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Toinvestigate the relationship between granulocyte emigration and epithelial injury in specific airway gener­
ations of the tracheobronchial tree following short-term ozone exposure, we exposed rhesus monkeys for
8 h to 0.00 (controls) or 0.96 ppm ozone with post-exposure periods of 1, 12, 24, 72, and 168 h in filtered
air before necropsy. There were five control and three exposed monkeys for each of the post-exposure times
for a total of 20 monkeys. Neutrophils isolated from peripheral blood and labeled with "Tn-tropolonate
were infused in the cephalic vein in unanesthetized monkeys (except the l-h group) 4 to 5 h before necropsy.
The trachea and microdissected bronchi (fourth and ninth generations) and respiratory bronchioles
(fifteenth generation) from the right upper lobe of each monkey were examined by electron microscopy.
Labeled neutrophil influx into lung tissue and bronchoalveolar lavage fluid (BALF) was maximal at 12 h
and returned to baseline by 24 h after exposure. This was in contrast to total neutrophils (labeled and unla­
beled) in BALF, which were significantly elevated through 24 h after exposure but returned to baseline
by 72 h. Lavage protein was significantly elevated at 24 h after exposure but was at control levels at all
other times. Morphometric observations showed epithelial necrosis at 1 and 12 h in the trachea and bronchi­
oles but continued to be observed in significant numbers at 24 h after exposure in bronchi. A significant
increase in the labeling index of epithelial cells was observed at 12 h only in bronchi. Epithelial necrosis
and repair was associated with the presence of granulocytes in the epithelium and interstitium of all airway
levels. However, eosinophils were maximally increased in the epithelium and interstitium of bronchi at 24 h
after exposure when epithelial necrosis was maximal in these airways and when lavage protein was
significantly elevated. This study provides four novel observations in the evaluation of acute ozone-induced
lung injury: (1) the sequence of epithelial injury and repair differed by airway generation, occurring earlier
in the trachea and bronchioles than in bronchi; (2) there was a strong relationship between epithelial necro­
sis and the emigration and retention of neutrophils at all levels of the tracheobronchial tree; (3) there was
a strong association between maximal epithelial necrosis, BALF protein levels, and granulocytes (especially
eosinophils) in bronchi, but not the trachea and bronchioles; and (4) there was a strong relationship between
increased mucin in BALF and loss of mucous granules in goblet cells of the tracheobronchial epithelium.
We interpret these results as evidence for the contribution of granulocytes to injury and repair of the tracheo­
bronchial epithelium after short-term ozone inhalation.
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Ozone is a major constituent of photochemical smog and is
known to occur at maximal concentrations of 0.5 ppm in
highly polluted areas of the United States (1). It is a major
health concern in these areas because of the potential toxic
effects related to its oxidation properties. Oxidation of intra­
cellular components (polyunsaturated fatty acids, sulfhy­
dryl~ or amine groups on proteins) leads to inactivation of
enzymes and alterations in the structure and function of cell
membranes. The respiratory system is the primary target of
ozone toxicity (2).

No comprehensive study has examined the relationship
between epithelial necrosis and granulocyte traffic within
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the tracheobronchial tree, in bronchoalveolar lavage fluid
(BALF) in acute ozone-induced lung injury, and at nonede­
magenic doses of ozone. Necrosis of type I epithelial cells
in proximal alveoli and of ciliated cells in bronchioles in rats
exposed to ozone occurs as early as 2 h after initiation of ex­
posure, but reaches a maximal extent by 24 h of continuous
exposure by subjective evaluation (3). Exposure to 4 h of
ozone followed by 20 h of exposure to filtered air, however,
results in a lesion that is similar to continuous exposure by
subjective evaluation (3). Epithelial necrosis in respiratory
bronchioles of monkeys occurs as early as 4 h and is maximal
between 12 and 24 h after the initiation of ozone exposure
(4). Rabbits exposed to edemagenic doses of ozone (5 ppm)
for 3 hand lavaged immediately and at 3, 6, 9, and 24 h after
exposure showed an increase in granulocytes that peaked at
6 h after exposure and slowly declined thereafter (5). Simi­
larly, rats exposed to an edemagenic dose of ozone (1.8 ppm)
for 4 h followed by 24 h in filtered air showed significant in­
creases in neutrophils, albumin, and lactate dehydrogenase
(LDH) activity in BALF in the 24-h post-exposure group,
but only LDH activity was significantly increased immedi­
ately after 4 h of ozone exposure (6). Lung pathology showed
that lesions were restricted to the central acinus. Immedi­
ately after exposure, neutrophils were observed perivascu­
larly within bronchiolar walls and subadjacent to the basal
lamina of the bronchiolar epithelium. At 24 h after exposure,
there was necrosis and attenuation of the bronchiolar epithe­
lium with intraluminal cellular debris. It appears that the
ozone-induced epithelial injury is biphasic, with an initial
necrotic phase caused by direct ozone injury and a secondary
phase progressing to about 24 h that is associated with a pre­
dominantly neutrophilic inflammatory infiltrate (3, 4, 6).
The precise nature of this biphasic epithelial injury has not
been thoroughly investigated, and no study has carefully ex­
amined the role of granulocyte traffic in the lung specifically
in relationship to tracheobronchial injury resulting from
short-term ozone exposure. .

A major question to be answered concerns the role of the
neutrophil and other inflammatory cells in the second phase
of ozone-associated epithelial injury in the conducting air­
ways and the central acinus. The role of the neutrophil as a
contributor to oxygen-induced lung injury is well documented
(7), as is the experimental lung injury resulting from in­
trabronchial instillation of stimulated neutrophils that gener­
ate oxidants and release proteolytic enzymes into the sur­
rounding tissue (8). No definitive evidence is available,
however, on the role of the neutrophil in the ozone-induced
conducting airway or centriacinar lesion. There does not ap­
pear to be any specific information on the role of neutrophils
in mediating or potentiating the centriacinar injury as­
sociated with other forms of lung damage caused by inhaled
toxicants (9). Both neutrophil numbers and prostaglandin
(PG) products PGEz, PGFza, and thromboxane s, (TXBz)

are increased in lavage fluid of human subjects after ozone
exposure (10). Neutrophils are a major source of arachidonic
acid metabolites, and there is ample evidence that these me­
tabolites may be important mediators of early inflammatory
events such as those associated with exposure to ozone.

The purpose of the study was to examine the relationship
between granulocyte emigration and epithelial injury in
specific airway generations of the tracheobronchial tree after
short-term ozone exposure in the rhesus monkey. We used

an 8-h ozone exposure in monkeys followed by varying post­
exposure times in filtered air to examine neutrophil emigra­
tion and accumulation in BALF and airway tissue. Mor­
phometry of trachea and microdissected bronchi and central
acini was used to define the extent of epithelial injury and
repair over time after ozone exposure.

Materials and Methods
Animals

Rhesus monkeys were used in this study. All monkeys were
born at the California Primate Research Center and their
parentage, birth date, records of growth, and medical
records were known and considered in their selection. All
monkeys were male, ranging in age from 2 to 8.5 yr and
weighing from 2.1 to 6.3 kg, and were given a comprehen­
sive physical examination including a chest radiograph and
complete blood count before exposure. Monkeys were trans­
ferred to exposure chambers for a l-wk acclimatization, dur­
ing which they breathed filtered air. Monkeys remained in
the exposure chambers except while the chambers were
cleaned each morning and during health checks. Monkeys
were fed monkey chow containing 25 % protein (Purina Hi­
Pro) morning and evening, at which times routine health ob­
servations were also made.

Ozone Exposure and Monitoring

Monkeys were exposed individually in exposure chambers of
4.2-m3capacity that were ventilated at a rate of 30 changes
per hour with C-B-R (chemical, biologic, and radiologic)
filtered air at 24 ± 2° C and 40 to 50% relative humidity
(11). Ozone concentrations were measured using an ultravio­
let ozone monitor (model 1003-AH; Dasibi Environmental
Corporation) and reported with respect to the UV photomet­
ric standard. Additional details of exposure and monitoring
have been presented previously (4).

Experimental Protocol

Five control monkeys were exposed for 168 h to filtered air
only. Fifteen monkeys were exposed for 8 h to 0.96 ppm
ozone and subsequently exposed to filtered air for 1, 12, 24,
72, and 168 h of filtered air in groups of three, respectively.
Monkeys with post-exposure times of 12,24, 72, and 168 h
were injected with 4 X 107 indium-labeled neutrophils sus­
pended in 4 ml of plasma 4 h before necropsy. One hour be­
fore necropsy, filtered-air, 1-and 12-h monkeys were injected
with 3Hat 1 mCi/kg. Pilot studies showed that maximal ep­
itheliallabeling occurred by 12 h after an 8-h ozone exposure
in monkeys.

Neutrophil Isolation and Labeling

A total of 32 ml of blood was drawn into 8 ml of 3% sodium
citrate from the cephalic veins of rhesus monkeys that had
not received any drug treatment for the past 24 h before
blood collection. Neutrophils were isolated from peripheral
blood using discontinuous plasma-Percoll gradients layered
51 over 43% (12). Erythrocytes were removed by hypotonic
lysis subsequent to gradient purification of the neutrophils.
Isolated neutrophils were> 97 % pure. They had> 98 % via­
bility by trypan blue exclusion and < 10% spontaneous
shape change. These cells responded to the fifth component
of compliment (C5) with myeloperoxidase secretion and to
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phorbol myristate acetate (PMA) with oxygen radical (02)
production as measured by superoxide dismutase-inhibit­
able cytochrome C reduction. All reagents used in the isola­
tion of neutrophils were lipopolysaccharide (LPS) free, that
is, they contained <0.1 ng/ml ofLPS using the limulus ame­
bocyte lysate assay kit from Associates of Cape Cod (Woods
Hole, MA). Isolated neutrophils were labeled with 1111n_
chloride in an equal volume of tropolonate (5 x 10-2 M) in
the presence of platelet-poor plasma. Neutrophils were
washed twice and resuspended in platelet-poor plasma for
reinfusion into monkeys. Blood samples were taken within
5 min and after 4 h of injection to measure circulating levels
of neutrophils.

Necropsy and BAL

Monkeys were anesthetized with ketamine (30 to 35 mg/kg),
administered subcutaneously, and were killed using sodium
pentobarbital overdose in accordance with the Animal Care
Guidelines at the California Primate Research Center. Left
upper lobes were lavaged with 20 ml of sterile phosphate­
buffered saline in approximately 5-ml aliquots with a recov­
ery of 86 ± 6% of the volume infused for all monkeys in the
study. The total nucleated cell count was estimated using a
Coulter counter (Coulter Electronics, Hialeah, FL), and a
differential count on a minimum of 200 cells was completed
using a cytospin and Diff-Quik stain (American Scientific
Products, McGraw Park, IL). Valueswere expressed as total
neutrophils recovered from lavage of the lobe. The cell-free
supernatant protein concentration was determined •after
Lowry and co-workers (13) and expressed as total protein re­
covered from lobar lavage. A gamma well counter was used
to measure 1I lin-labeled neutrophils in BALF cell pellets,
the left upper lung lobe, liver, spleen, and tracheobronchial
lymph nodes.

Morphometry

The right upper lobe of each monkey was cannulated and in­
stilled with a glutaraldehyde-paraformaldehyde fixative in
0.2 JLm cacodylate buffer (330 mOsm) at 30 em of water
pressure. The lower third of the tracheas were fixed in the
same fixative. After a minimum of 12 h of fixation, airways
were microdissected to obtain the fourth- and ninth-genera­
tion bronchi and fifteenth-generation respiratory bronchi­
oles from the right upper lobe of each monkey (14). Samples
were also taken from each trachea. All samples were bi­
sected along their longitudinal axis, postfixed in 1% osmium
tetroxide, dehydrated in a series of ethanol baths and embed­
ded in Araldite. One-micron sections were cut from each air­
way so that the epithelium was cut perpendicular to the basal
lamina and then stained with toluidine blue. Two 'blocks
were selected by stratified sampling from each airway, mak­
ing sure that the epithelium was cut perpendicular to its basal
lamina. Sections from these small blocks (1- to 2-mm face)
were placed on grids and stained with uranyl acetate and lead
citrate before viewing on a Zeiss EM-lOAtransmission elec­
tron microscope. Ten micrographs were taken, five from epi­
thelium and five from interstitium (one microscopic field be­
neath the epithelium for trachea and bronchi, whereas the
total interstitium was taken for respiratory bronchioles)
using area-weighted periodic sampling at 3,800x magnifica­
tion (15). A cycloidgrid was placed so that its vertical axis
was perpendicular to the epithelial basal lamina, and point

"hits" were counted on all epithelial and interstitial cells and
extracellular components while intersections of the epithelial
basal lamina were recorded on the same fields. Epithelial
cells in the trachea and bronchi included ciliated, mucous,
small mucous granule, basal, and necrotic/degenerating cells
(16). Epithelial cells in respiratory bronchioles included
ciliated, nonciliated bronchiolar, type I epithelial, type II ep­
ithelial, and necrotic/degenerating cells (4). Point "hits" on
inflammatory cells (neutrophils, eosinophils, and mononu­
clear phagocytes/alveolar macrophages) in direct contact
with epithelial cells either in the epithelial intercellular space
or apical surface were counted. Interstitial cells included
fibroblasts, smooth muscle cells, capillary, lymphatic small
vessel endothelial cells (including their lumina), and nerve
cell bodies and processes. Extracellular components of the
interstitium included collagenous fibers, elastic fibers, and
amorphous ground substance. Inflammatory cells in the in­
terstitial compartment included neutrophils, eosinophils,
lymphocytes, mast cells, and mononuclear phagocytes.

The volume density of individual epithelial cells and
inflammatory cells (VVeell. ep) in the epithelial compartment
to the total epithelial compartment (epithelium and inflam­
matory cells) was calculated by point counting as follows (17):

V - Peell
Vecll. cpi - -P.

epr

where Peell are the points that "hit" individual cells and Pepi

are all of the point "hits" in the epithelial compartment. The
volume density of cells and extracellular components of the
interstitium were calculated in a similar manner except that
small vessels, capillaries, lymphatics, and nerves were not
included because of their wide variability in airway walls.
The surface area of the epithelial basal lamina to either the
epithelium or interstitial volume (SVbl,epi or SVbl,in,) was calcu­
lated by point and intersection counting as follows (18):

SVbl, epi = 21bl
t.,

where Ibl are intersections of the test line of the cycloid grid
with the epithelial basal lamina and Lepi is the test line
length over the epithelial compartment. To compare epi­
thelial cells and inflammatory cells between airways and
over time, we normalized the volume of the epithelial or in­
terstitial cells by the epithelial basal laminar surface area
(VSeell, bl) as follows:

V - V vcell. epi
Seell, bl - -S-.-

Vbl, epi

where the reference volumes are the same and divide to 1.
This method of normalization was also used to evaluate the
interstitial compartment of the respiratory bronchiole since
we sampled the entire compartment. Four stratified samples
(blocks) were also taken from the right upper lobe for histo­
pathologic evaluation.

Autoradiography

Epon-Araldite sections, 1.5 JLm thick, from each of the air­
way samples, were mounted on glass slides and coated with
a 1:1 solution ofIlford L-4 emulsion and distilled water. They
were dried and stored in light-tight boxes at 0 to 40 C for
4 wk. Emulsions were then developed in 13.5% Microdol X
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for 10 min, fixed in 15% sodium thiosulfate for 10 min, and
washed in water for 20 min. Sections were stained with tolu­
idine blue, and a coverslip was mounted. A minimum of
1,000 nucleated epithelial cells (range, 1,000 to 4,000) was
counted for each airway level (trachea, bronchi, and respira­
tory bronchiole) for each monkey at 1,000x. In order for a
cell to be classified as labeled, a minimum of five silver
grains superimposed on the nucleus was required.

Detection of Prostaglandins

From BALF supernatant, derivatized analytes and internal
standards were detected by simultaneous monitoring of ions
at six different masses characteristic for each of the deriv­
atized prostanoids using capillary gas chromatography­
negative ion chemical ionization mass spectrometry as de­
scribed (19). Briefly, 1 ml of BALF supernatant containing
0.8 to 2.0 ng of deuterated analogs of PGEz, PGFzcn and
6-keto-PGFI<> to 4-ml of high performance liquid chroma­
tography (HPLC)-grade absolute methanol was placed in a
silanized 25-ml centrifuge tube, chilled for 15 min on ice,
and centrifuged at 2,500 rpm for 10 min. The supernatant
was decanted into a second 25-ml silanized centrifuge tube
and added q.s. with HPLC-grade water to 20 ml total vol­
ume. The tube was warmed to room temperature. A SEP­
PAK CIS cartridge was charged with 10 ml of HPLC-grade
methanol followed by a rinse with 10 ml of HPLC-grade wa­
ter. Next, the SEP-PAK was loaded with 20 ml of sample and
the effluent was discarded. The SEP-PAK was then flushed
with 10 ml of 20% HPLC-grade methanol. The SEP-PAK
CIS was eluted with 4 ml of 80% methanol, which was col­
lected in a silanized vial with a teflon insert cap. After drying
under a nitrogen stream, the extract with internal standards
was sequentially derivatized for vapor-phase analysis and
detection of characteristic negatively charged fragment ions
of 9a,1l{3-PGFz, PGFz<> , PGDz, PGEz, TXBz, and 6-keto­
PGFI<> as described (19).

Mucus Release in BALF Supernatant

A panel of monoclonal antibodies to rhesus monkey airway
secretions (20) was used in an enzyme-linked immunosor­
bent assay (ELISA) system to measure nanogram levels of
mucus released from airway secretory cells. Our ELISA
method is a double-sandwich method. Briefly, 200 IIIof each
monoclonal antibody (ascites fluid that has been purified in
a DEAE sephacell column; final concentration, 1 Ilg/ml) was
coated onto the center 60 wells of a 96-well Immulon plate
and incubated for 3 hat 370 C. The plates were washed with
phosphate-buffered saline containing 0.05% Tween" 20
(TPBS). The plates were stored at 4 0 C until used. When
ready, the test sample or standard mucin were applied to
each well (200 Ill/well) and incubated for 4 h at 370 C or
overnight at 40 C. The plates were washed with TPBS, then
200 III of each enzyme-antibody conjugate was applied to
each well for 4 h or overnight as above. Each purified mono­
clonal antibody was conjugated with alkaline phosphatase
using glutaraldehyde. After the enzyme-antibody conjugate
was washed from the wells, 200 III of p-nitrophenylphos­
phate substrate was added. The plates were incubated at
room temperature and then read at 405 nm on a Dynatech
M-R 600 microplate reader. Readings were taken at 15, 30,
60, and 90 min. The reaction was linear over this length of

time. A standard curve was then constructed, and values for
the amount of secretory product contained in lavagewere de­
termined.

Statistical Analysis of Data

Prostaglandin and mucus data on BALF supernatant, counts
per minute of 1111n in lung tissue, and BALF-recovered cells
were expressed on the basis of total lavage fluid volume re­
covered per left upper lung lobe. The values were reported
as the mean ± 1 SEM. BALF, tissue "Tn, and morphomet­
ric data were analyzed by one-way ANOVA and the Duncan's
multiple comparison test (21). The prostaglandin data were
not normally distributed and were analyzed by nonparamet­
ric statistics (Kruskal Wallis and Mann Whitney U tests)
(21). A value of P ~ 0.05 was considered significant.

Results
Filtered Air and One Hour after Exposure

Light and transmission electron microscopy showed normal
epithelium and interstitium for the trachea, bronchi, and res­
piratory bronchioles for all monkeys exposed to filtered air
(Figure 1). In airways of monkeys exposed to 8 h of O. 96 ppm
ozone followed by 1 h in filtered air, epithelial necrosis was
evident in the trachea, bronchi, and respiratory bronchioles
(Figure 2). Morphometry only showed a significant increase
in necrotic cells in trachea and respiratory bronchioles
(Figures 3 and 4). Ciliated cells were markedly reduced by
1 h after exposure in the trachea and bronchi, but only in the
bronchi were basal cells decreased in volume as compared
with filtered-air controls. Cilia were lost from ciliated cells,
leaving the appearance of short or no cilia with a prominent
row of basal bodies in the apical cytoplasm. Occasional
granulocytes were observed within the surface epithelium of
the trachea and bronchi, but granulocytes were more numer­
ous in respiratory bronchioles. Only alveolar macrophages
adjacent to respiratory bronchiolar epithelium showed a
marked increase in volume at the 1-h post-exposure time as
compared with filtered-air controls (Figures 5 through 7).
Goblet cells of the trachea and bronchi contained fewer
secretory granules; however, only in the trachea were they
markedly decreased in volume (Figure 3). It is noteworthy
that mucins detected by an ELISA method in BALF superna­
tant were significantly increased as compared with the
filtered-air controls in the l-h post-exposure monkeys (Table
1). Respiratory bronchioles also showed extensive cellular
debris in their airways and numerous vacuoles in low cuboi­
dal epithelium. The epithelial cell nuclei had a euchromatin
appearance with prominent nucleoli. The interstitium was
moderately swollen and contained numerous granulocytes.
These changes in the epithelium of conducting and distal air­
ways were associated with marked increases in lavagable
prostaglandins, with PGFz<> , PGDz, and PGEz significantly
increased as compared with filtered-air controls (Table 2).
The total number of cells and neutrophils recovered from
BALF was significantly increased at the 1-h post-exposure
times compared with filtered-air monkeys (Table 1).

Twelve Hours after Exposure

In the trachea, there was a marked increase in the intercellu­
lar space. This was associated with aggregations of neutro-



Figure 1. Normal appearance of epithelium and interstitium
of airways from a monkey exposed to filtered air for 7 days.
PanelA: Trachea. Note the columnar epithelium composed of
ciliated (C), goblet (G), small mucous granule (SMG), and
basal (B) cells. Note the basal bodies along the apical surface of
the ciliated cells and cilia in the tracheal lumen. Arrowheads
mark the epithelial basal lamina. Magnification: X 1,776.
Panel B: Segmental bronchus. Note that all of the cell types
found in the trachea are present ; interstitial cells (I) are found
beneath the basal lamina. Magnification: x2,412. Panel C: A
first-generation respiratory bronchiole shows a low cuboidal
epithelium toward the respiratory bronchiole lumen (RB).
A type I (I) epithelial cell lines an alveolar outpocket. Note
the large groups of smooth muscle cells (SM) , occasional
fibroblast (F), and collagenous fibers (CT) in the interstitium.
Magnification: xI,575.
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Many dome-shaped undifferentiated cells were observed in
the epithelium. Their surface was covered with short
microvilli, and their nuclei were euchromatic with a promi­
nent nucleolus (Figure SA). In general, bronchi showed a
more severe lesion at this time than the trachea. Although
intercellular spaces were not enlarged (Figure 8B), there
were significantly more necrotic cells and fewer ciliated and
basal cells in the bronchial epithelium (Figure 3). Eo­
sinophils were markedly increased in both epithelial and in­
terstitial compartments, whereas neutrophils were only in­
creased in the bronchial epithelium at this time compared
with filtered-air controls (Figure 6). In all monkeys at this
time, respiratory bronchioles were similar in appearance to
the l-h post-exposure group, but only type I epithelial cells
were significantly decreased (Figure 4). Ciliogenesis was
evident by the appearance of numerous basal bodies in the
cytoplasm of the cuboidal epithelium (Figure 8C). Although
all inflammatory cell types were observed in both compart­
ments, only eosinophils were significantly increased as com­
pared with filtered-air controls (Figure 7). At all airway lev­
els except the respiratory bronchioles, the labeling index for
epithelial cells was markedly increased, significantly for
bronchi, as compared with filtered-air controls (Figure 9).

HOURS AFTER 8 HOUR OZONE EXPOSURE

Figure 4. The volume of epithelial cells per surface area of epithe­
lial basal lamina (Vs) in respiratory bronchioles in monkeys ex­
posed to only filtered air (FA) or 0.96 ppm ozone for 8 h followed
by 1, 12,24, 72, or 168 h in filtered air. Bars represent mean values.
NCB = nonciliated bronchiolar cell. * Significantly greater (P ~

0.05) than filtered-air monkeys. # Significantly greater (P ~ 0.05)
v, of type I epithelial cells than 12, 24, 72, and 168 h.
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HOURS AFTER 8 HOUR OZONE EXPOSURE

Figure 3. The volume of airway epithelial cells in trachea and
bronchi per surface area of epithelial basal lamina (V.) in mon­
keys exposed to only filtered air (FA) or 0.96 ppm ozone for 8 h
followed by 1, 12, 24, 72, or 168 h in filtered air. Bars represent
mean values. SMG = small mucous granule cell. * Significantly
different (P ~ 0.05) than filtered-air monkeys.

phils and loss of ciliated cells (Figures 3, 5, and SA). In these
locations, neutrophils were also accumulated directly be­
neath the basal lamina. Neutrophil volume per epithelial
basal laminar surface area was increased in both epithelial
and interstitial compartments (Figure 5). Sloughed and
necrotic epithelial cells were also observed, although they
were less than in the l-h post-exposure animals (Figure 3).

Figure 2. Airways from monkeys exposed to 8 h of 0.96 ppm ozone followed by 1 h of filtered air. Panel A: Trachea. Note the necrotic
epithelial cells (NEC) and loss of apical cilia on ciliated cells (arrows). Note the reduced number of mucous granules in goblet cells (G).
Magnification: X1,620. Panel B: Bronchus. Note the loss of apical cilia on ciliated cells (arrowheads) and reduced number of mucous
granules in goblet cells (G). Note large vacuoles (V) in ciliated cell and a leukocyte (L) in the epithelium. Magnification: Xl,786. Panel
C: Respiratory bronchiole. Cellular debris, eosinophils (E), neutrophils, and alveolar macrophages mark the lumen of a first-generation
respiratory bronchiole. Note the numerous vacuoles (arrowheads) in the low cuboidal epithelium lining the respiratory bronchiole lumen.
The epithelial cell nuclei have a euchromatin appearance with prominent nucleoli. Note the granulocytes in the interstitium. Magnification:
Xl,786. Panel D: Respiratory bronchiole. Eosinophils in the interstitium are characterized by their crystallin core (arrowheads and inset).
Magnification: X4066; inset: x19,760.
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greater in exposed animals than in filtered-air monkeys (Ta­
ble 1).

Figure6. The volume of inflammatory cells per surface area of ep­
ithelial basal lamina (Vs) in the epithelium and per volume (V-) of
interstitium in bronchi of monkeys exposed to only filtered air (FA)
or 0.96 ppm ozone for 8 h followed by 1, 12, 24, 72, or 168 h in
filtered air. Bars represent mean values. PMN = neutrophil, EOS
= eosinophil, LYM = lymphocyte, and MP = mononuclear
phagocyte. * Significantly greater (P ~ 0.05) than filtered-air mon­
keys. # Significantly greater (P ~ 0.05) than all other times.

Twenty-four Hours after Exposure

Repair of tracheal epithelium was evident by 24 h after the
end of exposure (Figure ItA). Ciliated pseudostratified
columnar epithelium with ciliated, goblet, and basal cells
comprised the tracheal epithelium. Necrotic epithelial cells
were infrequently observed, and evidence of ciliogenesis
was indicated by the number of cells with disorganized basal
bodies in their apical cytoplasm. Neutrophils and eosino­
phils were still commonly observed in the epithelium, but
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Figure5. The volume of inflammatory cells per surface area of ep­
ithelial basal lamina (Vs) in the epithelium and per volume (Vv) of
interstitium in the trachea of monkeys exposed to only filtered air
(FA) or 0.96 ppm ozone for 8 h followed by 1, 12, 24, 72, or 168
h in filtered air. Bars represent mean values. PMN = neutrophil,
EOS = eosinophil, MP = mononuclear phagocyte, and LYM =
lymphocyte. * Significantly greater (P ~ 0.05) than filtered-air
monkeys.

Neutrophil migration was at its peak at 12 h after ex­
posure. Neutrophils were observed within the epithelium
and in the interstitium directly beneath the epithelium of all
airway levels at this time (Figures 5 through 7). The percent­
age of "Tn-labeled neutrophils was significantly greater in
BALF-recovered cells and in lung tissue at 12 h after ex­
posure as compared with filtered-air controls (Figure 10).
Neutrophils used for "Tn-labeling and reinfusion showed
circulatory kinetics of 48 ± 2 % of the cells injected intrave­
nously after 5 min and 16 ± 4% after 4 h (Table 3). The re­
mainder of 'ilIn-labeled neutrophils was found in the liver
and spleen at necropsy. No significant difference was ob­
served in "Tn-labeled neutrophils in tracheobronchial
lymph nodes at 12 h after exposure (Table 3). The total num­
ber of cells, as well as neutrophils in BALF, was significantly
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Figure 7. The volume of inflammatory cells per surface area of ep­
ithelial basal lamina (Vs) in epithelium and interstitium of respira­
tory bronchioles of monkeys exposed to only filtered air (FA) or
0.96 ppm ozone for 8 h followed by 1, 12,24, 72, or 168 h in filtered
air. Bars represent mean values. PMN = neutrophil, EOS = eosin­
ophil, ALV MAC = alveolar macrophage, LYM = lymphocyte,
and MP = mononuclear phagocyte. * Significantly greater (P ~

0.05) than filtered-air monkeys.

only in the tracheal interstitium were mononuclear phago­
cytes significantly increased (Figure 5). In contrast to the
trachea, bronchial inflammation and epithelial necrosis were
greater than at 12 h after exposure. Bronchial epithelium had
a disorganized appearance with some luminal necrotic cells,
undifferentiated cells in the more basal regions, and numer­
ous neutrophils and eosinophils (Figure lIB). There was a
notable increase in necrotic cells and a significant decrease
in ciliated and basal cells in the bronchial epithelium (Figure
3). In both epithelial and interstitial compartments, there
were significant increases in eosinophils (Figure 6). Bron­
chiolar regions showed areas of epithelial loss and neutro­
phils and eosinophils in the adjacent airspace. Hypertrophy
of nonciliated bronchiolar cells was observed and correlated
with a significantly greater cumulative cell volume per epi­
thelial basal laminar surface area as compared with controls
(Figure 4). Although some areas of the interstitium were
similar to those of controls (Figure lIC and Table 5), there
was a significant increase in neutrophils and mononuclear
phagocytes (Figure 7). Epithelial loss and occasional large
alveolar macrophages with numerous inclusions were ob­
served in proximal alveolar ducts (Figure lID). The total
number of cells, including neutrophils, in BALF was
significantly greater than in filtered-air monkeys but was
similar to that in 12-h post-exposure animals (Table 1). In
contrast, "Tn-labeled neutrophils in lung tissue and BALF
were not significantly greater than in filtered-air monkeys
(Figure 10).

Three Days after Exposure

The tracheal epithelium did not differ from controls by 3 days
after the end of exposure (Figure 3), and repair of bronchial
and respiratory bronchiolar epithelium was apparent (Fig­
ures 3 and 4). Necrotic ciliated cells were still encountered
in the bronchial epithelium at 3 days after exposure (Figure
3). Numerous cells with disorganized basal bodies in their
apical cytoplasm and numerous undifferentiated cells were
present in bronchi (Figure 12A). Neutrophils and eo­
sinophils were decreased in numbers compared with previ­
ous times but were still present in the interstitium (Figures
6 and 7). Respiratory bronchioles contained osmiophilic
collagenous fibers in the interstitium (Figure 12B). The total
number of cells, including lymphocytes, in BALF was
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TABLE 1

Leukocytes, total protein, and mucin recovered by bronchoalveolar lavage after ozone exposure*

Monkeys Total Cells Neutrophils Macrophages Lymphocytes Protein Mucin
Exposure Groups (n) (X 10-6) (X 10-6) (X 10-6) (X 10-6) (mg) (pg)

FA 5 3.12 ± 0.653 0.10 ± 0.040 2.92 ± 0.644 0.05 ± 0.045 1.385 ± 0.1806 0.416 ± 0.1224
8 h 0 3 + 1 h FA 3 6.21 ± 1.057t 2.71 ± 0.219 t 3.50 ± 1.034 O.OQo-± 0.00 3.565 ± 0.9946 1.984 ± 0.2930t
8 h 0 3 + 12 h FA 3 6.17 ± 0.185t 1.93 ± 0.208 t 4.24 ± 0.179 0.00 ± 0.00 3.516 ± 0.9492 0.482 ± 0.1401
8 h 0 3 + 24 h FA 3 6.71 ± 0.185 t 2.45 ± 0.866 t 4.20 ± 0.728 0.06 ± 0.029 10.865 ± 4.0723 t 0.607 ± 0.1978
8 h 0 3 + 72 h FA 3 5.99 ± 1.738t 0.61 ± 0.185 5.03 ± 1.478 0.35 ± 0.087t 3.978 ± 2.1099 0.883 ± 0.3314
8 h 0 3 + 168 h FA 3 1.97 ± 0.283 0.29 ± 0.017 1.63 ± 0.318 0.05 ± 0.023 1.309 ± 0.2154 N

Definition of abbreviations: FA = filtered air; 0 3 = ozone; N = not measured.
* All values are mean ± I SEM. Macrophages include monocytes observed in lavage « 3%).
t Significantly greater than (P ~ 0.05) those filtered-air controls.
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significantly greater than in filtered-air monkeys (Table 1).
Most of the increase in total BALF cells was from increased
alveolar macrophages and not lymphocytes.

Seven Days after Exposure

By 7 days after the end of exposure, the appearance of the
epithelium, the trachea, bronchi, respiratory bronchioles,
and proximal alveolar ducts did not differ from controls.
Bronchial epithelium showed a marked increase in the vol­
ume of ciliated and mucous cells, whereas the volume of
basal cells was significantly decreased per basal laminar
surface area. Some necrotic epithelial cells were observed
(Figure 3). Marked increases in eosinophils in tracheal inter­
stitium and neutrophils in bronchial epithelium and inter­
stitium were observed (Figures 5 and 6). Mononuclear
phagocytes were also significantly increased in bronchial in­
terstitium as compared with those of controls (Figure 6). The
interstitium appeared of normal thickness and composition
except for the occasional appearance of osmiophilic collage­
nous fibers in respiratory bronchioles (Tables4 and 5). The
total number of cells, including alveolar macrophages, in
BALF was less than in filtered-air monkeys (Table 1).

Discussion
The present study has four novel observations in the evalua­
tion of acute ozone-induced injury to tracheobronchial epi­
thelium: (1) the sequence of epithelial injury and repair
differed by airway generation, occurring earlier in the tra­
chea and respiratory bronchioles than in bronchi; (2) there
was a strong relationship between epithelial necrosis and the
emigration and retention ofneutrophils at all levels of the tra­
cheobronchial tree; (3) there was a strong association be­
tween maximal epithelial necrosis, BALF protein levels, and
granulocytes (especially eosinophils) in bronchi, but not the
trachea and bronchioles; and (4) there was a strong relation­
ship between increased mucin in BALF and loss of mucous
granules in goblet cells of the tracheobronchial epithelium.

The earlier time course of injury and repair in the trachea
and respiratory bronchioles as compared with bronchi was
an unexpected observation. To the best of our knowledge,
this is the first such report comparing epithelial injury and
repair between different airway levels after short-term ozone
exposure. The net dose and removal (as much as 40%) of
ozone is higher in more proximal conducting airways than
more distal airways (22); whether this can explain why the
trachea showed an earlier time of injury and repair is doubt­
ful. Tracheal epithelial necrosis and a significant decrease in
ciliated cells occurred at 1 h after the 8-h ozone exposure
when granulocytes in the tracheal epithelium and inter­
stitium were not markedly increased. This result is best
explained by direct ozone-induced epithelial injury in the tra­
chea. Although our data suggest that neutrophil accumula­
tion in the ozone-injured trachea by 12 h after exposure is
an epiphenomenon to epithelial injury, it is likely that neu­
trophils assist in killing ozone-injured epithelial cells.
Neutrophil-mediated tissue injury is well characterized in
vivo. In vivo evidence of oxidant generation and proteolytic
enzyme release from stimulated neutrophils has been
demonstrated in experimental lung injury induced by the
administration of formulated norleu-leu-phe (FNLP) intra­
bronchially and PMA intravenously to rabbits (8). Oxidants
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Figure 8. Airways from monkeys exposed to 8 h of O. 96 ppm ozone
followed by 12 h of filtered air. Panel A: Trachea. Note the ex­
panded intercellular spaces (arrows) and numerous neutrophils (N)
between epithelial cells. The epithelium is comprised primarily of
small mucous granule cells in the apical region, while basal cells
(B) are still well defined. TL = tracheal lumen. Magnification :
x2,295. Panel B: Bronchus . Note the ciliated pseudostratified ap­
pearance of the epithelium. Basal cells (B) and some ciliated cells
(C) have a normal appearance, while there are some intermediate
cells (I) that have mucous-like inclusions and cilia or basal bodies
in the apical cytoplasm. Two neutrophils (N) are seen intercellu­
larly, but the intercellular space is not abnormally dilated. Mag­
nification: x2,21O. Panel C: Respiratory bronchiole. Note the
basal bodies (arrowheads) in the undifferentiated cuboidal epithe­
lium. In the interstitium , a neutrophil (N) is beneath the basal lam­
ina and adjacent to numerous smooth muscle cells (SM) . Magni­
fication: X'3,723.
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Figure 10. The percentage of IIIIn-labeled neutrophils per total
cpm infused intravenously in bronchoalveolar lavage or in the left
upper lung lobe of monkeys exposed to filtered air or 0.96 ppm
ozone followed by 12,24, 72, or168 h in filtered air. Bars are mean
± SEM. * Significantly greater (P ~ 0.05) than filtered-air
monkeys.

ozone-induced injury. There was not a significant increase in
thymidine incorporation into epithelial cells of respiratory
bronchioles, but this was not unexpected because nonciliated
bronchiolar cells showed no detectable labeling index in
bonnet monkeys exposed continuously to ozone (0.8 ppm)
for 4, 8, 12, or 18h (4). As in our study, the nonciliated bron­
chiolar cell was the primary epithelial cell present after 18 h
of ozone exposure in bonnet monkeys (4) due to the loss of
other epithelial cells populating the respiratory bronchiole.
The hypertrophy observed in nonciliated bronchiolar cells of
monkey respiratory bronchioles was not unexpected since
these cells respond by increasing the volume of their or­
ganelles associated with protein synthesis in a dose-depen­
dent fashion to long-term ozone exposure (28). The marked
neutrophil accumulation observed in airspaces of respiratory
bronchioles at 12 and 24 h was closely correlated with neu­
trophils recovered by BALE It is noteworthy that few neutro­
phils were observed in the epithelial compartment at 12 or
24 h by morphometry. It is also of interest that "Tn-labeled
neutrophils showed no significant emigration into lung tissue
or airspace 24 h or later after exposure. These results imply
that neutrophils remain in the lung for some period of time,
between 12 and 24 h after exposure. Neutrophils probably

12 24 72 168

HOURS AFTER 8 HOUR
OZONEEXPOSURE

FILTERED
AIR

7

00 o TRACHEA
....:l
....:l 6
W

~ BRONCHUSU
....:l
< 5

• RESPBRON~

....:l
W= 4
Eo-
~

~
W
-= 3
-=.....
~
W 2
....:l
W
=:l
<
....:l
'*l:

FA 1 12

HOURS AFTER 8 HOUR OZONE EXPOSURE

Figure 9. The labeling index (number of labeled cells per 100 epi­
thelial cells) for trachea, bronchi, and respiratory bronchioles
(RESP BRON) of monkeys exposed to only filtered air (FA) or 0.96
ppm ozone for 8 h followed by 1 or 12 h in filtered air. Bars are
mean ± SEM. * Significantly greater (P ~ 0.05) than filtered-air
monkeys.

and neutrophil elastase have also been demonstrated in the
BALF from patients with the adult respiratory distress syn­
drome (ARDS) (23, 24). The repair of the tracheal epithe­
lium by 12 h after ozone exposure was associated with the
greatest neutrophil volume in the epithelium. The influence
of neutrophils on epithelial repair is poorly characterized. It
has been shown that neutrophil defensins (including cor­
ticostatin), which are localized in azurophilic granules and
are best known for their antimicrobial properties, also stimu­
late DNA synthesis in cultured lung cell lines (25-27). If
neutrophil defensins play a role in epithelial repair, neutro­
phils could be considered as beneficial in ozone-induced in­
jury by enhancing removal of ozone-injured epithelial cells
and by stimulating proliferation of the remaining epithelial
stem cells.

A similar interpretation can be made for epithelial cells
of respiratory bronchioles. Significant necrosis of epithelial
cells of respiratory bronchioles was only observed 1 h after
the 8-h ozone exposure, which is also indicative of direct

TABLE 3

Body weight and distribution of indium-labeled neutrophils in blood,
liver, spleen, and tracheobronchial lymph nodes*

Circulating % cpm % cpm
Monkeys Body Weight % cpm % cpm TB Lymph

Exposure Groups (n) (kg) 5 min 4h Liver Spleen Node X 103

FA 5 3.40 ± 0.259 48.42 ± 2.478 15.85 ± 3.631 45.48 ± 6.932 18.11 ± 4.857 0.94 ± 0.002
8 h 0 3 + 12 h FA 3 2.90 ± 0.150 42.68 ± 6.310 19.98 ± 1.951 29.79 ± 4.278 25.47 ± 7.523 1.08 ± 0.003
8 h 0 3 + 24 h FA 3 3.17 ± 0.260 30.69 ± 7.904t 19.88 ± 11.928 43.91 ± 6.270 6.18 ± 2.546 2.93 ± 0.015
8 h 0 3 + 72 h FA 3 2.89 ± 0.242 44.81 ± 0.185 24.48 ± 0.525 30.89 ± 13.574 7.89 ± 2.702 0.87 ± 0.013
8 h 0 3 + 168 h FA 3 3.04 ± 0.190 39.83 ± 3.210 14.50 ± 5.254 49.00 ± 17.095 15.62 ± 5.889 2.86 ± 0.011

Definition of abbreviations: FA = filtered air; TB = tracheobronchial; 0 3 = ozone; % cpm = percentage of total infused; cpm of JilIn-labeled neutrophils.
* All values are expressed as mean ± 1 SEM.
t Significantly different from (P < 0.05) filtered-air control.
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Figure 11. Airways from
monkeys exposed to 8 h of
0.96 ppm ozone followed by
24 h of filtered air. PanelA:
Trachea. Note the normal­
appearing ciliated pseudo­
stratified columnar epithe­
lium with ciliated (C), goblet
(G), small mucous granule
(SMG), and basal (B) cells .
TL = tracheal lumen. Mag­
nification: XI,863. Panel B:
Bronchus. Note the necrotic
epithelial cells at the luminal
surface (NEC), neutrophils
(N), eosinophils (E), and
mitotic figures (MT) in the
epithelium. Granulocytes
are also present beneath the
basal lamina (BL). Magnifi-
cation: xI,857. Panel C: Respiratory bronchiole. Sloughing or injured type I epithelial cells (arrowheads) are interspersed among un­
differentiated cuboidal cells . The interstitium has a normal appearance with abundant smooth muscle (SM). The airway lumen has numerous
granulocytes and mononuclear phagocytes. Magnification: xI,622. Panel D: Proximal alveolar duct. Note the abundant mononuclear
phagocytes (M) and neutrophils. Magnification: xI,622.
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Figure12. Airways from monkeys exposed to
8 h of 0.96 ppm ozone followed by 3 days of
filtered air. Panel A: Bronchus. Note the eosi­
nophils (E) in the epithelium and interstitium.
The epithelium has numerous intermediate
cells (1), but ciliated (C), goblet (G), and basal
(B) cells are present. Magnification: X2,068.
Panel B: Respiratory bronchiole. Note the
normal appearance of the cuboidal epithelial
cells . The interstitium was marked by osmi­
ophilic collagenous fibers (inset). Magnifica­
tion : x 2,024; inset: x 23,760.

migrate into more proximal airways at 12 h and remain in
the airways to be sampled by BALF at 24 h after exposure.
Translocation of granulocytes from proximal airways to res­
piratory bronchioles could possibly have occurred through
fixation by airway instillation .

The presence of neutrophils in the airways that were not
removed between the 12- and 24-h post-exposure times was
unexpected. It is possible that there was impairment of
airway clearance of neutrophils, including impairment of
phagocytosis of neutrophils by alveolar macrophages. Tra­
cheobronchial clearance of inhaled insoluble radiolabeled

particles in humans is minimally affected byexposure to con­
centrations of ozone as low as 0.2 ppm, but appears to be
enhanced at higher concentrations (29). In contrast, there is
decreased ability of rat alveolar macrophages to phagocytize
bacteria after concentrations as low as 0.5 ppm ozone for 3 h
(5). This decreased ability for phagocytosis after ozone ex­
posure is correlated with altered alveolar macrophage mem­
brane receptors for wheat germ agglutinin, which may be
reflective of alterations in the cells' recognition capability
(30) . It is also possible that the normal apototic process by
which neutrophils and eosinophils undergo programmed cell
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TABLE 4

Volume density of interstitial components of trachea and bronchi*

Exposure Groupt

FA 1 h 12 h 24 h 72h 168 h
(5) (3) (3) (3) (3) (3)

Trachea
Smooth muscle 0.12 ± 0.12 0.11 ± 0.11 0.91 ± 0.668 1.59 ± 1.104 0.79 ± 0.594 1.91 ± 0.273
Fibroblasts 8.99 ± 0.705 9.42 ± 3.929 15.14 ± 1.453 7.58 ± 2.247 14.77 ± 1.855 13.41 ± 3.295
Amorphous matrix 55.39 ± 5.236 61.97 ± 7.735 42.56 ± 5.126 31.74 ± 9.090* 34.15 ± 1.951 46.32 ± 3.979
Collagen fibers 25.82 ± 6.919 14.86 ± 4.766 18.29 ± 0.602 15.46 ± 4.600 25.76 ± 3.564 16.70 ± 1.127
Elastic fibers 0.15 ± 0.092 N N N N 0.92 ± 0.92

Bronchi
Smooth muscle 9.36 ± 1.613 18.08 ± 1.515 25.77 ± 7.408* 24.59 ± 7.028* 26.46 ± 6.983* 30.38 ± 1.734*
Fibroblast 12.99 ± 1.031 12.82 ± 3.453 10.64 ± 2.790 10.58 ± 2.049 9.91 ± 3.125 6.97 ± 0.304
Amorphous matrix 49.44 ± 0.778 39.05 ± 4.317 31.63 ± 3.991* 29.20 ± 1.578* 31.71 ± 5.526* 18.13 ± 6.180*
Collagen fibers 15.65 ± 0.198 21.00 ± 2.773 19.98 ± 1.789 18.21 ± 2.968 17.92 ± 4.831 8.26 ± 2.035*
Elastic fibers N N N N N N

Definition of abbreviations: FA = filtered air; N = none observed.
* Data expressed as mean ± I SEM of percent volume density (X 100) in the interstitial compartment. Number of monkeys is in parentheses.
t Groups of monkeys are based on times in filtered air after 8-h exposure to ozone. Filtered-air monkeys were only exposed to filtered air.
*Significantly different from (P ~ 0.05) filtered-air control monkeys.

death was delayed in the lung. Apotosis of neutrophils leads
to their recognition and phagocytosis by macrophages (31).
Elaboration of granulocyte/macrophage colony-stimulating
factor (GM-CSF) by cultured human bronchial epithelial
cells enhanced the survival of peripheral blood eosinophils
and a neutralizing monoclonal antibody to human GM-CSF
completely inhibited the increased survival of eosinophils
(32). An increased survival of granulocytes and a decrease
in alveolar macrophage phagocytosis could explain the
retention of neutrophils in ozone-exposed monkeys.

The strongest evidence for inflammatory cell-induced in­
jury after ozone exposure was found in bronchi. There was
marked necrosis of bronchial epithelial cells and significant
increases in eosinophils and neutrophils in the epithelial and
interstitial compartments of these airways at 24 h after ex­
posure. This finding was unexpected because exposure of
rhesus monkeys to 0.64 ppm ozone for 3 and 7 days showed
that the right mainstem bronchial epithelium was less
affected than the trachea (16). It should be noted that the
bronchi sampled in this study, generations 4 and 9, were

much more distal. A more severe response of secretory cell
metaplasia in bronchi as compared with the trachea was ob­
served in hamsters given purified human neutrophil elastase
and a crude extract of human neutrophils (33). Subsequent
studies in hamsters using lectin cytochemistry showed
markedly less lectin binding in bronchi as compared with
trachea (34). The investigators interpreted this difference in
lectin binding as a native difference in epithelial surface
glycoconjugates, which may allow more human neutrophil
elastase to bind on the surface of bronchial than tracheal epi­
thelial cells. However, the issue of preferential bronchial epi­
thelial susceptibility is probably more complex, because a
dose of the crude extract of human neutrophils caused secre­
tory cell metaplasia in bronchi of hamsters at equivalent, but
ineffectual doses of purified human neutrophil elastase (33).
Further, the secretory cell metaplasia induced by the crude
extract of human neutrophils in hamsters was unaffected by
an elastase inhibitor. Our morphometric data in monkeys ex­
posed to ozone support the possibility that the initiation and
resolution of inflammation is different in bronchi than it is

TABLE 5

Volume of interstitial components per surface area of respiratory bronchiole epithelial basal lamina*

Exposure Group"

FA 1 h 12 h 24 h 72h 168 h
(5) (3) (3) (3) (3) (3)

71 (J.tm)* 11.72 ± 2.026 14.58 ± 4.356 24.76 ± 5.789§ 27.55 ± 2.562§ 18.40 ± 0.298 16.93 ± 0.158
Smooth muscle 2.87 ± 0.598 2.27 ± 1.169 4.49 ± 0.919 6.07 ± 0.633§ 2.29 ± 0.078 2.94 ± 0.039
Fibroblasts 1.66 ± 0.427 1.76 ± 0.230 2.77 ± 0.652 1,37 ± 0.43H 3.17 ± 0.057§ 2.84 ± 0.040
Amorphous matrix 3.69 ± 1.145 6.08 ± 2.120 9.33 ± 2.65H 7.24 ± 0.579 6.02 ± 0.016 7.14 ± 0.036
Collagen fibers 2.52 ± 0.773 2.35 ± 0.671 3.76 ± 0.858 4.52 ± 0.909 3.51 ± 0.016 2.42 ± 0.031
Elastic fibers (X 102) 9.29 ± 6.667 4.29 ± 2.268 N 9.5 ± 3.209 11.77 ± 1.572 6.57 ± 1.565

Definition of abbreviations: FA = filtered air; N = none observed.
* All data expressed as mean ± 1 SEM (J-Im 3/J-Im2

) . Number of monkeys is in parentheses.
t All groups-are times after 8-h exposure to ozone, except filtered-air control in which monkeys were exposed only to filtered air.*TI = Arithmetic mean thickness of interstitium without small vessels, but includes inflammatory cells reported in Figure 7.
§ Significantly greater than (P ~ 0.05) filtered-air group.
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in trachea and respiratory bronchioles. Eosinophils were
much more abundant in the epithelium and interstitium of
bronchi as compared with trachea and respiratory bronchi­
oles. Eosinophil activation appears to be part of the inflam­
matory process in ARDS as evidenced by a significant corre­
lation between BALF eosinophil cationic protein (ECB) and
neutrophil myeloperoxidase (MPO) (35). The significant
correlation between BALF ECB and MPO suggests a com­
mon activator of eosinophils and neutrophils. Eosinophil
major basic protein (MBP) is found in the crystalloid core
of the eosinophil granule. At a concentration of 100 j.tg/ml,
MBP caused exfoliation of guinea pig tracheal explants (36).
At lower concentrations, MBP caused ciliostasis in circum­
scribed areas of the tracheal epithelium. MBP inhibits active
ciliated cells by direct impairment of axoneural function,
probably by the inhibition of ATPase activity (37).

The observation of a decrease in secretory granules in
goblet cells of the trachea and bronchi at 1 h after ozone ex­
posure in these monkeys was in good agreement with a
significant increase in mucins detected by an ELISA method
in HALF supernatant. These changes in HALF mucin and
goblet secretory granules were also associated with a sig­
nificant increase in BALF neutrophils and the presence of
neutrophils and eosinophils in airway tissue. Human neutro­
phil elastase, a serine protease, causes an increase in glyco­
conjugate release from hamster tracheal organ cultures (38).
Intranasal instillation of endotoxin in rats elicits a transient
influx of neutrophils into the nasal epithelium that was as­
sociated with concurrent quantitative decreases in stored
epithelial mucosubstance (39). It was concluded that a trans­
epithelial migration of neutrophils elicited a transient deple­
tion of epithelial stored mucosubstance, because rats in
which circulating neutrophils were sequestered in the lungs
and prevented from migrating into endotoxin-treated nasal
epithelium had no change in stored mucosubstance. Whether
the change in mucous release was due to the release of
secretagogues from migrating neutrophils or some other
neutrophil-related method of stimulation was not deter­
mined. Mucus hypersecretion is commonly observed in
bronchitis. It appears that this is a response of the epithelial
cells for protection from various inflammatory agents. Mu­
cus protects airways by creating a physical barrier between
inflammatory agents and the underlying epithelium and also
serves as a chemical barrier that neutralizes potentially
harmful substances such as proteases (40).

Studies in another species of primates, humans, found a
similar inflammatory response to our finding in rhesus mon­
keys. Healthy, nonsmoking male volunteers exposed to 0.4
ppm ozone for 2 h followedby 18h in air had BAL performed
and the cells and supernatant evaluated for various indicators
of inflammation (41). At 18 h after exposure, there was an
8.2-fold increase in the percentage of polymorphonuclear
leukocytes and a 3.8-foldincrease in immunoreactive neutro­
phil elastase in supernatant, while its activity increased 20.6­
fold in lavaged cells. The chemotactic leukotriene B4 was
unchanged whereas PGE2 increased 2-fold, and the com­
plement fragment C3a increased 1.7-fold. Similarly, Seltzer
and co-workers (10) observed increased numbers of neutro­
phils and the prostaglandin products PGE2 , PGF2a , and
TXB2 in BALF of human volunteers 3 h after termination

of a 2-h exposure to 0.4 or 0.6 ppm ozone. Results from mon­
keys exposed to ozone (0.96 ppm) for 8 h in this study
showed comparable increases in neutrophils, PGF2a , PGD2 ,

and PGE2 in BALF at the end of the exposure. The com­
parison shows that the monkey model of human ozone ex­
posure accurately reflects the direction and general magni­
tude of inflammatory changes observed in BALF after
voluntary human exposure.

Lung epithelial cells, alveolar macrophages, and neutro­
phils are a major source of arachidonic acid metabolites.
There is ample evidence that these metabolites may be im­
portant mediators of the early inflammatory events seen with
exposure to ozone. Exposure of rats to 1.1 ppm ozone results
in a 10-fold increase in the amount of arachidonic acid recov­
ered from the lipid of endobronchial washings (42). In­
creases in lavage concentrations of PGE2 and PGF2a were
observed in rats after exposure to 4.0 ppm ozone for 2 to 8 h
(43). In studies designed to further investigate the impor­
tance of prostaglandins in acute ozone lung injury, rats were
treated with the prostaglandin inhibitor indomethacin prior
to exposure to ozone (4 ppm, 4 h) (44). Indomethacin
significantly decreased the injurious effects of ozone as de­
termined by measured gains in lung weight as an indication
of pulmonary edema. The mechanisms by which arachi­
donic acid metabolites mediate neutrophil-dependent injury
probably involve a number of complex interactions. PGE2

has recently been shown to increase neutrophil emigration
into the lung in response to the fifth component of comple­
ment by a vasodilatory mechanism in the pulmonary micro­
vasculature (45). The observation corresponds nicely to our
observations in monkeys where the peak of PGE2 occurred
at the earliest sampling time (1 h after exposure) when neu­
trophils were likewise maximally increased in BALF.

Our results imply that ozone-induced epithelial necrosis
is biphasic, with the early phase resulting from direct ozone
injury to epithelial cells. The subsequent neutrophilic and
eosinophilic response is associated in bronchi with increased
epithelial necrosis and a significant increase of protein in
BALF. Our results suggest that granulocytes play a critical
role in acute epithelial injury resulting from ozone exposure.
A critical question raised by this study is whether ozone­
induced injury is time dependent in nature, with ozone­
derived oxygen metabolite injury to epithelium requiring a
fixed period of time before cell injury and death is evident.
If this is the case, then the presence of granulocytes adjacent
to injured and dying epithelial cells is just an epiphenome­
non. More likely, the true case is some combination from
both sources of injury. The present study more clearly
defines the relationship between granulocyte activity and ep­
ithelial injury in acute ozone exposure that allows the design
of experiments to better define the contribution of each
method of injury. Understanding the linkage between ozone­
induced acute epithelial injury and later manifestations of
pulmonary disease will have an important bearing on
elucidating the pathogenesis of small airway or centriacinar
disease caused bya variety of inhaled irritants, including cig­
arette smoke.
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