1.07%; at 48-h exposure/24-h recovery, 3.05 � 1.19%; at 48-h
exposure/48-h recovery, 11.36 � 4.71%; and at 48-h exposure/72-h recovery, 10.87 � 2.99%. (For all time points, given in hours, n � 3–6; all values are
means � SE.) Data were analyzed by Tukey’s test for multiple comparison of means, which showed that values for the 48/48 and 48/72 time points were
significantly different from control, 48/0, and 48/24 values, *P 
 0.05. B: Western blotting showed sustained, upregulated expression of PCNA in AEC2 from
animals recovering from hyperoxia. Fresh, uncultured AEC2 were analyzed for changes in PCNA, a marker for cellular proliferation. Animals were exposed to
hyperoxia for 48 h, then allowed 0–72 h to recover. Blotting for �-actin expression was used as a loading control. C: densitometric scanning of multiple PCNA
blotting experiments showed that the upregulation of PCNA expression during recovery was statistically significant. Densitometric scanning for band area values
was performed on blots from 4 separate experiments. Results were expressed as the ratio of PCNA/actin expression and means obtained for each treatment period.
Data were analyzed by Tukey’s test for multiple comparison of means, which showed that values for the 48/24, 48/48, and 48/72 time points were significantly
different from the control value, P 
 0.05. D: analysis of PCNA expression in lung tissue in situ showed that changes in expression levels paralleled those
observed in fresh, uncultured AEC2. Formalin-fixed, paraffin-embedded tissue sections of lungs harvested from control, hyperoxia-exposed, and recovering
animals were subjected to immunohistochemical analysis for PCNA expression. Cells positive for PCNA were detected using an anti-PCNA primary antibody
and a Cy-3-labeled secondary antibody. mIgG was used as a negative control.
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control. These data were quantified by densitometric scanning,
and results are shown in Fig. 4C. These data show that the rise
in PCNA expression at 24, 48, and 72 h of recovery compared
with control or acute exposure samples was highly statistically
significant by Tukey’s test (*P 
 0.05). This rebound in PCNA
expression, significantly elevated by 24 h of recovery, corre-
lated with the rise in the number of AEC2 and the proportion
of those cells in S-phase at that same time point. In an effort to
quantitate this observation, we graphed the mean number of
cells in S-phase against the mean level of PCNA expression for
each time point. These numbers were obtained from each assay
as presented in Fig. 4, A and C. Using a simple curve fit, we
found a strong positive correlation between changes in the
number of cells in S-phase and changes in PCNA expression,
with the value of the coefficient of determination approaching
1 (R2 � 0.895). These data reflect observations made on whole
lung sections from control, hyperoxia-treated, and recovering
animals, where immunohistochemical analysis showed that
low, baseline PCNA expression increased considerably during
the recovery period (Fig. 4D).

Elevated levels of PCNA and an increase in the number of
cells in S-phase do not result in a significant increase in the
numbers of AEC2 isolated from recovering animals. Quanti-
tated data presented in Fig. 4 were obtained from freshly
isolated samples, which were assumed to reflect changes in
proliferation markers in vivo. This assumption was confirmed
by analysis of changes in PCNA expression in whole lung
sections. By this marker, AEC2 proliferation dramatically
increases during recovery following exposure to hyperoxia.
However, this change in proliferative profile did not result in a
significant alteration of cell number. As shown in Fig. 5, fresh,
uncultured AEC2 were analyzed for numbers of viable cells

recovered by Trypan blue exclusion and examination by mi-
croscopy. A total of 4.3 � 0.37 � 106 cells was recovered from
control animals that breathed room air (n � 15). This number
did not change significantly when cells were isolated from
animals exposed to hyperoxia for 48 h, where the mean number
of cells isolated was 4.0 � 0.17 � 106 (n � 9). Numbers of
cells isolated increased as animals recovered from hyperoxia,
with a mean 4.6 � 0.94 � 106 (n � 7) cells isolated at 24 h of
recovery, peaking at 5.6 � 0.45 � 106 (n � 7) cells at 48 h of
recovery. At 72-h recovery, the mean number of cells isolated
was 5.2 � 0.54 � 106 (n � 7). Though these increases in cell
number during recovery were routinely observed, they were
not significantly different from values obtained from control or
acutely treated animals by Tukey’s test for comparison of
multiple means.

Telomerase activity in murine AEC2 is upregulated during
recovery from hyperoxia. We have previously observed that
upregulation of telomerase activity occurs in AEC2 isolated
from hyperoxia-exposed rats (12). To determine whether en-
zyme activity is also induced in murine AEC2, fresh, uncul-
tured cells from mice exposed to hyperoxia and allowed to
recover for the times indicated were analyzed by TRAP. To
obtain quantifiable data, we counted the number of telomerase
repeats (TR) generated by individual samples for each time
point. As shown in Fig. 6, a measurable, though moderate,
baseline level of telomerase activity was observed in AEC2
from control animals, similar to the level we have observed in
rat AEC2 (12). This activity dropped slightly, though not
significantly, during 48 h exposure to hyperoxia. However, as
animals recovered, telomerase activity rose significantly over
baseline and remained elevated over the 72 h of recovery

Fig. 5. The number of cells isolated from recovering animals is routinely,
though not significantly, greater than the number isolated from controls. Fresh,
uncultured AEC2 were analyzed for numbers of viable cells recovered using
Trypan blue exclusion and examination by microscopy. A mean 4.3 � 106

cells could be recovered from control animals (� 0.37 � 106, n � 15). Acute
exposure to hyperoxia for 48 h yielded 4.0 � 0.17 � 106 cells (n � 9). During
recovery from hyperoxia, mean yields were, at 48/24: 4.6 � 0.94 � 106 cells
(n � 7), at 48/48: 5.6 � 0.45 � 106 cells (n � 7), at 48/72: 5.2 � 0.54 � 106

cells (n � 7). Though the rise in cell number during recovery was routinely
observed, the increase over numbers obtained from control isolates was not
statistically significant by Tukey’s test for multiple comparison of means.

Fig. 6. Telomerase activity in murine AEC2 is upregulated during recovery
from hyperoxia. Fresh, uncultured AEC2 from mice exposed to hyperoxia and
allowed to recover for the time indicated were analyzed for telomerase activity
by telomerase repeat amplification protocol (TRAP). (For each time point, n �
3.) For control, telomerase repeat (TR) was 6.3 � 1.1, while 48/0 TR was
4.2 � 1.3. The TR at 24-h recovery rose to 16.7 � 2.2. TR at 48-h recovery
was 18.8 � 2.7 and 15.1 � 1.5 by 72 h. Values for mean TR were all
significantly different from values for both control and the 48/0 time points as
analyzed by Tukey’s test, *P 
 0.05.
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analyzed. Statistical analysis of data from four separate exper-
iments showed that for AEC2 from control mice, the mean TR
was 6.3 � 1.1. The mean TR during acute exposure dropped to
4.2 � 1.3. At 24-h recovery, the mean TR rose to 16.7 � 2.2,
while mean TR at 48-h recovery was 18.8 � 2.7. These
numbers paralleled the TR routinely observed in rat AEC2
isolated from hyperoxia-exposed and recovering animals. By
72 h of recovery, the mean TR was 15.1 � 1.5 still signifi-
cantly elevated over control, as were TR at 24 and 48 h of
recovery (all *P 
 0.05). These data parallel the observed rise
in the proportion of cells in S-phase and the increase in PCNA
expression observed in murine AEC2 in vivo, confirming that
proliferation remains elevated during the recovery period. As
telomerase is also considered a marker for DNA repair (16), we
then proceeded to determine the level of DNA damage in
AEC2 from hyperoxia-exposed and recovering mice.

AEC2 from C57BL/6J mice recovering from sublethal hy-
peroxia exposure exhibit an elevated level of DNA damage
24 h into recovery, which drops to control level by 72 h.
TUNEL analysis of murine AEC2 isolated from animals ex-
posed to a sublethal dose of hyperoxia was performed to
determine the level of DNA damage incurred by exposure (for
each time point, n � 3–6). The resulting data are shown in Fig.
7A. Fresh, uncultured AEC2 isolated from control animals
showed a measurable (though minimal) level of TUNEL at a
mean of 2.29 � 1.71% positive cells. The number of TUNEL-
positive cells decreased during 48 h of acute hyperoxia expo-
sure, though this drop was not significant. However, as animals
recovered in room air for 24–48 h, the observed level of DNA
damage rose sharply. TUNEL for both time points was signif-
icantly elevated over control, though a slight decrease at 48-h
recovery could already be observed. At 24 h of recovery, the
mean percentage of TUNEL-positive cells was 84.09 �
11.67%, a significant increase compared with controls (*P 

0.05). At 48 h of recovery, the mean percentage of TUNEL-
positive cells had dropped to 55.56 � 23.81%, though this
number also reflected a significant degree of damage (*P 

0.05). By 72 h, TUNEL levels had dropped to a mean of
6.54 � 4.15%, not significantly different from control, but
significantly different from levels at 24 and 48 h of recovery.
These data indicate a notable increase in AEC2 DNA damage
over baseline in vivo early in the recovery period, which
dropped as recovery proceeded, findings that parallel observa-
tions made from a similar TUNEL analysis on whole lung
sections (Fig. 7B). Thus, while AEC2 were presumably dam-
aged at the level of single- and double-strand nicking by
hyperoxia exposure, DNA integrity was eventually restored
during recovery. We noted that AEC2 proliferation remained
elevated during this same period (Fig. 4) and speculated that
ongoing DNA repair, which can also be detected as a positive
TUNEL signal, may take a separate path from the mechanism
driving proliferation in this same population.

Expression of the DNA repair enzyme GADD-153 is upregu-
lated in murine AEC2 upon exposure to hyperoxia and during
the early phase of recovery. To determine whether the resolu-
tion of DNA damage observed in cells isolated from animals
recovering from hyperoxia could be due to upregulated repair,
the expression level of the DNA repair enzyme GADD-153
was determined by Western blotting (Fig. 8A). In agreement
with published reports that showed hyperoxia-induced upregu-
lation of GADD-153 in mouse lung in vivo (27), GADD-153

expression in fresh, uncultured AEC2 began to increase upon
48 h of acute exposure to hyperoxia and peaked at 48 h of
recovery. Unlike PCNA expression, cell number, and telomer-
ase activity, which remained elevated through 72-h recovery,
GADD-153 expression decreased by that point, perhaps indi-
cating a difference in pathways regulating proliferation and
repair during recovery. (Note that samples used for the exam-
ple in Fig. 8A are identical to those used to determine PCNA
expression in Fig. 4B, and as such, an identical actin blot is
used to demonstrate equal protein loading.) Quantitation of
GADD-153 expression from multiple sets of hyperoxia expo-
sure and recovery experiments is shown in Fig. 8B (n � 3).

Fig. 7. A: TdT-mediated dUTP nick end labeling (TUNEL) analysis of murine
AEC2 from hyperoxia-exposed animals shows an elevated level of DNA
damage early in recovery that quickly resolves. Fresh, uncultured AEC2 were
fixed and analyzed for DNA damage by TUNEL. (For each time point, n �
3–6.) In control animals, the percentage of TUNEL-positive cells was 2.29 �
1.71%. During exposure to hyperoxia, the mean was 1.13 � 0.45%. As
animals recovered for 24–48 h, the level of DNA damaged was significantly
elevated over control (48/24, 84.09 � 11.67%; 48/48, 55.56 � 23.81%). By
72-h recovery, TUNEL-positive AEC2 were a mean 6.54 � 4.15%. By
Tukey’s multiple-comparison test, values for control and 48/0 differed signif-
icantly from values for 48/24 and 48/48 (*P 
 0.05), but not from the value
for 48/72. B: TUNEL analysis in situ of lung tissue sections revealed a pattern
of DNA damage similar to that observed in isolated AEC2. Lungs from
control, hyperoxia-treated, and recovering animals were fixed and paraffin-
embedded and then sectioned for in situ analysis. To control for background
fluorescence, a sample including FITC-dUTP but no TdT enzyme was used as
a control.
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Densitometric scanning of blots revealed that the elevation in
expression at all time points following 48-h hyperoxia expo-
sure was significant over control (*P 
 0.05). With arbitrary
values normalized to actin expression for each sample, the
level of GADD-153 expression at 48 h of exposure to oxygen
with no recovery rose sharply to a mean of 0.72 � 0.06 vs.
0.09 � 0.06 for control. These levels were further elevated
during the early period of recovery, to a mean of 0.83 � 0.19
at 24 h and 0.89 � 0.14 at 48 h of recovery. GADD-153
expression levels dropped to a mean of 0.58 � 0.11 by 72-h
recovery, though this value was still significantly elevated
compared with control levels.

DISCUSSION

The C57BL/6J mouse strain is a valuable model for lung
injury and repair studies, not least because it is the foundation
stock for a number of useful transgenic strains. We note that

healthy, adult male C57BL/6J mice are slightly more resistant
to hyperoxia exposure than adult male Sprague-Dawley rats
and that the effects of hyperoxia we observe are similar to the
findings of Hudak and colleagues (18), who predicted the
response of several mouse strains to distal lung inhalant injury
based on differences in alveolar structure. We speculate that
similar results would be obtained in healthy adult female
C57BL/6J mice and would be most interested in examining the
process of recovery in newborns, which are more resistant to
acute hyperoxia exposure than adult animals. We also found
that adherent cells cultured from distal lungs of C57BL/6J mice
are a surprisingly homogeneous population, almost uniformly
cytokeratin positive, as seen in Fig. 1. Further characterization
showed that the majority of the epithelial cells isolated express
SP-C, thus demonstrating that the methods adapted from Corti
et al. (11) and Rice et al. (32) can be successfully used to
produce useful numbers of pure murine AEC2.

For further studies, we elected to use fresh, rather than
cultured, isolates. We wished to determine the effects of
hyperoxia and recovery on murine AEC2 as they exist in vivo,
without the influence of culture on fibronectin, which has been
shown to have a significant effect on the proliferation and
survival of AEC2 isolated from hyperoxia-treated rats (8). By
comparing results for some parameters from fresh, uncultured
AEC2 with those obtained by examining whole lung tissue
sections, we showed that data quantified from purified AEC2
paralleled observations made on whole lung in vivo. In situ
changes, specifically in PCNA expression (Fig. 4) and DNA
damage as measured by TUNEL (Fig. 7), though they could
not definitively be assigned to AEC2, nevertheless verified that
results from purified isolates reflected the status of those cells
in vivo in response to hyperoxia treatment and recovery.

Using the purified isolates, we were able to determine that
AEC2 from mice in the acute phase of sublethal exposure, like
those isolated from control animals, are quiescent and appear
undamaged at the level of DNA strand nicks. This suppressive
effect of hyperoxia exposure in vivo has been widely noted
(21, 26, 35, reviewed in 28). Once animals were moved back
to room air to recover, significant changes in markers for
proliferation, damage, and repair occurred. Cells appeared to
become markedly proliferative, with increases in the number of
cells in S-phase, the level of PCNA expression, and the
induction of telomerase activity all significant as early as 24 h
into recovery. This observation could be due an S-phase,
cell-cycle block, which could account for the relative stability
of cell numbers isolated from treated and recovering animals at
all time points. However, we also note that markers for pro-
liferation remained elevated over 72 h, an extensive period for
cells that appear to be responding quite dynamically to the
hyperoxic insult. In contrast, while the number of AEC2
exhibiting DNA strand nicks by TUNEL also rose during
recovery, the number of damaged cells dropped precipitously
by 72 h, back to levels not significantly different from controls.
Preceding this phenomenon was the rise in expression of the
DNA repair enzyme GADD-153, which first appeared during
acute exposure, indicating that activation of repair pathways,
which can also induce a positive TUNEL signal, could account
for the subsequent drop off in damage. We note with interest
that while the actual number of AEC2 isolated from recovering
animals is greater than the number obtained from control
animals, this difference is not significant. It may be that the

Fig. 8. A: expression of the DNA repair enzyme GADD-153 is upregulated in
murine AEC2 upon exposure to hyperoxia and during the early phase of
recovery. The expression levels of the DNA repair enzyme GADD-153 were
determined by Western blotting. GADD-153 expression in fresh, uncultured
AEC2 was elevated upon 48-h exposure to hyperoxia, peaked at 48 h of
recovery, and then decreased by 72 h. (Note that samples used for the example
in Fig. 7A are identical to those used to determine PCNA expression in Fig. 4B,
and as such, an identical actin blot is used to demonstrate equal protein
loading.) B: densitometric scanning of multiple GADD-153 blotting experi-
ments showed that the upregulation of repair enzyme expression during
hyperoxia exposure and recovery was statistically significant. Densitometric
scanning for band area values was performed on blots from 3 separate
experiments. Values were normalized to parallel blots for actin and means
obtained for each treatment period. Multiple-comparison analysis (Tukey’s
test) showed mean values for all time points (48/0, 48/24, 48/48, and 48/72)
were significantly different from control mean value (*P 
 0.05).
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induction of proliferation, damage, and repair during recovery
from hyperoxia results in a dynamic interaction between path-
ways that act together to maintain a required level of viable
AEC2 within the distal lung.

It is theorized that oxidative stress effects are mediated by
both accumulation of inflammatory factors and direct effects of
reactive oxygen species (ROS) (3, 19, reviewed in 29). Mul-
tiple changes in whole lung gene expression can be observed
by microarray even after short-term exposure to hyperoxia,
indicating that multiple cellular pathways may play a role in
cellular response (30). Other studies at the whole lung level
show that activation of the c-Jun NH2-terminal kinase (JNK)
pathway may confer a certain level of protection from hyper-
oxia, as jnk�/� mice are significantly more susceptible to its
lethal effects (25). DNA repair pathways that require normal
function of p53, the cdk inhibitor p21, and the DNA damage
response genes GADD-45 and GADD-153 all play major roles
in the murine response to hyperoxic insult, specifically at the
level of AEC2 (22, 23, 26, 27, 35, 38, reviewed in 28). These
data also support the observation that one of the targets of ROS
is AEC2 DNA, as evidenced by the appearance of 8-hydroxy-
2�-deoxyguanosine, a product of DNA oxidation, in murine
AEC2 from hyperoxia-exposed animals (34). However, the
pathways activated in response to release from this checkpoint
have so far not been thoroughly examined.

Our data show that while proliferation during recovery from
sublethal hyperoxia exposure may occur and may be required
to replace terminally damaged cells, the induction of repair
mechanisms may also strongly influence the ability of the distal
lung to return to equilibrium. At this time we cannot determine
which of these pathways is the dominant mechanism for
maintenance, or whether a coordinate effort is required. Sev-
enty-two hours into recovery, markers for proliferation were
still elevated over baseline but were noticeably dropping. We
therefore speculate that analysis over a longer recovery period
would not show a significant increase in cell number and that,
in this model of hyperoxia injury and recovery, the drive
toward equilibrium is strong.
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