0031-3998/85/1910-1059$02.00/0
PEDIATRIC RESEARCH
Copyright © 1985 International Pediatric Research Foundation, Inc.

Vol. 19, No. 10, 1985
Printed in U.S. A.

Hyperoxia-Induced Pulmonary Vascular and
Lung Abnormalities in Young Rats and Potential
for Recovery

WENDY LEE WILSON, MICHELLE MULLEN, PETER M. OLLEY, AND
MARLENE RABINOVITCH

Departments of Cardiology and Pathology, Research Institute, The Hospital for Sick Children and Departments
of Pediatrics and Pathology, University of Toronto, Toronto, Canada

ABSTRACT. We carried out morphometric studies to
assess the effects of increasing durations of hyperoxic
exposure on the developing rat lung and to evaluate the
potential for new growth and for regression of structural
abnormalities on return to room air. From day 10 of life
Sprague-Dawley rats were either exposed to hyperoxia
(0.8F10,) for 2-8 wk or were removed after 2 wk and
allowed to “recover” in room air for 2-6 wk. Litter mates
maintained in room air served as age matched controls.
Every 2 wk experimental and control rats from each group
were weighed and killed. The heart and lungs were re-
moved, the pulmonary artery was injected with barium-
gelatin, and the lung was fixed in formalin in the inflated
state. Morphometric assessments were made of right and
left ventricular weights, lung volume, axial artery lumen
diameter, alveolar number and concentration, and arterial
number, concentration and muscularity. Rats continuously
exposed to hyperoxia and rats exposed for only 2 wk
showed the same degree of impaired parenchymal lung
growth, as judged by a decrease in the concentration and
number of alveoli. A significant decrease in arterial con-
centration, increase in muscularization of peripheral arter-
ies, and medial hypertrophy of muscular arteries occurred
after 2 wk of hyperoxia. Despite an initial trend toward
regression, these features became progressively severe with
continued hyperoxic exposure and by 8 wk were associated
with a decreased arterial lumen diameter, with right ven-
tricular hypertrophy and with failure to thrive. In rats
exposed to hyperoxia for 2 wk and then returned to room
air there was a persistent decrease in arterial number and
an increase in muscularization but both features were less
severe than in rats continuously exposed. Thus, an 8-wk
exposure to hyperoxia in rats from day 10 of life results in
decreased lung and vascular growth and in increased mus-
cularity. Even a relatively short 2-wk exposure is associ-
ated with impaired alveolar growth and vascular abnor-
malities which persist into “adult” life. (Pediatr Res 19:
1059-1067, 1985)
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The newborn infant, especially the premature with hyaline
membrane disease, may require prolonged high oxygen therapy.
Hyperoxia is damaging to lung tissue presumably because the
relatively inert O, molecule undergoes univalent reduction to
form highly reactive free radicals which are cytotoxic (1). Some
protection is afforded by the antioxidant enzyme systems of the
lungs, superoxide dismutase, catalase, and glutathione peroxidase
(2-5) but the induction of these enzymes is often insufficient to
prevent tissue damage. In the clinical setting it has been difficult
to separate the role of oxygen toxicity from other variables such
as ventilator barotrauma and lung immaturity in the pathogen-
esis of bronchopulmonary dysplasia and in the development of
the vascular changes which result in cor pulmonale (6).

In experimental studies, rodents exposed to hyperoxia during
the first few days of life have impaired lung growth manifest by
a reduction in the number of both alveoli (7) and arteries (8).
While there is evidence from studies in mature rats that hyperoxia
causes abnormal muscularization of the pulmonary arteries (9),
it has not been determined whether this occurs, or is particularly
severe, in the developing pulmonary vascular bed. It is also not
known whether removing young rats from the hyperoxic envi-
ronment during lung development will result in regression of
structural abnormalities and in new growth of arteries and al-
veoli.

Our objectives were to determine by morphometric analysis
of young rat lungs how increasing duration of exposure to
hyperoxia would affect (i) alveolar growth, (ii) arterial growth in
number, and (iii) arterial muscularity. We also wanted to evaluate
whether a longer period of “recovery” in room air would further
improve the arterial growth observed by Roberts et al. (8) after
only 2 wk and whether there would be any concomitant change
in alveolar growth and in arterial muscularity.

METHODS

Hyperoxic exposure of rats. In these studies we used 71
Sprague-Dawley rats from eight litters. On day 10 of life, half the
rats from pooled litters, randomly chosen, were exposed to
hyperoxia (0.8F10,) and the others were maintained in RA. We
chose to initiate exposure to 80% oxygen at day 10 of life since
previous studies have shown that this level of oxygen is only
tolerated for 3 wk in younger rats (7).

A 12 ft3 plexiglass chamber divided into two separate com-
partments was used to house the cages. One compartment was
attached to an on-line “wall” oxygen source, while the other was
open to room air. Gas flow through the hyperoxic compartment
(12-15 1/min) maintained ambient temperature (22 + 1° C) and
humidity so that there was no condensation. Carbon dioxide was
absorbed by barium hydroxide lime crystals and as measured
daily prior to changing crystals was never found to rise above
0.06%. Using a Beckman O, gas analyzer, both compartments
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were monitored every 30 min for the first 12 h and demonstrated
to be stable at 80 = 2% oxygen and 21 * 1% oxygen. The
hyperoxic and room air environments then were monitored twice
daily and consistently found to be within these ranges. The
chamber was opened for 10 min each day to clean the cages and
replenish food and water. At this time, dams were alternated
between experimental and control litters to diminish the effect
hyperoxia might have on maternal nutritional status and nursing
ability (10). All rats were weaned at 21 days of age.

Rats from pooled litters previously designated as “0.8F10,” or
“RA” were sequentially assigned to 2-, 4-, 6- and 8-wk experi-
mental periods. From some of the hyperoxic rat litters, rats
chosen at random, were returned to room air after 2 wk and
designated as “0.8F10, + RA.” At 2, 4, 6, and 8 wk after initiating
the experiment, rats from each exposure group (0.8F10, 0.8F10,
+ RA, RA) were weighed and killed and morphologic studies of
the heart and lungs carried out. The number of rats analyzed in
each group at each time is given in Table 1.

Preparation of heart and lungs. The rats were killed by an
overdose of sodium pentobarbital (300 mg/kg), and the heart
and lungs prepared for morphometric analysis (11). The pul-
monary artery was cannulated via the right ventricle with poly-
ethylene tubing (PE-20) which was sutured in place. The trachea
was then cannulated just below the carina and the heart and
lungs were removed en bloc. After a 1-h incubation of the tissue
at 37° C in physiologic saline, the pulmonary artery was injected
at 73.5 mm Hg for 5 min with a radiopaque barium gelatin
mixture, maintained liquid at 60° C. The hot barium solution is
of a viscosity which, when injected at this pressure, will evenly
distend all arteries down to a size of 20 um external diameter.
Previous studies have shown that if injected at lower pressure,
filling of arteries is uneven (11). The lungs were then inflated at
36 cm H,O pressure with 10% formalin and perfused with
fixative for 3 days, as shorter perfusion resulted in incomplete
fixation. After fixation, the heart was removed from the lungs.
The RV free wall was dissected from the LV + S and each was
weighed separately and expressed as the ratio RV/(LV4S) (12).
The lungs were then analyzed.

Lung volume was determined by water displacement and the
lungs were x-rayed at 35 keV for 0.4 min. From an arteriogram
of the barium-filled vessels, using a micrometer, the lumen
diameter of the axial artery of the left lung was measured at the
hilum and at a distance 10, 50, and 90% from the hilum to the
periphery where the vessel appeared to end. A 1 cm” section was
then taken from the middle portion of the left lung and processed
for routine histology. Microscopic tissue sections were stained
for elastin using the Van Gieson method.

Morphometric analysis. In each microscopic section, a mini-
mum of 50 arteries was analyzed (13). Each artery was identified
by its accompanying airway and classified accordingly as: prea-
cinar, terminal bronchiolus, respiratory bronchiolus, alveolar
duct, and alveolar wall. Muscularity was assessed in two ways.
First, the artery was judged as completely muscular (completely
surrounded by a muscular coat), partially muscular (partially
surrounded), or nonmuscular. Using an eyepiece micrometer,
the external diameter of each artery was measured; for the

Table 1. Number of rats in each group
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partially muscular and muscular arteries a percent wall thickness
was calculated according to the following formula:

2 x wall thickness
external diameter

X 100 = percent wall thickness

Fifteen low power fields (X250 magnification) were then ran-
domly selected and all the arteries and alveoli within the bound-
aries of a point counting grid of known dimension (0.2 mm?)
were counted. Any field with an airway or blood vessel occupying
more than 25% was rejected and the adjacent field substituted.
We then calculated the mean number of alveoli/mm’ and the
number of arteries/mm?; correcting for the shrinkage factor from
the fixed specimen to the microscopic section. The shrinkage
factor was similar in sections from control and experimental
animals and required division of the values obtained from the
microscopic slides by 1.32.

The mean ratio of alveoli/arteries was also determined. Total
alveolar number was calculated using the previously determined
values for lung volume and alveoli/mm? according to the follow-
ing formula:

(alveoli/mm?)*?
1.55 x VP

1.55 is the spherical constant for the alveolus (14) and P is the
volume portion of alveoli, derived by point counting the micro-
scopic sections (13), and was similar in all rat groups.

total alveolar no.: x lung volume (mm?)

Table 2. Morphologic difference within groups over duration of

experiment
2-4 wk 4-6 wk 6-8 wk
14 14 14
A. Growth 0.8F10, <0.001 <0.001 —*
0.8F10, + RA <0.001 <0.001 <0.001
RA <0.001 <0.001 <0.001
B.RV/(LV +S) 0.8F10, - - -
0.8F10, + RA - - <0.01
RA - - <0.05
C. Lung volume 0.8F10, - <0.001 -
0.8Fi0, + RA <0.05 - -
RA - <0.001 -
D. Alveoli/mm? 0.8F10, - - -
0.8F10, + RA - - -
RA - - -
E. Total alveolar no. 0.8Fi0, - <0.001 -
0.8F10, + RA - - -
RA - <0.001 -
F. Arteries/mm?* 0.8F10, - - -
0.8Fi0, + RA <0.05 <0.05 -
s RA <0.01 - <0.001
G. Arteries/100 alveoli  0.8F10; - - -
0.8F10, + RA - <0.05 -
RA <0.01 - <0.05
H. Extension of mus- 0.8F10, <0.001 <0.01 <0.001
cle 0.8F10, + RA <0.001 <0.01 -
RA - - -
1. Medial hypertrophy 0.8F10, - - <0.05
0.8Fio; + RA - <0.05 -
RA - - -
J. Lumen diameter 0.8F10, <0.05 <0.001 <O0.05
0.8Fio, + RA - <0.001 -
RA <0.01 <0.001 ~

*p = 0.05.
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Analysis of data. Morphometric analysis of the heart and lungs
was carried out without knowledge of the group to which the
rats belonged. For statistical assessment, a one-way analysis of
variance was used and when significant differences were found
Duncan’s multiple range test was used to compare the groups
(15). A p value < 0.05 was considered significant. In the figures,
mean value + SE is designated: p values designated in the figures
are given as difference from age-matched controls, whereas in
the text and in Table 2 p values also refer to comparisons within
groups over different periods of hyperoxic exposure or “recov-

ery‘”
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RESULTS

Growth. Control rats maintained in room air gained weight
steadily throughout the experimental period (Table 2). Hyperoxia
resulted in significant failure to thrive apparent by 8 wk of
exposure. Body weights of hyperoxic rats were reduced by 26%
compared with those of room air rats (p < 0.001) (Fig. 14). Rats
returned to room air after 2 wk of hyperoxia had only a transient
growth lag.

RV hypertrophy. In room air control rats, the ratio of RV/(LV
+ S) decreased over the duration of the experimental period (p
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Fig. 1. A, growth. Weight in grams increased with age in RA (open square) and in rats returned to RA after 2 wk hyperoxic exposure (0.8F10; +
RA, half closed square). Rats continuously exposed (0.8Fi0,, closed square) failed to gain weight after 6 wk. B, RV hypertrophy. The ratio of RV/
(LV+S) decreased after 4 wk in RA rats and after 6 wk in 0.8F10, + RA. Rats continuously exposed to 0.8F10, did not show this change, resulting
in RV hypertrophy by 8 wk. C, lung volume. In all groups, lung volume increased with age for the first 6 wk of the experiment, but 0.8F10, + RA
rats had a decreased lung volume relative to other groups. Asterisks show p values for significant difference from age matched controls: *p < 0.05,

**p < 0.01, ¥** p < 0.001.
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Fig. 2. A, alveolar concentration. Alveolar concentration (alveoli/mm
decreased alveolar concentration was evident in both 0.8F10, and 0.8F10,

2} was similar in control RA rats over the duration of the experiment. A

+ RA rats by the end of the experiment (* p < 0.05). B, total alveolar

number. RA rats showed an increased in alveolar number between 4 and 6 wk of the experiment (see Table 2 for p values). This did not occur in
0.8F10, or 0.8F10, + RA rats, resulting in decreased alveolar number by 6 wk (*** p < 0.001).

< 0.05) (Table 2). Continued hyperoxic exposure prevented this
normal decline (p < 0.01) (Fig. 1B). Separate measurements of
RV and LV + S adjusted for body weight indicate that the
hyperoxic response was due to RV hypertrophy. In rats returned
10 RA after a 2-wk hyperoxic exposure the decrease in RV/(LV
+ S) was only delayed: by the end of the experimental period
these animals were similar to controls.

Parenchymal lung growth. In RA control rats, lung volume
increased during the first 6 wk of the experiment (Table 2). A
“burst” of lung growth was apparent between 4 and 6 wk (p<
0.001), but between 6 and 8 wk there was no further increase. A
similar pattern was observed in rats continuously exposed to
hyperoxia. Return to RA after 2 wk of hyperoxia, however,
initially decreased the rate of lung growth in volume, by approx-
imately 20% (p < 0.05) (Fig. 1C).

Alveolar concentration (no./mm?) was similar in control RA
rats over the duration of the experiment (Table 2). Continued
hyperoxic exposure resulted in a significant decrease in alveolar
concentration by 22% (p < 0.05) (Fig. 24). Rats returned to RA
after 2 wk of hyperoxia and had same degree of decreased alveolar
concentration as rats continuously exposed.

In control rats maintained in RA there was an increase in total
alveolar number between 4 and 6 wk of the experiment (p <

0.001) (Table 2). Continuous hyperoxic exposure decreased the
rate of alveolar proliferation compared to age-matched controls
by 42% (p < 0.001) (Fig. 2B). This was not prevented by
returning rats to RA after a 2-wk exposure.

Pulmonary vascular structure and growth. In control rats main-
tained in RA there were two bursts of arterial proliferation judged
both by an increased number of arteries/mm? and by an in-
creased number of arteries/100 alveoli. The first occurred be-
tween 2 and 4 wk of the experiment (p < 0.01 for both param-
eters) and the second between 6 and 8 wk (p < 0.001 and 0.05
for each respectively) (Table 2). Continued hyperoxic exposure
prevented both these bursts, and arterial concentration was re-
duced by 73% (p < 0.001) (Fig. 3 4 and B). This could also be
appreciated qualitatively in arteriograms as early as 4 wk (Fig. 4
A and B). In rats returned to RA after 2 wk of hyperoxia, the
first burst of arterial growth was delayed, and the second had not
occurred by the end of the experiment (Table 2). Arterial con-
centration was reduced by 26% (p < 0.001) (Fig. 34). This was
apparent when assessing the absolute arterial concentration per
mm? (Fig. 3 4 and B) rather than the arterial concentration
relative to alveoli, and hence was a feature independent of the
decreased alveolar concentration.

In control animals maintained in RA an expected 10% of
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Fig. 3. Arterial concentration. RA control rats showed an increase in the concentration of arteries both in no./mm? (4) and relative to alveoli
(B) between 2 to 4 wk and between 6 to 8 wk of the experiment (see Table 2 for p values). In 0.8F10, rats, neither of these bursts of arterial
proliferation were evident. In 0.8F10, + RA rats, the first burst was delayed, the second had not occurred by the end of the experiment.

alveolar duct arteries were muscularized (11) (Fig. 54). Hyper-
oxia induced significant extension of muscle into peripheral
arteries by 2 wk of exposure (p < 0.05) (Fig. 54), which was
more severe at 4 wk (p < 0.001) (Table 2). There was some
“adaptation” by 6 wk, i.e. a decrease in the severity of this feature
(p < 0.01), but progressive extension occurred between 6 and 8
wk (p < 0.001) and 92% of alveolar duct arteries became
muscularized.

In rats returned to RA after 2 wk of hyperoxia extension of
muscle was progressively severe over the next 4 wk (2-4 wk, p <
0.001, 4-6 wk, p < 0.01) (Table 2) but did not change between
6 and 8 wk (Table 2). Only 66% of alveolar duct arteries were
muscularized at 8 wk (Fig. 54). This was less than in continu-
ously exposed rats (Table 3, p < 0.05).

Control rats maintained in RA had the same medial wall
thickness (Fig. 5B) of normally muscular arteries over the dura-
tion of the experiment: % medial wall thickness = 5-7%. Hy-
peroxia induced significant medial hypertrophy by 4 wk of
exposure (p < 0.001, Fig. 5B) which then became progressively
severe between 6 and 8 wk (p < 0.05, Table 2). Three times
normal medial wall thickness was apparent (p < 0.001, Fig. 5B).
This is shown in photomicrographs (Fig. 6 4-C). In rats returned
to RA after hyperoxia, three times normal medial wall thickness
was observed in the first 2 wk (p < 0.001, Fig. 58) but did not
progress and at the end of the experiment was only twice normal
medial wall thickness (p < 0.01, Fig. 5B).

In control rats maintained in RA, the axial artery grew in
diameter over the first 6 wk of the experiment (p < 0.05-0.001,
Table 2). Hyperoxia caused a decrease in growth of the axial

artery by 26% apparent only by 8 wk of exposure (p < 0.05, Fig.
5C). Return to RA after 2 wk of hyperoxia was associated with
pnormal axial artery growth.

DISCUSSION

Summary of results. Only rats continuously exposed to hyper-
oxia for 8 wk exhibited failure to thrive and right ventricular
hypertrophy. This was associated with the same degree of de-
creased parenchymal (alveolar) lung growth as rats returned to
RA after 2 wk of hyperoxic exposure, but with more severe
pulmonary vascular abnormalities. There was further reduction
in arterial concentration, more severe muscularization of arteries,
and impaired arterial growth occurred.

Lung growth in young rats. That alveoli and arteries grow in
bursts during the first month of life in the rat has been previously
shown by Meyrick and Reid (16). An additional increase in lung
volume and in alveolar number was seen between 4-6 wk. This
was not documented in previous studies since the rats were not
followed over as long an interval . Meyrick and Reid (17) also
showed that hypoxia interferes with the bursts of arterial prolif-
eration. We documented a similar effect of hyperoxia. We ob-
served, as did Roberts et al. (8), that there is incomplete recovery
of hyperoxia-induced arterial loss with return to RA; this was
apparent even when we followed the rats through their entire
period of lung development.

Mechanism of hyperoxic damage to lung parenchyma and
pulmonary vasculature. Hyperoxia is thought to cause pathologic
changes in the lung since the capacity of the enzymes (e.g.
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Fig. 4. Arteriograms at 4 wk. In A the arteriogram of a 4-wk RA rat
shows the dense background haze of peripheral vessels filled with barium.
In B there is a paucity of background haze in the arteriogram of a 4-wk
0.8F10; rat.

superoxide dismutase) to reduce cytotoxic superoxide anions is
exceeded. Interaction of the free radicals with the protein and
lipid components of the endothelial cells is believed to participate
in ultrastructural damage to cytoplasmic and organelle mem-
branes manifest by vacuolization and increased lysosomal activ-
ity (18-21).

In the mature lung the toxic effects of hyperoxia on pulmonary
vascular endothelium decrease the number and size of capillaries
and small precapillary arteries. Perhaps this also affects muscu-
larization of normally nonmuscular peripheral arteries and me-
dial hypertrophy of muscular arteries but this is yet to be shown.
In the developing lung, the toxic effects of hyperoxia on endo-
thelium may also be expected to lead to impaired arterial growth.

High oxygen is also cytotoxic to epithelial cells causing an
increase in free ribosomes, dilatation of the endoplasmic reticu-

WILSON ET AL.

Table 3. Morphologic differences between 0.8F10, and 0.8Fio, +
RA at 8 wk, p values given

A. Growth <0.001
B.RV/LV + S <0.01
C. Lung volume <0.05
D. Alveoli/mm? —*
E. Total alveolar no. -

F. Arteries/mm? <0.001
G. Arteries/ 100 alveoli <0.001
H. Extension of muscle <0.05
1. Medial hypertrophy

J. Lumen diameter <0.05

* p = 0.05.

lum, and mitochondrial changes in type II epithelial cells in
neonates (21) and in mature animals (22, 23). In the mature
lung, these features, associated with initial hypertrophy and
hyperplasia of the type II cells, and with later degeneration,
desquamation, and fibrosis, result in a decrease in alveolar sur-
face area. In the developing lung the toxic effects on epithelium
may also inhibit alveolar growth (7).

It is tempting to speculate that in addition to the purely toxic
effects of hyperoxia, some of the abnormalities observed in the
developing lung may be the result of initial physiologic adapta-
tions. Enhanced availability of O, may inhibit alveolar and
arterial proliferation. Animals returned to RA have impaired
alveolar development presumably because the stimulus for their
proliferation has been lost during the initial hyperoxic exposure.
We speculate that continued muscularization of arteries occurs,
conceivably, because now the room air environment is sensed as
“relatively hypoxic,” as implied by Roberts et al. (8) in their
study. We also speculate that because the toxic effect of high
oxygen on vascular endothelium is removed, the degree of ab-
normal extension of muscle and of medial hypertrophy is less
than in continuously exposed animals.

Effect of increasing duration of hyperoxia on lung and vascular
growth. In our study failure to thrive only occurred with increas-
ing duration of hyperoxia. While it may have reflected a gener-
alized organ response, it was indeed associated with the devel-
opment of right ventricular hypertrophy and progressively severe
vascular changes, e.g. “extension” of muscle into peripheral
arteries, medial hypertrophy of muscular arteries, and reduced
arterial concentration and size. There was no accompanying
evidence of right heart failure, i.e. ascites or edema.

The fact that the extension of muscle and medial hypertrophy
was severe at 4 wk, reduced at 6 wk, and then became severe
again at 8 wk suggests that the developing lung exposed to
hyperoxia may show some initial adaptation. However, further
endothelial injury may lead to progressive vascular changes. The
decreased lumen diameter of the axial artery by 8 wk suggests
that with prolonged exposure the macrocirculation will also be
affected.

Effect of return to normoxia. Although the hyperoxic insult is
removed after 2 wk, further adverse effects become apparent on
return to room air, i.e. inhibition of lung growth and increased
muscularization of arteries. These changes were, however, not of
a severity to be manifest as failure to thrive or RV hypertrophy.
When lung volumes were analyzed along with alveolar concen-
tration, there is evidence of a smaller lung with fewer alveoli,
suggesting a different adaptive response than in the continuously
hyperoxia exposed rats. We cannot explain why rats returned to
RA did not have a less severe decrease in alveolar number than
rats continuously exposed to hyperoxia, since the latter animals
would be expected to show further evidence of toxic damage to
alveoli. We can only speculate that in the developing lung there
is adaptation to or inhibition of alveolar damage resulting from
continued exposure to hyperoxia. This is supported by findings
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Fig. 5. A, extension of muscle. In RA rats, a small percentage of alveolar duct arteries were muscularized: 0.8F10, rats had abnormal extension
of muscle into peripheral vessels by 2 wk exposure (* p < 0.05), which increased further at 4 wk (p < 0.001, Table 2) and showed only transient
decrease at 6 wk (p < 0.01, Table 2). In 0.8F10, + RA rats, extension of muscle was progressively severe for the first 4 wk in RA following exposure
(p <0.001, Table 2), then showed a trend toward a decrease. B, medial hypertrophy. RA control rats maintained the same medial wall thickness
(percentage wall thickness) of normally muscular arteries (100-200 um range) over the duration of the experiment: 0.8FI0, rats had significant
medial hypertrophy by 4 wk of exposure relative to controls (p < 0.001), which regressed minimally at 6 wk and then became more severe (p <
0.05, Table 2). In 0.8F10, + RA rats, severe medial hypertrophy occurred after 2 wk return to RA which showed evidence of regression over the
next 2 wk (p < 0.05, Table 2) but did not change thereafter. C, axial artery lumen diameter 50% from hilum. In RA control and 0.8F10, + RA rats,
the axial artery grew in diameter during the first 6 wk of the experiment. In 0.8F10, rats, there was a decrease in the lumen diameter of the axial

artery apparent after 8 wk of exposure (p < 0.05).

of Frank (2) in young rats which show induction of antioxidant
enzymes with increasing duration of hyperoxic exposure.
Unlike the alveoli which remain compromised in their ability
to proliferate normally, pulmonary arteries return to normal
concentration in young rats returned to RA. This may reflect
the ability of the developing lung to adapt to impaired ventilation
by establishing more favorable perfusion. While posthyperoxic
angiogenesis has been documented by Roberts et al. (8) in

neonatally exposed rats, catch-up arterial growth has also been

described following takedown of a surgically created systemic to
pulmonary artery shunt in a young animal (24, 25).

While the arteries “recovered” in number during return to RA,
medial hypertrophy and extension of muscle into peripheral
arteries showed an initial tendency to be more severe than in rats
continuously exposed to hyperoxia. Later, these features re-
gressed but did not return to normal. The increased muscularity
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Fig. 6. 4, photomicrographs of barium injected lung tissue showing
numerous nonmuscular alveolar duct arteries (arrow) and numerous
alveoli from control room air rat at the end of the experimental period
(8 wk). B, 0.8F10; rat after 8 wk; there are few alveolar duct and wall
(AW) arteries that are abnormally muscularized and fewer alveoli then
in control. C, 0.8F10, + RA rat after 8 wk. Arteries are more numerous
than in 0.8F10, rat but still show abnormal muscularity. There are fewer
alveoli compared with the control lung. Magnification X640; elastic Van
Gieson stain for each.
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may therefore be the result of the animals reacting to RA as
relative hypoxia by pulmonary vasoconstriction. Our previous
studies of rats exposed to hypobaric hypoxia suggest that abnor-
mal muscularization of pulmonary arteries is associated with a
change in hemodynamics (26-28).

ET AL

In rats returned to RA, it seems that neither the vascular
changes nor the impaired lung growth were of sufficient severity
to be manifest overtly in failure to thrive or right ventricular
hypertrophy. These rats had “hidden” lung damage which may
have been associated with a decreased compliance (7) and may
have become apparent with stress or further compromise, e.g.
infection.

Clinical implications. On the basis of these studies, we suggest
that perhaps in infants with bronchopulmonary dysplasia, the
pulmonary vascular changes resulting in cor pulmonale, may in
part be due to exposure to high oxygen. Perhaps, relatively short
hyperoxic exposures can result in permanent alveolar damage
and vascular changes which may not be manifest in overt symp-
tomatology such as failure to thrive or RV hypertrophy but
which may be associated with abnormal lung compliance as
shown by Bryan et al. (29) or with heightened pulmonary vas-
cular reactivity. Perhaps infants treated with oxygen therapy may
be at greater risk if they develop infection, have a congenital
heart defect associated with a left to right shunt, or live at high
altitude. Perhaps later they will have limitations with exercise.

As a first step, it will be important in future experimental
studies to determine whether rats returned to RA have abnormal
pulmonary function at rest or with exercise or have heightened
pulmonary vascular reactivity. On the basis of results of these
studies, we may have more cause to pursue assessment of these
parameters in patients who have been exposed to high oxygen
during the period of lung development.
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