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Response of Rat Tracheal Epithelium to Ozone and Oxygen Exposure in Vitro. NIKULA,
K. J., AND WILSON, D. W. (1990). Fundam. Appl. Toxicol. 15, 121-131. Although ozone-in-
duced epithelial injury in vivo has been morphologically characterized, effects of gaseous oxi-
dants on respiratory epithelium in organ culture, where tissue organization is maintained but
systemic influences are eliminated, have not been thoroughly investigated. In this study, we
exposed tracheal organ cultures from rats to 95% oxygen and 1 ppm ozone, alone and in combi-
nation, to determine ( 1) whether epithelial responses to ozone similar to those observed in vivo
occur in airways separated from systemic physiologic, secretory, and inflammatory reactions;
(2) whether concentrations of oxygen sufficient to potentially cause oxidant injury result in
morphologic epithelial alterations similar to those that occur in ozone toxicity; and (3) if the
combined oxidant insult of oxygen and ozone results in more severe damage to the tracheal
epithelium than occurs with ozone in air. Tracheal organ cultures were exposed to filtered air
and 5% carbon dioxide; filtered air, 5% carbon dioxide, and 1 ppm ozone; 95% oxygen and 5%
carbon dioxide; or 95% oxygen, 5% carbon dioxide, and | ppm ozone for 96 hr. Light- and
quantitative electron-microscopic evaluation showed that epithelia exposed to 1 ppm ozone in
air exhibited loss of ciliated cells and ciliated cell damage. The epithelia exposed to 95% oxygen
and 5% carbon dioxide were pseudostratified, columnar, ciliated, and hyperplastic. Epithelia
exposed t0 95% oxygen plus 1 ppm ozone were stratified and nonciliated or very sparsely ciliated.
The predominant cell types in epithelia exposed to oxygen plus ozone were serous cells and
metaplastic cells, and focal aggregates of adherent necrotic cells were present. We conclude that
there was a synergism between oxygen and ozone exposure leading to enhanced epithelial injury

and metaplasia. © 1990 Society of Toxicology.

INTRODUCTION

The epithelium lining the trachea, bronchi-
oles, and alveoli is potentially exposed to and
injured by oxidant gases. Two common oxi-
dant exposures are ozone, the major oxidant
in photochemical smog, and oxygen, used
therapeutically. Morphologic responses of
the extrapulmonary respiratory epithelium to
ozone exposure in vivo include ciliary dam-
age, necrosis, and loss of ciliated cells, pres-
ence of intermediate cells, hyperplasia, and

shifts in cell population densities (Nikula et
al., 1988; Wilson et al., 1984; Harkema et al.,
1987). Inflammation accompanies these le-
sions (Harkema et al, 1987). The location
and intensity of these responses depend on
the ozone concentration, animal species, du-
ration of exposure, and time postexposure.
Morphologic responses of extrapulmonary
airways to oxygen exposure in vivo have been
less well documented. Alterations noted in
rat tracheal epithelium after acute exposures
to 100% oxygen have included ciliogenesis
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(Heino and Laitinen, 1982) and presence of
compound cilia and swelling of nonciliated
cells (Philpott et al. 1977). Acute tracheitis
has been reported as a consequence of hyper-
oxia in dogs (Sackner et al., 1976) and hu-
mans (Sackner et al., 1975).

Despite a number of organ culture studies,
in vitro exposures of respiratory epithelium to
gaseous oxidants have rarely been reported.
The effects on human neonatal tracheal epi-
thelium of atmospheres containing 20 or 80%
oxygen have been compared (Boat ef al,
1973: Boat, 1979). Ozone-induced changes in
the rate of glycoprotein secretion into the cul-
ture medium have been studied using in vivo
exposures and subsequent culture of the pre-
exposed tracheas (Last ef al., 1977). Sim-
ilarly, in vivo exposures followed by culture
of the preexposed tracheas have been used to
examine the effects of ozone and sulfuric acid
on ciliary beat frequency (Grose ez al., 1980).
When evaluating organ culture exposure sys-
tems, it must be remembered that solution of
oxidant gases in the overlying medium does
not resemble exposure conditions in vivo and
is not suitable for studying the effects of
poorly soluble oxidant gases (Rasmussen,
1984). The toxic species causing cell injury
may be different depending on whether the
reactive compounds diffuse through a thin
layer or a relatively thick layer of medium be-
fore reaching the cells (Morgan and Wenzel,
1985). We have characterized the effects of
ozone exposure on tracheal epithelium in
vivo (Wilson et al., 1984; Nikula er al., 1988).
In the present study, we have exposed tra-
cheal organ cultures from rats to 95% oxygen
and | ppm ozone, alone and in combination,
to determine (1) whether epithelial responses
to ozone similar to those observed in vivo oc-
cur in airways separated from systemic physi-
ologic, secretory, and inflammatory reac-
tions; (2) whether concentrations of oxygen
sufficient to potentially cause oxidant injury
result in morphologic epithelial alterations
similar to those that occur in ozone toxicity;
and (3) if the combined oxidant insult of oxy-
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gen and ozone result in more severe damage
to the tracheal epithelium than that which oc-
curs with ozone in air.

MATERIALS AND METHODS

Animals. Twenty disease-free male Sprague-Dawley
rats weighing 250-270 g were purchased from Bantin and
Kingman (Fremont, CA), and maintained on Purina ro-
dent laboratory chow No. 5001 and water ad libitum.
They were serologically determined to be free of antibod-
ies to pneumonia virus of mice, reovirus 3, Theiler’s vi-
rus, Sendai virus, Kilham rat virus, H-I virus, rat corona
virus/sialodacryoadenitits virus, and Mycoplasma pul-
monis (Micrabiological Associates, Bethesda, MD).

Organ culture exposures. The rats were euthanized by
sodium pentobarbital (250 mg/kg intraperitoneally) in-
jection and their entire tracheas were removed. The tra-
cheas were cut longitudinally through the cartilaginous
portion and placed epithelial side up on a stainless-steel
grid in individual 10-ml glass vials containing 2 ml of
culture medium (Dulbecco’s minimal Eagle (GIBCO,
Grand Island, NY) supplemented with L-glutamine (2
mM), gentamicin (20 pg/ml), and amphotericin B (2.5
ug/ml). No serum was added to the medium. The vials
were placed in 320-ml exposure vessels {five vials per ves-
sel} mounted on a rocking platform in a culture system
where, due to the rocking action (12 cycles/min), the epi-
thelial surfaces were intermittently directly exposed to
the experimental atmosphere saturated with water vapor,
and held at 37°C. Four atmospheres were used: biologi-
cally and chemically filtered air and 5% carbon dioxide
(air); filtered air, 5% carbon dioxide, and 1 ppm ozone
(air/Os); 95% oxygen and 5% carbon dioxide (95% O,);
and 95% oxygen, 5% carbon dioxide, and | ppm ozone
(95% 0,/03). The total flow rate of each atmosphere
through the exposure vessel was 3 liters/min. Total cul-
ture time was 96 hr, with removal of old medium and
addition of fresh medium every 24 hr. At the end of the
incubation period, the tracheas were placed in 2% glutar-
aldehyde fixative and 0.1 M cacodylic acid buffer (pH 7.4,
385 mOsm).

Exposure atmosphere generation and ozone monitor-
ing. Most of the components of the system which
the test atmospheres came in contact with were made
from perfluoroalkoxy fluorocarbon (Teflon PFA). A few
items were made of glass or type 316 stainless steel. The
gases (filtered air, vaporized medical grade liquid oxygen,
and dry 99.8% carbon dioxide) were introduced into the
system at a stable pressure of 0.21 kg/cm?. By adjusting
the flow rate of the air or oxygen stream to 2.85 liters/
min and mixing with 150 cc/min carbon dioxide, a 5%
by volume carbon dioxide atmosphere was maintained
in a total flow rate of 3 liters/min through the air and 95%
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O, exposure vessels. The ozone was generated by passing
vaporized medical grade liquid oxygen through a silent
arc discharge ozonizer to produce 60 ppm ozone in the
oxygen. Fifty cubic centimeters per minute of the ozone
in oxygen stream was metered into the exposure portion
of the system. Flow rates of 2.8 liters/min air or oxygen
and 150 cc/min carbon dioxide were added to produce
the air/O; or 95% 0O,/0O; atmospheres. The exhaust lines
from the air/O; and the 95% O,/0; exposure vessels were
connected to the ozone analyzer (Model 1003-AH, Da-
sibi Environmental Corp.) inlet and exhaust so that 2 li-
ters/min of the atmosphere was circulated through and
sampled by the analyzer. The analyzer was calibrated
with an absolute ozone photometer (Model 1008-PC,
Dasibi Environmental Corp.) according to the national
reference method for ozone analyzer calibration (Envi-
ronmental Protection Agency, 1980). During exposures,
concentration data from the ozone analyzer were col-
lected every 10 min with a computer-based data acquisi-
tion system that was also used to produce statistical re-
ports on the exposure conditions. The desired ozone con-
centration of | ppm was achieved with a standard
deviation of 5% of the mean. High peak excursions of
the concentration, which could influence the biological
effects more than the mean level, were avoided.

Microscopic analysis. Transverse sections of the mem-
branous portion of the tracheas were prepared for light-
and electron-microscopic ¢xamination by means of pre-
viously published methods (Nikula et al., 1988). Speci-
mens for quantitative ultrastructure were coded and
viewed randomly with a Zeiss Model EM-10 transmis-
sion electron microscope, and montages were prepared
by photographic enlargement to 4080X on 8 X 10-in.
prints. Cell counts were estimated by classifying the cell
type of the central 200 nuclear profiles in the specimen.
The numerical density (nuclei/mm) was determined by
normalizing the cell counts to the length of the corre-
sponding basement membrane measured using a Zeiss
Videoplan image analyzer.

Statistical analysis of data. The numerical density data
were processed for statistical analysis (one-way analysis
of variance and Tukey studentized range method) with
SAS software and a VAX 11/780 minicomputer. Proba-
bility used as criterion for significance was less than 0.05.

RESULTS

Fifteen morphologic categories of normal
or damaged cells were distinguished (Table
1). The undamaged ciliated, serous, basal,
brush, and migratory cells were identified by
standard criteria (Jeffery and Reid, 1975;
Plopper et al., 1983; Pearsall et al., 1984).
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Damaged ciliated cells were categorized as
damaged-cilia, degenerate, or necrotic cells,
and damaged serous cells were categorized as
degenerate or necrotic. These categories of
cells, as well as the identification of the inter-
mediate cells, unidentified cells, necrotic un-
identified cells, and sloughed cells, were
based on criteria previously described (Ni-
kula et al., 1988). The intermediate cells in
this study are similar to those observed pre-
viously in rat respiratory epithelium and ap-
pear to represent immature cells, mostly pre-
ciliated cells (Jeffrey and Reid, 1975; Breeze
and Wheeldon, 1977). The metaplastic cells
were polyhedral, their longest axis was paral-
lel to the basal lamina, and they were located
in the middle stratum of stratified epithelia.
The most prominent cytoplasmic feature of
these cells was the presence of numerous cy-
toplasmic tonofilaments. Numerous desmo-
somes attached these cells to neighboring
cells. These cells had few profiles of endoplas-
mic reticulum and lacked secretory granules.
The cytoplasmic electron density was greater
than that of typical serous or ciliated cells.
Metaplastic cells were distinguished from se-
rous cells by their lack of secretory granules,
presence of numerous tonofilaments but few
profiles of endoplasmic reticulum, stratifica-
tion, and lack of a columnar shape with ori-
entation perpendicular to the basal lamina.
The tracheal organ cultures exposed to fil-
tered air had pseudostratified, columnar, cili-
ated, epithelia (Fig. 1A). The predominant
cell types were serous cells, basal cells, and cil-
iated cells (Fig. 2A). These cells were well
differentiated and could be readily distin-
guished from one another. The epithelia from
the cultures exposed to air/O; were also
pseudostratified and columnar, but they were
nonciliated or sparsely ciliated (Fig. 1B).
Damaged-cilia cells and intermediate cells
were evident (Fig. 2B). Rarely, the basal cells
appeared mildly enlarged. The 95% O,-ex-
posed epithelia were thicker than those from
the air- or air/Os-exposed groups (Fig. 1C).
The 95% O,-exposed epithelia were predomi-
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TABLE 1

COMPARISON OF THE NUMERIC DENSITY (CELLS/mm) OF TRACHEAL EPITHELIAL CELLS IN ORGAN CULTURES
EXPOSED TO VARIOUS EXPERIMENTAL ATMOSPHERES

Exposure regimen

Filtered air plus

95% oxygen,

95% oxygen, 5% carbon dioxide

Category of cell Filtered air | ppm ozone 5% carbon dioxide plus | ppm ozone
Total cells 224.50 = 15.73¢ 228.03+ 9.17 305.53 + 18.71° 289.68 + 22.01
Total ciliated cells 21.16 £ 691 945+ 4.14 20.11 = 2.50 3.68+ 221

Undamaged 2074+ 6.97 573+ 245 20.11+ 2.50 2,89+ 1.82°¢
Damaged-cilia 042+ 025 3.06 £+ 2.07 0.00+ 0.00 044+ 0.44
Degenerate 0.00+ 0.00 0.67+ 0.28 0.00+ 0.00 035+ 035
Necrotic 0.00 + 0.00 0.00+ 0.00 0.00+ 0.00 0.00 = 0.00
Total serous cells 138.31 +15.93 146.68 + 12.64 222.04 + 15.084 16091 + 8.61
Undamaged 137.46 + 16.12 143.84 + 12.30 221.09 + 14.85¢ 152.87+ 6.68
Degenerate 0.86 + 0.60 224+ 0.78 0.37+ 0.37 591+ [.224
Necrotic 0.00 + 0.00 0.61 + 0.61 0.57+ 0.57 2,13+ 1.86
Basal cells 5235+ 6.47 4253+ 4.10 3340+ 3.21 27.15+ 691°
Intermediate cells 0.00 £ 0.00 8.55+ 3.06 11.38 £ 4.25¢ 0.72 + 0.46
Metaplastic cells 0.50+ 0.50 337+ 1.74 3.80+ 1.54 73.11 + 12,934
Brush cells 0.63+ 042 042+ 0.26 0.66 + 041 1.34+ 0.82
Total migratory cells 8.54+ 3.86 11.07+ 3.50 579+ 3.03 12.14 = 492
Unidentified cells 2.38+ 0.70 390+ 143 383+ 0.62 416+ 1.09
Necrotic (unidentified) 041+ 0.4t 1.62+ 0.81 1.51+ 093 358+ 091
Sloughed cells 0.20+ 0.20 042+ 0.26 0.00+ 0.00 4.18+ 1.454

4 Each value represents the mean = | standard error. n = 5 tracheas per group.
?95% oxygen, 5% carbon dioxide exposure different from filtered air and filtered air plus ozone exposures, p < 0.05.
“95% oxygen, 5% carbon dioxide plus 1 ppm ozone exposure different from filtered air and 95% oxygen, 5% carbon

dioxide exposure, p < 0.05.

4 Different from other three exposure groups, p < 0.05.

¢ Different from filtered air exposure, p < 0.05.

nantly ciliated, pseudostratified, and colum-
nar, but there were focal areas of apparent
stratification. The predominant cell types
were serous cells, basal cells, and ciliated cells
(Fig. 2C). Intermediate cells were present in
each of these epithelia. The basal cells were
enlarged, cuboidal, and had large nuclel.

These nuclei had a stippled chromatin pat-
tern and prominent nucleoli. Mitotic figures
were evident in two of these epithelia. The ep-
ithelia from the cultures exposed to 95% O,/
O were thicker than those exposed to air or
air/O; and appeared stratified (Fig. 1D).
Large cuboidal basal cells and the basilar por-

Fi1G. 1. Representative light micrographs of cultured tracheal epithelia exposed to air, air plus | ppm O,
(atr/O;), 95% Os, or 95% O, plus 1 ppm O; (95% 0,/05). X720. (A) Air-exposed epithelium. This epithe-
lium is pseudostratified, columnar, and ciliated. (B) Air/O;-exposed epithelium. Note the sparse cilia. (C)
93% O,-exposed epithelium. This epithelium is pseudostratified, columnar, and ciliated. It is thicker than
the air- or air/Os-exposed epithelia. (D) 95% O,/O;-exposed epithelium. This thick, stratified, nonciliated

epithelium exhibits a focus of sloughed cells.
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tions of serous cells formed the deepest layer.
The next stratum was composed of one to
three layers of metaplastic cells. The most su-
perficial layer consisted of columnar or cu-
boidal serous cells and rare ciliated cells (Fig.
2D). These epithelia were nonciliated or very
sparsely ciliated. The predominant cell types
were serous cells, metaplastic cells, and basal
cells. Focal aggregates of adherent necrotic
cells (categonized as sloughed cells) were lo-
cated in areas where the superficial columnar
layer was missing and the metaplastic cells
extended to the epithelial surface. Sloughed
cells were attached to each of the 95% O,/0,
epithelia.

Quantitation of cell densities revealed sev-
eral differences among the four groups in the
response of the tracheal epithelium to the var-
ious experimental atmospheres (Table 1).
The 95% O,-exposed group exhibited a sig-
nificant increase in the total cell density and
a concomitant increase in total serous cell
density compared to the air- and air/O;-ex-
posed groups. The intermediate cell density
was also significantly increased in the 95%
O,-exposed group compared to the air-ex-
posed group. The total cell density increased
in the 95% O,/0; group compared to the air
and air/O; groups, but this difference had not
quite reached the statistical significance level.
The undamaged ciliated cell population was
significantly decreased in the 95% O,/Os-ex-
posed group compared to the two groups that
had not been exposed to ozone. The densities
of degenerate serous cells and, sloughed cells
were significantly increased in the 95% O,/
Os-exposed group compared to the other
three groups. The basal cell population was
significantly smaller than that of the filtered
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air group, while the metaplastic cell popula-
tion was significantly larger in the 95% O,/
Os-exposed group compared to the other
three groups. In the air/Os-exposed group,
the total ciliated cell population decreased
compared to the two groups not exposed to
ozone, and a third of the ciliated cell popula-
tion exhibited damaged cilia, but the density
changes did not quite reach the statistical sig-
nificance level. When calculated as a propor-
tion of the total ciliated cell population, the
proportion of undamaged ciliated cells in the
air/Os-exposed group (40.4%) was signifi-
cantly decreased (p < 0.05) compared to the
air-exposed group (97.4%).

DISCUSSION

Three types of responses to the oxidant at-
mospheres used in this study are evident. One
response is oxygen-induced epithelial hyper-
plasia. The second response is ozone-induced
loss of ciliated cells and cell damage. The
third response is a synergism between ozone
and oxygen leading to enhanced epithelial in-
jury and metaplasia.

The main effect of the 95% O, atmosphere
was an epithelial hyperplasia which was pri-
marily due to an increased serous cell density.
The increased cell density was interpreted to
be a hyperplastic response rather than consid-
ering the response to the filtered air as cell
loss. The oxygen-induced response was ac-
companied by focal apparent stratification of
serous cells, an increased density of interme-
diate cells, and occasional mitotic figures, as
would be expected with hyperplasia, while
the response to filtered air was not character-

FI1G. 2. Representative electron micrographs of cultured tracheal epithelia exposed to air, air plus | ppm
0O; (air/Os), 95% O,, or 95% O, plus | ppm O; (95% 0,/04). X2000. (A} Air-exposed epithelium. Serous
cells (s), basal cells (b), and ciliated cells (c) are readily identified. (B) Air/Os-exposed epithelium. A dam-
aged-cilia cell (dc) with sparse, broken cilia and an intermediate cell (i) are illustrated. (C) 95% O,-exposed
epithelium. Cihated (c¢), serous (s), and basal (b) cells are easily identified. An intermediate cell (i) is present.
(D) 95% ,/0;-exposed epithelium. There is a middle zone composed of metaplastic cells (m). Ciliated

cells are not identified in the superficial layer.
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ized by significant cell damage, necrosis, and
sloughing, as would be expected with cell loss.

The ciliated cell population density was the
same in the O,-exposed epithelia as in the air-
exposed epithelia. The presence of intermedi-
ate cells, many of which appeared to be pre-
ciliated cells, suggests that ciliated cell differ-
entiation was occurring at this time point.
The lack of evidence of ciliated cell damage
further suggests that the ciliated cell popula-
tion was not undergoing repair in response to
injury, but instead that the presence of inter-
mediate cells was a consequence of the hyper-
plastic response. Boat et al. (1973) observed
foci of squamous metaplasia, degeneration,
and only a few ciliated cells after exposing
cultured tracheas from human neonates to
80% oxygen for 96 hr. We did not observe
similar damage in the rat tracheas exposed to
95% oxygen. We did observe focal stratifica-
tion of serous cells, but not metaplasia, in
95% oxygen-exposed epithelia. An earlier ul-
trastructural study of rat tracheal epithelium
cultured in a 95% O, atmosphere concluded
that the ultrastructure of the epithelium was
well preserved for periods up to 4 days (Pa-
velka, 1976). In that study there was a slight
reduction in ciliary density in some ciliated
cells, while a normal distribution of cilia was
found in others. The differences between
Boat’s observations and those of Pavelka and
us may indicate that rat tracheal epithelium
is less sensitive than human tracheal epithe-
lium to oxygen-induced damage, or the dis-
parity may be due to differences in culture
technique.

The response to ozone was manifest by loss
of ciliated cells and ciliated cell damage. The
changes in ciliated cell numerical density did
not reach the 0.05 statistical significance level
in air/O;-exposed epithelia, but the propor-
tion of undamaged ciliated cells was signifi-
cantly reduced. There was a significant de-
crease in the undamaged ciliated cell density
in the 95% 0O,/O;-exposed epithelia. The
trend toward epithelial damage is clearly evi-
dent when either of the nonozone-exposed
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groups is compared to the air/O; and 95% O,/
O; groups.

There was a synergism between the ozone
and high oxygen concentration exposure
which led to enhanced epithelial damage. Ox-
ygen exposure alone caused no evidence of
cell injury compared to the filtered air expo-
sure, while the ozone plus filtered air expo-
sure led to a subjective evidence of cellular
degeneration. In the 95% O,/O; group, how-
ever, there was a significant decrease in un-
damaged ciliated cells over that in the filtered
air or 95% O, groups and a significant in-
crease in both degenerate serous cells and
sloughed cells compared to the other groups.
The cellular antioxidant systems may be the
critical determinants of the degree of epithe-
lial injury occurring upon exposure to these
oxidants. Several biochemical studies of lung
tissue from animals exposed to acute high
levels of ozone or oxygen have shown oxida-
tion of sulfhydryl-containing compounds
and inhibition of enzyme activities (Mustafa
and Tierney, 1978; Frank, 1985). Perhaps the
cellular antioxidant mechanisms were ade-
quate to protect the cells when each oxidant
was administered independently, but com-
bined exposure overwhelmed these mecha-
nisms and exceeded the threshold for the
injury to be recognized morphologically.
Cross-tolerance experiments have illustrated
the interactions between these oxidants and
the antioxidant enzyme levels (Jackson and
Frank, 1984).

We have used the term metaplastic cell to
categorize cells which shared certain mor-
phologic features and which are not found in
the uninjured pseudostratified columnar epi-
thelium of the rat trachea. These metaplastic
cells formed a distinct middle stratum within
the O,/O;-exposed epithelia. The metaplastic
cells in these epithelia shared features with
the metaplastic cells described in organ cul-
tures maintained for 3 and 5 weeks in unsup-
plemented CMRL 1066 medium (Sigler et
al., 1987, 1988). These cells are stratified,
polyhedral, and extend from the basement
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membrane toward the lumen (Sigler ef al.,
1987). Ultrastructural features include tono-
filament bundles, numerous desmosomal at-
tachments, moderately developed rough en-
doplasmic reticulum, and profiles of Golgi
apparatus (Sigler et al, 1988). Unlike the
metaplastic cells observed by Sigler et al., the
metaplastic cells we observed did not form
keratin pearls nor did they cornify and des-
quamate from the surface. Metaplastic cells
have been seen when tracheal epithelium de-
rived from nondeficient rats is maintained in
vitamin A-deficient medium, but not until
approximately 4 weeks or longer in culture
(Marchok et al,, 1975; Clark and Marchok,
1979).

The metaplastic cells in this study could
represent cells which are differentiating from
a progenttor cell, either basal or secretory, or
they could represent dedifferentiation of a
differentiated cell type. The presence of rough
endoplasmic reticulum and Golgi apparatus
was considered by Sigler ef al. to be evidence
that the metaplastic cells were altered secre-
tory cells. The possibility that these altered
cells are derived from basal cells must also be
considered. Previous organ explant culture
studies have concluded that metaplastic foci
arise from hyperplastic basal cells (Palekar et
al, 1968; Mossman and Craighead, 1975;
Lane and Miller, 1976; Chopra 1982; Chopra
and Cooney, 1985). The basal cells in the O,/
Os-exposed epithelia appeared hypertro-
phied, but the population density of cells
identified as basal cells was decreased. There
was a concomitant increase in the metaplas-
tic cell population within these epithelia. At
the same time, cells with features intermedi-
ate between the metaplastic cells and serous
cells were observed. It has been noted (Chang
et al., 1985) that secretory cells in mixed rat
tracheal cell cultures lose their secretory gran-
ules and all ultrastructural features character-
istic of secretory cells. As suggested by Ina-
yama et al. (1988), if a similar dedifferentia-
tion can occur in vive or in organ culture,
then it will be difficult to accurately morpho-
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logically distinguish altered secretory cells
and basal cells.

There are similarities between the in vivo
and in vitro responses of the rat tracheal epi-
thelium to ozone exposure. After 3 days of
0.96 ppm ozone exposure in vivo, the tracheal
epithelium is not hyperplastic, but does ex-
hibit an increased density of damaged-cilia
cells, intermediate cells, and unidentified ne-
crotic cells (Nikula ef a/., 1988). Likewise, in
vitro exposure to air plus | ppm ozone did
not result in hyperplasia in this study, but did
lead to the same trends in cell density changes
although these changes did not reach the sta-
tistical significance level. The differences be-
tween the degree of ozone-induced injury in
vivo and in vitro appear to be more a conse-
quence of the greater statistical variability in
the in vitro results than due to dissimilarities
in biological response. The lack of an in-
flammatory response in the culture system
might account for the slight disparity in de-
gree of injury between the in vivo and in vitro
results. Differences in the thickness and anti-
oxidant capabilities of the fluid layer (tra-
cheal mucus versus culture medium) could
also result in a difference in effective dose at
the cell level.

The in vivo and in vitro responses to high
oxygen exposure cannot be directly com-
pared since we were unable to find reports of
tracheal epithelial cell population responses
to oxygen exposure. There is one ultrastruc-
tural study of the effects on the trachea of 12-
and 24-hr exposures of rats to 100% oxygen
(Heino and Laitinen, 1982). The main find-
ings were that the epithelia and cilia of the
oxygen-exposed rats remained intact, but
that fibrogranular areas and basal bodies were
found in the cytoplasm of numerous ciliated
and preciliated cells. Similarly, we found an
increased population of intermediate cells
(mostly preciliated cells) in the 95% oxygen-
exposed epithelia. Another ultrastructural
study of the effects of 100% oxygen exposure
in vivo on the rat trachea (Philpott ef al.,
1977) also noted that the cilia remain intact
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after 72 hr. However, these investigators
noted blebs in ciliary membranes and swell-
ing of nonciliated cells. These later findings
would suggest more severe injury in vivo than
in vitro.

The similarities between the in vivo and the
in vitro response to ozone, as well as the
differences in the response to ozone versus
oXygen exposure in vitro, suggest that the or-
gan culture system may be useful in the study
of the effects of these oxidants on respiratory
epithelium. The organ culture may be espe-
cially useful in separating the direct effects of
these toxicants from the secondary effects of
the inflammatory response induced in vivo.
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