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Alterations to the bronchial and bronchiolar surfaces
of adult mice after exposure to high concentrations
of oxygen
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ABSTRACT We have studied the effects of inhalation of 95 to 100% oxygen on the surface
morphology of the bronchi and bronchioles of adult mice, using scanning electron microscopy.
Denudation of cilia and truncation of the remaining cilia were commonly observed during

high oxygen exposure. Bleb formation, a "moth-eaten" appearance of the non-ciliated cell
surface and desquamation of unidentified cells were present in the bronchus after 96 hours of
oxygen exposure. Deformation of non-ciliated cells, denudation of cilia, and flattening of the
luminal surface were also seen in the bronchiole.
For studying the recovery process from acute oxygen damage, we returned mice to room air

after four days of high oxygen inhalation and killed them four, seven and 15 days after. There
were more variable and complex changes of surface morphology in individual mice during the
recovery phase. We observed flattening of the epithelial surface in the bronchiole and bronchus,
and noticed that deformation of non-ciliated cells were seen even after 15 days.
High oxygen inhalation causes severe morphological changes in the bronchial and bronchiolar

mucosa, and those morphological lesions remain for at least two weeks after cessation of oxygen
inhalation.

There are many reports on the reactions of the
lung after high oxygen exposure in various experi-
mental animals (Kistler et al, 1967; Kaplan et al,
1969; Adamson et al, 1970; Norman et al, 1971),
and some attention has recently been paid to
changes in the bronchial and bronchiolar mucosa
after high oxygen exposure.

Several reports (Northway et al, 1967, 1969;
Harrison et al, 1970; Ludwin et al, 1974) have sug-
gested that high oxygen exposure may cause
severe bronchial and bronchiolar damage in ex-
perimental animals and also in hyaline membrane
disease of the neonate, which may lead to
bronchopulmonary dysplasia.

In the present investigation we studied the
bronchial and bronchiolar surface morphology of
adult mice using scanning electron microscopy
after four days of high oxygen exposure.

Methods

Eighty DDY albino male mice, weighing 20-30 g,
were allocated at random into three groups (1, 2,

and 3). In group 1 ten mice breathing room air
were kept in the atmospheric chamber for seven
days and killed for histological preparation.

In group 2 30 mice were exposed to humidified
95-100% oxygen in the atmospheric chamber for
four days. Only those mice surviving the scheduled
exposure for 48 hours and 96 hours were used for
histological preparation.

In group 3 40 mice were exposed to humidified
95-100% oxygen in the atmospheric chamber for
four days. Oxygen concentration was then
gradually lowered over half a day before the sur-
vivors were exposed to room air. The mortality
rate increased considerably after the return to
room air, all deaths of the exposed mice taking
place within three days of return. The mortality
rate was 35% in group 3. On days four, seven, and
15 after returning to room air, mice were killed for
histological preparation.

All mice were kept continuously exposed to
either oxygen or room air in an acrylic chamber.
The carbon dioxide produced by the animals was
washed out by the flow of gas or was eliminated
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by an absorber (soda lime) attached to the bottom
of the chamber. The concentration of oxygen and
co2 were monitored frequently with a Beckman
02 analyser and an infrared co2 analyser. The
co2 concentration was less than 0 5%. Room tem-
perature was maintained between 220C and 240C.
The relative humidity was over 80%. The mice
were fed and were given water ad libitum.
The animals were deeply anaesthetised by an

intraperitoneal injection of pentobarbital sodium.
After opening the chest, the collapsed lungs were
fixed by distension at a pressure of 10 cmH2O
(0-98 kPa) with 2 5% buffered glutaraldehyde
through a tracheal cannula. After ligation of the
trachea, the heart and lungs were removed en bloc
from the chest and were submerged in the same
fixative for half an hour. Minute pieces of lung
were fixed overnight in buffered 2-5% glutaralde-
hyde and postfixed for an hour in buffered 1%
OSO4. Blocks of lungs were dehydrated with graded
ethanol and cleared of carbon dioxide using the
critical point method (Hitachi-HCP-I). The dried
samples were mounted on aluminium stabs and
coated with carbon and gold, using an Akashi
vacuum rotary evaporator. Samples were examined
under a Hitachi-SSM-II scanning electron micro-
scope at 20 kv. Blocks of lungs were also stained
with haematoxylin and eosin for light microscopy.

Results

Control Lung-Two distinctive cell types, ciliated
and non-ciliated, were observed on the mucosal
surface of bronchi. In the main bronchi ciliated
cells were covered with many short microvilli
which intermingled with a long complex of cilia
leaning slightly in a certain direction. Non-ciliated
cells were not protruded as compared to the neigh-
bouring ciliated cells and were covered with tiny
microvilli (figs 1 and 2). Non-ciliated cells in the
segmental bronchi, which had ragged surfaces
with sulci and pits, were variable in height and
interspersed among the ciliated cells. All the non-
ciliated cells were protruded further into the lumen
than the plasmalemma of neighbouring ciliated
cells (fig 3). The bronchiolar surface, at lower
magnification, appeared pebbly (fig 4). The
epithelium of the bronchiole was composed of
ciliated cells and non-ciliated cells (Clara cells).
Non-ciliated cells were protruded into the lumen
and became more numerous as the diameter of the
airway decreased. Non-ciliated cells predominated
over most of the surface, and ciliated cells were
interspersed among non-ciliated cells. The surfaces
of the non-ciliated cells were relatively smooth,
with small and sparse microvilli. Cilia in the

Fig 1 Main bronchus of control mouse. Ciliated
cells with array of long cilia and non-ciliated cells
which are not protruded compared to neighbouring
ciliated cells and which are covered with tiny
microvilli on surface (X2000).

Fig 2 Main bronchus of control mouse. Ciliated
cells covered with a long complex of cilia leaning
slightly in a certain direction. Many tiny microvilli
are interspersed at the base of the long cilia
(XSOOO).

bronchiole were relatively sparse in number and
shorter in height than those in the bronchi. The
terminal bronchiole merged with the alveolar
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Fig 3 Segmental bronchus of control mouse.
Non-ciliated cells varying in height and size are
interspersed among ciliated cells. Non-ciliated cells
usually protrude further into lumen than cilia
(X2000).

Fig 5 Terminal bronchiole merges abruptly into
alveolar duct and small alveolar pores are visible
(X 1000).

Fig 6 Segmental bronchus after 48 hours of oxygen
exposure. Denudation of cilia (arrows). Remaining
cilia are truncated (X2000).

Fig 4 Terminal bronchiole, alveolar ducts, and
alveoli can be seen. Surface of terminal bronchiole
appears pebbly (X500).

ducts. Little respiratory bronchiole was evident.
Small alveolar pores were seen (fig 5).

After 48 hours of oxygen exposure-The surface
structure of bronchi and bronchioles became more

even in appearance. Denudation of cilia was the
most specific change in this stage, but many short
microvilli, which intermingled with long cilia,
remained. The remaining cilia were truncated
(fig 6).

After 96 hours of oxygen exposure-These
changes became more definite after 96 hours of
oxygen exposure. The segmental bronchi became
more even in appearance, with denudation and
shortening of cilia, and also much unidentified cell
debris was seen on the surface (fig 7). The non-
ciliated cells appeared short and deformed, and
oedema of the cytoplasm of the neighbouring
ciliated cells was seen by light microscopy. Many
blebs with pedicles, which were usually seen in the
ciliated cells with truncated and short cilia, were
present in the other segmental bronchi and these
blebs were seen even in the peripheral bronchi.
The surface of the apical portions of the non-
ciliated cells, in which the cytoplasm showed
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Fig 7 Segmental bronchus after 95 hours of oxygen
exposure. Surface becomes more even in appearance.
Many unidentified cells are scattered on surface
(X3000).

oedema and swelling by light microscopy, became
flat and "moth-eaten" in appearance (fig 8). These
protrusions with a moth-eaten appearance were
also seen on the bronchiolar surface, where only

Fig 8 Another segmental bronchus after 96 hours
of oxygen exposure. Many blebs with pedicles are
seen (arrows). Apices of non-ciliated cells have
become flat and show moth-eaten appearance (lower
arrows) (X2000).
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a few cilia remained. Light microscopy showed
the deformation of non-ciliated cells protruding
into the bronchial and bronchiolar lumen to be a
degenerative process.
On the fourth and seventh days after return to

room air-The remnants of ruptured bleb mem-
branes, which filled the intercellular spaces, were
observed in the segmental bronchi. The surface
of the apical portions of non-ciliated cells had
become flattened and more ragged than the
controls. The intercellular spaces were very
narrow and most cilia had been lost (fig 9). The
bronchiolar surfaces were also flattened and inter-
cellular spaces were obscure. The white-capped
surfaces of the non-ciliated cells were striking in
appearance, probably representing the regenerat-
ing process (fig 10). By light microscopy, the
mucosal layer with distorted nuclei showed the
characteristic moth-eaten appearance, and there
were also migrations of pyknotic nuclei towardcthe
bronchial and bronchiolar lumen. These degenera-
tive, necrotic, and, in parts, regenerative changes
in the bronchial and bronchiolar mucosal cells
were intermingled in the same lung preparation at
this stage.
On the 15th day after exposure to room air-

The non-ciliated cells became more numerous
than in the controls. Rounding of the apical
portions of the non-ciliated cells with a relatively
smooth surface and a uniform height was seen

Fig 9 Four days after return to room air. Remnants
of ruptured bleb membranes fill intercellular spaces
in a segmental bronchus (arrows). Surfaces of
apical portions of non-ciliated cells have become
flat and more ragged. Intercellular spaces are very
narrow (X2000).
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Fig 10 Seven days after return to room air.
Bronchiolar surfaces are flattened and intercellular
spaces are obscure in most areas. White-capped
surfaces of non-ciliated cells are striking (X2000).

in the segmental bronchi. Only a few cilia, though
without a filamentaneous appearance and shorter
than in the controls, were found occasionally
among the non-ciliated cells (fig 1 1). By light
microscopy, there was scattered hyperplasia of
epithelial cells in some segmental bronchi.
Cuboidal cells with flattened and ragged surfaces,
which differed from the control non-ciliated cells,
were seen on the bronchiolar surfaces. Only a

few cilia were seen (fig 12). These cells were seen

to be regenerating cells with hyperchromatic,
large nuclei on light microscopy.

Fig 11 Fifteen days after exposure to room air. In
segmental bronchus many non-ciliated cells show
rounding of apical portions. Only a few cilia are

scattered among non-ciliated cells (X2000).

Fig 12 Fifteen days after exposure to room air.
Cuboidal cells with flattened and ragged surfaces are
seen in bronchiolar lumen (X5000).

Discussion

The acute and reparative changes after exposure
to high concentrations of oxygen have been in-
vestigated in many different experimental animals
(Kistler et al, 1967; Kaplan et al, 1969; Adamson
et al, 1970; Norman et al, 1971). Toxic effects of
high concentrations of oxygen on the airway
epithelium, especially the bronchi and bronchioles,
have recently attracted much attention and several
reports suggest that exposure to high concentra-
tions of oxygen may cause severe bronchial and
bronchiolar damage in experimental animals
(Harrison et al, 1970; Ludwin et al, 1974). Post-
mortem studies of bronchial and bronchiolar
epithelium have shown lesions that are closely
related to the toxic effects of oxygen inhalation
(Northway et al, 1967, 1969; Anderson and Strick-
land, *1971; Banerjee et al, 1972). We have carried
out this study to examine the pathogenesis of
pulmonary oxygen toxicity, commonly known as
bronchopulmonary dysplasia, by means of surface
morphology.

Pathological findings after exposure of the lung
to high concentrations of oxygen are classified
into exudative and proliferative phases (Nash et
al, 1967). Such phases are also found on the
epithelium of the oxygen-treated newborn infant
(Tsai et al, 1972).
The early light microscopic lesions that appear

in the bronchioles after 48 hours of oxygen in-
halation are a ragged appearance of the mucosal
layer, migration of the nucleus towards the lumen,
and swelling of the cytoplasm (Harrison et al,
1970). Degeneration and necrosis of the mucosal
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cells then begin. The early changes that can be
detected by transmission electron microscopy
(Ludwin et al, 1974) are oedema of the epithelium,
membranous bleb formation on the luminal sur-
faces, and loss of cilia after 72 hours of oxygen
exposure. According to the studies on cultured
human neonatal respiratory epithelium (Boat et al,
1973), cessation of ciliary movement and mucous
clearance were related to squamous metaplasia or
to degeneration and sloughing of epithelial cells,
which occurred after 48-96 hours of exposure to
80% oxygen.

In our present investigation the lesions seen
after 48 hours of exposure ,were denudation of
cilia, a truncated shape of the remaining cilia, and
flattening of the epithelial luminal surfaces. Bleb
formation, moth-eaten appearance of the epithelial
surfaces, loss of cilia in the bronchioles, and
epithelial cell desquamation in the bronchi were
also present after 96 hours of oxygen exposure.
Reactions of the lung after exposure to high
concentration of oxygen have been reported to
vary with species and age (Kaplan et al, 1969;
Norman et al, 1971; Goda, 1975), however, our
results are in accord with other reported findings
(Harrison et al, 1970; Ludwin et al, 1974) and it
is suggested that bleb formation and moth-eaten
appearance are the degenerative and necrotic
processes of the epithelium.

Functioning cilia play an important part in the
removal of various inhaled substances from the
airway epithelial surface (Kilburn, 1968). Inhala-
tion of high concentrations of oxygen suppresses
mucociliary function (Sackner et al, 1976) even
when pathological findings are not yet evident
and administration of 100% oxygen is reported
to produce a 45% decrease in tracheal mucous
velocity in two hours. We would assume that the
cilia cannot perform their sweeping action satis-
factorily when ciliary damage has occurred.

Bronchiolar morphology differs between ex-
perimental animals (Hansell and Moretti, 1969;
Castleman et al, 1975; Mariassy et al, 1975), and
the protruding non-ciliated cells seen on
bronchiolar surfaces are commonly termed Clara
cells (Azzopardi and Thurlbeck, 1969; Cutz and
Conen, 1971; Etherton et al, 1973; Kuhn et al,
1974; Petrik and Collett, 1974; Smith et al, 1974).
Whether there is analogy between the mouse and
human bronchiole or not is a problem. However,
the protruded appearance of bronchiolar non-
ciliated cells, which are similar to the Clara cells
of rodents, has been described in premature in-
fants (Rosan and Lauweryns, 1972) and human
adults (Ebert and Terracio, 1975). The role of
Clara cells in the human and mammalian lung

remains obscure, but several reports suggest that
Clara cells could be the source of pulmonary
surfactant (Niden, 1967) or, on the other hand,
the sources of the basal layer of the alveolar
lining (Cutz and Conen, 1971; Petrik and Collet,
1974). Recent studies, however, suggest that the
secretion of Clara cells, possibly by an apocrine
mechanism, provides a surface-active material to
ensure their stability during pressure changes in
the respiratory cycle (Maklem et al, 1969-70). It
is thought that the atelectasis of the lung seen
after exposure to high concentrations of oxygen
is produced by bronchiolar collapse and mucous
retention due to mucociliary dysfunction.
According to our earlier investigations (Goda,

1975), after mice have been returned to room air
after exposure to high concentrations of oxygen,
lung surface tension activity recovers to normal in
three days, but microscopic lesions of the lung do
not recover in 15 days because of lung fibrosis
and capillary congestion. Our present study sug-
gests that normal surface morphology does not
recover in the bronchi and bronchioles in 15 days.
But after the return to room air, the mice became
cyanotic in our present experiments and the
mortality rate increased considerably within three
days. Therefore it is assumed that airway lesions
of the early recovery phase were caused not only
by the high concentration of oxygen, but also by
hypoxia after the return to room air. From our
present studies, we do not know how long it takes
damaged airway epithelium to recover and further
investigations will be needed to clarify this.
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