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Pulmonary oxygen injury is classified by the devel-
opment of tissue and alveolar edema, surfactant dys-
function, lung inflammation, and decreased pulmo-
nary compliance. In neonates prolonged oxygen
therapy is associated with the development of bron-
chopulmonary dysplasia. Recombinant DNA technol-
ogy makes it possible to experimentally explore the
role of specific proteins in the development of pulmo-
nary oxygen injury. However, in vivo experiments
require sensitive ways of identifying pulmonary oxy-
gen injury early in its development. We therefore
compared the sensitivities of several experimental
assays used to assess pulmonary injury. We found
that changes in pulmonary compliance were the
most sensitive and showed significant differences
after 72 hr of exposure to normobaric hyperoxia
(FiO, = 0.95), which correlated with a small change
in the histology of the mice lungs. The concentration
of protein in the bronchoalveolar lavage fluid was
less sensitive and did not differ significantly until
after 96 hr of exposure. The survival in hyperoxia
also did not worsen until after 96 hr. The lung wet/

dry weight ratios was the least sensitive assay and

did not increase until after 5 days of exposure to nor-
mobaric hyperoxia. We conclude that a decrease in
pulmonary compliance is an early indicator of pul-
monary oxygen injury and may be a better way to
study the mechanisms and mediators of pulmonary

oxygen injury. o© 1997 Academic Press

INTRODUCTION

Supplemental oxygen is administered for the treat-
ment of tissue hypoxemia, most commonly in an inten-
sive care setting. In the pediatric population, oxygen
is administered to neonates as part of the treatment of
newborn respiratory distress syndrome. Although oxy-
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gen is one of the most commonly prescribed treatments
in the care of hospitalized patients its potent toxicity
is well recognized. Acute pulmonary oxygen injury is
characterized by tissue and alveolar edema, surfactant
dysfunction, lung inflammation, and decreased pulmo-
nary compliance [1-3]. Prolonged exposure to oxygen
leads to the development of chronic lung disease or
death. In premature infants this chronic lung injury is
called bronchopulmonary dysplasia (BPD). Infants
with BPD have persistent pulmonary dysfunction and
frequent hospitalizations and often develop secondary
cardiac disease [1, 2].

Though the exact mechanisms of pulmonary oxygen
toxicity are unknown, there is strong evidence to sug-
gest that oxygen toxicity is mediated in large part by
the production of reactive oxygen metabolites (ROMs)
such as superoxide anion (03) [1, 2]. ROMs induce cel-
lular damage by several mechanisms, including peroxi-
dation of membrane lipids, oxidation of membrane pro-
teins, and cleavage of DNA strands [1-3].

In the lab, the physiology of pulmonary hyperoxic
injury has been studied using both large and small
animal models. Hyperoxia has been shown to decrease
pulmonary compliance, increase bronchoalveolar la-
vage (BAL) protein content, cause pleural fluid accu-
mulation, increase lung wet weight, induce histologic
damage, and decrease survival [4-8]. Recombinant
DNA technology, using transgenic and knockout ani-
mals, makes it possible to experimentally explore the
role of specific proteins in the development of pulmo-
nary oxygen injury. However, in vivo experiments re-
quire sensitive ways of identifying pulmonary oxygen
injury early in its development [8, 9]. The purpose of
this study was to compare the sensitivity of several
methods employed to study pulmonary oxygen toxicity
in a murine model. In particular, we sought to compare
changes in lung compliance with changes in BAL total
protein, histology, wet to dry weight ratios, and sur-
vival.

MATERIALS AND METHODS

Female FVBN mice (Harlan, Indianapolis, IN), age 6-8 weeks
(2023 g), were used for all experiments. Animals were housed and
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fed in accordance with guidelines set forth by the Children’s Hospital
Research Foundation Institutional Animal Care and Use Committee.
All animals were allowed to acclimate for a minimum of 5 days prior
to experimental use.

Exposure to hyperoxia. At Time 0, experimental mice were placed
into 1.5-ft® Plexiglas chambers and exposed to normobaric hyperoxia
(FiO, = 0.95). Each chamber received oxygen at 4.0 liters/min and
oxygen concentration was measured continuously with an oxygen
analyzer (Catalyst Research, Owing Mills, MD). During the exposure
period CO, concentration in the chamber was less than 1%. Normoxic
control animals (RA) were maintained in open cages. All animals
were allowed food and water ad libitum. !

Pressure—volume (P/V) analysis. At various times after the start
of the exposure to hyperoxia (48, 72, 96, and 120 hr) animals were
given a lethal intraperitoneal injection of pentobarbital (50 mg/kg)
and were placed in 100% oxygen for 10 min to metabolically degas
the lungs. The tracheas were cannulated with a 20-gauge blunt-
tip needle. The abdomen was opened, the abdominal organs were
eviscerated, and the diaphragm was incised from below, taking great
care not to injure the lungs. The thorax was otherwise left undis-
turbed. The tracheal cannula was connected to a three-way stopcock
which was connected to a Motorola pressure transducer Model
MPX5010DP (Motorola, Ine., Phoenix, AZ). The reference port of the
transducer was open to atmosphere. The pressure transducer was
calibrated with a mercury manometer prior to each series of experi-
ments. The pressure transducer output signal was dc coupled, sam-
pled at 20 Hz, and displayed in scrolling mode at 1 sec per division
with a Tektronix digital oscilloscope Model 2430A (Tektronix, Wil-
sonville, OR). A 3-ml glass syringe was used to inject incremental
volumes of air into the lungs through the stopcock. The steady-state
change in the transducer output with each incremental volume
change was recorded.

The lungs were slowly inflated to 30 cm of H,O pressure and the
volume instilled into the trachea was recorded as V30. In previous
studies it was determined that 30 ecm of HyO pressure is needed to
inflate the lungs maximally without overdistending the alveoli, thus
representing total lung volume [4]. This pressure was maintained
for 3 min before deflation. A drop in pressure of more than 5 cm H;O
during this period was considered to result from an air leak, and the
animal was excluded from analysis. After a period of equilibration,
the lungs were incrementally inflated and deflated with 0.1-0.2 cc
of air, and the pressure was recorded at each volume. P/V compliance
curves during both inflation and deflation were thus generated. Six
mice per experimental and control groups were used for all experi-
ments.

Lung wet /dry weight ratio. Immediately after sacrifice, the lungs
from a separate group of mice were removed and dissected free from
the heart, pulmonary vasculature, trachea, and mainstem bronchi.
The lungs were then blotted dry, weighed, and placed in an oven
at 70°C. After 72 hr the lungs were reweighed for the dry weight
determination. In preliminary experiments in our lab we found that
there was no change in lung weight after 72 hr of heating at 70°C.
Five mice per experimental and control groups were used for all
experiments.

BAL total protein. In a separate group of mice, the trachea was
cannulated with a blunt-tip 20-gauge needle immediately after sacri-
fice. The lungs were lavaged with five aliquots of 0.8 ml] sterile phos-
phate-buffered saline (PBS). Any animal which yielded less than 2.5
ml of aspirate was excluded from the study. The lavage fluid was
then spun at 600g for 5 min and the supernatant decanted. Total
protein determinations on the undiluted supernatants were per-
formed using the Bio-Rad total protein assay (Bio-Rad Laboratories,
Hercules, CA). Five mice per experimental and control groups were
used for all experiments.

Histology. At each time point, room air- and hyperoxia-exposed
mice were sacrificed and the trachea was cannulated with a blunt-
tip 20-gauge needle. A laparotomy was then performed and the ani-
mals were exsanguinated by aortotomy. The chest was opened via a
sternotomy, the left atrium excised, and the pulmonary vasculature
flushed with 5 ml of phosphate-buffered saline via a right ventricular
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FIG. 1. V30 vslength of exposure to normobaric hyperoxia (FiO,
= 0.95). Graph shows the volume of air injected into the trachea
needed to generate a pressure of 30 cm H,0 (V30) vs length of hyper-
oxia exposure in days. Data represent means = SEM. *P < 0.05 vs
room air.

puncture. The lungs were then inflation fixed with approximately
1.5 ml of formalin (Sigma Chemical Co., St. Louis, MO). The lung
histology was evaluated in a blinded fashion in samples of mice lungs
(including control) and samples from lungs in each of the three study
groups (Days 3, 4, and 5). Paraffin sections of formalin-fixed tissue
stained with hematoxalin and eosin were scored on a scale of 0-3
for each of the following four characteristics: vascular congestion,
hemorrhagic edema, interstitial cellularity, and appearance of poly-
morphonuclear leukocytes and hyaline membranes in the distal air-
ways. A total score of less than 4 was considered a mild injury, a
score of 4-8 was classified as moderate, and a score greater than 9
was classified as severe.

Statistical analysis. Statistical analysis was performed using
Student’s ¢ test and analysis of variance (ANOVA), with Tukey—
Kramer post-hoc analysis. Data are expressed as means + SEM.
Survival was assessed every 8 hr and survival studies were analyzed
using Fischer’s exact test at all time points. Differences were consid-
ered significant at P < 0.05.

RESULTS

Pulmonary Compliance

Forty-eight hours of normobaric hyperoxia did not
affect V30 (Fig. 1) or the pressure—volume relationship
in the lung; the P/V curves from room air and oxygen
exposed mice were nearly identical (data not shown).

After 72 hr of hyperoxia the V30 was significantly
reduced (Fig. 1). Similarly, the P/V curves from oxygen-
exposed mice began to differ from normoxic controls
(Fig. 2). Greater pressures were required to support
equal volumes and differences between the two groups
were significantly different at three points on the de-
flation curve.

Ninety-six hours of hyperoxia resulted in a further
worsening of the V30 (Fig. 1) as well as significantly
worsening of the pressure—volume relationship in the
lung (Fig. 3). After 4 days of hyperoxia the P/V curves
separated completely and were significantly different
at almost all points along both the inflation and defla-
tion curves (Fig. 3). Both the 72- and 96-hr P/V curves






