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Abstract. In this study inflammatory responses were determined in rat lungs 
0, I, 3, and 8 days following single 2- and 4-hr exposures to 1.8 ppm ozone. 
Analysis of lavage fluid immediately following exposure demonstrated en- 
hanced lactate dehydrogenase activity and decreased numbers of lavageable 
macrophages but no alterations in albumin content. Similar analyses at one 
day postexposure demonstrated 282% and 456% increases in albumin con- 
tent and enhanced numbers of lavageable neutrophils from a control value of 
0.01 + 0.01 to 0.27 + 0.10 and 0.78 -+ 0.11 million cells per lung for 2-hr and 
4-hr exposures, respectively. The observed increased levels of albumin were 
also present at 3 days, at which time the number of lavageable neutrophils 
was not significantly different than control. At both one and 3 days postex- 
posure, lavageable lymphocytes were significantly increased 10-fold from a 
control value of 0.03 -+ 0.01 million cells per lung. However, the number of 
lavageable macrophages was unaltered on day 1, but enhanced on day 3, 
giving values of 0.67 + 0.05 (control), 2.25 + 0.46 (2 hr), and 2.70 +- 1.05 (4 
hr) million cells per lung. By 8 days both inflammatory cell numbers and 
albumin levels had returned to control values. Since these data demon- 
strated different time courses for each inflammatory cell type, this reversible 
model of acute lung injury should be useful for establishing possible involve- 
ment of these cells in processes of lung injury. 
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Introduction 

Studies of the early cellular events following acute oxidant exposures of the 
lung are important for understanding the mechanisms leading to irreversible 
lung injury. Investigators have employed several different approaches to study 
the nature of this type of injury. Substrates and enzymes have been instilled 
into the airways to generate reactive oxygen species and peroxidative products 
of H202 [ 15, 28]. Treatment of lungs with the tumor promoter phorbo[ myristate 
acetate has been used to cause edema, the infiltration of inflammatory cells 
[18], and the development of irreversible interstitial fibrotic lesions [16]. Cyto- 
toxic agents such as paraquat [2, 9], bleomycin Il l ,  32], ozone [1, 6, 8, 12, 14, 
22, 31], and oxygen [17] also lead to similar changes in the lung. Although these 
model systems have used high levels of the injurious agent in order to establish 
initial biochemical interactions and models of fibrogenesis, the early events 
have not been so well defined. The purpose of the present investigation was 
therefore to develop a model of acute lung injury based on exposure of rats to 
ozone that more clearly demonstrate some of the early events and cell types 
involved. 

The effects of acute ozone exposure on lung tissue are well established [I, 
6, 8, 12, 14, 22, 24, 31] and include damage to bronchiolar and alveolar epithe- 
lia, edema formation, and the infiltration of inflammatory cells. Although in- 
flammatory cell infiltration has been examined in detail during the first 24 hr 
after 3-hr exposure of rabbits to 5 ppm ozone [6], few studies have determined 
the subsequent time course of events. The present study using rats acutely 
exposed to ozone therefore examined lung inflammatory cell accumulation 
immediately following exposure and 1, 3, and 8 days postexposure in order to 
establish whether resolution of the initial ozone-induced lesions could be dem- 
onstrated. Changes in lung inflammatory cell content were correlated with 
early indicators of tissue injury and with alterations of lung morphology. Rats 
were exposed for either 2 or 4 hr to 1.8 ppm ozone in order to investigate how 
the length of exposure might influence the degree of lung damage. The resulting 
lung inflammatory process was examined by light and electron microscopy and 
by analysis of bronchoalveolar lavage fluid for macrophages, lymphocytes, and 
polymorphonuclear leukocytes (neutrophils). Cellular damage was indicated by 
changes in lavage fluid lactate dehydrogenase activity [27]. Alterations in vas- 
cular permeability were similarly assessed by measurements of lavage fluid 
albumin [1, 10]. 

The resulting model of lung oxidant injury was found to be reversible, 
demonstrating different time courses for the appearance of each inflammatory 
cell type. These changes could be correlated with biochemical markers of tissue 
injury and observed alterations in lung pathology. Such a model should 
be useful in future investigations to establish possible points of reversibility 
and the role each cell type might have in the pathogenesis of lung oxidant 
injury. 
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Methods  

Animals 

Male Wistar virus-free rats (Harlan-Sprague Dawley, Indianapolis, IN) weighing 200-250 g were 
kept in high efficiency particulate-filtered (HEPA) air on a normal diet (RMH-1000, Agway, Syra- 
cuse, NY) for 5 to 10 days before exposure. Blood serum samples were taken routinely from at 
least 2 rats at the end of each experiment to ensure that the animals had been maintained free from 
Sendai virus, Kilham rat virus, rodent corona viruses, any mycoplasmal infections (Microbiologi- 
cal Associates, Rockville, MD). Rats were exposed to either air or ozone in separate 700-1 laminar- 
flow inhalation chambers (Baker, Sanford, ME) that were equipped with a charcoal- and HEPA- 
filtered air supply. The animals remained in the chambers in separate stainless steel wire cages with 
free access to food and water for up to 8 days postexposure. The air flow to the chambers was 
adjusted to give at least 20 changes per hour, a relative humidity of 50-65%, and a temperature of 
20-25°C. 

Ozone Generation and Analysis 

Ozone was introduced into the chamber at a rate of 2 l/min from an ultraviolet light generator (Orec 
Corp., Phoenix, AR). Chamber concentrations were continually measured by an ozone monitor 
(Model 1008 AH, Dasibi Inc., Glendale, CA) and strip-chart recorder. The ozone meter was 
routinely calibrated against a known ozone source (Model 1003 PC, Dasibi Inc.). Following an 
initial chamber equilibrium time of 20 min, rats were exposed to either air or ozone for either 2 or 4 
hr. During each exposure, ozone concentrations were monitored at different positions within the 
chamber and found not to vary by more than 0.1 ppm, giving a mean value of 1.77 --+ 0.03 ppm (± 
SEM) for 8 separate experiments. 

Lung Lavage for Biochemical Determinations 

A group of 48 animals was used to measure the effects of ozone exposure on lavage fluid albumin 
and lactate dehydrogenase.activity. The tracheas of anesthetized rats (sodium pentobarbital, 50 
mg/kg body wt., i.p.) were first cannulated, and the chest cavity opened followed by exsanguina- 
tion via abdominal arteries. The lungs were then gently lavaged in situ with a single 7.5-ml volume 
of warm (37°C) phosphate-buffered saline (PBS). The voIume of lavage fluid recovered was re- 
corded but was found not to be affected by ozone exposure, giving a mean recovery volume of 
6.5 ± 0.4 ml (± SEM, n = 48). Cells and debris were separated by centrifugation and the resulting 
supernatant used for analysis of lavage fluid lactate dehydrogenase activity and albumin content. 
Lactate dehydrogenase activity was determined immediately by standard methods based on the 
decrease of NADH absorbance measured at 340 nm in the presence of excess pyruvate [4]. Results 
were reported as units of activity equivalent to ~mol NADH utilized per min. Albumin content was 
determined on lyophylized supernatant samples using a standard assay procedure based on the 
color reaction of albumin with bromcresol green (sigma Chemical Co., St. Louis, MO) that is read 
at 630 nm and compared with a standard curve based on known amounts of bovine serum albumin 

[261. 

Lung Lavage for Analysis of Cell Populations 

Experiments were conducted to investigate infiltration of inflammatory ceils into ozone-exposed 
lungs. Lungs isolated from anesthetized rats were cleared of blood by perfusion with Krebs-Ringer 
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bicarbonate buffer (pH 7.4) via the pulmonary artery at 12 ml per min. while being ventilated 
(Model 680, Harvard Apparatus, S. Natick, MA) at 60 breaths per rain with a tidal volume of 2 ml 
and an end-expiratory pressure of 1-2 cm H20 as previously described [3]. Lavages were then 
carried out by serial washings of the lungs with 5-10 ml PBS containing 3 mM EDTA using a total 
volume of 50 ml. The resulting lavage fluid was centrifuged and the cells resuspended in 3 ml of PBS 
before differential staining and counting by standard procedures (Diff-Quik ®, American Scientific 
Products, McGraw Park, IL) [33]. Results were represented as total lavageabte cells per lung. 

Pathological Evaluations 

Lungs for pathological evaluation were fixed by perfusion via the pulmonary artery with 1% 
glutaraldehyde-l% formaldehyde in 0.1 M cacodylate buffer (pH 7.6) as previously described [3]. 
Perfusion was maintained for at least 15 min at 12 ml/per rain with the lung volume set at functional 
residual capacity. Tissue samples were prepared from lungs isolated from at least 2 animals at each 
time point postexposure. Transverse sections were taken from both lungs just distal to the carina. 
For light microscopy, tissues were routinely embedded in paraffin, sectioned at 6 p.m, and stained 
with hematoxylin and eosin. For electron microscopy, several blocks of tissue (8.0 x 5.0 x 1.0 mm) 
were taken from the same areas described above, postfixed in 1.0% osmium tetroxide, dehydrated 
in a graded series of alcohols, and embedded in Araldite 502. After 1 ~m sectioning, areas that 
included the centriacinar regions of the lung were selected for thin-sectioning by a Sorval MT2 
ultramicrotome, placed on copper grids, and examined with a JEOL 100S electron microscope. 

Changes in total cell number and collagen were indicated in perfused but not lavaged rat lungs 
by using standard methods for measuring DNA [5, 21] and hydroxyproline [30], respectively. 

Statistical Analysis 

Data were analysed by two-way analysis of the variances and compared by Neuman-K.euls' multi- 
ple range test using a level of significance ofp < 0.05 [7]. Logarithmic transformations were carried 
out on the data in those cases where variances were found not to be homogenous I~y Hartley's 
test [7]. 

Results 

Body Weights 

No signif icant  d i f ferences  in the initial body  weights  were  o b s e r v e d  be tween  
each e x p e r i m e n t a l  group of  an imals ,  giving a m e a n  body  weight  o f  245 g (n = 
I00) at the onse t  of  the air  and  ozone  exposures .  Body  weight  gains  fol lowing 
exposures  to e i ther  air (control)  or  1.8 ppm ozone  for  2 and  4 hr are show n  in 

Table  1. The  m e a n  a i r -exposed  cont ro l  rat weight  was inc reased  f rom 247 + 5 g 
to 251 + 4 g (SEM,  n = 11) dur ing  the first 24 hr  in the exposure  c h a m b e r s .  
Body weights  then  increased  by an  average of 7 g per  day to give a f inal  mean  

body  weight  on  day  8 pos t exposu re  of 298 - 5 g (SEM,  n = 10) (Tab le  1). 
O z o n e - e x p o s e d  rats losts weight  dur ing  the first day fol lowing e x p o s u r e  in 
a m o u n t s  tha t  were  p ropor t iona l  to the du ra t ion  of  the ozone  exposu re s .  At  3 
days  p o s t e x p o s u r e ,  ozone -exposed  rats still d e m o n s t r a t e d  de p r e s se d  gains in 
body  weight .  By  8 days pos texposure ,  body  weight  gains were  a p p r o a c h i n g  air- 
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Table I.  Body weight gains following ozone exposure  
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Control 2-hr Ozone 4-hr Ozone 
(g) (g) (g) 

I day post exposure  4.0 ± 0.7 - 1 1 . 5  --- 1.62 -21 .3  --- 2.1 ~ 
3 days post exposure  21.4 ± 2.4 13.1 ± 1.3 ~ 2.9 ± 0.7 ~ 
8 days post exposure  57.4 _+ 3.1 49.7 ± 4.3 50.8 ± 2.9 ~ 

Resul ts  represent  the mean - SEM body weight gains for 10 to 12 rats 
measured  under  each condition. 

Significantly different than corresponding control values by two-way 
analysis of  variance followed by N e u m a n - K e u l s '  multiple-range test with p < 
0.05. 

exposed control values. Although food and water intakes could not be readily 
determined in these experiments, the observed loss of weight during the first 24 
hr following ozone exposure might best be explained by dehydration resulting 
from decreased water intake. 

Effects of Ozone Exposure on Lung Pathology 

Since lungs isolated from rats exposed to ozone for 2 hr demonstrated little 
histological alteration, only the effects of 4-hr ozone exposure on lung pathol- 
ogy are described. Although the most severe lesions were located in the ante- 
rior lobes, multifocal areas of atelectasis and consolidation were observed 
throughout the lung. The observed lesions were restricted to proximal alveolar 
regions. Immediately following exposure, bronchiolar and alveolar lumina 
were found to be free of exudation and edema. There was, however, an infiltra- 
tion of neutrophils located intravascularly and perivascularly within bronchio- 
lar walls and subjacent to the bronchiolar epithelium beneath the basal lamina 
(Fig. I). Neutrophils were also seen in proximal alveolar septal capillaries. 

Lesions observed on day 1 postexposure were characterized by necrosis 
and attenuation of the bronchiolar epithelium with intraluminal cellular debris. 
Bronchiolar walls were thickened due to predominantly neutrophilic and small 
mononuclear cell infiltration (Fig. 2A). Large cells with vacuolated cytoplasm 
were increased in alveolar lumina. Edema was evident in proximal alveoli and 
some fibrin deposition was also observed (Fig. 2A and 2B). Macrophage num- 
bers were not significantly elevated at this time point. Additional changes in 
lung ultrastructure included neutrophils between bronchiolar epithelium and 
alveolar lumina. Lymphocytes were also found in the interstitium and within 
bronchiolar and alveolar lumina. 

At 3 days postexposure, the terminal bronchiolar wall was markedly thick- 
ened and in some places consolidated with adjacent alveoli (Fig. 3A), resulting 
from increased numbers of mononuclear cells and what was interpreted as 
alveolar type II cells undergoing proliferation (Fig. 3B). Although the numbers 
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Fig. 1. Electron micrograph of a representative area of lung tissue immediately following a 4-hr 
exposure to 1.8 ppm ozone, illustrating the bronchiolar epithelium (top), and neutrophils (arrows) 
within interstitial and alveolar spaces (original magnification x 3,500). 

of neutrophils were markedly reduced from the number observed on day 1 
postexposure, they were only observed in alveolar lumina and septal capillar- 
ies. The proximal alveolar regions of exposed lungs were characterized by 
increased numbers of cells and debris-ladened, foamy-appearing macrophages 
(Fig. 3A and 3B). 

At 8 days postexposure, the lesions were mainly resolved, and histologi- 
cally the lungs appeared similar to controls. There was some residual cellular 
debris over the bronchiolar epithelium, areas of epithelial remodeling, a few 
lymphocytes in capillaries, and occasional clusters of type II cells. 

Although measurements of tissue dry weights and DNA were made on 
additional lungs prepared from similarly exposed rats, changes were found not 
to be significantly different than control values of 227 ± 10 mg and 8.8 - 1.0 mg 
per lung (± SEM, n = 9), respectively. In order to determine whether irrevers- 
ible fibrotic lesions could have developed in these ozone-exposed lungs, an 
additional set of control and 4-hr ozone-exposed rats were examined for possi- 
ble changes in lung hydroxyproline content at 14 days postexposure. No signifi- 
cant differences from a control value of 3.02 + 0.13 mg of hydroxyproline per 
lung (± SEM, n = 3) could be detected, suggesting that 4-hr exposure to !.8 
ppm ozone did not result in any alteration of lung collagen content. 

Biochemical Analysis of Lung Lavage Fluid 

Lung damage due to ozone exposure was indicated by changes in lavage fluid 
lactate dehydrogenase and albumin concentrations, indicating cellular damage 
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Fig. 2. Representative area of lung tissue isolated from a rat 1 day following a 4-hr exposureto 1.8 
ppm ozone, demonstrating in (A) (original magnification x 420) edema fluid accumulation and 
hypercellularity of the terminal airway and in the electron micrograph of the proximal alveolar 
region of the lung (B) (original magnification × 3,500) attenuation of the epithelium with fibrin and 
debris accumulation in the lumina (arrow). 

and increased  vascular  permeabi l i ty ,  respect ively .  Lavage  fluid lactate dehy-  
d rogenase  and albumin concen t ra t ions  measured  in lungs f rom a i r -exposed 
control  animals  on  days  0, 1, 3, and 8 pos t exposure  were  found  not  to be 
significantly different  (Tables 2 and 3). Lac ta t e  dehydrogenase  levels were  
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Fig. 3. Representative area of lung tissue isolated from a rat 3 day following a 4-hr exposure to 1.8 
ppm ozone, demonstrating in the terminal airway (A) (original magnification × 420) hypercellular- 
ity of alveolar septa with macrophages within the lumina and in the electron micrograph (B) 
(original magnification x 3,500) a proliferating epithelium and foamy macrophages (arrows). 

found to be significantly increased by 60% in lavage fluids recovered from lungs 
isolated immediately following both 2-hr and 4-hr exposures to ozone (Table 2), 
demonstrating ozone-induced cellular damage. In contrast, measurements of 
lavage fluid albumin concentrations were not significantly altered from control 
values immediately following the ozone exposures (Table 3). Comparisons be- 
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Table 2. Lavage fluid lactate dehydrogenase activity 

Time postexposure 

immediate 1 day 3 day 8 day 
(mU per ml of lavage fluid) 

Control 18 ± 2 20 --- 3 23 ± 2 25 ± 4 
2-hr ozone 29 ± 3 ~ 24 ± 2 27 ± 3 18 ± 1 
4-hr ozone 29 ± 3 ~ 39 - 9 a 26 ± 3 23 ± 1 

Results represent as mU of lactate dehydrogenase per ml re- 
covered in lavage fluid the mean values ± SEM for 4 rats exposed 
under each condition. 
" Significantly different than unexposed control values by two- 
way analysis of variance and Neuman-Keuls' multiple-range test 
following a logarithmic transformation with p < 0.05. 
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Table 3. Lavage fluid albumin content 

Time Postexposure 

immediate 1 day 3 day 8 day 
(/xU per ml of lavage fluid) 

Control 122 --- 16 106 ± 32 78 ± 6 91 - 3 
2-hr ozone 122 - 14 299 ± 4P 192 --- 20 a 106 ± 19 
4-hr ozone 192 + 37 484 ± 55 ~ 356 --+ 783 114 ± 21 

Results represent as/xg per ml of albumin recovered in lavage 
fluid the mean values - SEM for 4 rats exposed under each condi- 
tion. 
a Significantly different than unexposed control values by two- 
way analysis of variance and Neuman-Keuls' multiple-range test 
following a logarithmic transformation with p < 0.05. 

t w e e n  con t ro l  and o z o n e - e x p o s e d  lungs 1 day fo l lowing  e x p o s u r e  d e m o n s t r a t e d  

that  l avage  fluid lac ta te  d e h y d r o g e n a s e  ac t iv i ty  was on ly  significantly e l e v a t e d  

in lungs i so la ted  f r o m  rats or iginal ly  e x p o s e d  for  4 hr  to o z o n e  (Table  2). N o  

significant d i f f e rences  in lavage  fluid lac ta te  d e h y d r o g e n a s e  ac t iv i t ies  b e t w e e n  

con t ro l  and o z o n e - e x p o s e d  w e r e  o b s e r v e d  on 3 and 8 days  p o s t e x p o s u r e .  

T h e s e d a t a  sugges t  that  the cell  d a m a g e  resul t ing f rom ozone  e x p o s u r e  was  

t ransient .  

At  1 day p o s t e x p o s u r e ,  inc reas ing  the t ime of  o z o n e  exposu re  r e su l t ed  in 

paral le l  inc reases  in l avage  fluid a lbumin  concen t r a t i on ,  giving va lues  tha t  were  

182% and 566% h igher  than a i r - exposed  con t ro l  lungs for  2-hr and 4-hr  expo-  

sures ,  r e s p e c t i v e l y  (Table  3). A l b u m i n  leve ls  were  s imilar ly  e n h a n c e d  on  day 3 

p o s t e x p o s u r e ,  but  had  r e tu rned  to con t ro l  va lues  by day  8 (Table 3). T h e s e  data  

sugges t  that  the i n c r e a s e d  lung v a s c u l a r  pe rmeab i l i t y  o b s e r v e d  1 day p o s t e x p o -  
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sure persisted for at least 3 days, but returned to normal by 8 days postexpo- 
sure. 

Cell Analysis of Lavage Fluid 

The total number of inflammatory cells recovered by lavage immediately fol- 
lowing 2 and 4 hr of ozone exposure was decreased from a mean control value 
of 1.51 -+ 0.13 to 0.87 -+ 0.10 and 1.07 -+ 0.2 million cells (-+ SEM, n = 4), 
respectively. Although statistical analysis demonstrated that only the total 
numbers of cells recovered from the 2-hr exposed lungs were significantly 
different than control values, these changes in cell number were accounted for 
by significant decreases in the numbers of lavaged macrophages from a control 
value of 1.44 + 0.14 to 0.82 -+ 0.09 and 0.94 -+ 0.15 million cells per lung for 2-hr 
and 4-hr exposed lungs, respectively (p < 0.05). The numbers of recovered 
lymphocytes and neutrophils were not significantly altered from control levels 
of 0.07 -+ 0.01 and 0.01 -+ 0.00 million cells, respectively. 

In a separate series of 4 experiments, rats were exposed under identical 
exposure conditions for evaluation of lung inflammatory cell changes on days 1, 
3, and 8 postexposure (Fig. 4). It should be noted that in these experiments the 
total number of cells recovered from air-exposed control lungs was consistently 
lower than that obtained in the previous experiment, reflecting possible differ- 
ences between groups of animals. The observed increases in the total number 
of lavageable cells recovered in lungs 1 day after ozone exposure (Fig. 4A) was 
mainly accounted for by the appearance of neutrophils representing 26 and 40% 
of total cells from 2- and 4-hr ozone-exposed lungs, respectively (Fig. 4B). The 
number of recovered lymphocytes had also significantly risen in both ozone- 
exposed groups, giving values that were 10-fold higher than a mean control 
value of 0.02 --4- 0.01 million cells per lung (-+ SEM, n = 4). However, the 
number of recoverable macrophages was not significantly altered at this time 
point (p > 0.05) (Fig. 4B). 

The observed increases of 261% for 2-hr and 398% for 4-hr ozone-exposed 
lungs in the total number of lavageable cells recovered on day 3 postexposure 
(Fig. 4A) were associated with an increased number of macrophages (Fig. 4C). 
The numbers of macrophages recovered from 2-hr and 4-hr exposed lungs at 
this time point were 2.25 + 0.46 and 2.70 + 1.05 million cells per lung, respec- 
tively, that were not significantly different from each other. The number of 
lavageable lymphocytes remained elevated, but the observed numbers of neu- 
trophils were found not to be significantly different than control values (Fig. 
4C). At 8 days postexposure the number of lavageable cells had returned to 
control values with no significant differences observed in the differential cell 
counts (Fig. 4D), suggesting that the lungs were returning to normal. 

Discussion 

The ozone exposures used in this study produced a reversible model of lung 
oxidant injury. The concentration of 1.8 ppm ozone was high enough to cause 
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Fig. 4. Thetota lnumberofce l l s recoveredbybronchoalveolar lavageof lungsisola tedfromrats  I, 
3, and 8 days following 2- and 4-hr exposures to 1.8 ppm ozone (A). The numbers of macrophages, 
lymphocytes, and neutrophils recovered by lavage on day 1 (B), day 3 (C), and day 8 (D) postexpo- 
sure. Results represent for each condition the means -+-+ SEM for 5 animals examined on days I and 
3 postexposure, and 4 animals on day 8 postexposure. *Significantly different on comparison with 
air-exposed control animals (p < 0.05). 

sufficient damage to the lung so that measurable changes in vascular permeabil- 
ity and inflammatory cell infiltration could be detected. The durations of ozone 
exposure were also short enough to demonstrate that the oxidant injury was 
reversible. This model provides a system in which the time courses of the 
different inflammatory cell infiltration and disappearance from the lung can be 
clearly defined. 

Unlike other models of acute lung damage used to determine the role of 
inflammatory cells in adult respiratory distress syndrome [15, 17, 18, 25, 28] 
and in the development of interstitial fibrosis [2, 9, 11, 12, 16, 32], the present 
system was found to be reversible by 8 days postexposure. This reversibility of 
injury was indicated by a return to the control number of lavageable inflamma- 
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tory cells and a return to a normal lung structure with no significant accumula- 
tion of collagen. This study therefore provides the basis for a sensitive method 
of examining the mechanisms by which an oxidant-injured lung might get better 
or worse. Such experiments are not so easily conducted in models that use 
either large changes in vascular permeability or the development of interstitial 
fibrosis as experimental end-points. Since this study also demonstrates a way 
to obtain either a neutrophil or a macrophage-rich lung, it should be possible to 
separately investigate interactions between these inflammatory cells and alveo- 
lar epithelium and components of the extracellular matrix that might occur 
during the early stages of lung oxidant injury. 

The data demonstrated that neutrophils rapidly entered the lung during the 
first day following ozone exposure and were declining in number by clay 3 and 
completely absent by day 8 postexposure. On the other hand, the number of 
macrophages was not increased until after the first day postexposure and was 
returning to normal by day 8 postexposure. An increased number of lympho- 
cytes was also observed on the first day postexposure. These cells were still 
present on day 3 but had left the lung by day 8. The changes in the total 
numbers of lavageable inflammatory cells and the observed increases in vascu- 
lar permeability measured by albumin content of lavage fluids could be correl- 
ated with pathological observations of hypercellularity and edema formation in 
alveoli at the different times following ozone exposure. Electron microscopy 
demonstrated the location and ultrastructural alterations of the infiltrating in- 
flammatory cells and the presence of proliferating alveolar type II cells previ- 
ously associated with the repair of ozone-damaged alveolar epithelium [8]. 

Lavage fluid lactate dehydrogenase activity, which was used as an indica- 
tor of lung cell damage [27], was found to be increased immediately following 
exposure to ozone. Since no significant increases in lavageable inflammatory 
cells or in vascular permeability were demonstrated at this time point, the 
source of enzyme activity was most likely from lung cells damaged by the 
interaction of ozone with cell membrane lipids [20, 24] and enzyme proteins 
[19]. Since the numbers of macrophages recovered by lavage were found to be 
significantly decreased immediately following both 2- and 4-hr ozone expo- 
sures, the increased lavage fluid lactate dehydrogenase might also have re- 
sulted from ozone-induced damage of the resident macrophage population. The 
observed decrease in recoverable macrophages and the subsequent increase in 
lavageable neutrophils 1 day postexposure was consistent with a previous 
study that reported decreased macrophages and increased heterophils immedi- 
ately following exposure of rabbit lungs to 5 ppm ozone for 3 hr [6]. The present 
investigation with rats demonstrated that although neutrophils could readily be 
identified within the interstitium of lung terminal airways immediately follow- 
ing the ozone exposure, they could not be recovered by bronchoalveolar lavage 
at this time point. 

The increase in lavage fluid lactate deydrogenase observed 1 day following 
a 4-hr exposure to ozone might be derived from the infiltrated neutrophils, from 
the blood as a result of increased vascular permeability, or as a result of contin- 
uing lung epithelial cell damage. Although lavage fluid recovery of radiolabeled 
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albumin following intravenous injection has previously been shown to provide 
a suitable index of  permeability changes [I,  10], increases in lavage fluid protein 
have been found to be a more sensitive indicator of  the consequences  of  rat 
ozone exposure  [10]. In the present study, changes in vascular  permeabil i ty 
were indicated 1 day following ozone exposure  by enhancements  o f lavage  fluid 
albumin. These  data could be correlated with increases in the numbers  of  
lavageable neutrophils and with the duration of the ozone exposures.  Since 
neutrophils can potentially cause oxidative damage by their ability to generate 
reactive species of  oxygen and to release proteolytic enzymes,  they might have 
amplified the original ozone-induced damage during infiltration from the vascu- 
lature into the lavageable spaces of  the lung [15, 25, 28, 29]. 

On the other  hand, increased lavage fluid albumin levels remained elevated 
at 3 days post -ozone-exposure ,  at a time when the number  of  lavageable neu- 
trophils was no longer significant but large numbers  of  macrophages  had en- 
tered the lung alveoli. It is therefore possible that the increased number  of  
macrophages ,  which have been shown to generate reactive oxygen species and 
to release proteinases [13, 23], might also have been responsible for the ob- 
served pers is tance of  lung damage. However ,  the number  of  macrophages  
lavaged f rom lungs 3 days after both 2- and 4-hr ozone exposures  were similar 
and so did not correlate with the degree of damage indicated by lavage fluid 
albumin concentrat ions that were proportional to the length of  ozone exposures  
(Table 3, Fig. 4C). On the other hand, focal areas of  consolidation could have 
prevented efficient lavage of the inflammatory cells at this time point and so 
result in an underest imation of macrophage content.  It should be noted that the 
observed differences in damage observed between 2-hr and 4-hr ozone-exposed 
lungs at 3 days pos texposure  might also be explained by residual proteinases of  
degenerat ing neutrophils.  
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