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ABSTRACT: In the present study, we tested the hypothesis that
exposure of newborn mice to sublethal hyperoxia would alter lung
development and expressions of fibroblast growth factor receptors
(FGFRs)-3 and FGFR-4. Newborn FVB mice were exposed to 85%
O, or maintained in room air for up to 14 d. No animal mortality was
observed, and body weight gains were not affected by hyperoxia. At
postnatal d 7 and 14 (P7, P14), lungs of mice exposed to 85% O,
showed fewer alveolar secondary crests and larger alveoli or terminal
air spaces than did mice in room air. In pups kept in room air, lung
levels of FGFR-3 and FGFR-4 mRNA were greater at P3 than at P1,
but similar increases were not observed in hyperoxic mice. Immu-
noreactivity of FGFR-3 and FGFR-4 was lower in lungs of hyperoxic
mice than in controls at P14. In pups kept in room air, lung fibroblast
growth factor (FGF)-7 mRNA levels were greater at P14 than at P1,
but similar changes were not observed in hyperoxic mice. The
temporally and spatially specific alterations in the expressions of
FGFR-3, FGFR-4, and FGF-7 in the mice exposed to hyperoxia may
contribute to aberrant lung development. (Pediatr Res 62: 652657,

2007)
Bronchopulmonary dysplasia (BPD) was described ini-
tially as lung injury- and repair-related effects that were
associated with radiologic findings of streaky, fibrous densi-
ties, alternating with hyperlucent areas (1,2). The primary risk
factors were premature birth, respiratory distress, mechanical
ventilation, and administration of supplemental oxygen (Fio,
>0.21). Inflammation, problems in nutritional support, and
comorbid conditions also contribute to the development of
BPD. Modifications of therapeutic strategies have decreased
the incidence of BPD, as the disease was described originally,
but the overall incidence of BPD has not declined. The “new
BPD” of recent years shows little acute injury and repair
described by Northway et al. (1,2), but is characterized by
fewer and larger alveoli and less organized alveolar vascular-
ization, suggesting arrested or disordered lung development.
The events occurring during secondary septation of terminal
gas exchange units and maturation of alveolar microvascula-
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ture are therefore of particular interest in research on mecha-
nisms responsible for the new BPD (3-8).

Lung development in humans normally progresses through
sequential structural changes that are observed similarly in
rats and mice, which, at term, exhibit lungs that structurally
resemble human lungs at 26-30 wk of gestation (9). Infants
born at this age frequently encounter respiratory problems,
arising from immature pulmonary surfactant metabolism, re-
spiratory drive and coordination, or other deficiencies. Prema-
turely delivered nonhuman primate models of BPD may
mimic human development more closely than do rodent mod-
els, but practical constraints limit the investigations that can be
explored with primate models (4,5,10).

The lungs of newborn rodents are sufficient for extrauterine
life and are adequate for maturation into normal adult lungs.
Studies in rats and mice indicate that lung growth and devel-
opment are associated with expressions of complex arrays of
growth factors, receptors, and signal transduction networks,
for which temporal and spatial relationships are critical (11—
13). The working hypothesis for many studies is that altered
expressions of these growth effector networks caused by
exposure to stressors associated with BPD mediate disordered
lung development.

Although developmental immaturity, volutrauma, inflam-
mation, and other factors may contribute to the development
of BPD, in newborn rats and mice, hyperoxia alone is suffi-
cient to cause the arrested lung development that is charac-
teristic of the new BPD. Similar effects have been reported in
human infants born prematurely and treated with supplemen-
tal oxygen, but not mechanically ventilated (14). In addition,
room air (Fio, = 0.21) can constitute hyperoxia in very
premature human infants (15).

Warner et al. (16) reported that newborn FVB mice exposed
to 85% O, exhibited inhibition of alveolarization that resem-
bled the altered lung development observed in human infants
with the new BPD. Weinstein et al. (17) reported that mice
with targeted disruption of expressions of fibroblast growth

Abbreviations: BPD, bronchopulmonary dysplasia; FGF, fibroblast growth
factor; FGFR, fibroblast growth factor receptor; HIF, hypoxia-inducible
factor; HPF, high-power field
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factor receptor-3 and FGFR-4 (fgfr-3~/~ fgfr-4 /), although
appearing relatively normal at birth, were completely blocked
in alveogenesis and failed to show any formation of secondary
septa, resulting in emphysematous lungs similar to those
observed by Warner et al. (16). The studies described in the
present report were based on the model described by Warner
et al. and were designed to test the hypothesis that inhibition
of lung development by exposure of newborn mice to suble-
thal hyperoxia would be accompanied by altered expressions
of FGFR-3 and FGFR-4.

MATERIALS AND METHODS

Animals. Time-dated pregnant FVB/N mice from Harlan Sprague-Dawley
(Indianapolis, IN) arrived at the vivarium at least 5 d before term to accli-
matize before delivery. Mice were maintained on standard laboratory food
and water ad libitum and kept on a 12 h/12 h light/dark cycle. Animal study
protocols were approved by the IACUC at Columbus Children’s Research
Institute.

Oxygen exposure protocol. Newborn mice from pairs of pregnant dams
delivering naturally within 6 h of each other were pooled and redistributed
randomly to the two dams in separate cages within 12 h of birth. One group
of pups was placed in 85% O,, and the other group was maintained in room
air. Nursing dams were rotated between the hyperoxic and room air litters
every 24 h to avoid oxygen toxicity in the dams and to eliminate maternal
effects between groups. Oxygen exposures were conducted in Plexiglas
chambers, into which O, was delivered through an oxygen blender to achieve
a constant level of 85% O,. Oxygen levels were monitored with an oxygen
analyzer. Soda lime was placed in the chamber to absorb moisture and to
prevent accumulation of CO,. Animals were monitored every 6 h for evidence
of morbidity or mortality. Body weights were recorded at euthanasia.

Tissue preparation. On P1, P3, P7, and P14, animals were euthanized by
intraperitoneal injections of 200 mg/kg of sodium pentobarbital and exsan-
guinated by carotid artery transection. In half of the animals, tracheas were
cannulated with 25-gauge Silastic catheters, and 10% neutral buffered forma-
lin was instilled at 25 cm H,O pressure over 5 min of equilibration. In the
other animals, lungs were excised, freeze-clamped with liquid nitrogen-
cooled aluminum tongs, and stored at —80°C for molecular studies. During
fixation, a pressure drop to below 20 cm of H,0O was to be considered a
leakage, and that specimen would have been excluded from analyses, but no
leaks were observed. After 5 min, tracheas were tied, and lungs were removed
and fixed overnight in buffered formalin. Tissues were washed in phosphate-
buffered saline five times and stored at 4°C. Intact left and right lungs were
serially dehydrated in increasing concentrations of ethanol and embedded in
paraffin. Left lungs were cut transversely (perpendicular to longitudinal or
craniocaudal axis of the animal) at the level of entry of the left main bronchus
into the lung parenchyma to obtain 2-mm thick slices while the right lungs
were cut coronally through all four lobes (along the longitudinal axis and
perpendicular to dorsal-ventral axis) at the level of entry of the right main
bronchus. The slices were oriented identically in paraffin blocks. In other
animals, the lungs were excised, freeze-clamped with liquid nitrogen-cooled
aluminum tongs, and stored at —80°C. The frozen lungs were used to assess
mRNA and protein levels.

Isolation of total RNA and reverse transcription. Total RNAs were
isolated through RNeasy procedure (Qiagen). The frozen tissues were ho-
mogenized in guanidine isothiocyanate—containing buffer with a rotor-stator
(PowerGen 700, Fisher Scientific). The samples were applied to RNeasy mini
columns, RNA were eluted in 50 pL of water, and concentrations were
measured at 260 nm.

Purified total RNAs were reverse transcribed to cDNAs. Total RNAs were
diluted to 100 ng/uL, and 5 pL (500 ng) of RNA was added to the total
reaction volumes of 50 uL, containing 5.5 mM MgCl,, 500 uM each of
dATP, dCTP, dGTP, and dTTP, 2.5 uM random hexamers, 0.4 U/uL of
RNase inhibitor, 1.25 U/uL of MultiScribe reverse transcriptase, and 1X
TagMan RT buffer. The reaction mixes were incubated at 25°C for 10 min,
followed by 30-min incubation at 48°C. The reactions were terminated by
heating at 95°C for 5 min.

Real-time polymerase chain reaction (PCR). Real-time PCR was per-
formed in triplicate with the ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA) in reaction volumes of 25 uL,
containing 1X universal master mix, 300 nM of each forward and reverse
primer, and 200 nM fluorescent probe (Applied Biosystems). The quality of
the PCRs were assessed by comparisons of triplicate RT versus no template

controls for each sample, using the 18s rRNAs as the internal positive
controls. The amplification conditions consisted of an initial incubation at
50°C for 2 min, followed by incubation at 95°C for 10 min, and 40 cycles of
95°C for 15 s and 60°C for 1 min. Primers and probes for mouse fibroblast
growth factor-7, FGFR-3, FGFR-4, hypoxia-inducible factor (HIF)-1«, and
ICAM-1 were designed and custom synthesized (Applied Biosystems). Prim-
ers for mouse FGFR-3 were 5'-GGAGCTTGGTCATGGAAAGT-3" and
5'-GTGTATGTCTGCCGGATGCT-3’, while the probe was 5'-6FAM-
TGGTACCCTCCGATCGTGGCA-TAMRA-3'. Primers for mouse FGFR-4
were 5'-ATCGTATTGGAGGCATTCG-3" and 5'-TCCGAGGGTACCA-
CACTTTC-3’, while the probe was 5'-6FAM-TGCGCCACCAACACTG-
GAGC-TAMRA-3'. Primers for mouse FGF-7 were 5'-GAACAGCTACAA-
CATCATGGAAA-3" and 5'-CATAGAGTTTCCCTTCCTTGTTC-3’, while
the probe was 5'-6FAM-TCAGGACCGTGGCAGTTGGAA-TAMRA-3'.
Primers for mouse HIF-1a were 5'-CCAGCAGACCCAGTTACAGA-3' and
5'-ATCTTCTTTATTGTCCTTCGTCTCT-3’, while the probe was 5'-
6FAM-CTACCATCACTGCCACTGCCACC-TAMRA-3’. Finally, primers
for mouse ICAM-1 were 5'-ATCTCAGGCCGCAAGGG-3" and 5'-
CGAAAGTCCGGAGGCTCC-3', while the probe was 5'-6FAM- TGGCAT-
TGTTCTCTAATGTCTCCGAGGC-TAMRA-3'.

After completion of the PCRs, fluorescence intensity thresholds were set
within the linear phase of the amplifications. The cycle number in which the
threshold was crossed by the active reporter fluorescence was determined
(cycle threshold, Cy). For relative quantitation of gene expression, we used
the comparative C method, which was determined by subtracting the 18s C.
value from the corresponding target gene C; value [i.e. AC; = C (target
gene) — Cr (18s)]. Values of AAC were determined by subtracting AC. of
a chosen reference group, such as untreated control or wild type, from the
AC; of the respective test group [i.e. AACr = ACy (test group) — ACy
(reference group)]. Relative amounts of target mRNAs were calculated as 2 to
the power of —AAC; [i.e. target mRNA relative to reference group =
p-ader),

Morphometric analysis, image capture, and digital image analysis. For
each time point, four to five high-power field (HPF) images per lung and three
to four lungs per experimental group at each time point were characterized.
Five photomicrographs per lung section were captured at the same anatomical
sites at 64X magnification (Olympus BX-40 microscope, Olympus Optical,
New York, and a Diagnostic Instruments digital camera) under identical
lighting conditions and optical settings. Images were analyzed using research-
based digital image analysis software (Image Pro Plus 4.0; Media Cybernet-
ics, Silver Spring, MD) and a custom macro written for automated investi-
gations of alveolar morphology. Terminal air spaces and alveoli within the
image were selected by color segmentation, and incomplete air spaces (those
touching the image edge) were excluded from analysis. The macro subroutine
was used to determine the numbers of complete air spaces in the image, as
well as the area and perimeter of each air space. Intra-animal and interob-
server variabilities in these measurements were routinely less than 10%. We
determined the numbers of complete air spaces per HPF at 64X magnifica-
tion, the average air space sizes (area in micrometers squared), average
perimeters (in micrometers), average perimeter/area ratios (1/wm), and air
space perimeter/area ratios. In addition, the numbers of secondary crests per
image and the air space septal thicknesses were measured manually. Septal
thickness measurements were made in a subset of six images each in room air
and hyperoxic mice per time point. Secondary crests were identified as
partitions that extended from the primary septa forming the walls of terminal
sacs. Initial low secondary crests were observed as early as P, as was
reported previously (18). Numbers of alveolar secondary crests per HPF were
counted for four to eight HPF images per lung and two to three lungs per
group at each time point.

Immunohistochemistry, image capture, and digital image analysis. Tis-
sues were immunostained with antibodies to FGFR-3, FGFR-4, HIF-1«, and
CD-31 (all 1:100; Santa Cruz Biotech), as described previously. We used
nonimmune rabbit IgG (1:750; Vector Laboratories, Burlingame, CA) in
place of primary antibodies to evaluate the specificity of immunostaining.
Diaminobenzidine (0.06% wt/vol) provided visualization of immunoreactivity
and was followed by methyl green counterstaining.

Tissue sections, oriented identically, were visualized with an Olympus
Optical BX-40 microscope (12.5X or 200X magnification) and captured
using a Polaroid (Cambridge, MA) digital camera (1290 X 960 resolution).
Images were segmented to eliminate background and nuclear counterstain
from analysis. Optical densities (ODs) were determined for each image in
alveoli or terminal air spaces, airways, and large vessels. ODs were multiplied
by the total positively stained tissue areas to give integrated measures of
staining intensities. More than 4000 air spaces were analyzed (seven to nine
air spaces per HPF image, three to seven HPF images per lung, and three to
four lungs per group). Intra- and interobserver variabilities were <10%.
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Figure 1. Body weights. Newborn FVB mice were weighed and exposed to

85% O, (®) or room air (©) and weighed again at euthanasia. Dams were
exchanged daily between hyperoxia and room air. Data are mean = SEM,
n = 8-10. Effects were assessed by two-way ANOVA, with modified ¢ tests
post hoc. *Effect of time; no effect of Fio,; no interactions. **Data sharing
common letters are different from each other; p < 0.05.

Statistical analysis. Data are expressed as mean = SEM and were ana-
lyzed, using SPSS software, by two-way analysis of variance (ANOVA), with
Fio, and time as independent variables (19). Main group and interaction
effects between the independent variables are signified as such in the respec-
tive figures. Modified ¢ tests were used for post hoc analyses, and differences
between specific study groups, attributed at p < 0.05, are indicated by groups
sharing a common superscripted letter.

RESULTS

No pups died during exposures, and no signs of distress
were observed in either group. Pups gained weight through-
out, and body weights were not different between room air and
hyperoxic animals (Fig. 1).

In lungs of room air mice, air spaces increased in number
and decreased in size through P14. In hyperoxic mice, air
spaces did not change similarly in size or number, resulting in
fewer and larger air spaces in hyperoxic animals than in
controls (Fig. 2). Inflammatory cell infiltration by neutrophils
and hyaline membrane formation were not observed. No
differences in fibrosis were observed between room air and
hyperoxia groups (Masson’s trichrome stain, data not shown).

Large, engorged blood vessels were prominent in lungs of
hyperoxic animals at P14, but such vessels were not evident in
controls.

The numbers of air spaces per HPF did not increase in
either group of pups through P7. In the mice exposed to
hyperoxia, fewer air spaces were observed at P3 than at P1 or
P7 or in air-breathing pups at P3 (Fig. 3A). In the second week
of life, air space numbers increased in room air mice, but not
in hyperoxic mice. The lung air space counts exhibited effects
of postnatal age and of Fio,, as well as an interaction. Air
spaces decreased in size in the mice kept in room air, but not
in lungs of hyperoxic animals (Fig. 3B). Air spaces in hyper-
oxic mice were larger than in room air controls at P3, P7, and
P14. Air space cross-sectional circumference-to-area ratios
increased with age in room air controls, but not in hyperoxic
animals, other than a difference between hyperoxic animals at
P3 and P14 (Fig. 3C). In addition, lungs of hyperoxic mice
exhibited greater septal wall thicknesses at P14 (5.9 £ 0.3
versus 4.3 = 0.3 um, p < 0.05) than did control mice.

The numbers of secondary crests were not affected by
hyperoxia in lungs observed at P1 or P3; however, at P7 and
P14, the numbers of alveolar secondary crests in the animals
maintained in room air were greater than the numbers ob-
served in lungs of hyperoxic animals (Fig. 4). The numbers of
secondary crests in lungs of hyperoxic mice at P14 were
greater than at earlier time points, but the burst of crest
formation observed in room air mice between P3 and P7 was
not observed in hyperoxic animals (Fig. 4).

At P3, expressions of FGFR-3, FGF-R4, and FGF-7 mRNAs
were higher in room air animals than at P1 and in hyperoxic
animals (Fig. 5A—C). Between P3 and P7, lung levels of FGFR-3
and FGFR-4 mRNAs increased in hyperoxic mice, such that the
levels were greater than at P3 and greater than at P7 in room air
mice. Between P7 and P14, mRNA levels of both receptors
declined in hyperoxic animals, whereas in the air-breathing ani-
mals, levels of mRNA for FGFR-3 did not change and FGFR-4
message increased.

Lung FGF-7 mRNA levels increased in room air mice to
levels at P14 that were more than three times the levels at P1
(Fig. 5C), but no increase was observed in hyperoxic animals.

Figure 2. Lung histologies of newborn
FVB mice exposed to 85% O, (OX) or left
in room air (RA) for up to 14 d from birth.
Lungs were inflation-fixed at 25 cm of
H,O and stained with hematoxylin and
eosin. Alveolarization is evident in mice
kept in room air, with smaller and more
numerous air space units, whereas lung
development is arrested in hyperoxic mice.
No increases in numbers of inflammatory
cells were observed. Septa in the hyper-
oxic mice are slightly thicker than in room
air mice. The images (magnification x60,
bar = 50 wm) presented are representative
of four to five HPF images per lung and
three to four lungs per treatment group at
each time point. Bar = 50 um.
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Figure 3. Morphometric effects of hyperoxia on lungs of newborn mice. Newborn FVB mice were exposed to 85% O, (@) or were maintained in room air (O)
for up to 14 d. Lungs were inflation-fixed at 25 cm of H,O. Data are mean = SEM of four to five HPF images per lung and three to four lungs per group at

each time point. Data were analyzed by two-way ANOVA with modified # tests post hoc. (A) Numbers of air spaces per HPF (N
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Figure 4. Alveolar secondary crest densities. Newborn FVB mice were
exposed to 85% O, (@) or kept in room air (O). At P1, P3, P7, or P14, mice
were euthanized, and lungs were fixed at 25 cm H,O. Numbers of alveolar
secondary crests per HPF were counted. Data are mean *= SEM, four to five
HPF images per lung and three to four lungs per group. *Effect of time;
teffect of F1O,; finteractions. * Data sets sharing common letters are differ-
ent, p < 0.05.

Lung HIF-1la mRNA levels declined through P14 in both
groups and showed no effects of hyperoxia (Fig. 5D). Inter-
cellular adhesion molecule-1 (ICAM-1) mRNA levels in the
lungs of the animals studied exhibited no effects of hyperoxia
or age (data not shown).

Lung FGFR-3 immunoreactivity in room air mice was
higher at P14 than at P1 and higher than in hyperoxic mice at
P14 (Fig. 6 Al and A2). Lung FGFR-4 immunoreactivity was
lower in room air mice at P14 than at P1, and levels in
hyperoxic mice were even lower (Fig. 6B1 and B2). Levels of
HIF-1a in all groups were below the measurable limits of
quantitative immunohistochemistry. Inhibition of alveolariza-
tion in hyperoxic mice was accompanied by lower CD31
immunostaining densities in hyperoxic mice than in room air
mice at P14 (Fig. 6C/ and C2), suggesting effects of sublethal
hyperoxia on perialveolar vascularization in developing lungs.

DISCUSSION

The effects of exposure of newborn FVB mice to 85% O,
that we observed replicated the effects on lung development
reported by Warner ef al. (16) and resemble the changes in
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Figure 5. Relative mRNA expressions. Mice were exposed to 85% O, (@) or
kept in room air (O) for up to 14 d, euthanized with pentobarbital, and lungs
were harvested and freeze-clamped immediately. Total RNAs were isolated
and reverse transcribed. Relative gene expressions were assessed by real-time
PCR, normalized against 18S rRNA, and expressed as relative to the reference
group (d 1 room air). Data are mean = SEM, n = 4-5. (A) FGFR-3, (B)
FGFR-4, (C) FGF-7, and (D) HIF-1. *Effect of time; feffect of Fio2;
interactions. *Data sets sharing common letters are different, p < 0.05.

lungs of premature infants who develop the new BPD (3). The
absence of pup mortality, effects on body growth (Fig. 1), and
pulmonary inflammation in the present studies differs from the
report of Warner et al., and the reasons for the differences are
unknown. However, the absence of undesired side effects
diminishes concerns that developmental consequences are due
to secondary responses rather than to primary effects of hy-
peroxia.

The changes in terminal air spaces in lungs of room air mice
(Figs. 2 and 3) are consistent with normal secondary alveo-
larization between P3 and P14. The lack of similar changes in
hyperoxic animals is consistent with inhibition of secondary
alveolarization (Fig. 4). The decline in numbers of air spaces
in the hyperoxic mice between P1 and P3 is not attributed to
acute lung damage, which was not observed. Inflammatory
responses, as to clear damaged cells, were not observed (Fig.
2). While important clinically, inflammatory responses elic-
ited by acute lung damage or by infections would confound
the interpretation of data regarding the effects of hyperoxia on
lung development. The lower numbers of air spaces in the
lungs of hyperoxic mice at P3 than at P1 are not attributed to
inhibition of secondary alveolarization because the data indi-
cate decreases in absolute numbers (Fig. 3).
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The altered expressions of FGFR-3 and FGFR-4 mRNAs in
the lungs of hyperoxic mice (Fig. 5) suggest mechanisms for
arrested lung development. Mice in which both fgfr-3 and
fefr-4 genes were knocked out, although appearing normal at
birth, failed to grow normally, and lungs of these animals
exhibited what Weinstein et al. (17) concluded was a lack of
secondary septa. The histologic sections presented show struc-
tures that resemble secondary septal buds, suggesting that
critical deficits in these mice lie downstream of initiation of
secondary septation.

If hyperoxia-induced alterations in expression of FGFR-3
and FGFR-4 affect lung development, temporal patterns of
expression are critical. Effects of sublethal hyperoxia on lung
mRNA levels for FGFR-3 and FGFR-4 observed at P3 (Fig. 5)
occur immediately before the marked increases in numbers of
secondary septa observed in lungs of room air mice, but not in
hyperoxic mice (Fig. 4). Although mRNA levels for FGFR-3
and FGFR-4 in the lungs of hyperoxic mice increased later,
delayed increases in message levels may be ineffective. The
existence of critical periods for expressions of growth regu-
latory molecules in lung alveolarization and maturation pre-
sumably reflect complex temporal and spatial patterns of
expressions and essential interactions of a number of regula-
tory molecules (11,20,21). Interventions with inappropriately
timed enhancements of FGFR-3 and FGFR-4 expression
would not be efficacious and could cause abnormal lung
development.

Hyperoxia-induced enhancements of rates of receptor pro-
tein degradation may contribute to the lower levels of FGFR-3
and FGFR-4 proteins (Fig. 6). Reactive oxygen species (ROS)
can activate growth factor receptors and stimulate subsequent
internalization and degradation (22). Increased production of
ROS in response to hyperoxia thus could stimulate degrada-
tion and turnover of FGFRs, thereby contributing to the effects
that we observed.

Lower levels of endothelial immunostaining of CD31 (Fig.
6C) are consistent with previous reports of the inhibitory
effects of hyperoxia on pulmonary vascularization (5,23).
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Figure 6. Quantitative immunohistochem-
istry for FGFR-3, FGFR-4, and CD3l.
Lung tissues of mice on the day of birth
(P1, [J), or maintained in room air (H) or
exposed to 85% O, for 14 d (@) were
immunostained with antibodies to
FGFR-3, FGFR-4, and CD31. The ODs
per stained tissue areas were measured in
terminal air spaces or alveoli, large air-
ways, and large vessel regions. Immuno-
histochemical micrographs (magnification
80x, bar = 50 wm) and ODs of immuno-
staining for FGFR-3, FGFR-4, and CD31
are shown. Data are mean = SEM of three
to seven HPF images per lung and three to
four lungs per group. “*Data sets sharing
common letters are different, p < 0.05.
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Angiogenic factors, such as erythropoietin and VEGF, are
down-regulated by hyperoxia (24-26). Hyperoxia would be
expected to repress HIF-1a expression, which, in turn, could
down-regulate target genes (26). However, HIF-1a levels
were not detectable by the immunohistochemical methods
used, and hyperoxia did not influence levels of HIF-1a« mRNA
in lungs of newborn mice (Fig. 5D). HIF-la is degraded
rapidly in normoxic tissues (26,27), and hyperoxia should
increase these rates. In baboons, HIF-1« levels declined to-
ward term and were absent at P2 (10). Effects of hyperoxia
were only observed in baboons delivered preterm. The lack of
effects of hyperoxia on HIF-la suggests that the apparent
inhibition of angiogenesis in mice in the present study is
secondary to the defect in alveolarization.

Swiss mice exposed to 65% O, for the first month of life
showed deficits in lung growth and alveolarization that per-
sisted after weaning to room air and were observable at 210 d
of age (28). Adult mice subjected to caloric restriction showed
decreases in alveolar numbers, but alveoli were restored by
refeeding (29). The distinctions between the adult and neona-
tal models and between sublethal hyperoxia and dietary re-
striction need to be defined. The lack of compensatory alveo-
larization by P14 in the hyperoxic mice (Figs. 2 and 3), despite
the increases in expressions of mRNA species of FGFR-3 and
FGFR-4 observed at P7 (Fig. 5), suggests that some of the
developmental windows that regulate lung maturation are
relatively narrow; effective therapeutic interventions will need
to accommodate temporal and spatial requirements for appro-
priate lung development. Accomplishing this goal will require
detailed understanding of the highly complex mechanisms that
regulate lung morphogenesis (9,30).
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