American Journal of Pathology, Vol. 142, No. 3, March 1993
Copyright © American Society for Investigative Pathology

Differentiated Bronchiolar Epithelium in Alveolar
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The effects of exposure to 1.0 ppm of ozone for
twenty montbs were studied in male Fiscber 344
rats. Light microscopic, morpbometric, and
immunobistological approaches were used to
determine the distribution and degree of differ-
entiation of ciliated and nonciliated bronchiolar
epithelial (Clara) cells lining alveolar ducts of
the central acinus, a primary target of ozone-
induced lung injury. Alveolar duct patbways
extending beyond the level of the most proximal
alveolar outpocketing of terminal bronchioles
were isolated in longitudinal profile. The dis-
tance that ciliated and nonciliated bronchiolar
epitbelial (Clara) cells projected down each alve-
olar duct pathway was determined by placing
concentric arcs radiating outward from a single
reference point at the level of the first alveolar
outpocketing. A bigh degree of beterogeneity in
the magnitude of bronchiolar epitbelial cell
extension into alveolar ducts was noted for each
isolation and animal. Age-matched control ani-
mals also demonstrated variation in the degree
of bronchiolar epithelial cell extension down
alveolar ducts. In animals exposed to ozone, a
striking similarity was noted by scanning elec-
tron microscopy in the surface characteristics of
cells lining botb terminal bronchioles and alveo-
lar ducts. The presence of Clara cell secretory
protein in cells of bronchioles and alveolar ducts
was also detected immunobistochemically and
visualized using confocal laser scanning micros-
copy in the reflectance mode. Well-differentiated

ciliated and nonciliated bronchiolar epithelial
cells were found lining alveolar septal tips and
alveoli up to a depth of 1,000 u into the pulmo-
nary acinus after 20 montbs of exposure to
ozone. No evidence of inflammation was present
in alveolar ducts, suggesting that epitbelial cell
transformations in alveolar ducts is a natural
consequence of lifetime exposures to oxidant
gases. (Am J Patbol 1993, 142:947-956)

The bronchiole-alveolar duct junction (BADJ) is one
of the primary sites for injury in the lungs resulting
from exposure to oxidant air pollutants. A number of
studies have suggested that a major sequela of long-
term, continuous exposure to oxidant gases is the
reorganization of the epithelium in this region. In spe-
cies with extensive respiratory bronchioles, such as
primates, this reorganization involves extension of
respiratory bronchiolar epithelium into more distal
alveolar ducts.2 In species with minimal respiratory
bronchioles, such as the rat, chronic exposure is
associated with the invasion of bronchiolar epithe-
lium into alveolar ducts of the central acinus.3-6 How-
ever, in the exposure time frames evaluated to date
(90 days or less), characterization of epithelial pop-
ulations as bronchiolar was based primarily on their
cuboidal shape. These cells appear to be poorly
differentiated, particularly at the more distal edges of
their encroachment into alveolar ducts.®# The pur-
pose of the present study is to characterize the
degree of differentiation of cuboidal epithelial cells
lining distal air spaces in animals which had been
exposed to ozone, an oxidant air pollutant, for the
majority of their life span (20 months). The distribu-
tion of cuboidal epithelial cells along clearly defined
alveolar duct paths and the degree of epithelial cell
differentiation were evaluated. Cell differentiation
was based on ciliated cells with well-defined cilia
and nonciliated cells with apical surface protrusions
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and containing Clara cell secretory product. In this
study, alveolar duct paths were isolated in longitudi-
nal profile from the BADJ and identified in all animals
as beginning at the level of the first (most proximal)
alveolar outpocketing of the terminal bronchiole.®

Materials and Methods
Animals and Exposure Conditions

Exposure to ozone was performed at Battelle, Pacific
Northwest Laboratories (Richland, WA) as part of a
collaborative, multilevel study with the National Tox-
icology Program (NTP) and Health Effects Institute
(HEI) to examine the long-term effects of ozone. Male
Fischer 344 rats were obtained from Simonsen Lab-
oratories (Gilroy, CA) at 4 to 5 weeks of age. Animals
were randomly assigned to ozone exposure or con-
trol groups after a 10- to 14-day quarantine period.
Animals were housed in modified Hazelton 2000
inhalation chambers and exposures were for 6 hours
per day (between 7:30 a.m. and 5:30 p.m.), 5 days
per week for 20 months. Due to the scope and num-
ber of animals required for the NTP/HEI study, the
animals that formed the basis of this study were
received from a total of 6 different exposure cham-
bers (3 for ozone and 3 for filtered air). The average
temperature range (=S.D.) within the exposure
chambers over the course of the study was 23.9 to
24.4 (x0.7) C; the relative humidity range was 57.1 to
60.2 (+7.3) percent.

Ozone was generated by corona discharge using
an OREC Model 03V5-0 ozonator (Ozone Research
and Equipment Corporation, Phoenix, AZ) with 100%
oxygen. Ozone concentration in each chamber was
monitored by a multiplexed Dasibi Model 1003-AH
(Dasibi Environmental Corporation, Glendale, CA)
ultraviolet spectrophotometric analyzer. Calibration
of the monitor was accomplished by comparison
with a chemical-specific calibrated (neutral buffered
potassium iodide method) monitor simultaneously
sampling the exposure chambers. The target con-
centration for ozone was 0.00 ppm for the control
chambers and 1.00 ppm for the ozone chambers.
The actual exposure concentration over the course
of the study in the control chambers was less than
0.002 ppm (below the limit of detection) and 1.00 to
1.02 (x0.07) ppm (mean = 1 S.D.) in the ozone
chambers. To determine concentration uniformity,
measurements were periodically made at 12 levels
or locations in each chamber. Ambient ozone was
removed from all chambers using a potassium per-
manganate filter. Charcoal and HEPA filters were

used to further filter air entering the chambers. Fol-
lowing the end of the exposure, all animals were held
for one week prior to sacrifice to emphasize perma-
nent, nontransient changes in the lungs.

Lung Fixation and Processing for
Microscopy

For this study, a total of four animals from the control
group and four animals from the 1.0 ppm ozone
exposure group were evaluated. Animals for analysis
were selected by random number assignment.” The
lungs were fixed by intratracheal instillation of 2%
glutaraldehyde in cacodylate buffer (pH of 7.4, 350
mOsm).8®° In situ fixation of the lungs in the thorax
was for 15 minutes at 30 cm fixative pressure. The
lungs were collapsed by diaphragmatic puncture
before fixative infusion. The fixed lungs were
removed by thoracotomy and stored in the same
fixative until processed for immunohistochemistry,
histochemistry, light microscopy, and scanning elec-
tron microscopy. The fixed lungs were trimmed
free of all mediastinal contents and the lung volumes
measured by fluid displacement.’® Six to eight
regions were selected from the left lung lobe for
complementary immunohistochemistry, histochemis-
try, and embedding for high resolution light micro-
scopy.’’

Immunohistochemistry and Histochemistry

Portions of the left lung were embedded in glycol
methacrylate. One p sections were cut with glass
knives on a JB4 microtome. Serial and serial-step
sections were stained either with periodic acid Schiff
and Alcian blue (pH 2.5)'2-13 or for Clara cell secre-
tory protein (CCSP) with immunoperoxidase. For
immunohistochemistry, the primary antibody, raised
in rabbits against rat Clara cell secretory protein,'4
was followed by localization with avidin biotin
peroxidase. The avidin biotin peroxidase reagents
were obtained from Vector Laboratories, (Burlin-
game, CA) and used as recommended by the sup-
plier with minor modifications.’ The distribution of
the reaction product was identified on 1 p sections
using a scanning laser confocal microscope (Biorad,
Watford, England) in the reflectance mode. Methods
controls included substitution of the primary anti-
body with normal rabbit serum.

Scanning Electron Microscopy

For scanning electron microscopy, the distal third of
the right middle lobe was critical-point dried using



ethanol and carbon dioxide.'®'” The distal conduct-
ing airways and the BADJs were identified by micro-
dissection of critical-point-dried specimens.’’ The
dissected lungs were mounted on stubs sputter-
coated with gold and examined with a Phillips 501
microscope.

Bronchiole-Alveolar Duct Isolations for
Light Microscopy

Tissue slices cranial and caudal to the hilar level of
the left lobe were embedded as large blocks for
isolation of centriacinar regions by the methods of
Pinkerton et al.® Briefly, tissue slices (approximately
2 X 4 X 6 mm in size) were post-fixed in 1% osmium
tetroxide in Zetterquist's buffer, followed sequentially
by 1% tannic acid and 1% uranyl acetate in maleate
buffer, dehydrated in ethanol and propylene oxide
and embedded in either Epon 812 or Araldite 502.
Centriacinar regions were isolated by cutting the
entire tissue block into slices approximately 0.3 to
0.4 mm thick. Each slice was examined under a dis-
secting microscope to identify BADJs in longitudinal
profile. Criteria for selection was a symmetrical pair
of alveolar ducts arising from a single terminal
bronchiole. Isolations meeting this selection criteria
consistently contained alveolar duct paths in longi-
tudinal profile that extended two to four generations
beyond the BADJ. Selected isolations were
remounted on BEEM capsules and sectioned at a
thickness of 0.5 p with glass knives. Sections were
stained with toluidine blue (0.5% in 1% borate
buffer).

Quantitative Microscopy

To measure the extent of differentiated bronchiolar
epithelium into alveolar ducts, a rigid sampling
scheme was employed.® Because rearrangement of
the BADJ is a feature of chronic exposure to ozone,
the distal end of the terminal bronchiole was identi-
fied based on locating the most proximal alveolar
outpocketing in the airway wall (Figure 1). At the level
of the proximal border of the first alveolar outpock-
eting, a reference point was placed in the geometric
center of the airway lumen (Figure 1). From this ref-
erence point, a pattern of concentric circles at 100 p
intervals was drawn. Overlaying the concentric circle
pattern onto each BADJ isolation was facilitated
through the use of a Macintosh llci computer inter-
faced to an Olympus BH-2 microscope via a Dage
MTI video camera (Michigan City, IN). The bull's eye
pattern of concentric circles (set at 100 p intervals
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Figure 1. Profile of the BADJ and centriacinar region isolated from
the lungs of a rat exposed to ozone for 20 months. The concentric arc
pattern radiating from a reference point placed at the geometric center
(star) of the bronchiole at the level of the first alveolar outpocketing is
superimposed over the isolation. B is a higher magnification view of the
area in A marked by the arrowbead. It shows the presence of ciliated
cells and nonciliated cells (arrows) with apical protrusions on septal
tips and walls of the alveolar duct. (A: scale bar = 100 y; B: scale bar
= 10 p).

relative to the resolution used) was stored as a com-
puter file and could be directly overlaid and oriented
over the captured computerized image of each
isolation. Using a high resolution objective lens
(x60), the most distal extent of the most distal cili-
ated and nonciliated bronchiolar cells down each
alveolar duct path was identified. Figure 1 illustrates
the organization of this concentric circle overlay. The
extent of cell extension down alveolar duct paths
was determined using the concentric arc pattern as
a measure of distance from a single reference point.
If the distance that bronchiolar epithelial cells
extended into the alveolar duct was less than 200 y,
the actual distance was measured from a distance
perpendicular to the most proximal edge of the first
alveolar outpocketing (arrow, Figure 1). A total of
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eight alveolar duct isolations per animal were exam-
ined from four animals in each group.

Statistical Analysis

Comparisons between control and exposure groups
were made using a one-way analysis of variance. To
examine the heterogeneity of bronchiolar epithelial
cell distance into alveolar ducts, x? analysis was
used to evaluate and contrast the distribution of val-
ues for each group. The level of statistical signifi-
cance in each instance was set at a Pvalue less than
0.05.7

Results
Scanning Electron Microscopy

To obtain a three-dimensional perspective on the
centriacinar reorganization occurring with long-term

0zone exposure, scanning electron microscopy was
performed on complementary halves of BADJs. As
illustrated in Figure 2, using the tilt function on the
scanning electron microscope, it was possible to
view all sides of the walls in this region. In animals
exposed to air (Figure 2A,B) and to ozone (Figure
2C,D,E), the most proximal alveolar outpocketings
were within 100 p of the BADJ. In both control and
ozone-exposed animals, the epithelial surface of the
airway proximal to the first alveolar outpocketing was
a mixture of ciliated cells and nonciliated cells, most
of which had apical projections into the airway
lumen. In control animals, the surface pattern of epi-
thelial cells characteristic of those found in the ter-
minal bronchiole was observed to extend to a vari-
able distance beyond the most proximal alveolar
outpocketing. This variation was observed from ani-
mal to animal, and from BADJ to BADJ within the
same animal. Bronchiolar epithelial cells identified

Figure 2. Scanning electron micrographs of
complementary halves of the BAD] from the
lungs of a control (A and B) and ozone-exposed
(C, D, and E) animal. Two alveolar outpocket-
ings are present near the level of the abrupt tran-
sition of the BADJ in the lungs of the control
animal. The most proximal alveolar outpocket-
ing (arrowbead) is still evident after 20 months
of exposure to ozone, but ciliated cells and cells
with  prominent —apical  protrusions  have
extended well beyond this level into three alveo-
lar duct generations. The asterisk denotes
regions of squamous alveolar epithelium. (Scale
bar = 100 ).




by their surface features, were occasionally found as
far distally as the first bifurcation point of the alveolar
duct. In animals exposed to ozone, the three-dimen-
sional perspective on all portions of the airway wall
indicated that the bronchiolar epithelium extended a
number of generations into the alveolar ducts well
beyond the first alveolar duct bifurcation ridge (Fig-
ure 2C,D,E). The surface characteristics of these
cells within alveolar ducts appeared to be similar to
those cells of the terminal bronchiole, although occa-
sionally small regions within some alveolar duct gen-
erations contained squamous epithelial cells on the
surfaces of alveolar mouth openings as well as in the
alveolar outpockets (Figure 2D). The extent of bron-
chiolarization varied from animal to animal and from
BADJ to BADJ. However, the surface pattern of bron-
chiolar epithelial cell types was relatively equal in
extent around the entire circumference of affected
alveolar ducts. Polarization of the bronchiolar epithe-
lium in relation to the position of the pulmonary arte-
riole or the number of generations of branching of
alveolar ducts in which the epithelium was observed
was not apparent. In both control and exposed ani-
mals, where cuboidal cells with apical projections
were observed in groups, ciliated cells were also
present.

Immunohistochemistry of CCSP

As a marker of the differentiation status of the cuboi-
dal cells which we observed by scanning electron
microscopy, we used the presence of antigen for
CCSP. In control animals, the reaction product spe-
cific for CCSP was detectable in almost all of the
nonciliated cells lining terminal bronchioles. The dis-
tribution of the product was clearly discernible by
reflected light on 1 p sections (Figure 3). The distri-
bution of the ciliated and nonciliated cells on the
same section could be characterized using DIC Nor-
marsky optics (Figure 3A). In BADJs where bronchi-
olar epithelium was present on the bifurcation ridge,
as illustrated in Figure 3, CCSP could be detected in
the nonciliated cells in this cuboidal epithelium (Fig-
ure 3B). At high magnification (Figure 3E,F), the dis-
tribution of ciliated cells and their relationship to non-
ciliated cells was detectable. The reaction product
for CCSP was distributed most heavily in secretory
granules but could also be observed in a reticulated
pattern throughout the cell cytoplasm, with the
exception of the nucleus. In exposed animals, the
reaction product for CCSP was detectable in numer-
ous generations of alveolar ducts (Figure 3C,D). All
of the cuboidal epithelium we identified in alveolar
ducts as being bronchiolar epithelium by morpho-
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logical criteria contained nonciliated cells with a pos-
itive reaction for CCSP.

Distribution and Extent of Ciliated and
Nonciliated Cells

In toluidine blue—stained, 1 u sections, the bronchi-
olar epithelium was characterized by its dense stain-
ing pattern (Figure 1). The heterogeneity in extent of
bronchiolar epithelium into alveolar ducts was also
discernible. As illustrated in Figure 1, bronchiolar
epithelium occupied a variable extent of the alveolar
ducts down different pathways in the same pulmo-
nary acinus. At higher magnification, the densely
staining epithelium in these distal regions contained
cuboidal cells with identifiable cilia and nonciliated
cells with apical projections (Figure 1B). Using these
criteria, we observed a significant difference in the
average distance ciliated and nonciliated (Clara)
cells extended into alveolar ducts. In control animals,
ciliated cells were found an average of 106 p (+23)
into the alveolar duct (Figure 4). In contrast, ciliated
cells in exposed animals extended an average of 4
times deeper (476 y *= 34) into the alveolar ducts
compared to age-matched controls.

The heterogeneity of distribution for ciliated cells
within alveolar ducts of control animals and animals
exposed to ozone, is illustrated in Figure 5. For con-
trol animals, approximately half of the isolated alve-
olar duct paths had no ciliated cells distal to the most
proximal alveolus. In 30% of alveolar ducts, ciliated
cells were found between 20 and 200 u distal to the
most proximal alveolus. In less than 30% of alveolar
duct paths, ciliated cells were observed more than
200 p distal. In contrast, for animals exposed to
ozone, every alveolar duct examined contained cili-
ated cells that extended beyond the most proximal
alveolus. In over 35% of the alveolar duct paths,
ciliated cells extended between 200 and 400 p into
the duct. In almost 50% of the alveolar duct paths in
exposed animals, ciliated cells were found more than
400 p from the most proximal alveolus. In almost 10%
of the isolations, ciliated cells were found 800 p or
more into the acinus. x? analysis confirmed a signif-
icant alteration in the relative distribution of ciliated
cell distribution down alveolar duct paths in exposed
animals compared with control animals.

Clara cells in control animals extended slightly fur-
ther down alveolar duct paths (122 y + 23) than did
ciliated cells (Figure 4). In animals exposed to ozone,
Clara cells were observed 4 times deeper down alve-
olar duct paths (481 y = 34) compared to that
observed in control animals (Figure 4). Almost 50%
of the alveolar duct paths in control animals had



Figure 3. A: Terminal airway (DIC Normarsky optics). Apical domes of Clara cells (arrows) from a control rat lung are identifiable in epithelium
lining terminal bronchioles (TB). There is an abrupt transition from bronchiole to alveolar duct (AD). (Scale bar = 100 ). B: Laser scanning
confocal microscope image in the reflectance mode of same specimen as A shows the presence of CCSP in the Clara cells (arrows). No protein is
detected in ciliated cells or in alveolar cells. (Scale bar = 100 ). C: Terminal airway from exposed rat (DIC Normarsky optics) showing extent of
bronchiolar epithelium into alveolar ducts. Clara cell apical domes (arrows) are present in terminal bronchioles (TB) and in alveolar ducts (AD).
(Scale bar = 100 y1). D: Laser scanning confocal microscope image of same specimen as C shows the presence of CCSP in Clara cells (arrous) in both
terminal bronchiole (TB) and alveolar duct (AD) zones. (Scale bar = 100 ). E: Higher magnification of Clara (NC) and ciliated (Ci) cells in
epithelial lining of a respiratory bronchiole taken from the position in C and D marked by the arrowbead. CCSP is detectable in cells identified as
Clara cells. Ciliated cells appear to bave no product. (Scale bar = 10 ju). F: Laser scanning confocal microscope image of same specimen as E shows
the presence of CCSP in Clara cells but not in ciliated cells. Diaminobenzidine reaction product distributed most beavily in the granules. Nucleus (n)
contained no reaction product. (Scale bar
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Figure 4. Bar graph summarizing the average distance (mean *
S.EM.) into alveolar ducts of ciliated and nonciliated bronchiolar
epithelial (Clara) cells.

Clara cells that extended less than 20 p into the
pathway (Figure 6). The variation in extent of Clara
cells in different alveolar ducts was similar for both
Clara and ciliated cells in control animals (compare
Figures 5A and 6A). In none of the alveolar ducts in
exposed animals were Clara cells found less than 20
p from the most proximal alveolar outpocket. The
heterogeneity in the extent of Clara cell distribution
down alveolar duct pathways was similar to that
observed for ciliated cells (compare Figures 6B with
5B). As with ciliated cells, the extent of Clara cell
distribution into alveolar ducts was significantly dif-
ferent between control and exposed animals by x?
analysis.

Discussion

The reorganization of the centriacinar regions of the
lung is a well-recognized result of continued inhala-
tion of toxic oxidant gases at high ambient levels.
Previous work from our group and others has shown
that reasonably long-term (2-to-3-month) exposure
to oxidant air pollutants, such as ozone and nitrogen
dioxide, alters the mixture of epithelial cell popula-
tions occupying the proximal gas exchange areas of
pulmonary acini in species with short or nonexistent
respiratory bronchioles.®'® The present study
addresses some of the questions raised by these
previous investigations. What is the extent of the reor-
ganized proximal alveolar ducts? How heterogenous
is the extent of this reorganization within the centri-
acinar regions of the same animal or between ani-
mals? What is the degree of differentiation of the
bronchiolar epithelium that becomes associated with
alveolar gas exchange areas? Does extended expo-
sure, up to essentially a lifetime, alter the degree of
reorganization?
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Our study has shown that BADJ reorganization
can extend for as many as five generations of
branching into the pulmonary acinus. The remodel-
ing is not polarized and involves all sides of an alve-
olar duct branch. The alterations in epithelial popu-
lations occur not only on the epithelial surfaces lining
the alveolar duct lumen but also extend down into
alveolar outpocketings. We have also observed
extensive heterogeneity in the degree of remodeling.
This occurs even in different alveolar duct pathways
arising from the same terminal bronchiole (Figure 1).
In the control animals of this study, we also found the
presence of bronchiolar epithelium into alveolar duct
branches to varying degrees. In some cases, bron-
chiolar epithelium was present on a wall of an alve-
olar duct that also contained gas exchange regions.
In other cases, there was a clear demarcation of the
junction between the terminal bronchiole and first
alveolar duct generation. Based on the structural
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markers we used to gauge differentiation, the pres-
ence of extensive cilia or apical projections on cuboi-
dal epithelial cells and the presence of Clara cell
secretory protein, which appears to be unique to the
secretory cells of terminal bronchioles in control ani-
mals, we concluded that the cuboidal populations
lining the reorganized alveolar duct units express
critical differentiated functions observed in terminal
bronchiolar epithelial populations in unexposed
animals. When our findings in this study are com-
pared with previous studies, it seems that the inha-
lation of toxic oxidant gases over essentially a life-
time (i.e., 20 months) does not mitigate the extent or
the nature of the remodeling that occurs with a
shorter (2-to-3-month) exposure to ozone. In fact, our
findings suggest that with repetitive exposure up to
20 months, the epithelial cell populations in remod-
eled airways achieve a higher degree of differenti-
ated function than is observed with shorter (2-to-3-
month) exposures.®-°

The centriacinar region is a prominent site in the
lungs where many inhaled toxic agents have a sig-
nificant impact and is also the location where con-
trasting epithelial cell populations lining the conduct-
ing airways and the gas exchange areas
interdigitate. This transition zone between two epi-
thelial cell populations with different compositions
and functions has a high degree of variability from
species to species, even in normal adult animals. In
many species, such as small laboratory rodents like
the rat and mouse as well as some larger species,
such as sheep and cattle, the transition from one
epithelial population to the other is reasonably
abrupt.'® The extent of interdigitation between epi-
thelial populations that express differentiated func-
tions characteristic of epithelium in more proximal
airways into airway generations with epithelium char-
acteristic of gas exchange areas is minimized and
generally occurs at the branch point between airway
generations or within the extent of one airway
generation. In a large number of other species,
including primates and most carnivores, this inter-
digitation and interaction is extensive and can
include the epithelial lining of a large number of air-
way generations containing extensive areas of alve-
olar outpocketings. Therefore, in these regions a
mixed population of bronchiolar and alveolar epithe-
lial cells coexist. The response of this critical region
to ozone may be different in humans and primates
than in rodents. It is known that the epithelial cell
composition of respiratory bronchioles in nonhuman
primates can be significantly altered by exposure to
ozone, with the extension of bronchiolar epithelium
into alveolar ducts and an increase in the surface of
respiratory bronchioles covered by nonalveolar epi-
thelial cells.?

When the gas exchange area of rodent lungs is
evaluated based on ventilatory units as described by
Mercer and colleagues,?°-22 the heterogeneity in the
extent of bronchiolar cell extension down alveolar
duct paths becomes more apparent. A ventilatory
unit of the lungs is defined as all alveolar ducts and
alveoli extending from an airway branch in which the
transition from bronchiolar epithelium to alveolar epi-
thelium occurs.®2':22 Due to the extensive remodel-
ing of the most proximal alveolar ducts arising from
the terminal bronchiole, identification of the most
proximal alveolar outpocketing along an airway was
used as our point of reference to define the begin-
ning of the ventilatory unit in rats. Mercer and
coworkers have demonstrated that ventilatory unit
volume in the lungs of rats is highly hetero-
genous.2%-22 Ventilatory unit size has a significant
impact on the volume of toxic gas that will pass



through the BADJ of that anatomical unit during an
exposure. The heterogeneity and degree of bronchi-
olar cell extension down alveolar duct paths
observed could be explained as a direct relationship
to the dose of ozone and amount of injury occurring
in this location. Whether this is the case cannot be
determined from our study. However, the existence of
ventilatory units with widely varying degrees of bron-
chiolarization, when combined with previous obser-
vations that ventilatory unit size can vary in volume
by a factor of 3 to 10,22 would suggest that this may
be a major factor. What our study emphasizes is the
need to explore more thoroughly the impact that ven-
tilatory unit size can have on the response of epithe-
lial populations within the target zone to oxidant air
pollutants.

Transformation in the epithelial populations lining
proximal alveolar ducts resulting from exposure to
oxidant gases has been observed under a wide vari-
ety of exposure conditions. Proliferation and hyper-
plasia of cuboidal epithelial cells in zones previously
occupied by squamous, alveolar type | cells occur
as little as three days following initiation of
exposure.® With extended exposures of up to three
months, this population seems to be altered from
what would be expected for a hyperplastic popula-
tion of alveolar type Il cells.3?* To the best of our
knowledge, this is the first study that has addressed
directly the extent of this epithelial transformation
within the target zone. We have observed that this
cuboidal population extends as much as 1,000 p
down into the gas exchange area following long-term
exposure. We have also demonstrated that the
extent is highly variable. Using the criteria for differ-
entiation that we have applied would suggest that
the longer the duration of exposure, the more differ-
entiated this epithelial population will become. We
base this primarily on the observation that we found
cells with full length cilia well into alveolar duct
regions. Previous studies have not clearly demon-
strated the presence of well-ciliated cells in bronchi-
olar populations lining the target zone in animals
exposed for shorter periods of time to approximately
the same concentration.®'® Using another marker of
differentiation, the presence of a secretory protein,
our findings suggest that the nonciliated cells occu-
pying these cuboidal populations in distal alveolar
ducts are reasonably well-differentiated. Whether
this is the case for shorter term exposures has not
been evaluated.

The fact that bronchiolar epithelial cells can main-
tain a differentiated state over a long period of time in
a zone where unexposed animals would have a com-
pletely different population mix opens a number of
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questions concerning the regulation of differentiation
and the control of epithelial population homeostasis
in the respiratory system. The presence of epithelial
cells expressing differentiated functions normally
expressed by this population in a different zone sug-
gests that multiple factors in the local microenviron-
ment must be altered to produce this type of
differentiation. Some of the factors in the local
microenvironment that could be explored include
changes in the interactions between interstitial cells
and the epithelial population, alterations in the extra-
cellular matrix, including composition of the basal
lamina, and changes in mediators such as cytokines,
which regulate epithelial functions in inflammatory
responses.
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