


ffi[HEALTH EFFECTS INSTITUTE 

The Health Effects Institute, established in 1980, is an independent and unbiased 
source of information on the health effects of motor vehicle emissions. HE! studies 
all major pollutants, including regulated pollutants (such as carbon monoxide, 
ozone, nitrogen dioxide, and particulate materials), and umegulated pollutants 
(such as diesel engine exhaust, methanol, and aldehydes). To date, HE! has 
supported n1ore than 120 projects at institutions in North America and Europe. 

Typically, HE! receives half its funds from the Environmental Protection Agency 
and half from 28 manufacturers and marketers of motor vehicles and engines in the 
United States. Occasionally, revenues !rom other public or private organizations 
either support special projects or provide resources for a portion of an HE! study. For 
this study, the Institute acknowledges the cooperation and support of the National 
Toxicology Program (NTP), which consists of four charter agencies of the U.S. 
Department of Health and Human Services. The NTP sponsored tlw inhalation 
component of this project as part of its studies in the toxicologic and carcinogenic 
effects of ozone. However, in all cases I-illi exercises complete autonomy in setting 
its research priorities and in disbursing its funds. An independent Board of Directors 
governs the Institute. The Research Committee and the Review Connnittee serve 
complementary scientific pmposes and draw distinguished scientists as members. 
The results of HE!-funded studies are made available as Research Reports, which 
contain both the Investigator's Report: and the Review Cmmnittee's evaluation of the 
work's scientific and regulatory relevance. 



1£[ Statement 
Synopsis of Research Report Number 65 Part H 

Prolonged Ozone Exposure and the 
Contractile Properties of Isolated Rat Airways 
BACKGROUND 

Ozone is a major outdoor air pollutant. Short-terrn inhalation of ozone can produce temporary chest discomfort, 
and transient changes in breathing patterns and lung function. Because a larg(3 nurnber of people are exposed to 
levels of ozone sufficient to cause effects on breathing, it is important to understand the short- and long-term 
consequences of these exposures for human health. 

On(~ concern is that repeated or prolonged exposures to reactive gases such as ozone may present a possible risk 
factor for lung cancer. Recently, the National Toxicology Program {NTP) conducted an animal bioassay to 
evaluate ozone's carcinogenicity in rats and mice. To assess ozone's pohmtial to cause noncancerous lung 
diseases, such as pulmonary fibrosis or emphysema, HEI provided support to investigators who used rats from 
the NTP's bioassay to study whether long-term ozone exposure causes permanent alterations in the respiratory 
system. Dr. John Szarek's study of the effects of prolonged ozone exposure on the contractile and pharmacologic 
properties of rat airways, which is described in this report, was one of eight studies in the NTP/HEI Collaborative 
Ozone Project. The other studies investigated possible changes in the biochemistry, structure, or function of the 
1'(-')spiratory tracl, and are being published as other Parts of Research Report Number 65. 

APPROACH 

Dr. Szarek isolated airways from rats that had been exposed to 0, 0.1.2, 0.5, or 1.0 parts per million (ppm) ozone 
for six hours per day, 5 days per week for 20 months. His objectives were to examine (1) whether the contractile 
properties of thH airway smooth muscle changed after prolonged ozone exposure, and (2) whether prolonged 
exposure altered tlu~ airway muscle's response to factors known to affect airway reactivity. Because large and 
small airways respond differently to inhaled stimuli, he dissected two sizes of airway segments and designated 
them as large or small. First he measured the tension (force/2 x the airway length) and stress (force/airway wall 
area) generated in each airway when he stretched them by specific increments. Then he measm·ed the same 
parameters after stimulating the airways with several drugs or with an dectrical field. He also looked for changes 
in the thickness and amounts of smooth muscle in the airway walls. Finally, h(-') measured the release of 
eicosanoids, substances that are associated with airway contraction and relaxation. All of these experiments 
were done in vitro. 

The overall conclusion of this mnltifaceted study was that prolonged ozone exposure produced relatively few 
abnormalities in the basic contractile properties of rat airways, and few changes in their responses to stimulants. 
The large airways isolated fTom ozone~exposed rats, irrespective of the level of ozone exposure, showed no 
important differences from control values in either the active or passive contractile responses, or in tho levels of 
eicosanoids released after stimulation. In contrast, some statistically significant changes were noted in the small 
airways from animals exposed to 0.5 ppm ozone. The thickness of the small airway wall in these specimens was 
increased approximately 40%, primmily because of an increase in the amount of smooth muscle. Surprisingly, 
however, the maximum stress generated in these airways was reduced in response to smooth muscle stimulators. 
It is not clear how these observations in isolated small airways relate to lung function in living animals. The 
clinical significance of these findings may become clearer when they are evaluated in conjunction with functional 
measurements that were made in the sarne animals by another group of investigators who participated in this 
project. 

This Statement, prepared by tlwl-le;1l1h Effects Institute (HEJ) and approved by its Uoard of Directors, is n summary of a wsearch study sponsored by J-JEI from 1991 to 19!J3. The inhalation component of this project was supported by the National Toxieology Program as part of its studies in lhn toxicologic am! 
t~ardnogenk effects of ozone. This study was conductml hy Dr. Bhandaru Radhakrishnamurthy of the Tulane University School of Public Health and Tropical Medidne, New Orlmms, LA. The following Research Report contains un lntrodm:tion to the NTl'/HEJ Co!lahowtive Ozone Proj!lC\, the detniled lnves!igalor's 
Hopor1. and a Cmnmnntary on H1t1 study prepawd by tlw Institute's Heallh Revinw CommiHeo. 
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INTRODUCTION 

The National Toxicology Program and Health Effects Institute Collaborative Ozone Project 

A full description of the NTP/HEI Collaborutivo Ozone 
Project and the exposure protocol can be found in the 
Introduction and Supplement to Research H.eport Number 
65 Part I. This information also will be published in Part 
VI of Research Report Number 65 that focuses on the expo
sure and distribution of the animals. 

Briefly, in 1987, the Health Effects Institute (HE!) entered 
into a partnership with the National Toxicology Program 
(NTP) to evaluate the effects of chronic ozone exposure in 
rats. The NTP, consisting of four agencies of the U.S. 
Department of Health and Human Services, coordinates the 
nation's testing of potentially toxic and hazardous chemi
cals. The Health Effects Institute, an independent research 
organization supported by both government and industry, 
provides unbiased information on the health effects of 
motor vehicle emissions. 

Because of the widespread exposure to ozone and con~ 
cerns about its potential health effects, HEI and the Califor
nia Department of Health and Hnman Services nominated 
ozone for carcinogenicity and toxicity testing by the NTP. 
The NTP, recognizing that cancer was only one of the 
chronic diseases of concern, proposed including additional 
animals for BEl-supported studies of the pathologic and 
physiologic consequences of prolonged ozone exposures. 
The HEI animals were housed in cages that would other
wise have been empty. By developing a partnership, the 
HEI and NTP were able to leverage their funds to develop a 
comprehensive research program that extended beyond 
carcinogenicity endpoints; the BEl-sponsored research fo
cused on the relation between long-term ozone exposnre 
and the pathogenesis of chronic lung diseases, such as 
asthma, emphysema, and fibrosis. The Health Effects Insti
tute wonld not have been able to undertake such an expen
sive project, which requires special facilities and trained 
personnel, without the NTP's snpport of the inhalation 
component and the cooperation of the NTP's contractor, 
Battelle Pacific Northwest Laboratories. 

For the HEI component of the Project, eight investigator
initiated projects were selected for funding from proposals 
snbmitted in response to the Request for Applications 
(RF A) 90-1, "Health Effects of Chronic Ozone Inhalation: 
Collaborative Nationul Toxicology Program-Health Effects 
Institute Studies, Part A: Respiratory Function Studies, and 
Part B: Structural, Biochemical, and Other Alterations. Be
cause of the complexity of a project with many investigators 
and many endpoints, the Research Committee also funded 
a Biostatistical Advisory Group to provide assistance with 
experimental design, animal allocation, and data analyses. 

Figure 1 presents the studies in the NTP/HEI Collaborative 
Project. They include those studies that were part of tht~ 
NTP bioassay, the eight HEI -funded studies and the biosta
t:istical study. In addition, HEI engaged Battelle Pacific 
Northw<~st Laboratories to provide support services for the 
BEl-sponsored investigators. 

Starting at six to seven weeks of age, male and female 
F344/N rats were exposed to 0, 0.12, 0.5, or 1.0 parts per 
million (ppm) ozone, 6 bours per day, 5 days per week. 
These concentrations were selected to include the maxi
mum concentration the animals would tolerate (1.0 ppm), 
the current National Ambient Air Quality Standard 
(NAAQS) for ozone (0.12 ppm), and an intermediate con
centration. The NTP's carcinogenicity bioassay consisted 
of a two-year study and a lifetime study in rats and mice, 
and a study of male rats exposed to 0.5 ppm ozone and two 
levels of a human pulmonary carcinogen 4-(N-methyl-N
nitrosamino)-1-(3-pyridyi)-1-butanone (NNK). The design 
of the HE! studies was directed, to some extent, by the 
constraints of the NTP protocol. These included ozone 
exposure concentrations that were set by tho NTP, a limit 
on the sample size (164 rats) to the number of available 
exposure chambers, and quarantine restrictions that did not 
allow reentry of animals into the exposure chambers once 
they had been removed, thus eliminating the possibility of 
conducting serial tests. 

The Biostatistical Advisory Group developed a sample 
allocation scheme that allowed several researchers to ob
tain measurements on tissue samples from the same subset 
of study animals, providing the maximum overlap of ani
mals and tissues among the eight studies while ensnring 
balance with respect to dose, gender, and time of death. 
When the ozone exposures for the BEl animals ended (at 20 
months), several investigators traveled to Battelle Pacific 
Northwest Laboratories to conduct their assays or to obtain 
samples on site. Battelle personnel prepared the tissues for 
off-site investigators and shipped them directly to their 
laboratories. 

Because the studies varied in duration from six months 
to two years, HEI is publishing the reports for each individ
ual study after the Institute's review process for each study 
is complete. Each Investigator's Report and a forthcoming 
Integrative Summary Report will he Parts of Report Number 
65 of the HEI Research Report series. The present study by 
Dr. John L. Szarek of the effects oflong-term ozone exposure 
on the mechanical and pharmacologic properties of isolated 
airways is Part II. Another investigator in the Collaborative 
Ozone Project (Dr. Harkema) examined the effects of ozone 
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Figure 1, The NTPIHEI Collabm·ative Ozone Project: Individual Studies. 

on pulmonary function in vivo; other groups looked for 
structural (Drs. Pinkerton and Chang) or biochemical (Drs. 
Last, Parks, and Radhakrishnamurthy) alterations that are 
known to be correlated with adverse functional outcomes. 

Although some conclusions can be drawn on the basis of 
the results fTom each individual study, the interpretation of 
Dr. Szarek's findings will he strengthened when his data are 
correlated with tbe outcomes of the other investigators. 

The importance oft he collaborative NTP and HEI chronic 
ozone exposure studies is that they provide an unparalleled 
opportunity to examine the effects of ozone exposure using 
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a variety of scientific approaches. The interaction of a 
number of methods to analyze the pathologic and physi
ologic consequences of chronic ozone exposure is one of 
this project's unique features. The results of these studies 
will provide new information about the threshold effects of 
ozone exposure on lung injury and the type and extent of 
damage in a well-established animal model. These results 
may be helpful for evaluating current standards of ozone 
exposure as they apply to human health and for designing 
future animal and human studies. 



INVESTIGATOR'S REPORT 

Consequences of Prolonged Inhalation of Ozone on Fischer-344/N Rats: 
Collaborative Studies 
Part II: Mechanical Properties, Responses to Bronchoactive Stimuli, and Eicosanoid Release in 
Isolated Large and Small Airways 

John L. Szarek 

ABSTRACT 

Acute exposure to ozone has been shown to have deloteM 
rious effects on pulmonary function in normal humans and 
in all animal species studied to date. The goal of this study 
was to determine whether nearMlifetime exposure to ozone 
alters the mechanical properties, the pharmacologic re
sponses, or both, of airways isolated from F344/N rats, and 
to relate these properties to airway wall structure. Segments 
from approximately fourth-generation airways (represent
ing large airways) and eighth-generation airways {repre
senting small airways) were isolated from rats of both 
genders that had been exposed for six hours per day, five 
days per week to 0, 0.12, 0.5, or 1.0 parts per million (ppm)* 
ozone for 20 months. Using in vitro techniques, tbe airways 
were mounted on myographs and several parameters of 
airway function were evaluated. These includ~~d relation
ships between (1) passive tension and internal circumference 
of the airways, (2) active tension c:md internal circumference 
ofthe airways, and (3) responses of the airways to bronchoac
tive stimuli. The effects on these relationships of epithelial 
damage caused by lumenal abrasion of selected airway 
segments also were evaluated. Wall and smooth muscle 
areas were measured in these airways, and responses ob
tained from mechanical and pharmacologic studies were 
related to these morphological parameters. Eicosanoid lev
els were measured in media surrounding airway explants 

" A list of al~\mn~ialions appea;~-;;·t the end of ti~~-·i;-;:,-~igator's R;p~~t for 
yollr reference. 

This Investigator's Report is one part of Health Effects Institute Research 
Report Number f:i5 Part ll, which ulso includes an Introduction to the 
NTP/HEI Collaborative Ozone Project, a Commentary by the Health Reviow 
Committee, and an HE! Statement about the research proje{:t. Correspon· 
dence concerning tlw Investigator's Report may be addressed to Dr. John L. 
Szarek, Department of Pharmacology, Mm·shall University School of Medi
cine, 1452 Spring Valley Drive, Huntington, WV 25755-9310. 

This study was supported by HEI funds from the U.S, Environmental Protec
tion Agency and the motor vehicle indust1'y. The inhulation component of 
this project was sponsored by the National Toxicology Program as part ofits 
studies in the toxicologic and carcinogenic effects of ozone. 

Although this document was produced with partial funding by the United 
Stales Environmental Protection Agency under Assistance Agreement 
816205 to the Henlth Effects Institute, it has not been sllbjected to the 
Agency's peer and administrative review and therefore may not necessarily 
reflect the view of the Agency, and no official endorsement should be 
inferred, The contents of this docummmt also huve not been reviewed by 
private party institutions including thise that support the Health Effects 
Institute; tJwrefore, it may not reflect the views or policios of these parties, 
and no endorsement by them should be inferred 
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to determine whether near-lifetime exposure to ozone alt(~rs 
production of these important modulators of airway func
tion. 

The relation between passive tension and internal cir
cumference found in large and small airways was exponen
tial in nature and unaffected by ozone exposure. The 
relation between active tension and internal circumference 
of isolated airways produced a curve characterized by ac
tive tension that increased with increasing circumference. 
This result reached a maximum and then decreased as the 
circumference increased fnrther. The curve describing this 
relationship did not change after ozone exposure. The 
maximum effect was evident at the same point on each 
airway's passive tension and internal circumference rela
tionship. 

Wall and smooth muscle areas measured in large airways 
were not affected by ozone exposure. The wall area in
creased, however, in small airways isolated from males 
after exposure to 0.5 ppm ozone. In addition, smooth mus
cle area increased in small airways isolated from rats 
exposed to 0.5 ppm ozone; this effect of ozone did not vary 
with gender. No differences in maximum active stress (ac
tive tension normalized to smooth muscle area) were de
tected in large airways after ozone exposure. However, 
maximum active stress decreased in small airways isolated 
from rats exposed to 0.5 and 1.0 ppm ozone; these differ
ences were not observed after lumenal abrasion. 

Airway responsiveness was evaluated after treatment 
with bronchoactive stimuli-bethanechol, acetylcholine, 
5-hydroxytryptamine, and substance P-and in response to 
electrical field stimulation. The effects of ozone on isopro" 
terenol-induced relaxation responses also were measured. 
In evaluating changes in responsiveness to these stimuli, 
regression analysis and analysis of variance were used. The 
response of large airways to contractile stimuli was essen
tially unchanged after ozone exposure. Similarly, in small 
airways, contractile responsiveness was not affected sig
nificantly by ozone exposure when tension responses were 
entered into the regression analysis. However, regression 
analysis of stimulus-stress curves revealed that small air
ways were less responsive to contractile stimuli after expo
sure to 0.12 and 0.5 ppm ozone; but airway responsiveness 
was enhanced after lumenal abrasion in these two exposure 
groups. Isoproterenol-induced relaxation responses elic
ited in small and large airways precontracted with be
thauechol were unaffected by ozone exposure. 
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Regarding eicosanoid levels, basal levels of pro
staglandin E2 were detectable in media surrounding airway 
segments, and these levels were unaffected by ozone. Incu
bating the segments with the calcium ionophore A23187 
resulted in increased release, measured as a percentage of 
basal levels, of prostaglandin; a greater increase occurred 
after exposure to 1.0 ppm ozone. Basal levels oflcukotriene 
C4 were not detected in media surrounding airway seg
m(-mts, regardless of ozone exposure. Tht~ levels of the 
leukotriene in the media increased during incubation with 
A23187; however, ozone had no effect on the release of 
leukotriene c4. 

These data indicate that near-lifetime exposure to ozone 
is associated with only modest changes in morphological, 
mechanical, and pharmacologic properties of pulmonary 
airway segments isolated from exposed animals, and that 
these changes depend upon whether airways are large or 
smalL Structural changes that occurred in small airways 
were characterized by an increase in wall and smooth 
muscle areas. Furthermore, comparison of regression 
analysis of stimulus data and stress data indicates that 
smooth-muscle cell function is compromised, or the inhibi
tory influence exerted by the epithelium is enhanced in 
small airways after exposure to ozone, or both. The cy
clooxygenase pathway of arachidonic acid metabolism also 
appears to be affected by ozone exposure. The mechanism 
or mechanisms responsible for mediating these effects and 
the relevance of th(~se results to humans remain to be 
determined. 

INTRODUCTION 

The lung is the principal site of exposure to numerous 

oxidants, including molecular oxygen and various xenobi

otic compounds. Accordingly, concern regarding air pol
lution and occupational lung disease has been a major 

stimulus for investigating oxidants as inducers of lung 

disease. The effects of pollutants on pulmonary function 
and the pharmacologic responsivcmess of lung airway 

smooth muscle have heen studied in animals and humans. 
Sp(·3cifically, acute or subchronic ozone (03) has been 

shown to alter airway function, epithelial integrity, and 

eicosanoid release. However, only a few studies havH evalu

ated whether similar effects occur after chronic 03 expo
sure. The intent of this study was to detmmine whether 

near-lifetime exposure to O:i alters the mechanical proper

ties, the pharmacologic properties, or both, of pulmonary 
airways isolated from exposed F344/N rats. 

Exposure to 03 has been shown to have several detrimen
tal effects on the pulmonary function of normal humans; 

4 

these include changes in lung volume, decrease in forced 
expiratory flow rate, and increase in airway resistance 
(DeLucia and Adams 1977; Adams and Schelegle 1H8:3; 
Folinsbne et al. 1984; Beckett et al. 1HB5; Gibbons and 
Adams 1985; Kreit et al. HHH)). Moreover, increased airway 
responsiveness to inhaled hronchoactivc stimuli has been 
demonstrated after short-term 03 exposure (Golden et al. 
1978; Holtzman et al. 1979; Dimeo et al. 1H81; Kroit et al. 
1989). Increased responsiveness of the airways to pharma
cologic stimuli also has he en demonstrated in other species, 
including dogs {Lee et al. 1977; Holtzman et al. 1983a,b), 
sheep (Abraham et al. 1980), guinea pigs (Murlas and Roum 
1985), and rats (Evans et al. 1988). Furthermore, increased 
responsiveness of airways isolated from 03-exposed dogs 
has been demonstrated (Beckett et al. 1988; Jones et al. 
1 98Ba,b). Using these animal models of03-induced airway 
hyperreactivity, investigators have begun to examine sev
eral nu~chanisms that may be involved in increased airway 
responsiveness after exposure to ozone. 

AIRWAY EPITHELIAL CHANGES AND 
LUNG FUNCTION 

Respiratory epithelium is reported to be important in the 
regulation of airway smooth muscle contraction. Airway 
epithelium attenuatHs contractile responses of isolated air
way segments in several ways: (1) by releasing an as yet 
unidentified inhibitory factor or factors (Flavahan et al. 
1985); (2) by releasing an inhibitory cyclooxygenase meta
bolite of arachidonic acid (Butler et al. 1987); or (3) by 
metabolizing the excitatory stimulus, such as suhstance P 
(Devillier et al. 1988). Damaged airway (~pithelium is a 
prominent feature of acute 03-induced lung injury in dogs 
(Holtzman et al. 1983b), guinea pigs (Murlas and Roum 
1985), and rats (Pino et al. 1992a,b), and may be involved 
in the development of airway hyperreactivity after acute 03 
exposure. In contrast, another study provided evidence 
that shorHerm exposure to ()3 does not impair the inhibi
tory effects of epithelium in airways isolated fTom O:l-ex
posed dogs (jones et al. 1988a); in addition, after 50 days of 
exposure to 0.96 ppm 03, the tracheal (:lpithelium of the rat 
appeared normal (Nikula et al. 1988). Although the results 
of these two studies do not implicate the epithelium in 
03-induced changes in airway reactivity after acute expo
sure, alteration in the modulatory function of the epithe
lium after prolonged exposure to 03 cannot be excluded. 

Arachidonatc metabolites represent an important group 
of mediators released from airway epithelium. RHcent stud
ies provide evidence for a role of these metabolites in the 
development of 0 3-induced airway hypcrreactivit:y. In
domethacin, a drug that inhibits tho cyclooxygenase path
way of arachidonic acid metabolism, has been shown to 
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attenuate changes in the pulmonary function of humans 
exposed to 03 (Schelegle et al. 1987). Indomethacin also 
has been shown to inhibit airway hyperresponsiveness 
induced by 0::~ in dogs (O'Byrne et al. 1.984). However, in 
the guinea pig, 0::~-induced airway hyperreactivity was 
unaffected by indomethacin, but was eliminatt~d by BW 
755C, an inhibitor of cyclooxygenase and lipoxygenaso 
pathways, and by FPL 55712, a loukotriene receptor antago
nist (Lee and Murlas 1985). Ozone exposure also has been 
shown to increase plasma levHls of various arachidonic acid 
metabolites, including prostaglandin Fza in humans 
(Schelegle et al. 1B89), and thromboxane Bz, f)-keto-pro
staglandin F1(x, and prostaglandin E1 in guinea pigs (Miller 
et al. 1987). These eicosanoids can modulate contractile 
responses induced by bronchoactive stimuli. Recent stud
ies, for example, provide evidence that prostaglandin Ez 
(PGEz) is roleased from epithelial cells and can exert inhibi
tory effects on airway smooth muscle (Butler et al. 1987; Yu 
et al. 1992). Because these eicosanoids modulate airway 
msponses to bronchoactive stimuli, alteration in their pro
duction could be expected to play a role in 03-induced 
changes in airway responsiveness. However, the effects of 
long-term 03 exposure on the release of arachidonic acid 
metabolites from isolated airways have not yet been exam
ined. 

STRUCTURAL CHANGES AND LUNG FUNCTION 

Functional studies related to structural changes in the 
lung during exposure to 03 are limited. Studies with 1m
mans demonstrate that repeated daily exposure to 03 pro
duce decrements in pulmonary function during the first 
and second days of (~xposure, with pulmonary function 
returning gradually to preexposure levels by the fifth day 
(Hackney et al. 1 977; Farrell et al. 1979; Folinsbee et al. 
1980). This return of pulmonary function to normal levels 
in the face of continued exposure is an example of func
tional adaptation. In one study, investigators correlated 
functional changes with structural and biochemical altera
tions in the lungs ofF344/N rats exposed repeatedly to 0.35, 
0.5, or 1.0 ppm 0:. forfive days (Tepper et al. 1989). Similar 
to findings in human studies, pulmonary function declined 
during the first and second days of exposure, with func
tional adaptation occurring by Day 5 in rats exposed to 0.35 
and 0.5 ppm 03, but not in those rats exposed to 1.0 ppm 
03. However, in rats exposed to 0.5 ppm 03, epithelial cell 
hyperplasia was evident in terminal airways (Tepper et al. 
1989). Whether early structural changes in the Bpi thelium 
contribute to functional adaptation remains unclear. Alt-er
natively, altering the effector function of the epithelium 
with 03 also may contribute to functional adaptation. 

Airway smooth muscle contraction, and honcH broncho" 
constriction, is modulated by the respiratory epithelium. 
However, structural changes in the airway wall induced by 
03 exposure could alter markedly the magnitude of bron
choconstriction in response to endowmous or exogenous 
stimuli. Models of the mechanics of airway nanowing 
(James et al. 1989; Wiggs etal. 1990, 1992) demonstrate that 
increased wall thickness together with norrnal amounts of 
airway smooth-muscle shortening enhance airway, narrow
ing markedly in response to a stimulus, without a change 
in baseline airway resistance. Increased wall thickness 
could result from edema or increased deposition of co nne(> 
tive tissue components such as collagen and elastin. Edema 
and alterations in collagen metabolism have been reported 
after 03 exposure (Reiser et aL 1987; Pino et al. 1992b). 
Increased amonnts of smooth muscle also could be ex
pected to enhance bronchoconstrictor responses. However, 
the effects of 03 on the amount of smooth muscle in the 
airway wall have not been examined. 

The relation between length and tension in airway 
smooth muscle has been studied using canine traclu~alis 
muscle (reviewed by Stephens et al. 1991). Data such as 
these can provide information about the airway wall that, 
when combined with morphological measurements of air" 
way structures, may provide insight into pathophysiologi
cal changes in the airways due to 03 exposure. For 
instance, an index of stiffness of the airway wall can be 
obtained by analyzing the relationship between passive 
tension and llmgth (Langleben et al. 1988). The degree of 
airway smooth musclH shortening depends upon tbe load 
under which the muscle exists in situ (Gunst and Stropp 
1988}. Increased stiffness in the airway wall after Oa expo
sure could indicate a change in load on the muscle, an 
effect that presumably alters airway smooth muscle short
ening and bronchoconstriction in vivo. However, this rela
tionship has not been evaluated in airways considered 
important for controlling airway resistance; nor has the 
relationship between length and tension been determined 
in airways after lung injury. 

Similar studies of the relation between length and ten
sion have been conducted using other types of tissue. For 
example, pulmonary arteries isolated from monocrotaline
exposed animals exhibited a change in this relationship 
consistent with increas(~d stiffness of the arterial wall (Lan
gleLen et al. 1988). Furtherrnore, less active tension was 
developed in these arterial segments than in control seg
ments. Similar studies are needed to examine the relation 
between either passive or active tension and length of 
airway segments, and how these relations might be influ
enced by airway wall structure. 
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Acute or short-term exposure to 03 is associated with 
increased airway responsiveness in several species includ
ing humans. Moreover, 03 exposure is associated with 
epithelial damage as well as an altered production of arachi
donic acide metabolites, which are implicated in contrac
tion or relaxation of smooth muscle. The effects of 
prolonged exposure to 03 on airway responsiveness have 
not heen evaluated. Whether or not chronic exposure alters 
epithelial function or arachidonic acid metabolism also is 
unknown. At a more basic level, the effects of short-term 
or long-term 03 exposure on mechanical properties (length 
and tension relationships) of airways have not previously 
been evaluated. We used in vitro techniques to examine 
the effects of prolonged 03 exposure on these parameters of 
airway function. 

-----
SPECIFIC AIMS 

The goal of this study was to determine whether near
lifetime exposure to ozone alters the mechanical properties 
or the responses to bronchoactive stimuli of airways iso
lated from exposed F344/N rats, and how such changes 
might be related to alterations in airway wall structure. 
The effects of chronic in vivo exposure to ()3 on the periph
eral portions of the lung have been studied extensively. 
However, few studies have addressed the effects of such 
exposure on more proximal airways. The mechanical prop
erties of airways that are important in controlling resistance 
have received little attention and have not been examined 
after lung injury. Purthermore, reports in the literature and 
results of our own studies indicate that short-term in vivo 
oxidant exposure is associated with increased responsive
ness of airways isolated from oxidant-exposed animals 
(Szarek 1989; Hershenson et al. 1992). Although the mecha
nism or mechanisms responsible for increased airway reac~ 
tivity after oxidant exposure are unknown, altered 
modulatory effects of respiratory epithelium or altered ei
cosanoid release may be involved. Whether similar 
changes in airway function occur after chronic 03 exposure 
remains unknown. Therefore, the specific aims of this pro~ 
ject were: 

1. To determine the relation of passive and active tension 
to internal airway circumference in large and small 
airways isolated from rats exposed either to filtered air 
or 0::~; 

2. To examine the effects of chronic 03 exposure on the 
responsiveness of large and small airways to selected 
hronchoactive stimuli; 
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3. To examine the modulatory effects of rHspiratory epi~ 
thelium on contractile responses in large and small 
airways isolated from rats exposed either to filtered air 
or 03; and 

4. To examine release of arachidonic acid metabolites by 
airway segments isolated from rats exposed either to 
filtered air or 03. 

STUDY DESIGN AND METHODS 

In 1989, the National Toxicology Program (NTP), 
through its contractor, Battelle Pacific Northwest Lahorato" 
ries, initiated studies to determine the toxicity and carcino
genicity of chronic 03 inhalation in both male and female 
F344/N rats. To gain more information on toxocity, the 
NTP and the Health Effects Institute (HE!) established a 
collaborative arrangement for this project. In this collabo
ration, additional P344/N rats were exposed to 03 together 
with the animals allocated for the NTP bioassay. These 
animals were dedicated to studies, including the present 
study, supported by the Institute. In our original applica
tion to HEI, we proposed that lung specimens from the 
03-exposed animals be shipped to our laboratory. This 
would require overnight shipping and storing of the speci
mens before conducting the actual measurements. How~ 
ever, we were concerned whether the airway segments 
isolated f1'0m the lung lobes would remain viable during the 
shipping and storage period. Therefore, a pilot study (Ap
pendix E) was conducted to determine the effects of pro
longed cold storage on the endpoints we intended to 
examine when the tissues from the chronic exposure stud
ies became available. Lung lobes were stored for various 
lengths of time to mimic the estimated delivery times re
quired to transport the lung lob(~S from Battelle Pacific 
Northwest Laboratories in Richland, WA, to the laboratory 
ofthe principal investigator in Huntington, WV. The results 
of the pilot study, presented in Appe;1dix E, demonstrated 
that prolonged storage of tissue was associated with marked 
reduction in contractility of the isolated airway segments. 
Therefore, in order not to risk losing the valuable specimens 
from the animals exposed for the NTP/HEI collaborative 
ozone pl'oject, the principal investigator set up a laboratory 
at Battelle and conducted the studies on airways isolated 
from tho 03·exposed rats as they became available. The 
results of these studies performed at Battelle form the basis 
of this final report. 
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Table 1. Number of Animals and Body Weights 
-~----------------------------------

Number of Animals 
Males 
Females 
Total 

0.00 

4 

5 
9 

Ozone Concentration 
(ppm) 

0.12 0.50 

3 
2 

5 

4 
4 

8 

1.00 

G 
6 

12 

Body Weight" 
Males 
Females 

511.7 ± 13.1 
327.1 ± 30.8 

504.7 ± 28.0 
315.3 ± 22.3 

497.4 ± G.:l 
349.6 ± 10.9 

488.4 ± 6.3 
315.9 ± 24.0 

-------------- ·----·-----
"Body weight$ are expressed as means~: SEM in grams. Body weights for females were significantly (p < 0.0001) less than lll(Jles in each group as dotcnnincd 

by ANOVA. 

OZONE EXPOSURE PROTOCOL 

The choice of rat species, the number of animals per 
exposure group, and the ozone concentrations to which the 
rats were exposed were dictated by the overall design of the 
NTP Bioassay Study. Thus, both male and female animals 
were assigned at random to treatment and control groups 
and housed in modified [Hazelton 2000] inhalation cham~ 
bers (Hazleton Systc~ms, Aberdeen, MD). Ozone concentra~ 
tions of 0, 0.12, 0.5, and 1.0 ppm were administered via 
inhalation for six hours per day, Monday through Friday, 
for 20 months. All animals were killed within one week of 
the last Oa exposure (5.6 ± 0.5 days). The number of animals 
and exposure levels are presented in Table 1. Complete 
details regarding the study design and exposure protocol 
can be found in the Supplement in Last and associates 
(1 994). Although 03 exposure had no effect on body weight, 
female rats weighed loss than males (p < 0.0001) at the end 
of the experiment as was expected. 

The small number of animals, coupled with the number 
of investigators receiving lung tissue samples from these 
animcils, precluded a more comprehensive stndy of tho 
effects of ozone on airway function and possible mecha~ 
nisms of ozone~ induced changes. Thns, we chose to exam~ 
ine selected mechanical properties and the response of 
isolated airway segments to selected bronchoactive stimuli 
in order to determine whether chronic ozone exposure 
affected tlu~se properties and responses. 

ISOLATION OF LARGE AND SMALL AIRWAYS 

A right candallobe was obtained from each rat exposed 
to Oa and from control rats immediately after they were 
killed; lobes were placed in aerated physiological salt 
solution {PSS) (composition 117 mM sodium chloride, 4. 75 

mM potassium chloride, 2.8 mM calcium chloride dihy~ 
drate, 1.19 mM potassium dibydrogen phosphate, 1.19 mM 
magnesium sulfate heptahydrate, 24.6 mM sodium bicar~ 
bonate, 5 mM glucose, and 0.027 mM disodium~calcium 
ethylencdiaminetetraacetic acid) at room temperature. Cy~ 
lindrical airway segments were isolated according to tech
niques currently in use in this laboratory (Szarek and Evans 
1988; Szarek 1989; Szarek and Schmidt 1990). Using a 
dissecting microscope, two cylindrical segments of primary 
intrapulmonary bronchi (approximately fourth~ to fifth
generation airways, hereafter referred to as large airways) 
and first~ and second-side branches (approximately sev
enth~ to eighth~generation airways, hereafter referred to as 
small airways} were isolated from the right caudal lobe. 

In order to assess the modulatory function of epithelium 
in the airways, the lumen of one of the airway segments of 
each size was abraded. This was accomplished in large 
airways with a 0.5~mm~diameter bottle brush, and in small 
airways with a 150-fjm-diameter wire that had been rough~ 
ened with a file. The method used to abrade the lumen was 
similar to that used by Butler and associates ( 108 7). The 
walls of the lumen of the airway segment being prepared 
for abrasion were rubbc~d gently for 40 seconds with the 
bottle brnsh, which was moistened with PSS, or the wire 
before the segment was removed from the lobe. This tech~ 
nique minimized damage to the airway wall because the 
airway was held in place by being tethered to the lung lobe 
rather than being held in place with forceps. Lumenal 
abrasion significantly reduced the percentage of airway 
wall covered by epithelium (large airways: intact, 83.5 ± 
1.9% versus abraded, 53.9 ± 5.2%, p < 0.0001; small air~ 
ways: intact, 72.1 ± 3.1 (X) versus abraded, 64.1 ± 4.8%, p = 
0.0435). 

Intact and abraded airway segments then wero threaded 
onto two tungsten \·vires. Tungsten wires 50 grn in diameter 
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were threaded through the lumen of the large airways, and 
the small airways were thmaded onto tungsten wires that 

were 32 J.Hn in diameter. One of the wires was fixed to a 
plastic holder attached to a microdisplacement device 
(Mi:i.rzhi:iuser MM33 micromanipulator, Fine Science Tools 
Inc., Foster City, CA). The other wire was fixed to a holder 
mounted on an isometric force transducer (Harvard Appa
ratus, South Natick MA). Airway segments were bathed in 

10-mL jacketed tissue baths with PSS maintained at 37°C 
and were aerated with a mixture of 5% carbon dioxide in 
air. Mechanical responses were recorded on a fom·-channel 
strip chart recorder (Linearccorder WR3101, Western 
Graphtec, Irvine, CA). 

PARAMETERS OF AIRWAY MECHANICS 

Tension and Stress 

An airway segment that is stretched between two wires 
simulates two parallel sheets of muscle (Figure 1). Tension 
(mN/mm) is the measured force (mN) recorded from the 
isometric force transducer divided by two times the length 
of the airway segment (mm) (T = F/2L). Stress (mN/mm2

). 

which is the force per unit of area of a material, is obtained 
by dividing the tension values by the appropriate area 
measurements (normalized to the length of the airway scg
m(mt.), as described below. Passive and active stress are 
calculated by dividing the passive and active tension values 
by the normalized wall area and smooth muscle area, re
spectively. 

In in vitro studies, a change in tension development 
between airway segments isolated from control and ex
posed groups of animals in response to a bronchoactive 
stimulus indicates changes in the intrinsic properties of the 

\\ / ----~ """' ~\ )} 

I l' Dw 

! 
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L 

Figure 1. Schema! it: representation of an isolated airway segment mounted 
on wires. F is the forcn gcmerated by the airway smooth muscle in tho 
direction of the arrow; L is the length of the airway segment; D, is the 
diameter of the wire; and DBW is thfl distance between the wims measured 
with the microdisplacement device. Tension is detmmined by dividing force 
by two times the length of the airway segment (T = FIZL}. Internal 
circumference is calculated from the equation C;"" 2 x DBW + (2 + n) x ]),. .. 
See lox\ for additional details. 
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airway. Some of thesE~ intrinsic propertiElS may be studied 
in the tissue bath by evaluating (1} the modulatory function 
oft he epithelium, (2) changes in prejunctional or postjunc
tional modifications in neural rHgulation, or both, and {3) 
changes in receptor function. Information obtained from 
these types of studies may be used to predict the implica
tions of these changes on bronchomotor tone in vivo. 

In addition to these functional changes, thH f1mction or 
amount of smooth muscle in the airway segment may be 
responsible for changes that occur in tension produced in 
response to bronchoactiVE) agents. Stress is an index of 
force development relative to the amount of smooth muscle 
and is useful for differentiating between changes in smooth 
muscle function and changes in the amount of smooth 
muscle. For example, if tension development and smooth 
muscle area both increase in airways from exposed groups, 
then stress for the exposed group would be similar to the 
control group if the change in tension was due exclusively 
to the presence of more smooth muscle. This change would 
not pmclude functional changes such as those dted above, 
but analyzing stress allows for comparisons between ex
posed and control groups without the complications intro~ 
duced by hypertrophy and hyperplasia of tho airway wall. 

Circumference 

The internal circumference (Ci) of the airway segment is 
the circumference that is wrapped around tho wires (Figure 
1). It is determined by the diameter oft he wires (Dw}, which 

are passed through the lnmen (50 Jlm for large airways and 

32 11m for small airways), and the distance between the 
wires {DI3W). When the airway segrnonts first are mounted, 
the wires are abutted and the DBW is zero. The DBW 
increases with the use of the micro displacement device, 
which allows measurement of DBW. Internal circumfer
ence is then determined from the equation 

C; = 2 X DEW+ ([2 + 1t) X D.,)' (1) 

where DBW is the distance between the wires measured 
with the microdisplacement device, and Dw is the diameter 
of the wire. The Ci serves as a measure of the length of the 

smooth muscle. 

EVALUATION OF THE MECHANICAL 
PROPERTIES OF ISOLA TED AIRWAYS 

Relation of Passive Tension to Circumference 

After at least a one-hour equilibration in the bath, passive 
tension was recorded over a range of internal circumfer
ences. Increments in Ci were achieved by increasing the 
distance between the wires with the micromanipulator 
(Figure 1). By applying the LaPlace equation {pressure :::: 
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tension/radius) to these results, we could determine at what 
effective circumference ( Cojf) the measured tension would 
be equivalent to that produced by a transnmral pressure of 
7.5 em HzO {Szawk and Evans 1988; Szarek 1989; Szarek 
and Schmidt 1990). The Cajf was used to normalize Ci 
values obtained in the pt~ssivc tension and circumference 
relationship, because Ceff determined in tbis manner in 
previous studies was optimum for observing contractile 
responses in airways (Szarek and Evans 1 985). Tho relation 
between passive tension and circumference for each airway 
then was determined. Passive tension (1~.) was recorded 
after stress relaxation (not more than 10 minutes) at incre
ments of internal circumference ranging from 0.3 to 1.1 Ce[f, 
thereby ensuring that each airway segment was studied at 
the same fractions of CeJJ. Subsequently, the internal cir
cumference was readjusted to Caff• and tho segments were 
allowed to equilibrate for at least 30 minutes prior to begin
ning tho stimulus-response studies. 

Passive tension and internal circumference relationships 
were analyzed using methods employed previously in the 
study of mechanical properties of cardiac muscle (Mirsky 
1976) and isolated pulmonary arteries (Langleben et al. 
1988). The passive tension and circumference data from 
each experiment were fit to the single exponential, 

T,=(a!S)x(e!SxC;I_1) (2) 

where a and S are constants reflecting they-intercept and 
the rate of risH of 1~· as a function of Ci (mm), respectively. 
The S value was used to determine differences between 
passive tension and circumference relationships of airways 
isolated from the different exposure groups. Because the S 
value is related to the stiffness of tho airway wall (Langleben 
et al. 1988), a change in the S value between groups would 
be consistent with a change in stiffness of the airway wall. 
Passive tension at Ceff was related to wall structure (passive 
stress) by dividing the measured passive tension by the total 
wall area. 

Relationship of Active Tension and Circumference 

Tho relationship between active tension and circumfer
ence was determined for each airway sHgment. When pro
ducing an active tension and circumference relationship, it 
is desirable to activate the contractile apparatus maximally 
at all internal circumferences so that variations in response 
may be ascribed to changes in length of the airway's con
tractile apparatus rather than to the degree of activation 
(Mulvany and VVarshaw 1979). Based on our experience, 
the muscarinic receptor agonist bethanechol consistently 
elicits the greatest degree of tension in these airways (Dr. 
Szarek, personal observation). Thus, this agonist was used 
to activate large and small airways to determine active 

tension and circumference relationships. Before adding 
bethanechol ( 1 mM final concentration) to the bath, the 
internal circumference was adjusted to 0.3 Ceff. After re
cording total tension at this circumference, the airway again 
was stretched at the same increments of Cejf as those used 
to generate the passive tension and circumference relation
ship, and total tension was recorded at each increment after 
stress relaxation (not more than 10 minutes). Active ten
sion was calculated as total tension determined in the 
presence of bethanechol minus passive tension at each 
increment of internal circumference. Active tension at Ceff 
was related to wall structure (active stress) by dividing 
measured active tension by smooth muscle area. 

STIMULUS-RESPONSE ASSAYS FOR ISOLATED 
AIRWAYS 

Stimulus-response curves were produced for each airway 
segment in response to several contractile stimuli--electrical 
field stimulation (EFS), bethanechol, 5-hydroxytryptamine 
(S~HT), and acetylcholine. Before exposure to the stimuli, 
airway segments were allowed to equilibrate for 30 to 60 
minutes at Ceff (as described above}, during which time they 
were washed with fresh PSS every 15 to 20 minntes. The 
plastic holders to which the tissues were attached were 
equipped with platinum wire electrodes (0.5-mm diameter, 
2-mm long) to facilitate tho EFS of airway segments using a 
Grass S48 stimulator (Grass Medical Instruments, Quincy, 
MA) connected to the electrodes. The stimulator was modi
fied to increase its current output in order to maintain 
voltage on the low-impedance electrodes. Based on opti
mum stimulus parameters for obtaining tetrodotoxin- and 
atropine-sensitive contractile responses (Szarek 1989), we 
used a pulse duration of 0.3 msec, an impulse voltage of 40 
V, and a frequency ranging from 0.1 to 50 Hz in these 
experiments. 

A log frequency-response cnrve was produced hy stimn
lating airways with increments in impulse frequency when 
the response to the previous stimulation had returned to 
passive levels. Log concentration-response curves to be
thanechol, 5-I-IT, and acetylcholine were produced in re
sponse to the cnmnlatively increased concentrations of 
each of these agonists. Contraction also was recorded in 
response to a single concentration of substance P ( 1)lM final 
concentration). 

The choice of cholinergic stimuli permitted us to differ
entiate between prejunctional and postjunctional effects of 
03 based on differences described by the curves resulting 
f1·om responses to acetylcholine, bethanechol, and EFS. 
Electrical stimulation of intrinsic cholinergic nerve endings 
resnlts in the release of acetylcholine from the nerve end
ings. The acotycholine activates muscarinic receptors on 
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the airway smooth muscle to cause contraction. Acetyl
choline added exogenously and bethanechol also interact 
with post junctional muscarinic receptors to cause airway 
smooth-muscle contraction. If 03 induced an incr(~ased 
responsiveness to EFS, then either a higher level of acetyl
choline would be released from the activated nerve ending 
(a prejunctional effect) or the airway would be more respon
sive (because of the O:J exposure) to the contractile effects 
of the released acetylcholine (a postjunctional effect). Lack 
of effect of 03 on responsiveness to exogenous acetyl
choline would suggest that the 03 effects were prejunc
tional in nature. However, if responsivem~ss to exogenous 
acetylcholine also increased after O:l exposure, then a 
postjunctional effect of 03 could he postulated. 

Potential postjunctional effects include alteration in 
muscarinic receptor function on the smooth muscle or an 
alteration in acetylcholinesterase activity. Insight into the 
role of the latter could be gained by examining responsive
ness to bethanechol, a muscarinic receptor agonist that is 
not metabolized by acetylcholinesterase. Increased respon
siV(mess to acetylcholine and EFS af1er O:l exposure with
out a change in bethanechol responsiveness would suggest 
that 03 exposurH decreased acetylcholinesterase activity. 

5-Hydroxytryptamine was chos{m as a stimulating agent 
because of its importance as an inflammatory mast cell 
mediator in rodent airways. Because 03 also has been 
shown to affect metabolism of tachykinins, contractile re
sponses to substance P also were obtained. However, the 
airway segments were exposed to only one concentration 
of substance P, which limited our ability to assess effects of 
03 exposure on substance P-induced contractions. These 
agents also have been shown to cause release of acetyl
choline from cholinergic nerve endings (Aas 1983; Tanaka 
and Grunstein 1 984) and thus may provide information 
concerning prejuuctional effects of 03. 

In addition to generating curves that describe the contrac
tile response of airways to hronchoactive stimuli, curves 
describing cumulative concentration responses to the 
smooth-muscle relaxant isoproterenol also were produced 
for tissues contracted to 50% of maximum levels with 
bethanechol. 

For all of these assays, an equilibration period of 30 to GO 

minutes was allowed for each stimulus. During this period, 
the airways were washed with fresh PSS every 10 minutes 
in order to allow the airways to return to resting tension 
levels. The measurements of the contractile responses were 
normalized to the values for smooth muscle within the 
airway wall by dividing tension produced in response to 
the stimulus by the smooth musdH area (defined below). 
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HISTOLOGY 

After establishing the relationship between activo ten
sion and circumference, each airway segment was washed, 
its internal circumference readjusted to Goff, and then it was 
allowed to remain at this circumference for an additional 
10 minutes. While still on the wires and the myograph, the 
segments were fixed at Goff overnight in 10% buffered 
formalin phosphate (Fisher Scientific, Pittsburgh, PA). The 
wires were removed when the airway was embedded in 
paraffin wax. The srnooth muscle in the airway wall was 
arranged circumferentially around the lumen. Although 
smooth muscle may have an oblique orientation in the 
airway wall (Ebina et al. 1990), when sectioned longitudi~ 
nally, the smooth muscle appears as bundles cut in cross 
section. Thus, to facilitate measurement of smooth muscle 
area, airway segments were sectioned along the longitudi
nal axis of the segment and stained with hematoxylin and 
eosin. They were then examined using a light microscope 
equipped with a zoom drawing tube (Nikon Inc. Instrument 
Group, Garden City, NY). 

The wall and smooth muscle areas wore measured with 
a calibrated planimetry tablet (Jan del Scientific, Corte Mad
era, CA) linked to a personal computer running area and 
length analysis software (SigmaScan, Jandel Scientific). At 
six lengths along the walls of the airway sections, the 
following measurements were made (Figure 2); (1) wall area 
defined as the area between the basement membrane and 
the outermost portion of the wall (the adherent paren
chyma, which was not completely removed during isola
tion of the airway, was not included in wull area 
measurements); (2) smooth muscle area, derived hy digitiz-

figure 2. Photomicrograph of a large airway illustrating wall structures 
measured, Wall area (solid lines), smooth muscle area (broken lines) and 
percentage of epithelium were·determined using a calibral1!d planimehy 
tablet linked to a personal computer running area and longth analys1s 
software. See text for details. SM "' smooth muscle; EP "' epithelium; L = 

lumen. 



ing the area of the muscle bundles, assuming a perpendicu
lar orientation of the smooth muscle to the airway axis; and 
(3) percentage of wall length with intact epithelium, de
rived by digitizing the length of airway wall in which the 
epithelium appeared intact and normalizing that length as 
a percentage of total wall length from which the measure
ment was made. Because tension values were normalized 
to the length of the airway segment, wall areas and smooth 
muscle areas also were normalized to the length of the 
airway wall from which the measurements were made; 
average values were calculated for each segment. 

EICOSANOID RELEASE BY AIRWAY EXPLANTS 

Arachidonic acid metabolites produced by cyclooxy
genase and lipoxygenase enzymes, called eicosanoids, are 
mediators of inflammation. These metabolites also exert 
inhibitory and excitatory effects on airway smooth muscle 
and may be involved in changes in airway function associ
ated with acute 03 exposure. Thus, changes in eicosanoid 
metabolism induced by 03 were assessed by examining 
release ofPGEz and leukotriene (LT)C4 from isolated airway 
segments. Eicosanoid release from airway segments was 
determined using methods similar to those used by Butler 
and coinvestigators (1987). 

Two segments of primary intrapulmonary bronchi were 
isolated from a site distal to that from which the large 
airways used in the mechanical and pharmacologic studies 
were taken. Each segment was placed into an individual 
well of a 12-well tissue culture plate containing 1 mL of 
Waymouth MB 752/1 medium (Sigma Chemical Co., St. 
Louis, MO) and then allowed to equilibrate for two hours 
at 37°C in a metabolic shaker (aO cycles/min) under an air 
atmosphere. At tlH~ end of the two-hour period, the airway 
segments were washed by carefully removing the media 
and replacing it with 1 mL of fresh media; this procedure 
was repeated four times in succession. The airways then 
were allowed to incubate an additional 10 minutes, after 
which time a 100-)lL aliquot was removed and placed in a 
microcentrifuge tube. This sample was used to determine 
basal levels of elcosanoids in tho media. 

The incubation media then was replaced with 100-)lL of 
fresh media, and the airways were challenged with either 
the calcium ionophore A23187 (5 )1M} (Sigma Chemical 
Co.) or vehicle (dimethyl sulfoxide [DMSO] [Fisher Scien
tific, Pittsburgh PAl in water). After a 15-minute incuba
tion ofthe airways with the ionophore or vehicle, the media 
were removed and placed iuto microcentrifuge tubes, 
which W(~l'O sealed and stored at -20°C for later analysis of 
eicosanoid levels by enzymoimmunoassay. The airway 
segments then were blotted, weighed, and stored at -20°C 

in sealed microcentrifuge tubes. Using enzymoimmunoas
say, the levels of PGEz and LTC4 were determined in the 
thawed samples according to the manufacturer's instruc
tions. (The enzyme immnnoassay kit for PGEz was pur·· 
chased from Advanced Magnetics, Cambridge, MA, and tho 
kit for LTC2 was purchased from Cascade Biochemicals 
Limited, Reading, Berkshire, UK.} According to the manu
facturer's information, the crossreactivity ofPGEz was less 
than 1.8% for arachidonic acid and products of tho lipoxy
genase or cyclooxygenase enzymatic pathways; cross-reac
tivity for LTC4 was less than 0.01% for LT!l,, 46% for LTD,, 
and 2% for LTE4. The minimal detection level for PGEz was 
1 .3 pg/mL; the minimal detection level for the leukotrieno 
was 25 pg/mL. The levels ofPGEz and LTC, (in nanograms) 
were normalized to milligrams of protein of airway tissue 
determined using the Bio-Rad method (Bradford 1976) after 
the airway was made soluble with 1 N sodium hydroxide. 

STATISTICAL METHODS AND DATA ANALYSIS 

Contractile StimuliwResponse Curves 

The tension produced in response to contractile stimuli 
was recorded for each airway segment, and these values 
were normalized to smooth muscle area for that segment. 
Statistical analyses of the curves for tension versus stimulus 
and stress versus stimulus presented a considerable chal
lenge because of the number of variables requiring consid
eration: the four exposure concentrations (0, 0.12, 0.5, and 
1.0 ppm ozone), gender (male and female), and the integrity 
of the airway epithelium (intact and abraded airways). 
Furthermore, the analysis had to account for the fact that 
the effects of increased concentrations of the agonist or 
increased frequency of EFS were obtained in the same 
airway segment and thus could not be assumed to be inde
pendent of each other. Thus, a statistical method for ana
lyzing dose-response relationships was needed to 
determine the effects of 03 exposure on these relation
ships. 

The relation between agonist concentration and response 
is classically represented by the equation, 

(Rmox X Gl (3) Response 
(ECso +G) 

where Response is tension or stress, Rmax is the maximum 
response value in uuits of stress or tension, Cis the stimulus 
concentration (or frequency wheu the stimulus is EFS), and 
EC5o is the stimulus concentration (or frequency) that elicits 
one-half of Rmax· In this study, interest focused on whether 
exposure to 0 3 affer:ted the equation parameters Rmax and 
EC50 , and whether these effects depended upon the integ
rity of the epithelium or upon gender. To evaluate these 
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relationships, a statistical regression model was developed 
by characterizing the parameter values Rmax and ECso ex
plicitly as functions of 0:-1 concentration, epithelial integ
rity, and gender. Modeling in this manner made it possible 
to evaluate whether 0:-~-related changes occurred in Hmax. 

in the ECso, or both. The method also provided exposure
specific parameter estimates and 95°/t) confidm1ce intervals. 

The stimulus-response model used to analyze the data 

was adapted fTom a model used in ligand-binding kinetic 
studies (Cologne et al. 1989). Model construction involved 

invorting Equation 3, so that 

_1 (ECso+LJ 1 Hesponse ::::: -···~·- .. --.. ··~ ....... ::::: ··~ ...... ~ .. - + 
(Rmax X C) Hmax 

(4) 

and writing the equation parameters Hmax and ECso as 
functions of study variables. For example, to model the 

effect of 0.12 pprn 03 and lumenal abrasion, tho equations 
would be 

(5) 

(6) 

whero 0.12 andEan; indicator variables for 0.12 ppm 0:-~ and 
lumenal abrasion, respectively. From these equations, an 

inverse regression model relating response to stimulus con

centration (or frequency) and study variables was obtained: 

R ""1 " A 0 " " " 1 " 0.12 A E (7) esponse o:::: 1.Jo + J.Jl .12 + 1-'zE + f-'3 C + J.J4 C + 1-'5 C; 

After fitting the regression model, parameters 

mated as a function of study variables: 
A 1 
Hmax = ro·+J;Q;;~~~~zE 

A ~" + ~4 0.12 + ~oE 
ECoo ~ "~~-:j:j1~-0. 12 -+]1~Il 

were esti~ 

(B) 

(9) 

Similar but more complex models were used to include the 

other O:l concentrations, gender, lumenal abrasion, and 

important interactions, such as the relation between gender 
and 03 exposure. 

Parameter estimation was accomplished by using a gen
eralized linear model with an inverse link function to 
characterize the stimulus~response relationship and a Pois
son variance structure to account for measurement variabil
ity, which tondod to increase with stimulus concentration 
(or frequency). This fl{~xible modeling technique allowed 
separate specificat.ion of the mean and variance of the data 
in a framework similar to that of standard linear regression. 
To account for repeated fueasurements within an airway 
segment (across stimulus concentration and lumenal abra
sion), we estimated the model parameters using a generalized 

12 

estimating equations approach. This techniqll(~ allow~:~d for 
correlation in tho response variable by adjusting parameter 
SEs nonparametrictdly. 

Model fitting ,.~.,ras accomplished using public domain mod~ 
eling program "GEE" in the statistical package "S" (Becker et 
aL 1988) running on a Sun Microsysturns SPARCstation 2 

Unix workstation (Sun Microsystems, Mountain Vi(WV, CA). 
The model parameter estimates and covariance matrices 
thon were used to obtain estimated nmax and EC5o values 
and corresponding 95% confidence intervals. Program out~ 
put consisted of parameter estimates, 95% confidence in" 

tervals, and corresponding tests of significance. 

Isoproterenol Concentration~ Response Curves 

Relaxation responses obtained for increased conc<mtra
tions of isoproterenol were represented as a percentage~ of 
relaxation from contraction induced by bethanechol. How
ever, because complete concentration-response curves 
were not obtained in response with isoproterenol, this 
analysis could not be used. Instead, linear regression analy
sis using logarithmic transformation of isoproterenol con~ 
centration was used to relate isoproterenol concentration to 
the percentage of relaxation. The isoproterenol concentra
tion-response relationship was modeled according to 

Percent llelaxation'" ~o + B1 x log I isoproterenol] (1 0) 

where the parameters ~o (intercept) and ~1 (slope) were 
allowed to vary as functions of 03 concentration, epithelial 
integrity, and gender. For exam ph~, to model the effect of 
0.12 ppm 0:-~ and the effect of lumenal abrasion, the model 
becomes 

~o:::: ao + 01 0.12 + azE, and (11) 

(12) 

where 0.12 and E are indicator variables for 0.12 ppm 0:-~ 
and lumenal abrasion, respectively. A repeated-measures 
regression model was used to allow for the correlation in 
values resulting from the same airway segment. 

Tabulated maximum percentage of relaxation and E'Cso 
values were derived from the fitted model. Maximum 
values wore obtained fTom the fitted response at the highest 

concentration of isoproterenol (1 f.!-M) evaluated because a 
plateau was not roached in these concentration-response 
curves. The corresponding ECso values were obtained from 
the fitted model by determining tho isoproterenol concen~ 
tration that elicited half the maximum relaxation response. 
Model fitting was accomplished as described above. 

Other Aualyses 

Data also wem analyzed using analysis of variance 
{ANOVA) with 0 3 concentration, gendm, and abraded or 
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intact epithelium as variables. Contrasts were defined un
der 03 concentration so that each exposure group was 
compared with the control group. The homogeneity of 
variance was determined by comparing the variance ratio 
of the largest to the smallest sample variances with tabled 
critical valm>s (Sakal and Rohlf 1969). The ANOVA was 
accomplished using CRUNCH software (CRUNCH Software 
Corp., Oakland, CA) with an IBM-compatible personal comw 
puter. 

Significance tests comparing each of the exposnro groups 
to the control group were adjusted for multiple compari
sons using Dunnett's criterion (Dunnett 1964). Thus, p::::; 
0.0247 indicated statistically significant differences. No 
adjustments were made in comparisons between epithe
lium-intact and epithelium-abraded airway segrn8nts or in 
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Figure 3. Relation of passive nnd active tension to internal circumference 
in large airwuys isolated from male rats after 20 months exposure to 0, 0.12, 
0.5, or 1,0 ppm 0:1• Passive tension (open symbols) und bethanechol-induced 
active tension (solid symbols) were measured in intact airway segments 
(circles) and abraded airway segments {squares) and plotted against the ratio 
of intemal circumfemnce to effective circumferencetCi:C(Jjj). Each dutn point 
represents the mean ± SEM for three to six experiments. The relation 
between passive tension and internal circumference was unaffected by 0 3: 
!hero were no obvious differences in the curve describing the relation of 
nctive t(msion to circumference after 0:1 exposure. 

comparisons between airway segments isolated from male 
and female rats. In these comparisons, statistical signifi
cance was indicated with p ~ 0.05. 

RESULTS 
·---

MECHANICAL PROPERTIES OF ISOLATED AIRWAYS 

Relation Between Passive Tension and 
Internal Circumference 

Figures 3 and 4 (large airways) and Figures 5 and 6 (small 
airways) depict the relation between passive tension and 
airway internal circumference (normalized to Ceff) for each 
exposure gronp with respect to lumenal abrasion and gen
der. This relationship was exponential for each group 

LARGE AIRWAYS fEMALE 
0 ppm 0.12 ppm 4

liN'fACT 
~ 0 Resting 
E Clll Active E 
E3. ABRADED ~3 £ o Resting z _§_ ll Active 5 
z2· 2.2 
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·~· 
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0 0 
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E3.1 ~3 ;:;:: 2. 

5 s 
Z2 Z2· 
0 0 ;;; ~ z z 
~ ~ ,., ,., 

i 

j 
0 0.~·· ·~.2 0.2 

c,:C,r~ C,:Cc~1 

Figure 4. Relation of passive 011d active tension to internal circumference in 
huge airways isolated from female rats after 20 months of exposure to 0, 0.12, 
0,5, or 1.0 ppm 0 3. Passive tension (open symbols) and hDthanechol-induced 
active tension (solid symbols) wem measured in intact airway segmonts (circles) 
and abraded ainvay segments (squarDs) and plotted agninst the ratio of internol 
circumference to effectivD circumference tCi:CbfJ). Each data point represents 
the mean ± SEM for two to six experiments. The relation between passivo 
tension and internal circumference was unaffected by OJ: there were no obvious 
differences in the curve describing the relation of active tDnsion to 
circumference after 03 exposme. 
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regaTdless of gender or the integrity of the epithelium. 
Passive tension and Ci data from each experiment were fit 
to Equation 2 (see the Methods section). The constant, S, 

which reflects the rate of rise of the relation between passive 
tension and internal circumference, was used to determine 
differences among relationships for the four ozone expo
sure groups. The S values, together with other mechanical 
data derived from these relationships, are summarized in 
Tables 2 and 3 for large and small airways, respectively. 

Lack of significant effects of 03 exposure on S values 
indicated an absence of effect of 03 on the relation between 
passive tension and internal circumference. Effective cir
cumference values determined from these relationships 
were similar for large airways isolated from the 0, 0.12, and 
0.5 ppm exposure groups (Table 2). However, Ceff was 

SMALL AIRWAYS - MALE 

3 INTACT 
0 ppm 

0 Resting 
• Active 

ABRADED 
lJ Resting 
II Active 

C1:C,rr 

0.5 ppm 

0.12 ppm 

11 

Figure s. Relation or passive and active tension to internal circumference In 
sms.ll airways isolated from male rats after 20 months or exposure toO, 0.12, 
0.5, or 1.0 ppm 03. Passive tension (open symbols) and bethanechoi·induced 
active tension (solid symbols) were measured in intact ai.Iwny segments (circles) 
and abraded ailway segments (squares) rmd plotted against Uw rnlio of internal 
circumference to effective circumference (Ci:Ceff). Each data point represents 
the mean ± SEM for throe to six experiments. Tho relation between passive 
tonsion and intemnl circumference was unnffectod by 03; there wore no obvious 
differences in the curve describing the relation of activo tension to circumference 
nfter 03 exposure, 
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somewhat larger for airway segments isolated from animals 
exposed to 1.0 ppm 03 (p ~ 0.0101). Ozone exposure had 
no effect on Ceff determined in small airways (Table 3). 
Effective circumference is defined as that internal circum~ 
ference for which transmural pressure, calculated using the 
LaPlace equation, is equal to 7.5 em 1-120. Thus, in agree
ment with this definition, passive tension at CeffWas great~ 

est in large airways isolated from animals exposed to 1.0 

ppm 03 (p ~ 0.0223) (Table 2), whereas no significant 
differences between passive tension values at Ceff were 
observed in small airways (Table 3). Values for S, Ceff• and 
passive tension at Ceff were unchanged after lumenal abra
sion (Tables 2 and 3). 

SMALL AIRWAYS ~ FEMALE 

0 ppm 
INTACT 

0 Resting 
eAr:t.ive 

ABRADED 
tJ Hesting 
a Active 

c,:C,rr 
0.5 ppm 

' 
0.12 ppm 

C,:C.rr 
1.0 ppm 

Figure 6. Relation or passive lllld activo tension to internal circumference in 
small ohways isolated from female mts ufter 20 months of exposure lo 0, 0.12, 
0.5, or 1.0 ppm 0 3. Passive tension (open symbols) and betlumechol-induced 
active tonsion (solid symbols) wero measured in intact airway segments {circles) 
and abraded airway sngmonts (squares) and plotted against Uw raHo of internal 
circumference to effective circumference (Ci:Ccff). Each data point represents 
tho mean ± SEM for two to six experiments. The relation between passive 
tension and internal eircumforonce was unflffected by OJ; there were no obvious 
differences in tl1e curve describing the relation of active tension to 
circumference after 03. 
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Active Tension and Circumference Relationship 

Figures 3 and 4 (large airways) and Figures 5 and 6 (small 
airways) also depict the relation between active tension and 
airway internal circumference (normalized to Cejf) for each 
exposure group. With increased internal circumference, 
bethancchol-inducc~d tension increased to a maximum 
value at or very near Ceff and began to decrease as internal 
circumference increased further. The curves describing 
active tension showed no obvious differences in shape with 
regard to 03 exposure, gender, or lumenal abrasion. 

In large airways, active tension measured at Ceff was 
unaffected by 03 exposure and was independent of gender 
or the integrity of the epithelium (Table 2). Similarly, in 
small airways, active tension measured at Ceff was not 
affected by 03 or lumenal abrasion. However, gender did 
have a significant effect (Table 3). Review of the valnes for 
active tension in Table 3, as well as the curves in Figures 5 
and 6, reveals tbat maximum active tension was lower in 

Table 2. Mechanical Data for Large Airwaysa 

small airway segments isolated from females than in small 
airways from males (p = 0.0018). However, no significant 
interaction effects between 0:{ concentration and gender 
were detected in the ANOVA (p ~ 0.2208) (Table 3). 

Although the magnitude of tension produced differed 
among groups at a given increment of Ceff• the maximum 
active tension occurred at Ceff in each group. Because the 
pharmacologic experiments were conducted with internal 
circumference adjusted to Ceff, we were assured by the 
outcome ofthese studies that comparisons among stimulus
response curves would not be invalidated because of dif
ferences among groups regarding the internal circumference 
that was optimum for observing contractile responses. 

MORPHOMETRIC MEASUREMENTS OF 
ISOLATED AIRWAYS AND STRESS ANALYSES 

Morphometric measurements and the data for active and 
passive stress for large and small airways are summarized 

Ozone Concentration 

0.00 0.12 0.50 1.00 ------- ---------
Property Male Female Male Female Male Female 

·-·-··--~-"·-·--

Lengthb 
Intact 1.85 ± 0.07 1.87 ± 0.09 1.09±0.11 1.94 :l.: 0.06 1.76 ± 0.06 1.60 ± 0.08 

Abraded 1.85 ± 0,07 1.84 ± 0.05 1.98 ± 0.16 l.Gll ± 0.03 1.81 ± 0,04 1.513±0.11 

Cef{ 
Intact 6.778 ± 0.773 13.043 ± 0.200 G,907 ± 0.1395 8.046 ± 0.743 6.826 ± 1.323 8.225 ± 0.579 

Abraded 7.334 ± 0.176 0.300 ± 0.582 7.215 ± 0,215 5.581 ± 0.451 7.050 ± 0.750 7.515 ± 1,005 

S Valued 
Intact 1.136 ± o.u 1.35±0.15 1.62 ± 0,23 1.49 ± 0,21 1.56±0.17 1.30 ± 0.05 

Abraded 1.4B ± 0.07 1.25 ± 0.06 1.62 ± 0.10 1.62 ± 0.35 1.57±0.11 1.49 ± 0.13 

Passive Tensione 
Intact 0.701 ± 0.122 0.837 ± o.DG4 0.751 ± o.03G o.Oll3 ± o.ouz 0.751 ± o.t24 0.917 ± o.OG3 

Abraded 0.826 ± o.o39 0.977 ± 0.120 o.no ± o.ooG o.644 ± 0.042 o.no ± 0.094 o.ooo ± 0.149 

Active Tension° 
Intact 2.740 ± o.s2o 2.084 ± 0.238 2.513 ± o.143 2.1o5 ± o.285 2.663 ± 0.460 2.510 ± o.281 

Abraded 2.605 ± 0.303 1.908 ± 0.074 2.360 ± 0.294 1.750 ± o.070 3.148 ± o.391 2.855:1:0.278 

a Values am given as means± SEM; n "' 2 toG airway segments. 

b Length"' airway sogmcmt length (lnm). 

Male 

1.58 ± 0.15 

1.76 ± 0.12 

9.725 ± 0.310f 

9.177 ± 0.353f 

1.37 ± O.OH 

1.40 ± 0.10 

1.3oo ± o.2oof 

1.427 ~: 0.41Gf 

2.4(}5 :t 0.264 

2.456 ± 0.325 

c Ccff""' effective circumference (mm): valuo for internal circumference where !he calculated transmural pressure equaled 7.5 em I-120. 

Female 

1.80 ± 0.04 

1.80 ± 0.08 

8,483 ± 0.410f 

8.424:1: 0.611f 

1.44 ± 0.08 

1.56 ± 0.20 

1.011 ± 0.077f 

0.925±0.11} 

2.920±(1.:}47 

2.990 ± 0.215 

d S values (nll1l-
1
) were obtained from each experiment by fitting passive tension (Tr) and internol circumference (C;) da!a !o Equation 2 presented in the 

Methods section. 

n Passive and active tension (mN/mm) were obtained at Goff· 

f Significantly different (p < 0.0247) from 0.00 ppm as determinr.d by contrasts defined under 0:1 conccmtralion in the ANOVA. 
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in Tables 4 through 7. Ozone exposure had no effect on wall 
and smooth muscle areas measured in large airway seg

rnents (Table 4). However, a significant gender effect was 
evident with regard to these area measurements. Wall areas 

(p == 0.0001) and smooth muscle areas (p == 0.0082) meas
ured in airway segments isolated from females were smaller 

than those measured in airways from males (Table 4). This 

tendency probably was related to the fact that female rats 

weighed less than male rats at the end of the experiment 
(see Table 1). No significant interaction effects between 0:~ 
concentration and gender were detected {p :::: 0.5755). 

When smooth muscle area was expressed as a percentage 
of wall area, no differences were found between males and 

females (p = 0.478li) (Table 4). 

No significant effects occured in wall area relative to 
gender, as determined by ANOV A, in small airways (p = 

0.1499) (Table 5). However, a significant interaction effect 
occurred between 03 concentration and gender (p = 
0.0036). As determined by contrasts defined by 03 concen-

Table 3. Mechanical Data for Small Airwaysa 

tration in the ANOV A, wall area was increased in airway 
segments isolated from males that had been exposed to 0.5 

ppm 03 when compared with the control group (p:::.: 0.0043) 

(Table 5). Wall area also tended to b(~ increased in airwa.y 
segments after exposure to 0.12 ppm 03 when compared 
with the control group, although these amounts were not 
statistically significant (p == 0.0441). Ozone exposure did 
not result in significant alteration of wall area in small 
airways isolated from females (p = 0.1821) (Table 5). No 
interaction effect between 03 concentration and gender was 
observed in measurements of smooth muscle area or per
centage of smooth muscle. However, smooth muscle area 
was increas(~d in small airway segments isolated from both 
male and female animals exposed to 0.5 ppm 03 when 
compared with controls (p = 0.0037) (Table 5). Although 
the percentage of wall area composed of smooth muscle 
tended to increase in airways isolated from animals that 
had been exposed to 03 concentrations of 0.5 ppm (p == 

0.0464) and 1.0 ppm (p = 0.0482), these results were not 
statistically significant {Table 5 ). 

Ozone Concentration 

Property 

Lengthb 
Intact 
Abraded 

CeJ! 
Intact 
Abraded 

8 valued 
Intact 
Abraded 

1.67±0.13 

1.60 ± 0,04 

2.927±0.150 

2.661 ± 0.100 

3.54 ± 0.40 

3.73±0.51 

Passive Tensione 
Intact 0.318 ± IW28 

Abraded 0.281 :!: 0.012 

Active Tension8
' f 

Intact 1.900 ± 0.310 

Abraded 1.920 ± 0.224 

1.72 ± 0.07 

1.77 ± 0.05 

0.12 

Male 
··--~-~·~·~·· 

1.65 ± 0.22 

1.73 ± 0.07 

0.50 

Female Male 

1.70 ± 0.22 1.78 ± 0.12 

1.GB ± 0.03 1. 75 ± 0.09 

1.00 
----···---- ----
Female Male Female 

-------···--

1.5:-1 ± 0.10 1.75 ± O.OG 1.71 ±0.06 

1.66 ± 0.09 1.74 ± 0.11 1.63 :t 0.07 

3.096 ± 0,090 2,617 ± 0.280 1.900 ± 0.209 2.503 ± 0.232 2.527 ± 0.270 3.139 :!: 0.2!l4 2.859 ± 0.120 

3.000 ± 0.459 2.606 ± 0.171 2.187 ± 0.079 :~.053 ± 0.216 3.015 ± 0.235 3.034 ± 0.343 3.092 ± 0.1::13 

3.3fl ± 0,5(} 4.08 ± 0.09 4.31 ± 1.12 3.86 ± 0.72 :~.86 ± 0.54 3,05 ± 0.30 3.12 ± 0.14 

3.24 :1: 0.56 3.22 ± 0.31 4.30 ± 0.35 2.97 ± 0.40 :U4 ± 0.16 2.0ll ± 0.37 2.90 ± 0.23 

0.330 ± 0.010 0.270 :t 0.019 0.211 ±0.015 0.280 ± 0.026 0.277 ± 0.020 0.328 ± 0.028 0.:~53 ± 0.047 

0.289 ± 0.063 0.206 ± 0.019 0.222 :!: 0.006 o.:-139 ± o.020 0.3:-12 ± 0.012 0.320 ± 0.036 0.357 :!: 0.025 

1.226 ± 0.137 1.407 ± 0.215 0.9B2 ± 0.339 1.610 ± 0.167 1.545 ± 0.120 1.762 :l~ 0.113 1.32:-1 ± 0.081 

1.215 ± 0.194 1.513±0.119 1.085 ± 0.045 Ul45 ± 0.187 1580 ± 0.23:-1 1.486 :!: 0.127 1.HH5 ± 0.119 

a Valuos am given as means:!: SEM: n"" 2 to 6 airway segments. 
b Length"" airway segmrmtlength (mm). 

G Cnff"'' effective circumference (mm): vahw for internal drcumforence when the calculated transmural pressure equaled 7.5 em H20. 

d S values (mm-1
) were obtained from each experiment by fitting passive tension (7'r} and internal circumference (C;) data to Equation 2 (presented in t!w 

Methods section). 

"Passivo ond active tonsion {mN/mm) were obtained at c-:,ff. 
1 Significant difference (p < 0.05) between airways isolated from malcls and females as determined by ANOVA. 
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Passive and active tension values at Ccff were divided by 

wall and smooth muscle areas to determine values for 

passive and active stress. These values are presented in 

Tables G and 7 for large and small airways, respectively. 

Lumenal abrasion had no effect on passive and active stress 

in large airways (Table G). Passive stress was greater in large 

airways isolated from animals that had been exposed to 1.0 
ppm o, than in the control group (Table G) (p ~ 0.0155). 
Passive stress for airways isolated from females was greater 

than that determined in airways isolated from males (p ;:;;: 
0.0076). This probably reflects the fact that corresponding 

wall area measured in airways isolated from females was 

Table 4. Morphometric Data for Large Airwaysa 

Ozone Concentration 

0.00 0.12 0,50 1.00 
Measumment Male Female 

··---·--····---·--·-- --:-:-:-
Male Female Male l''omale 

Wall areab,c 0.114 ± 0.005 0.097 ± 0.007 0.123 ± 0.01fl 0.094 ± O,OOG 0.12G ± 0.008 0.098 ± 0.009 0.121 ± 0.008 0.088 :!: 0.005 

Smooth muscle 
areac,d .022 ± 0.002 0.018 ± 0.002 0.023 ± 0.003 0.020 ± 0.002 0.024 ± 0.003 0.021 :!; 0.003 0,024 ± 0.001 0.017 ± 0.001 

Smooth muscle ,. 
percentage· 20.3±1.9 18.9±1.2 19.2±0.0 21.7±1.5 19.1j~1.5 21.2±2.2 20.5±1.1 20.4i:1.2 

"Values are given as means i: SEM; n "'4 to 11 airway segments. Data for intnct and abraded airway .segments were grouped since lumenal abrasion was not 
expected to alter airway wall motphomctry. 

b Wall area per segment length {rnm2/mm} measured in airway segments fixed at Cr.ff· 

t Significant difference {p < 0.05} between airways isolated from mates and ft:males as determined by ANOVA. 

d Smooth muscle area per segment length (mm2/mm) measured in airway segments fixed at C,!f. 

c Percentage of wall area comprised of smooth muscle ([smooth muscle area/wall area] x 100). 

Table 5, Morphometric Data for Small Airwaysa 

Ozone Concentration 

0.00 0.12 0.50 
-------~ 

Measurement Male Female Male Female Male 
·-·-----~-~--"·~ .... 

1.00 
"·-------~-

Female Male Female 
·----~-~"--

Wall areab ().()7() :1: 0.007 0.077 ± 0.005 0.099 ± 0.009 0.007:!: O.OOB 0.105 ± 0.005c 0.079 ± 0.009 0.075 ± 0.005 0.093 ± 0.007 

Smooth muscle 
arcad 0.008 ± 0.002 0.008:!: 0.001 0.009 ± 0.002 0.006 ± 0.002 0.015 j: 0.002c 0.011 ± 0.002c 0.009 ± 0.001 0,013 ± 0.002 

Smooth mus,rle 
percentage ,e 9.7 ± 1.7 10.6 ± 1.2 9.6 ± 2.3 8.0 ± 2.6 13.9 ± 1.2 1U> ± 1.7 12.1±1.1 13.9 ± 1.:~ 

"Values are given as maans ± SEM; n"" :1 to 12 airway segments. Data for intact and abraded airway segments were grouped together because lumenal abrasion 
was not expected to alter ainvay wall morphometry. 

b Wall area per segment length {mm2/mm), llll!aSm'Ni in airway segments fixed at Cc!f. 

"Significantly different (p < 0.0247} from 0.00 ppm, as determinc;d by contrasts defined under 03 concentration in the ANOVA. 
d Smouth muscla arP.a per segment lt:ngth (nun2hmn), measured in airway segments fixod at C/Jff. 

n PerccmlagP. of wall area comprised of smooth muscle ([smooth muscle ama/wall area] x 100) 

17 



Mechanical Properties, Responses to Bronchoactive Stimuli, and Eicosanoid Release in Isolated Airways 
- - ---··-~··--------~----

smaller than measurements made in airways isolated from 

male rats (see Table 4). No significant interaction effects 

between 03 concentration and gender were found (p = 
0.2023), Active stress did not vary among expoure groups, 

regardless of concentration of 03, integrity of the epithe~ 

limn, or gender (Table 6). 

As with large airways, lumenal abrasion did not result in 

significant effects on passive or active stress found in small 

airways (Table 7). Similarly, no significant gender~based 

differences were found for passive or active stress. How~ 

ever, a significant decrease in passive stress did occur in 

small airways isolated from animals that had been exposed 

to 0.12 ppm o, (p ~ 0.0211) (Table 7). Passive tension 

values in this particular group (see Table 3) were loss than 

Table 6. Passive and Active Stress at CeJ[for Large Airwaysa 

Ozone Concentration 

0.00 0.12 0.50 1.00 
---------

Abrasion Male Female Male Female Male Female Male Female 
-~~--------··~--···-·~-···--· ··--·-·~··-"-------

Passive Stressb,c 

Intact G.G :1:0.7 8.1±0.7 6.2 ± 0,79 8.7 ± 0.2 6.3±1.4 10.3 ± 1.9 11.7 ± 1,5d 10.7 ± 0.4d 

Abraded 7.5±0.7 11.8±2.1 7.4±1.7 7.6 ± 1,0 6.1 ± O.B 9.4 ± 1.9 10.6 ± 2.3d 11.1±0.9d 

Active Stress0 

Intact 130.2 ± 29.2 112.0 ± 15.3 114.9 ± 24.0 102.1 ± 30.7 112.5 ± 17.6 125.6 ± 32.1 117.4 ± 24.5 187.6 ± 48.2 

Abraded 124.2 ± 21.5 128.7 ± 21.5 112.6 ± 20.0 99,5 ± 15,6 151.4 ± 35.5 172.1 ± 19.8 101.3 ± 15.9 182.7 ± 18.3 

a Values are given as means± SEM; n::: 2 to 6 airway segments. 

h Passive and active stress (mN/mm2
) were obtained by dividing passive and active tension values by wall area or smooth muscle area, respectively. 

c Significant difference (p < 0.05) between males and females, as determined by ANOVA. 

d Significantly different (p < 0.0247) from 0.00 ppm, as determined by contrasts defined undel' Oa concentration in the ANOVA. 

Table 7. Passive and Active Stress at Cetrfor Small Airwaysa 

Abrasion Male 

Passive Stressb 
Intact 4.3 ± o.3 

Abraded 3.9 ± 0.8 

Active Stress0 

Intact 3UUl ± 99.9 

o.oo ___ _ 
Female 

4,8 ± 0.5 

3.6 ± 0.9 

216.0 ± 55.5 

Abraded 3as.s ± 130.3 164.9 ± 52.0 

Male 

2.9±0.6c 

3.0 ± 0.2c 

145.5 ± 313.0 

242.5 ± 49.6 

"Values are given as means± SEM; 11 = 1 to 6 airway segments. 

0.12 

Ozone Concentration 
(ppm) 

Female 

3.0 ± 0.2c 

2.7 ± 0.4 c 

177.6 ± 93.9 
92.0e 

Male 

2,0 ± 0.4 

3.2 ± 0.3 

116.5 :1: 35.3d 

1130,7 ± 60.8 

0.50 1.00 

Female Male Female 
·--~--~-----

3.2 ± 0.4 

5.3 ± 0.6 

147.2 ± 30.4d 

297.0 ± 128.8 

4.4 ± 0.6 

4,4 ± 0.6 

203.8 ± 21.7d 

185.9 ± 24.3 

3.6 ± 0.5 

4.3 ± 0.4 

113.7±18.6d 

178.3:!: 41.3 

b Passive and activo stress {mN/mm2
) wore obtnined by dividing passive and active tension values by wall Mea or smooth muscle area, respectively. 

"Significantly different (p < 0,05) from 0,00 ppm, as determined by contrasts defined under 0 3 concentration in the ANOVA. 

d Significantly different (p < 0.0247) from 0.00 ppm, as dHtormined by contrasts dofinod und(lr 0 3 concentration in the ANOVA, when data for intact airways 
were analyzed separately. 

a SEM not determined (n"' 1). 
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corresponding values in the 0 ppm group, and, although not 
statistically significant, normalization to wall area resulted 
in a more marked difference between the groups that at~ 
tained statistical significance (Table 7). Differences in ac~ 
tive stress wore not detected when data for intact and 
abraded airways were considered together in the ANOV A 
(p = 0.1763). However, active stress values in the intact 
airways isolated from 03~exposed rats were less than activo 
stress values in airways isolated fTom rats exposed to fil
tered air. Thus, when analyzed separately, a statistically 
signitlcant reduction in active stress was noted in epithe
lium-intact airways isolated from animals in the 0.5 ppm 
o, (p = 0.0080) and 1.0 ppm O, (p = 0.0171) exposure 
groups (Table 7). No significant differences between activo 
stress values were detected in abraded specimens when 
data were analyzed separately from the intact airways. 

AIRWAY RESPONSE TO PHARMACOLOGIC 
AGENTS AND ELECTRICAL FIELD 
STIMULATION 

Stimulus-response curves were g£merated to describe the 
progressively increasing concentrations of acetylcholine, 
bethanechol, and 5-HT, and the progressively increasing 
frequencies of EFS. In Figures A.1 through A.16, data are 
presented as tension (mN/mm) versus log concentration or 
log frequency of the stimulus. Data in Figures B.l through 

2 B.16 are presented as stress {mNhnm ) versus log concen-
tration or log frequency of the stimulus. Using regression 
analysis, stimulus-response (tension or stress) data were 
fitted to Equation4 (see the Methods section). Estimates and 
confidence intervals for EC5o and Rmax were obtained, and 
differences with respect to the experimental variables (03 
concentration, gender, and lumenal abrasion) wore evalu-

Table 8. Maximum Tension Values for Large Airways Determined from Regression Analysis of Curves 
Describing Tension Versus Stimulusa 

Ozone Concentration 

0.00 0.12 0.50 1.00 
Stimulus Male Female Male Female Male Female Male Female 

'"-·~ .. ---
Acetylcholine 

Intact 2.94 2.61 3.12 2.98 3.02 2.89 3.01 2.89 
(2.39, 3.61) (2.45, 3.23} (2.69, 3.61) {2.57, 3.44} (2.34, 3.91) {2.34, 3.58) {2.53, 3.59) (2.43, 3.43) 

Abraded 2.79 2.68 3.23 2.50 3,43 3.32 3.55 3.15 
(2.36, 3.29) 2.34, 3.06) {2.32, 4.49) (2.12, 2.95) {3.07, 3.84) (2.75, 4,01) (3.08, 4.10) (2.88, 3.45) 

Bethanochol 
Intact 3.32 3.3:i 3.65 3.65 3.46 3.47 3.04 3.85 

(2.75, 4.02) (2.90, 3.132) (3,31, 4.02) (3.31, 4.04) (2.70, 4.42) (2.79, 4.30) (3.24, 4.56) (3.43, 4.32) 
Abraded 3.00 3.09 3.37 2.76b 4.08 4.24b 4.24 3.98 

(2.60, 3.65) (2.67, 3.58) (2.67, 4.27) (2.24, 3.40) (3.63, 4.58) (3.59, 5.01) (3.92, 4.59) (3.49, 4.53) 
5-Hydroxytryptamine 

Intact 1.as 1.10 1.23 1.31 1.47 1.32 1.16 1.65 
(0,89, 2.06) (0.78, 1.54) (0.76, 1,99) (1.16, 1.49) (0.97' 2.22) (1.04, 1.G8) (1.01, 1.31} (1.23, 2.21) 

Abraded 1.10 0.93 1.19 1.27 1.62 1.44 1.07 1.47 
(0.81, 1.50) (0.73, 1.18) (0.67, 2.13) 1.09, 1.48) 1.10, 2.38) {1.06, 1.96) {0.96, 1.20) (1.06, 2,03) 

Electrical Field Stimulation 
Intact 2.94 2.55 3.05 2.64 2.D2 2.47 2.41 2.15 

(2.12, 4.07) {2.09, 3.12) (2.43, 3.83) (2.19, 3.1D) (1.93,4.12) (1.92, 3.17) (2.02, 2.88) (1.88, 2.46) 
Abraded 2.90 2.52 2.72 2.00 3.03 2.98 2.65 2.19 

(2.20, 3.81) (2.11, 3.01} (1.98, 3.74) (1.73, 2,31) (2.42, 3.7D) (2.82, 3.15) (2.28, 3.09) (1.86, 2.58) 

"ValU(lS for maximum response are ustimatGd and given in mN/mm; 95% confidonco intervals are in parenthesos; JJ"" 2 to 6 airway segments. 
u Significantly different (p < 0.05) from value for intact airways, as dGtermincd by regression analysis of stimulus-response curves (see the Methods soction). 
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a ted for each stimulus. The estimated ECso and Hmax values 

together with 95% confidence intervals are discussed be~ 

low and presented in Tables 8 through 11 for large airways 

and in Tables 13 through 16 for small airways. The results 

of the ANOVA of tension and stress values obtained in 

response to 1 [lM substance P are presented in Tables 12 

and 17 as discussed below. 

Effects of Ozone on Contractile Responses to 
Pharmacologic Agents and EFS in Large Airways 

In large airways (Table 8), the maximum tension evoked 

in response to acetylcholine, bethanechol, and 5~HT tended 

to increase in airways fTmn animals that had been exposed 

to 1.0 ppm 03. However, this increase was not statistically 

significant for any of the stimuli. maximum response val~ 

ues elicited by the stimuli were, for the most part, similar 

with respect to gender or integrity of the epithelium (Table 

8). Except for airways isolated from rats in the 1.0 ppm 

group, EC5o values were unaffected by O:i exposure {Table 

9). For this exposure group, airway segments were more 

sensitive to the contractile effects induced by EFS, as evi

denced by tho significant decrease in the EC5o (p"" 0.0001) 

relative to controls (Table ~l). These same airways also were 

more sensitive to the contractile effects of acetylcholine. 

However, the difference in ECso values was not statistically 

significant (p "" 0.1450). For intact and abraded airways, 

EC5o values were similar. However, significant gender ef

fects were detected. Airways isolatBd from female rats were 

more sensitive (smaller EC5o values) to the contractile effects 

of the cholinergic stimuli {acetylcholine, bethanechol, and 

EFS) and 5-HT than airways isolated from males (Table 9). 

However, these differences were significant only for be~ 

thanechol (p < 0.0001) and EFS (p = 0.0003). 

Table 9. ECso Values for Large Airways Determined from Regression Analysis of Curves Describing 
Tension Versus Stimulusa 

Ozone Concentration 

0.00 0.12 0.50 1.00 
----- --·-·-----~---

Stimulus Male Female Male Female Male Female Male Female 
---------··-----·--·-----·-- ........ ·-·-·-·--- ·--~~·-··~--

Acetylcholine 
Intact 17.1 10.5 15.3 8.05 22.2 14.9 10.{) 3.8!5 

(9,77' 30,0) (4.63, 23.7) (5.63, 41.3) {2.23, 29.0) {15.7, 31.4) (10.3, 21.5) (4.1l2, 23.5) {1.:l9, 10.7) 

Abraded 22.7 Hi.O 33.7b 13.2 15.0 12.:'1 12.5 6.24 

(14.9, 34.6) (9,26, 27.5) (14.6, 77.6) (7.67, 22.7} (8.11, 27.7) (4.12, 36.6) (4.11, :17.7) (2.45, 15.9) 

Betbanechof 
Intact 27.1 8.56 33.0 12.7 29.7 10.4 31.0 9.58 

(16.5, 44.4) {2.21, :i3.2) (21.7, 50.3) (6.88, 23.5) (19.0, 46,5) {5.70, 18.9) (20.8, 46.3) (5.72, 16.1) 

Abraded 27.6 10.4 18.1 15.4 33.4 13.9 19.9b 12.2 

(10.1, 42.1) {4.63, 23.5} (17.1, 19.3) (7,66, 30.9) (20.0, 55.8) (9.95, 19.5) (15.2, 2G.O) (!).55, 15.5} 

5~Hydroxytryptamine 

Intact 1.71 0.28 2.17 1.53 0.97 0,09 1.06 1.46 

(1.05, 2.78) (0.06, 1.33) (1.87, 2.52) (1.07, 2.18) (0.51, 1.01) (0.59, 1.3:-1) (0.80, 1.41) (O.tlO, 2.69) 

Abraded 1,65 0.45 1.H5 1.32 0.93 0.85 0.93 1.24 

(1.09, 2.50) {0.11, Ul3) (1.41, 2.71) (0.68, 2.56) (0.49, 1.70) (O.fi5, 1.11) (0.60, 1.27) (O.tl6, 1.70} 

Electrical Field Stimulationc 
Intact 15.1 7.81 13.5 6.21 lUi 5.00 7.44d 2.17d 

(9,80, 23.2) (5.80, 10.5) (7.90, 23.1) (2.80, 13.4) (6,52, 20.6) (3.25, 7.70) (4.BO, 11.3) (1.01, 4.64) 

Abraded 16.7 9.32 8.06 7.53 12.7 tl.G2 H.J9d 2.33d 

(11.0, 25.3) (5.91, 14.7) {5.03, 12,9) {1.B1, 31.3) (fi,54, 1fi.U) (4.90, 15.2) {5.65, 1Ul) (0.97, 5.61) 

a Valur<s for EC50 am r<stimatr<d and given us f.IM concentrations for pharmacological agents, and Hz for electrical field stimulation; 95% confidencr< intervals 
are in parentheses; n"' 2 to 6 airway segmr<nts. 

b Significantly different (p < 0.05) from values for intact airways, as determined by mgression analysis of stimulus-response curves (see the MHthods section}. 

"Significant diffr<rences (p < 0.05) b8twoen airways isolated fTom males and females, as determined by regression analysis of stimulus-response curves (sne 
tho Methods section). 

d Significantly diffr<mnt (p < 0.0247) from 0.00 ppm, as dohmnined by regression analysis of stimulus-response curves. 
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Tension values were normalized to smooth muscle area 
to obtain values for stress curves; the resulting curves were 
then analyzed using a regression model. The estimated 
maximum stress and EC5o values for large airways are 
presented in Tables 10 and 11, respectively. Similar to the 
outcome when tension was entered into the regression 
analysis, maximum stress evoked in response to the phar
macologic agonists was unaffected by 03 exposure (Table 
10). Whereas maximum tension remained unaffected by 
gender or luminal integrity (or abrasion) (see Table B), 
normalization of tension responses to smooth muscle area 
revealed differences with respect to both of these variables 
(Table 10). Maximum stress values elicited in response to 
acetylcholine (p = 0.046), bethanechol (p = 0.010), and 5-HT 
(p = 0.031) were higher in airways isolated from female rats 
than in those from male rats (Table 10). A similar trend can 
be observed in maximum stress responses elicited by EFS; 
these differences, however, were not statistically signifi-

cant. Differences in maximum stress between male and 
female airways are probably related to the fact that smooth 
muscle area measured in airways isolated from females was 
somewhat smaller than that measured in airways isolated 
h·om males (see Table 4). Although maximum tension 
values were not significantly affected by lumenal abrasion, 
a tendency, albeit not statistically significant, was noted for 
maximum tension to be greater in abraded airways than in 
airways with intact epithelium (see Table 8). After normal~ 
izing tension values to smooth muscle area, maximum 
stress values in abraded airways were significantly in
creased for acetylcholine (p = 0.012) relative to airways 
with intact epithelium (Table 10). 

Normalizing tension values to smooth muscle area did 
not affect the overall outcome with regard to EC5o values 
determined when tension values were used in the regres
sion analysis (Table 11). Similar to results when tension 
was entered into the regression analysis (see Table 9), 03 

Table 10. Maximum Stress Values for Large Airways Determined from Regression Analysis of Curves 
Describing Stress Versus Stimulusa 

Ozone Concentration 

0.00 0.12 0.50 1.00 
Stimulus Male Female Male Female Male Female Male Female 
--·-···------------· ..... ----

Acetylcholineb 
Intact 131.0 154.7 128.6 151.4 126.3 140.1 139.1 166.2 

(106.2, 161.7) (127.2, 188.1) (110.9, 149.3) {126.9, 180.7) {94.9, 168.0) (107.7, 203.0} 112.6, 172.0) 139.4, 198.1) 
Abrade de 152.1 105.0 138.6 165.4 162.5 200.7 152.0 106.1 

(127.5, 181.5) (157.4. 217.4) (100.9, 190.5) (115,0, 236.3) (129.3, 204.4) (164.7, 244.5) (131.5, 177.7) (159.8, 216.13) 
Bethanecholb 

Intact H\3.0 178.6 158.2 168.2 144.4 177.1 170.2 236.5 
(110.0, 227.3) (155.1, 205.6} (1:l3.7, 107.0) (140,8, 201.0) (102.0, 204.5) (124.4, 252.0) (131.1, 220.4) (186.6, 299.7) 

Abraded 174.5 191.3 158.8 168.9 194.7 259.2 171.7 239.4 
(129.6, ?.35.0) (14~).5, 244.8) (120.7, 208.0) (122.9, 2'32.0) (133.2, 284.6) (216.4, 310.5) (142.5, 207.0) (210.6, 272.2) 

5-Hydroxytryptamineb 
Intact 56.3 65.7 53.8 62.9 58.8 70.6 53.7 109.7 

{:l8.4, 02.6) (44.7, 96.5) (33.3, 87.0) (46.4, 04.9) (33.5, 103.0) (45.6, 109.5) {39.1, 73.6) (60.7, 190.3} 
Abraded 58.5 68.6 60.6 74.2 03.0 05.() 41.9 77.8 

(44.6, 76.6) (43,(), 107.0) (28.8, 127.7) (48.0, 112.8) (54.1, 127.4) (51.8, 141.6) {36.7, 47.0) {56.3, 107.6) 
Electrical Field Stimulation 

Intact 127.0 137.0 125.7 135.5 103.5 132.7 120.2 129.1 
(94.0, 170.2) (109.6, 171.2) (99.4, 159.0) (105.8, 173.4) (()3.8, 167.9) (95.5, 184.4) (94.2, 153.4) (103.1, 161.6) 

Abraded 150.4 164.6 125.2 134.9 136.4 192.1 124.4 133.9 
(114.0, 198.3) (132.1, 205.1) {87.2, 179.8) (93.9, 193.8} (79.8, 232.8) (152.7. 241.7) {103.3, 149.8) (113.9, 157.5) 

0 Values for maximum response are estimated and given in mN/mm2
; 95% confidence intervals arc in parentheses; 11"' 2 toG airway segmclllls. 

h Significant difference {p < 0.05) between airways isolated from males and females, as determined by regression analysis of stimulus-response curves (see tlw 
Methods section). 

"Significantly different (p < 0.05) fron1 values for intact airways, as determined by regression analysis of stimulus.t'esponso curves. 
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exposure was associated with increased sensitivity of the 

airways to EFS (p < 0.0001) after exposure to 1.0 ppm o, 
(Table 11). EC5o values for acetylcholine were lower in 

these same airways, but the difference was not significant 

(p = 0.0690). However, normalizing tension to smooth 

muscle area revealed additional statistically significant 

findings regarding o, exposnre and gender [Table 11): (1) 

Airway segments isolat(~d from male rats exposed to 0.12 

and 1.0 ppm 03 were more sensitive to the contractile 

effects of bethanechol (p < 0.0001) than segments from 

control animals, whereas segments from both genders ex

hibited decreased sensitivity to 5-HT (p = 0.021) relative to 

coutrol animals. (2) Similar to the results when tension was 

entered into the regression analysis (see Table 9), airways 

segments isolated from female rats (exposed to 0.5 and 1.0 

ppln 03) were more sensitive to the contractile effects of 

bethanechol (p,; 0.0001) and EFS [all exposure levels) (p ~ 

0.0001) when compared with male airways; in addition, 

female airways were more sensitive to the contractile ef

fects of 5-HT (p ~ 0.041) and acetylcholine (p ~ 0.0078) 

when stress was entered into the regression analysis. 

Tension and stress produced in response to 1 JlM of 

substance P also were obtained in these studies (Table 12). 

Tension values (p = 0.0144) obtained in response to sub

stance P were greater in large airways isolated from animals 

exposed to 1 ppm 03 compared with airways of the control 

group. Stress values in the group exposf~d to 1 ppm 03 also 

were greater than the control group, but statistical signifi

cance was not attained (p = 0.0371). Lumenal abrasion had 

no effect on substance P-induced responses; however, a 

significant difference hetween airways of male and female 

rats was found in response to substance P. The values 

presented in Table 12 feveal that tension and stress in 

response to substance P were greater in airways isolated 

from females (tension, p ~ 0.0122; stress, p ~ 0.0002) than 

in those from males. No significant interaction effects 

Table 11. ECso Values for Large Airways Determined from Regression Analysis of Curves Describing 
Stress Versus Stimulusa 

Ozone Concentration 
(ppm) -----

0.00 0.12 0.50 1.00 

Stimulus Male Female Male Female Male Female Male Female 
···-··--·--~---

. -------

Acetylcholineb 
Intact 16.6 10.1 13.7 6.84 20.9 15.4 11.2 3.20 

(10.3, 26.9) (5.05, 20.3) (6.48, 29.1) (2.00, 23.4) (15.4, 28.3) (11.1, 21.2) (5.71, 22.2) (1.10, 9.34) 

Abraded 19.8 12.7 24.1 18.6 17.4 9.14 15.3 7.10 

{12.2, 32.2) (5.()8, 28.3) (12.5, 46.6) (8.36, 41.5) (9,55, 31.7) (2.81, 29.7) (8.33, 28.1) (2.73, 1U.9) 

Bethanecholb 
Intact 46.8 9.28 18.1 c 17.0 35.6 9.14 19.3c 9.54 

(27 .4, 80.0) (3.32, 25.9) (14.8, 22.3) (11.6, 24.9) (21.0, 60.4) {4.80, 17.4) (14.3, 26.2) (5.21, 17.4) 

Abraded 47.5 7,33 16.8c 15.5 47.5 12.7 21.8c 12.9 

(20,1, 00.4) (2.64, 20.3) (14.5, 19.3) (8.33, 29.0) (27,5, 82.1) (8.29, 19.6) (16.9, 20.2) (10.3, 16.1) 

5-Hydroxytryptamineb 
Intact 1.75 0.43 2.28c 1.59c 0.90 0.73 0.97 1.74 

(1.06, 2.89) (0.12, 1.53) (1.70, 3.07) {1,29, 1.95) {0.44, 1.85) (0.47, 1.13) (0.00, 1.18) (0.78, 3.08) 

Abraded 1.65 0.26 2.19c 1.20c 0.89 0.84 1.07 1.07 

{1.00, 2.75) (0.05, 1.36) (1.50, 3.20} (0.69, 2.11) (0.51, 1.56) (0.56, 1.26) (0.73, 1.57) {0.76. 1,50) 

Electrical Field Stimnlationb 
Intact 14.2 0.16 13.6 7.56 8.79 6.34 8.43c 2.33c 

(9.83, 20.5) (6.27, 10.6) (8.09, 22. 7) (3.55, 16.1) (4.79, 16.1) {5.35, 7.51) (5.61, 12.7) (1.31, 4.16) 

Abraded 16.3 9.28 12.0 5.80 11.7 9.37 9.9Gc 3.75c 

(10.9, 24.5) (5.62, 15.3) (7.72, 18,6) (2.24, 15.5) (6.57, 20.9) (5.71, 15.4) (6.89, 14.4} (1.92, 7.30) 

u Values for ECso are estimated and given as JlM concentrations for pharmacologic agents and in Hz for electrical field stimulation; 95% confidence intervals 
aro in parentheses; n "" 2 to 6 airway segments. 

b Significant difference (p < 0.05) between airways isolutod fmm mules and females (except for bethanechol and 0.12 ppm 03), as determined by regression 
analysis of stlmulus-msponso curves (seo tho Methods section). 

c Significantly different (p < 0,0247) fmm 0.00 ppm 0 3 , us determined by regression analysis of stilnulus-response curves. 
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Table 12. Effects of Ozone on Contractile Responses to Substance Pin Large Airwaysa 

Ozone Concentration 

0.00 0.12 0.50 
-:--:

Male 

1.00 

Response Male Female Male 

Tension b,c 

Intact 0.701 ± 0.320 0.865 ± 0.217 0.690 ± 0.245 

Abraded 0.624 ± 0.144 0.696 ± 0.150 0.65:~ ± 0.109 

Stress c,e 

Intact 34.16 ± 17.4 47.60 ± 11.3 213.27 ± 5.98 

Abraded 30.93 ± 8.69 48.54 ± 11.74 31.08±6.75 

~Values are expressed as means± SEM: n"' 2 to 6 airway segments. 

b Valuos arc expressed in mN/mm. 

Female Female 

1.768 ± 0,297 0.557 ± 0.135 1.229 ± 0.261 

0.954 ± 0.002 0.758 ± 0.175 1.104±0.340 

06.113 ± 20.49 24.20 ± 6.10 61.06 ± 20.10 

54.68 ± 10.80 33.48 ± 7.22 76.90 ± 33.31 

c Significnnt difference (p < 0.05) between nirways isolated from malos and females, as determined by ANOVA, 

Male 

1.177 ± 0.197d 

0.979 ± 0.31Gd 

52.66 ± 10.03 

36.71 ± 9.BH 

d Significantly different (p < 0.0247) from 0.00 ppm 0 3, as detormined by contrasts defined under 0 3 concentration in the ANOVA. 
0 Values are expmssed in mN/mm2. 

Table 13. Maximum Tension Values for Small Airways Determined from Regression Analysis of Curves 
Describing Tension Versus Stimulus8 

Ozone Concentration 
(ppm) 

Female 

1.249±0.170d 

1.494 ± 0.2713d 

70.20 ± 6.37 

89.57 ± 9.52 

0.00 0.12 0.50 1.00 

Stimulus Male Female Male Female Male Female Male Female 
---------~- ··---------~--

Acetylcholineb 
Intact 1.70 1.40 1.57 1.27 2.07 1.57 1.8G 1.45 

(1.50, 2.11) (1.19, 1.65) (1.10, 2.10) (0.98, 1.64) (1.73, 2.48) (1.30, 1.89) (1.59, 2.19) (1.26, 1.66) 

Abraded 1.68 1.34 1.60 1.53 2.07 1.65 1.56 1.65 
{1.23, 2,30) {1.05, 1,70) (1.32, 1.93) (1.53, 1.54) (1.88, 2.28) {1.51, 1.80) {1.23, 1.97) (1.24, 2.10) 

Bethanechol 
Intact 2.02 1.76 1.70 1.51 2,19 1.89 2.34 2.00 

(1.76, 2.32) (1.52, 2.04) (1.32, 2.10) (1.17, 1.95) (1.84, 2.61} (1.62, 2.21) (2.06, 2.65) {1.77, 2.26) 
Abraded 1.07 1.65 1.86 1.57 2.39 1.91 1.H6G 2.23 

(1.213, 2.74) (1.21, 2.24) 

5-Hydroxytryptamineb 
(1.58, 2.19) (1.52, 1.62) (2.07, 2.76) (1.65, 2.21) (1,57, 2.21) (1.89, 2,63) 

Intact 1.10 0.70 0.82 0.57 1.03 0.91 1.21 0.93 
(0.76, 1.60) (0.65, 0.93) (0.63, 1,07) (0.35, 0.93) (0.85, 1.26) (0.77, 1.07) (0.95, 1.54) (O.H3, 1.05) 

Abraded 1.15 0.80 0.94 0.63 1.20 1.03 0.90 1.42 
(0.63, 2.08) (0.62, 1.03) (0.67' 1.33) (0,37, 1.08) (0.90, 1.59) (0.94, 1.13) (O.H9, 1.07) (0.89, 2.26) 

Electrical Field Stimulationb 
Intact 1.57 1.26 1.47 1.19 1.45 1.17 1.89 1.45 

{1.27, 1.96) (1.00, 1.46) (1.05, 2.05) (0.89, 1.58) {1.02, 2.06) (0.85, 1.62) (1.46, 2.43) {1,18, 1.78) 

Abraded 1. 73 1.35 2,20 0.87 1.65 1.52 2.10 1.56 
(1.33, 2.25) (1.10, 1.66) (1.37' 3.54) (0.48, 1.58) (1.06, 2.55) (0,98, 2.37) (1.54, 2.87) (1.16, 2.09) 

a Values for maximum response are eslimntcs and given in mN/mm; nso/o confidence intervals nre in panmthcses: n"' 2 to 6 airway segments. 

b Significant diffemnco (p < 0.05) bot ween airways isolated from males and females, as determined by regression analysis of stimulus-response curvos (seo tho 
Methods section). 

"Significantly different (p < 0,05) from tho value for intact airways, as determined by regression analysis of stimulus-response curves {see the Methods section}. 
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between 03 concentration and gender were detected in the 

analysis of tension or stress data (p = 0.5591 and p = 0.4744, 

respectively). 

Effects of Ozone on Contractile Responses to 
Pharmacologic Agents and Electrical Field 
Stimulation in Small Airways 

In the small airways, the effects of03 or lumenal abrasion 

or both were unremarkable when tension was entered into 

the regression analysis of the stimulus··resp011se curves. 

The maximum tension values and EC5o values are summa

rized in Tables 13 and 14, respectively. Ozone exposure 

did not elicit any significant effects on maximum tension 

in response to the pharmacologic agents or EFS (Table 13). 

Lumenal abrasion also had no significant effect on maxi

mum tension values. Maximum tension was smaller, how

ever, in airway segments from female rats compared with 

those from males. Except for bethanechol, each of the 

bronchoactivo stimuli resulted in statistically significant (p 

S: 0.012) differences between male and female airway seg

ments. 

Ozone exposure and lumenal abrasion had no statisti

cally significant effects on stimulus-response curves with 

regard to EC5o values for small airways when tension was 

entered into the n~gmssion analysis (Table 14). The only 

statistically significant finding for small airways occurred 

in airways from female rats in response to 5-HT. In contrast 

to responses for large airways as well as to responses to the 

other contractile stimuli, small airways isolated from fe

males tended to be less sensitive to the contractile effects 

of this agent (p = 0.011). 

Analysis of the curves for stress versus response to stimu

lus resnlted in the estimated maximum stress and EC5o 

values presented in Tables 15 and 16. The data for tho 

parameters presented in these tables mveal that a signifi

cant effect of 03 occurred most conspicuously after rats 

Table 14. EC5o Values for Small Airways Determined from Regression Analysis of Curves Describing Tension 

Versus Responses to Bronchoactive Stimuli a 

Ozone Concentration 
(ppm) 

0.00 0.12 0.50 1.00 
------

Stimulus Male Female Male Female Male Female Male Female 
-----··--·- -·------· 

Acetylcholine 
Intact 6.74 4.46 12.1 9.00 9,77 6.49 4.76 2.04 

(4.10, 10.9) {2.81, 7.0H) (5.68, 25.8) (:i.97, 20.4) (5.05, 16.3} (3.63, 11.6) (1.96, 11.5) (1.30, 6.25) 

Abraded 6.53 4.40 3.37 4,25 7.13 2.08 2.74 3.15 

(3.18, 13.4) (2.17, 8.92) (0.64, 17.9) (1.97, 9.21) (3.62, 14.1) (0.64, 6.02) (0,75, 9.98) (0.74, 13.4) 

Bcthancchol 
Intact 33.6 25.4 28.6 22.1 37.7 20.3 24.0 16.1 

(21.4, 52.6) (17.0, 38,0) (20.9, 39.3) (15.2, 32.2) (29.4, 48.5) (22.0, 36.4) {14.8, 30.9) {11.9, 21.7) 

Abraded 25.4 18.7 23.9 23.5 40.5 14.4 20.1 17.3 

{14.1, 45.9) 
5-Hydroxytryptamineb 

(9.35, 37.4) (17.4, 32.9) (14.2, 38.8) (28.8, 56.8) (9.98, 20.8) (15.2, 26.5) (13.1, 22.9) 

Intact 1.59 1.12 1.52 2.28 1.15 1.06 0.98 2.07 

(1,06, 2.37} (0.67' 1.139) (1.09, 2.14) (1.51, 3.44) (0.93, 1.41) (0.77, 1.47) (0.68, 1.44) (1.36, 3.15) 

Abraded 1.30 0.91 1.91 2.60 0.91 0.85 0.64 3.47 

(1.02, 1.66) {0.44, 1.88) (1.18, 3.09) (1.96, 3.46) (0.68. 1.22) (0.55, 1.31) {0.35, 1.17) {1.96, 6.15} 

Electrical Field Stimulation 
Intact 10.7 7.52 12.5 9.17 10.6 7.66 14.5 9.97 

(6.71, 17.0) {5.51, 10.2) (6.28, 25.0) (4.52, 18.6) (5.84, 19.3) {3,72, 15.8) (8.36. 25.:i) {6.17, 16.1) 

Abraded 19.2 14.0 2Cl.1 3.12 13.9 10.3 24.4 8.67 

{13.17, 45.3) (6.54, 29.1J) (8.44, 93.4) (0.44, 22.4) {4.57, 42.1) (4.00, 26.7) (12.3, 48.2) 4.28, 17.6) 

8 Values for ECsn are estimated and given as ~M concentrntions for pharmacologic agents and in Hz for electrical field stimulation; 95% confidenco intervals 
are in parentheses; n"' 2 to 6 airway segments. 

h Significant difference ( p < 0.05) between airways isolated from males and females as dotermined by analysis of stimulus-response curves using a regression 
model (see the Methods section). 
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were exposed to 0.12 or 0.5 ppm 03. In epithelium~intact 
airways, maximum stress decreased after exposure to 0.12 
or 0.5 ppm 03 and approached control values in intact 
airways isolated from animals exposed to 1.0 ppm 03 (Table 
15). Responses to each of the stimuli in epithelium~intact 
airways obtained from male rats in the group exposed to 0.5 

ppm 03 were statistically significant (p S: 0.0014). A similar 
trend, albeit not statistically significant, was also noted in 
airway segments obtained from female rats in this exposure 
group. A comparable decrease in maximum stress was 
observed in airway segments after exposure to 0.12 ppm 03 
as well; however, only the maximum response to be~ 
thanechol in male airways was statistically significant (p:::: 
0.012}. The lack of statistical significance in this group may 
be attributed to the increased variance associated with the 
limited number of animals in the group exposed to 0.12 
ppm 03. In these intact airways, maximum stress produced 

in response to the stirnuli was up to 50% less than that for 
intact airways isolated from rats in the control group ex
posed to filtered air. 

Maximum stress increased after lumenal abrasion in 
airways isolated from male rats in the group exposed to 

0.12 ppm 03 (p S: 0.012) and in airways of both genders from 

the group exposed to 0.5 ppm 03 (p ,; 0.039) (Table 15). 
Similar to results obtained when tension was entered into 
the regression analysis (see Table 13), maximum stress 

values in airways isolated from females tended to be lower 
than those obtained in airways isolated from males; how

ever, statistical significance in comparing males to females 
was attained only with acetylcholine (p = 0.032) (Table 15). 

Epithelium~intact small airways were less sensitive to 

acetylcholine after exposure to 0.12 ppm 03 (p 5 0.0061), 
as evidenced by EC5o values higher than those for the 

Table 15. Maximum Stress Values for Small Airways Determined from Regression Analysis of Curves 
Describing Stress Versus Stimulus6 

Ozone Concentration 

0.00 0.12 0.50 1.00 ·------ ------
Stimulus Male Female Male Female Male Female Male Female 

Acetylcholineb 
Intact 359.5 204.0 230.3 150.3 123.0c 178.5 223.3 151.5 

(192.0, 670.3) (137.2, 303.3) (161.5, 351.5) {1mJ.G, 22o.6} {08.6, 172.5} 126.0, 252.7) {171.:i, 290.9) (116.7, 196,7} 
Abraded 364.4 205.5 204.4 159.2 158.3d 209.4d 225.1 152.4 

(217.0, 609.7) {141.8. 298.0) {150.2, :-143.7) {109.0, 230.8) (102,9, 275.4) (155.0, 507.6) {165.3, 306.7) (112.6, 206.2) 
llethanechol 

Intact 410.0 253.4 172.Gc 2011.8 140.2c 192,5 250.0 210.9 
(210.1,800.1) (171.9, 403.4) (122.8, 242.6) (76.7, 5611.3) (107.0, 1H:i.9) (1:-14.6, 275.2) (200.7, 3:i3.7) (148.6, 299.2) 

Abraded :'187.5 25:l.H 317.7d 134.9 206.5d 344.0d 263.7 214.2 
(177.5, 846.2) (Hl4.(\, 391.5) (211.4, 477.3) {134.9, 134.9) (137.9, 309.4) (187.5, 631.1) (198.8, 349.9) {142.6, 321.7) 

5-Hydroxytryptamine 
Intact 100.6 144.4 82.5 9:-1.1 64.2c 98.5 123.2 106.2 

(129.1!, 251.3) (84.1, 247.9) (52.2, 130.2) (44.2, 195.7) (51.1, 80.5) (65.0, 149.4) (07.9, 172.0) (77.4, 145.9) 
Abraded 126.9 107.9 153.1d 45.3d 92.0d 184.2d 144.2 121.4 

(74.2, 217.1) {67.9, 171.5) (87,9, 266.6) (28.2, 72.9) (78.2, 108.4) (111.2, 305.2) (112.4, 104.9) (76.9, 191.7) 
Electrical Field Stimulation 

Intact 240.7 176.0 174.3 137,7 90.9c 126.3 194.2 149.0 
(167.0, 346.9) 120.7, 256.6) (130.1, 233.5) (103.2, 103.6) (73.0, 113.3) (82.1, 194.2) {151.4, 249.1) (110.6, 202.7) 

Abraded 234.8 172.8 310.7d 2H.3d 127.0d 210.6d 244.5d 178.0d 
(139.3, 3913.0) (120.5, 247.9) {276.9, 3fi4.1} (149.4, 307.5) (97.6, 167.2) (130.0, 330.9) (170.4, 335.1) (123.1, 257.5) 

a Values for maximum wsponse are ostimated and given in mN/mm2
; 95% confidence intervals are given in parentheses; 11"" 1 to 6 airway segments. 

b Significant difference (p < 0.05) between airways isoluted from males and females, as determined by regression analysis of stimulus-response curves (seo the 
Methods section). 

c Significantly different (p < 0.0247) from o.OO ppm, as determined by regression analysis of stimulus-response curves (see the Methods sectiun). 
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control group (Table 16). A similar decrease in sensitivity 
to EFS was observed in airway segments after exposure to 
1.0 ppm 03. However, this difference was not statistically 
significant (p = 0._029). G{mder did not have significant 
effects, but lumenal abrasion in airway segments from the 
groups exposed to 0.12 or 0.5 ppm 03 produced statistically 
significant changes. Lumenal abrasion increased sensitivity 

to acetylcholine (p S 0.0004) and 5-HT (p 5, 0.0033) in these 
exposure groups except for male rats exposed to 0.12 ppm 
Oa (Table 16). 

The values for tension and stress that developed in 

response to 1 11M substance P also were obtained in small 
airways and are reported in Table 17. Neither gender nor 
lumenal abrasion had significant effects on tension or stress 
values obtained in response to substance P. Although not 
statistically significant (p = 0.0694), the increased tension 

induced by substance P tended to be greater in airways 
isolated from animals exposed to 1.0 ppm 03 than those in 
the control group. Although not statistically significant, 
there was a tendency for tension and stress values to de~ 
crease in epitheliumMintact airways after exposures to 0.12 
and 0.5 ppm 03, a response consistent with the results 
obtained from tbe other stimuli. Lumenal abrasion also 
tended to enhance the response to substance P in these 
exposure groups. 

Effects of Ozone on Isoproterenol~Induced Responses 

Log stimulus-response curves were produced in response 
to increased concentrations of isoproterenol in airways con
tracted to 50% of maximum levels with bethanechol. Data in 
Figures C.1 through C.4 are expressed as percentage ofrelaxa~ 
tion from precontraction levels induced by bethanechol. Data 

Table 16. ECso Values for Small Airways Determined from Regression Analysis of Curves Describing 
Stress Versus Stimulus0 

Ozone Concentration 
(ppm) 

0.00 0.12 0.50 1.00 

Stimulus Male Female Male Female Male Female Male Fc~male 
--····--··-·-------··~----------· ·--·-~-~·~···~···· ··-·-----·--

Acetylcholine 
19.7b 23.2b Intact 10.2 3.05 7.11 7.89 7.22 2.08 

(5.09, 20.3) (2.03, 4.60) (12.9, 30.1) (14.2, 37.9) (·'1.70, 10.8) (4.61, 13.5) (3.93, 13.2) (1.15, 7.18) 

Abraded 10.3 3.00 2.03c 12.1c 3,04c 1.38c 7.28 2.90 

(5.88, 10.1) (2.15, 4.41) (0.57, 14.2) (5.01, 29.1) (1.45, 6.39) (0.30, 6.22) (3,89, 13,6} (1.14, 7.37) 

Bethanechol 
Intact 46.3 17.4 20.7 15.3 32.7 25.2 19.4 21!.5 

(2£l.7, 80.1) (12.9, 23.5) (12.9, 33.4) (7.50, 31.3} (24.7, 43.4) {19.9, 31.1.3) (11.7, 32.1) (19.8, 41.0) 

Abraded 42.1 15.8 3().8 33.0 47.3 17.5 18.7 14.1 

(22.0, 00.8) (9.09, 25.1) (21.9, 61.9) (a3.B, 33.B} (35.1, 63.8) {13.7, 22.4) (11.4, 30.6} {9.10, 21.8) 

5-Hydroxytryptamine 
2.57b Intact 1.45 1.94 1.77 2.39 1.12 1.17 0.91 

(0.08, 2.36) (1.44, 2.62) (1.42, 2.02) {1.50, 3.81) (0.93, 1.34} (0.72, 1.92) {0.59, 1.40) (1.70, 3.71) 

Abraded 3.14 3.26 1.74 0.71c 1.05c 1.09c 0.81 2.72 

(1.97, 5.02} (2.22, 4.00) (1.14, 2.66) {0.19, 2.67) (0.75, 1.47) (0.67, 1.77) (0.41, 1.60) (1.80, 4.09) 

Electrical field Stimulation 
Intact 6.09 5.20 14.0 11.7 9.90 7.75 13.2 10.9 

(2.71, 13.7) (:~.52, 7.91) (6.14, 31.1!) (5.28, 25.8) (4.91, 20.0) (3.49, 17.2) {1!.22, 21.1} (6.48, 18.2} 

Abraded D.9 11.0 23.1 16,0 9,45 5.58 17.0 13.2 

(5.65, 34.0) (4.76, 25.5} (11.1, 48.1) (7.47, 36.7) (3.43, 2fi.O) (2.03, 11.0) (10.1, 28.7) (7.70, 22.6) 

n Values for E'Cso ore estimated and given as 1-1M concentrations for pharmacologic agents and in Hz for ehlctrical field stimulation; 95% confidence intmvals 
are in parentheses; n"" 2 to 6 airway segments. 

b Significantly different (p < 0.0247) frum 0.00 ppm, us determined by regression analysis of stimulus-response curves. 

c Significantly different (p < 0.05) from the values for intact airways, as determined by analysis of stimulus-response curves. 
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were analyzed using linear regression, as described in the 
Methods section; the estimated EC5o and Hmax values for 
large and small airways are presented in Tables 18 and 19 
respectively. Ozone exposure essentially had no effect on 
isoproterenol-induced relaxation responses in large or 
small airways precontracted with bethanechol. Neither 
gender nor lumenal abrasion evidenced statistically signifi
cant differences in either large or small airway s<~gments. 

EICOSANOID RELEASE BY AIRWAY EXPLANTS 

Basal levels of PGEz and LTC, and levels of these ei
cosanoids after the addition of A23187 or its vehicle were 
measured in media surrounding airway explants using en
zymoimmunoassay techniques. The absolute values, as 
well as percentage increases from basal levels, are pre
sented in Table 20. Ozone exposure did not affect basal 
release of PGEz (p = 0.6004). A23187 caused a significant 

Table 17. Effects of Ozone on Contractile H.espones to Substance P in Small Airways a 

Ozone Concentration 

0.00 0.12 0.50 1.00 ----,----'---,-- ------··--c--- ----:-_;:,:.::...;,_.......,. __ -----------
Response Male Female Male Female Male Female Male Female 

Tensionb 
Intact 
Abraded 

Stressc 
Intact 
Abraded 

0.466 ± 0.100 

0.555 ± 0.278 

74.71 ± 18,95 

90.:'17 ± 25.119 

0.421 ± 0.077 0.476 ± 0.191 

0.502 ±0.164 0.537 ± 0.319 

75.00 ± 37.54 60.30 ± 17.83 

64.05 ± 23.36 101.58 ± 73.79 

"Values are given as means± SEM; n"" 1 to 6 airway segments, 

h Values are expressed in mN/mm. 

c Values are expressed in mN/mmt.. 

d SEM not calculated (n"" 1). 

0.383 ± 0.107 

0.727 ± 0.093 

67.69 ± 32.30 

56.11d 

0.592 ± 0.093 

0.955 ± 0.213 

41.83 ± 10.52 

77.97 ± 18.61 

0.561 ± 0.100 

0.4110 ± 0.140 

58.50 ± 21.22 

93.14 ± 54.87 

0.863 ± 0.194 

0.728 ± 0.178 

99.23 ± 24.72 

90.41 ± 32.82 

0.64g ± 0.141 

0.753 ± 0.146 

53.57 ± 13.77 

85.29 ± 27.98 

Table 18. Maximum Reponse and EC5o Values for Isoproterenol in Large Airways Determined from Linear Regression 
Analysis of Curves Describing Percentage Relaxation Versus Log Concentration of Stimulusa 

Response 

Rmaxb 

Intact 

Abraded 

ECsod 
Intact 

0.00 

Male Female 

77.6 62.0 

{63.4, 91.9) {42.5, 81.6) 

60.2 52.7 

(54.0, 01.7) (30.8, 66,5) 

1.5 3.4 

(2.9 X 10"13 , 21.1) (4.74 X 10"2, 11.1) 

Abraded 4.0 9.8 

(2.9 X 10·7, 28.7) (1.3, 22.3) 

Male 

78.5 

(58.0, 98.9) 

61.2 

{49.5, 73.0) 

111.2 

(11.9, 29.7) 

19.2 

(14.2, 27.0) 

Ozone Concentration 

0.12 0.50 

Female Male Female 

72.5 51.4c 65.1 

(64.2, 80.8) (40.8, 62.1) {42.0, 88.2) 

55.3 64.5c 78.2 

(31,6, 79.0) (47.2, 01.8) (55,0, 101.4) 

3.4 3,7 3,3 

(8.2 X 10"4 , 35.9) (3.0 X 10·39 , 47.7) (1.2 X 10"3, 8824.0) 

1.7 6.4 5.4 

(6.4 X 10·4, 66.3) {6.0 X 10-0, 35.9) (3,8 X 10-0, 27.1) 

a -95% confidence intervals are given in parentheses; n = 2 to 6 airway segments. 

b Values are expressed as percentage of relaxation nftor bethanechol chall@go had stimulated a steady state of contraction. 

c Significantly diffewnt (p < 0.0247) from 0.00 ppm, us determined by linear regression analysis (see the Methods section). 

d Values are expressed in nM concentrations. 

1.00 

Male Female 

63.7 82.1 

(44.9, 82.5) (70,g, 93.3) 

82.3 85.4 

(73.4, 91.1) (69.6, 101,2) 

13,0 6,6 

(5.6, 26.7) (0.6, 27.8) 

3.5 6.9 

(0.7, 9.2) (0.3, 26.2) 
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Table lH. Maximum Response and ECso Values for Isoproterenol in Small Airways Determined h·om Linear 

Regression Analysis of Curves Describing Percentage Relaxation Versus Log Concentration of Stimulusa 

Ozone Concentration 

__ ___:(""PPcmL ________________ _ 
0.00 0.12 0.50 1.00 --·-·-·-- ..... ···--__________________ c:.:.::_::..._ ________________________________ _ 

Response Male Female Male Female Male Female 
·-·······---~--~------- ""'~----~~---~ ----~-----------~---"-··· --···---~----~~- ----~--------~---

Rma:x 
b 

Intact 

Abraded 

EC5oc 

Intact 

Abraded 

68.0 72.:i 

{58.2, 79.5) {39.4, 105.3) 

69.9 73.4 

(55.:l, 04.5) (44.5, 102.3) 

6.6 5.7 

(7.1 x 10-0, 41.'1} (1.4 x1o·3 , 21.!i) 

7.7 6.6 

(2,5 X 10-3, 38.1) (5,3 X 10-2, 25.7) 

76.3 71.4 

{59.0, 93.7) {35.4, 107 .3) 

!32.5 77.5 

(63.2, 101.8) (45.0, 110.1) 

16.4 3.6 

(0.4, 31.0) (1.3 X 10"2, 105.4) 

18.1 5.1 

(10.8, 33.0) (6.7 X 10"2, 79.2) 

a 95% confidence intervals are given in parentheses; 11"' 2 to 6 airway segments. 

65.0 77.4 

(43.2, !38.4) (54.2, 100.G) 

s:u B4.8 

{35.5, 70.0) (35.6, 93.9) 

0.0 13.5 

(2.3 X 10"7, 43.8) (1.5, :w.o) 

7.6 12.0 

(1.1 X 10·4, 50H7.0) (6.2 X 10-z, 28.3) 

l! Values are expressed in percentage of mlaxation after bethanechol challenge had stimulated a steady state of concentration. 

c Values arc expr-essed in nM concentrations. 

Table 20. Eicosanoid Production by Airway Explantsa 

Ozone Concentration 

0.00 0.12 0.50 

Assay Male Female Male Female Male Female 
-----·-------~----~ 

Vehicle-Stimulated Levels of PGE2b 
Basal 2.8 ± 2.2 1.8 ± 0.0 3.2 ± 1.13 2.2 j; 0.6 2.2 ± 0.0 1.2 ± 0.4 

Vehicle 3.7 ± 2.8 2.5 ± 1.1 4.3 ± 2.0 2.8 ± 0.7 2.7 ± 1.1 1.5 ± 0.5 

% Increase 39.0 ± 11.0 21.6 ± 6.4 43.7 ± 9.5 26.0 ± 5.0 16.7 ± 0.8 25.8 ± 8.4 

A23187-Stimulated Levels ofPGE{ 
Basal 3.5 ± 2.5 2.6 ± 0.9 3,9 ± 1.0 3.6 ~: 0.5 2.7 ± 1.0 1.9:!:0.5 

A23187d 6.7 ± 1.3 6.4 ± 2.3 8.4 ± 2.4 !3.0 ± 1.4 5.8 :l: 2.4 5.5 ± 1.8 

Male Female 

74.1 94.13 

(55.5, 92.G) (82.3, 10B.9) 

6B.4 !37.0 

(4().4, 06.5) 72.5. 101.4) 

13.6 7.0 

(2.4, :l4.2) (0.7, 23.7) 

19.7 10.7 

(8.:i, 34.fi) (1.5, 25.B) 

1.00 

Male Female 

1.7 ± 0.5 2.1 ± 0.7 

2.3 ± 0.7 2.8 ± 0.9 

38.5 ± 6.1 38.0 ± 7.9 

2.7 ± o.:i 2.5 ± 1.2 

9.7±2.0 7.3 ± 2.9 

% Increased 112.5 ± 27.5 114.0 ± 27.6 114.3 ± 29.5 142.5 ± 3.5 118.0 ± 3B.9 166.0 ± 42.7 244.2 ± 52.2e 222.0 ± 23.0° 

A23187-Stimulated Levels of LTC/ 
Basal NO NO ND ND NO NO NO NO 

A23187 2.2 ± 0.4 1.0 ± 0.8 1.6 ± 0.5 1.3 ± 0.1 2.3±1.1 1.7±0.7 1.8 ± 0.3 2.3 ± 0.8 

8 Values am given as means± SEM; n ::: 2 to 6 airway segments. 

l! "Basal" refers to tho absolute nmount (ng/mg of protein) ofPGE2 accumulated after 10 minutes in the media snrmunding the airway Hxplants; "vehicle" refers 
to the absolute nmount (ng/mg of protein) ofPGE2 accumulated after 15 minutes of incubation with DMSO in water;"% Increasr<" is the pr<rcentage of increase 
above basal levels caused by tl1o vehicle or 51-1M A23107. 

<: "A12387" refers to tho absolute amount {ng/mg ofprotoin) ofPGEz accumulatr<d aftor 15 minutes of incubation with 51-iM A23107. 

d Significantly different (p < 0.05) from levels measured after incubation with the vehicle as dr<tcrmined by AND VA. 
0 Significantly different (p < 0.0247) from 0.00 ppm as determined by contrasts de!lned under 0:! concentration in the ANOVA. 

r NO"" basal levels of LTC~ were not detected; "A23187" is the absolute amount of leukotriene accumulatr<d in the medill surrounding the airway explants after 
15 minutes of incubation with 51-1M A12:iB7. 
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increase in tho absolute levels ofPGEz in tho culture media 
compared with levels in vehicle-treated airway explants {p 
< 0.0001 ). HO\vever, 0::~ exposure did not affect absolute 
values of PGEz levels measured after airways were chal
lenged either with the vehicle (p = 0.7140) or A2:l1B7 (p = 
0.7101). When data were measured as percentage increases 
above basal levels, a greater percentage of increase in PGEz 
levels was found in airways isolated from animals that had 
been exposed to 1.0 ppm o:J than in controls {p ::: 0.005) 
(Table 20). The small increase that resulted hom the addi·· 
tion of the vehicle was not affected by 0::~ exposure (p = 
0.1936) and probably represents the amount ofPGEz accu
mulated in the media during the incubation period, rathf~r 
than stimulation of release by the vehicle. No significant 
effects of gender were found on levels ofPGEz measured in 
the media after the explants were incubated either witb the 
vehicle or A23187 (p = 0.7581) (Table 20). 

Contrary to what was observed with PGEz, basal levels of 
I:rc4 were not detected (Table 20). Leukotriene C4 also was 
not detected after the vehicle was added to the culture media 
surrounding the airvvay explants. However, incubating the 
explants with A23187 did result in measurable levels ofLTC4 
in the culture media (Table 20). Ozone exposure did not affect 
the absolute levels of LTC4 measured in the media after 
incubation with A23187 (p = 0.8104). A23187-induced levels 
of LTC, also did not vary with gender (p = 0.6891). 

SUMMARY OF RESULTS 

The major findings with regard to the effects of near-life~ 
time exposure to 03 on mechanical and pharmacologic 
properties of isolated airways arc-') as follows. 

1. The passive tension and internal circumference rela
tionship in large and small airways was exponential in 
nature and was unaffected by 03 exposure. The curves 
describing the relation between active tcmsion and 
internal circumference found in large and small air
ways showed no obvious differences with regard to 03 
exposure. Maximum active tension development oc
curred at Cuff in all airway segments. 

2. Measured wall and smooth muscle areas and percent
age of wall comprised of smooth muscle in large air
ways wen~ not affected by 03 exposure. Wall area was 
greatest: in small airways isolated from males that had 
been exposed to 0.5 ppm O:i· Smooth muscle area 
measured in small airways was greater in airway seg
ments isolated from animals exposed to 0.5 ppm 03, 
regardless of gender. 

3. In epithelium-intact large airways, exposure to 1.0 ppm 
O:i slightly increased airway responsiveness, as evi-

deuced by an increase in the estimated maximum re
sponse or a decrease in tho estimated ECso value. 
Lmnenal abrasion did not affect this outcome. 

4. In small airways, estimated maximum stress values 
decreased in response to the stimuli in epithelium-in
tact airways in the groups exposed to 0.12 or 0.5 ppm 
03. Responsiveness increased after lumenal abrasion 
in these two exposure groups. 

5. Ozone exposure did not affect isoproterenol~induced 
relaxation responses in large or small airways precon
tracted with bethanechol. 

6. A greater percentage of increase in A23187-stimulated 
PGEz levels occurred in airway segments isolated from 
rats exposed to 1.0 ppm O:i compared with those of 
controls. A23187 increased the release of LTC4 in 
media surrounding airway segments for all experimen
tal groups. The levels of LTC4 stimulated by A23187 
were unaffected by 03. 

______ , ________ _ 
DISCUSSION 

The primary purpose of this study was to examine the 
effects of near-lifetime exposure to 03 on the mechanical 
and pharmacologic properties of airways isolated from 
F344/N rats that had been exposed to 03 concentrations of 
0, 0.12, 0.5, or 1.0 ppm for 20 months. Control animals in 
this study breathed filtered air. This study is one of the first 
to examine basic aspects of airway function after extended 
exposure to 03. The results of this study indicate that 03 
exposure is associated with structural changes in the airway 
wall characterized by an increase in wall area, smooth 
muscle area, or botb. The data also suggest that smooth 
muscle cell function may be compromised and that the 
inhibitory influence of the epithelium may be enhanced in 
airways isolated fTom 03-exposed rats. Moreover, the re
sults indicate the O:l-induced effects depend upon whether 
airways were fourth generation (representing large airways) 
or eigth generation (representing small airways): these 
changes occurred only in small airways. 

MECHANICAL PROPERTIES OF 
ISOLATED AIRWAYS 

The Relation of Passive and Active Tension 
to Circumference 

In isolated tissue studies, investigators try to adjust the 
airway segment to a length optimum for observing contrac~ 
tile responses. In most cases, the relation of active tension 
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to length is examined in preliminary studies, and the 
optimum length is then determined. In subsequent studies 
airway segments are adjusted to this length, with the as
sumption that this length will be optimum for all segments 
obtained in a similar manner. Investigators (Mitchell et al. 
1991) have demonstrated that results of pharmacologic 
studies conducted with airways set to predetermined opti
mum lengths are comparable to those obtained when curves 
describing the relation of active tension to length are pro
duced for each airway segment prior to examining pharma
cologic responsiveness. This technique is adequate for 
most pharmacologic studies that use in vitro techniques. 
However, it may be inadequate in determining the effects 
of prolonged 03 exposuro on pharmacologic responsive
ness. Such exposure may alter the passive tension proper
ties, active tension properties, or both, of the airways, so 
that what may have been optimum for airways isolated 
under control conditions may not be so for airways isolated 
from exposed animals. This study examined the effects of 
03 exposure on the relation between passive and active 
tension and length in order to safeguard against this possi
bility. 

For each airway segment we determined the relation 
between passive tension and internal circumference. From 
this we determined an internal circumference, Ceff• for 
which the calculated transmural pressure is 7.5 em HzO. 
We have found this internal circumferencH optimum for 
observing contractile responses; that is, the peak of the 
relation between active tension and internal circumference 
occurs at or very near Ceff(Szarek and Evans 1985). How
ever, because 03 exposure may alter the passive or active 
properties of the airway wall, we could not be sure that Ceff 
was the optimum circumference for all airway segments 
used in the pharmacologic studies. Thus, the relationships 
between passive and active tension and internal circumfer
ence were determined over a range of internal circumfer
ence values for each airway segment isolated from control 
and 03-exposed rats. 

We found that the relation of passive tension to internal 
circumference in large and small airway segments was 
exponential in nature, a relation characteristic ofbiological 
materials (Langleben et al. 1988). Furthermore, this rela
tionship was unaffected by 03 exposure, as evidenced by 
the equivalent S values determined from the fit of the 
passive tension and internal circumference data to Equa
tion 2 (presented in the Methods section). This S value 
describes the rate at which the exponential relation rises 
and is related to the stiffness of the airway wall (Langleben 
et al. 1988). Thus, we can infer from this outcome that 
airway wall stiffness was unaffected by 03 exposure. Al
though this relationship between passive tension and inter-
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nal circumference was unaffected by exposure to ozone, we 
could not assume that Ceff would be the optimum internal 
circumference for all the airway segments studied. Thus, 
we also examined the relationship between active tension 
and internal circumference. 

The relation between active tension and internal circum
ferencH found in large and small airway segments produced 
a characteristic curve described previously in airways 
(Stephens et al. 1991) and blood vessels (Mulvany and 
Warshaw 1.979); as internal circumference increased, active 
tension (elicited by bethanechol in this study) increased to 
a peak and subsequently declined as internal circumference 
increased further. We did not observe any changes in the 
curve describing this relationship after 03 exposure. More
over, the shape of the curve describing the relation between 
active tension and internal circumference was not affected 
by lumenal abrasion or gender. In each airway segment, the 

peak of the relationship occurred within 100 lim of CeJJfor 
small airways and within 400 lim of Ceff for large airways. 
Thus, we could be sure that differences in response to the 
various bronchoactive stimuli used in the study could not 
be attributed to a shift in the peak of the relation between 
active tension and internal circumference away from Ceff 

MORPHOMETRIC MEASUREMENTS OF 
ISOLATED AIRWAYS AND STRESS ANALYSES 

Force developed by airway smooth muscle at a given 

locus in the airways may vary according to age, gender, or 

pathophysiological condition. Thus, valid comparisons of 
contractile function require normalization. It is important 

to consider the relationship of the airway's active tension 

to its force-generating apparatus-its smooth muscle 

cells-to avoid interpreting changes in stress of an altered 

airway wall as arising from a failure within the smooth 
muscle (Warshaw et al. 1979). Because prolonged expo

sure to 03 may have resulted in structural changes in the 
airway wall, we measured wall and smooth muscle areas 

and used these values to normalize passive and active 

tension, respectively. This allowed for comparisons be
tween airways isolated from control and 0:'1-exposed rats 

without complications introduced by possible hypertrophy 

and hyperplasia of the airway wall. These areas were meas

ured in airways that were fixed at Cuff and were sub

sequently sectioned longitudinally. 

In large airways, 03 had no effect on wall area, smooth 
muscle area, or the percentage of wall composed of smooth 
muscle. However, wall and smooth muscle areas were 
smaller in airways isolated from female rats. This gender 
difference can be attributed to the fact that female rats 
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weighed more than 100 g less than mal(~S. However, the 
percentage of wall area composed of smooth muscle was 
not different hetween males and females. 

In small airways isolated from females, 03 exposure did 
not affect wall area measurements, whereas wall an~a \·Vas 
greatest in airways isolated hom males that had been ex
posed to 0.5 ppm 03. This increase in wall area may alter 
the magnitude of bronchoconstriction in vivo in response~ 
to endogenous or exogenous stimuli. Modeling of the me
chanics of airway narrowing (James et al. 1H89; Wiggs et al. 
1990, 1992) has demonstrated that a combination of in
crBased wall thickness and normal amounts of airway 
smooth muscle shortening can markedly enhance airway 
narrowing in response to a stimulus, without changing 
baseline airway resistance. Only minor changes in lung 
resistance were detected in respiratory function after 0.5 
and 1.0 ppm 03, and respiratory function appeared normal 
in rats exposed to 0.12 ppm 03 (Harkema and Mauderly 
1994). Although in vivo airway responsiveness after 03 
exposure is unknown, the nature of the baseline changes in 
respiratory function and the morphometric changes meas
ured in this study are consistent with the model. Thus, 
based on these structural changes alone, the magnitude of 
bronchoconstriction may be increased in male rats after 
exposure to 0.5 ppm 03. Increased wall thickness could 
result from edema or increased connective tissue compo
nents such as collagen and elastin. Edema and alterations 
in collagen metabolism have been reported to occur with 
03 exposure (Reiser Ht al. 1987; Pino et al. 1992b). Smooth 
muscle hypertrophy and hyperplasia also may contribute 
to the increase in wall area seen in these airways (see 
below). 

In addition to these changes in wall area, increased 
smooth muscle area was detected in small airways isolated 
from males and females after exposure to 0.5 ppm 03. A 
prominent feature of the lung airways of people with 
asthma examined in autopsy is hypertrophy of the smooth 
muscle. Hypertrophy and hyperplasia of airway smooth 
muscle have not been studied in the course of airway 
diseases, such as asthma, or in animal models, and infor
mation is limited concerning the mechanism whereby 
smooth muscle increased. It is possible that growth factors 
released from cells in the airway wall may have mediated 
tho hypertrophy cmd hyperplasia of smooth musch~ after 
chronic 03 exposure. 

It is well known that growth factors released from the 
pulmonary endothelium modulate the growth of pulrno
nary artery smooth muscle. In response to oxidant stress 
induced by hyperoxia, investigators have shown the devel
opment of medial hypertrophy in selected loci of the pul
mouary arterial circuit (Coflesky et al. 1987). Although the 

mechanism responsible for tho development of medial hy
pertrophy and pulmonary hypertension is unresolved, 
many studies have implicated endothelial cell-derived 
growth factors in the development of arterial smooth mus
cle hypertrophy (reviewed by Owens 1989). Thus, the 
endothelium may serve as a source for growth factors im
portant in modulating airway smooth muscle proliferation. 
Alternatively, the epithelimn, in a manner analogous to that 
of endothelial cells, may release growth factors that mediate 
proliferation of the underlying airway smooth muscle cells. 

The epithelial cells lining the respiratory tract are the 
first cells to come into contact with ozone, and several 
studies demonstrate the effects of acute 03 exposure on 
them. Cultured human bronchial epithelial cells have been 
shown to release interleukins-6 and -8, fihronectin, and 
several arachidonic acid metabolites including PGEz, 
thromhoxane Bz, prostaglandin F2a.. LTC4, LTD4, and 15-
HETE after o, exposure (McKinnon et al. 1992). Many of 
these substances also have been detected in hronchoalveo
lar lavage fluid of humans exposed to 03 (Koren et al. 1989). 
Ozone-induced production of many of these substances 
also has been documented in bovine epithelial cell cultures 
(Leikauf et al. 1988). In addition to the potent effects of 
these substances on smooth muscle tone, the release of 
these and other substances from the epithelium may modu
late smooth muscle cell hypertrophy and hyperplasia as 
well. However, only recently have pulmonary scientists 
begun to examine systematically the regulation of airway 
smooth muscle growth. 

The release of mediators from inflammatory cells in 
airways also may contribute to hypertrophy and hyper
plasia of airway smooth muscle. The macrophage is one 
source of growth factors that may be involved in modulating 
airway smooth muscle cell proliferation. Two of these 
factors, interleukin-1 and platelet-derived growth factor 
(Harmon et al. 1991), have been shown to be mitogeuic for 
human arterial smooth muscle cells (Raines et al. 1989}. 
Because macrophages are adversely affected by 03 expo
sure (Koren et al. 1989), the synthesis and release of these 
substances in response to 03 may contribute to increased 
smooth muscle area after prolonged exposure. 

Mast cells may serve as another source of mitogenic 
substances that may be released after ozone exposure. His
tamine, one such substance, has been shown to induce 
airway smooth muscle cell proliferation in canine tracheal 
smooth muscle cells in culture (Panettieri ot al. 1990). More 
receutly, investigators demonstrated that 5-HT increases 
DNA synthesis in cauine airway smooth muscle cells 
(Panettieri et al. 1992). Increased concentrations of hista
mine have been demonstrated in bronchoalveolar lavage 
fluid obtained from dogs exposed to 03, prompting investi-

31 



~--·-··---- ··---------··~e_:haJ.~~cal Propertie_~.~.!_esponses to Bronchoactive Stimuli, and Eicosanoid Release in IsolatfJd Airways 
·-··--··-·--·~·····---··~-----··-·-·--·~·-.. ---·-··-··-

gators to speculate that mast cells may have been the cellu
lar source of histamine (Klceberger et al. 1988). In addition, 
03 or its metabolites have been implicated in stimulating 
release of mast cell histam.ine from guinea pig lungs (Shields 
and Gold 1987). Hydrogen peroxide, whicb may be a product 
of ozonolysis of airway membranes (Pryor et al. 1991), has 
been shown to stimulate histamine and 5-HT secretion from 
rat mast cells {Stendahl et al. 1983). Thus, mast cell media
tors released directly or indirectly by 03 may act as mHo
gens of airway smooth muscle cells. 

Information is sparse concerning the regulation of airway 
smooth muscle growth under normal and pathophysiologi
cal conditions. However, tho fact that smooth muscle hy
pertrophy occurs in response to oxidant stress induced by 
hyperoxia (Hershenson et al. 1992) and, in this study, by 
03, suggests that further investigation into tlw hypertrophic 
effects of these aforementioned mediators on airway 
smooth muscle is clearly warranted. 

Normalization of passive and active tension values at Ceff 
to wall ama and smooth muscle area, respectively, yields 
values for passive and active stress. Because of the lack of 
effect of o_, on wall and smooth muscle areas measured in 
large airways, analysis of passive and active stress did not 
reveal 03 effects different from those observed when ten~ 
sian values were used in the ANOV A. Although differ~ 
ences with regard to lumenal abrasion were not detected, 
gender differences became evident after tension values 
were normalized. The greater passive stress values found 
in largo airways isolated from female rats can be explained 
by the fact that wall areas were smaller in females. 

Passive stress in small airways was not affected by 
lumenal abrasion or gender. However, passive stress was 
significantly reduced in small airways isolated from ani
mals in the 0,12 ppm group. This was due ostensibly to the 
fact that passive tension values in this exposure group (see 
Table 3) tended to be lower, and, after normalization to wall 
areu {see Table 7), revealed statistical significance. Analy~ 
sis of variance of active stress values in small airways did 
not reveal any significant effects of 03, gender, or lumenal 
abrasion. However, active stress values in intact airways 
tended to be lower after 03 exposure, which prompted us 
to run an ANOV A in which data fTom abraded airways were 
excluded. We found that active stress decreased in intact 
airways from the groups exposed to 0.5 and 1.0 ppm 03. 
However, no significant differences were detected with 
regard to 03 after lumenal abrasion. The fact that these 
differences were not detected when intact and abraded data 
were included together in the ANOV A may he attributed, 
in part, to the greater variance associated with the group 
means after lumenal abrasion. These findings are consis
tent with those d(~scribed below for tho stimulus-response 
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studies and suggest that, after 0:-1 exposure in small airways, 
smooth muscle cell function was compromised, the inhibi
tory influence of the epithelium was enhanced, or both. 

STIMULUS-RESPONSE ASSAYS FOR 
ISOLA TED AIRWAYS 

Stimulus-response curves were produced in response to 
several bronchoactive stimuli-acetylcholine, bethanechol, 
5-I-IT, and EFS--in order to determine whether near~lifetime 
exposure to 03 altered airway responsiveness to these stimuli. 
We also boped to arrive at some conclusions regarding the 
potential site and mechanism of action of changes induced by 
O:i if airway responsiveness was affected by the oxidant. 

Removing airway segments from the in vivo milieu miti
gates factors such as neural transmitters and circulating sub~ 
stances that could confound interpretation of the effects of 0 3 
on airway function. Thus, a change in contractile response to 
a stimulus after O:l exposure could be interpreted as a change 
in properties intrinsic to the airway segment. One of the 
changes that could be expected to alter contraction after 0 3, if 
it occurred, would be a change in the fnnction or amount of 
smooth muscle. Stress is an index of force development 
relative to the amount of smooth muscle and is useful for 
differentiating between changes in smooth muscle function 
and changes related simply to the amount of smooth mus
cle. Regression analysis of curves showing stimulus and 
response (tension and stress) relationships was used to 
obtain estimates of the parameters that characterize airway 
responsiveness. Responsiveness of the airways to contrac
tile stimuli is defined by the EC5o, an index of the airway's 
sensitivity to the stimulus, and by the maximum response, 
which represents an index of reactivity of the airway to the 
stimulus. Thus, a change in either of these indices of 
airway responsiveness indicates an 03-induced effect. 

Effects of Ozone on Contractile Responses in Large 
Airways with Epithelium Intact 

Regression analysis of tension versus stimulus curves 
revealed that responsiveness of epithelium-intact large air
ways to the contractile stimuli was unaffected by exposure 
to 03 concentrations less than 1.0 ppm. Although not 
statistically significant, maximum responses to acetyl
choline, hethanechol, and 5~HT tended to be greater after 
exposure to 1.0 ppm 03 (Tahle 8). However, tension that 
developed in response to substance P increased signifi
cantly after exposure to 1.0 ppm o, (see Table 12). An 
increased sensitivity to EFS was indicated by the deGrease 
in ECso (see Table 9). Th<-3 magnitude of increase in respon: 
siveness is comparable to that reported by others who 
examined in vitro airway responsiveness after in vivo 03 
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exposure. In isolated canine airways, investigators found 
that airway responsiveness to acetylcholine, EFS, car
bachol, and histamine increased after acute 03 exposure 
(Beckett et al. 191313; Jones et al. 198Bb). Because contractile 
responses evoked by potassium depolaTization were not 
altered by 0:,, these investigators concluded that 0:,-in
duced airway hyperresponsiveness was mediated by post
junctional events and that responses 111(~diated by 
membrane-bound receptors were more sensitive to oxidant 
exposure. Although we did not examine the effects of 
potassium depolarization in isolated airways, our results 
corroborate these in vitro studies. 

One potential postjunctional mechanism that may con
tribute to increased responsiveness afler exposure to 1.0 
ppm 03 is the effect of ozone exposure on acetylcholi
nesterase cmzyme activity. Inhibiting this enzyme could be 
expected to increase airway responsiveness to exogenous 
acetylcholine as well as to endogenous acetylcholine re
leased from activated parasympathetic nerve endings. In 
addition to the increased sensitivity of large airways to EFS, 
as evidenced by the smaller ECso value after exposure to 1.0 
ppm 03, the J?C5o value for acetylcholine also decreased 
but did not reach a hwel of statistical significance. These 
results suggest inhibition of acetylcholinesterase function 
may contribute, in part, to increased responsiveness to 
these stimuli after exposure to 1.0 ppm 0:!. Inhibiting 
acetylcholinesterase also could be expected to increase 
responsiveness to stimuli that rely on the release of acetyl~ 
choline from nerve endings in eliciting contractile re
sponses. 

Substance P has been shown to cause the release of 
acetylcholine hom cholinergic nerve endings (Tanaka and 
Grunstein 1984), which may contribute to contractions. In 
this study, contractile responses to substance P were en
hanced after exposure to 1.0 ppm 03, a result that further 
implicates the inhibition of acetylcholinesterase in poten
tiating contractile responses after exposure to 03. Inhibition 
of acetylcholinesterase activity by 03 remains a tenable 
explanation hecause acute Oa exposure has been shown to 
have an inhibitory effect on lung cholinesterase activity 
(Gordon et al. 1981}. It is unclear why a similar effect was 
not detected in airways isolated fTom animals exposed to 
0.12 and 0.5 ppm 0:-1. Recovery of acetylcholinesterase 
enzyme's inhibition by organophosphate pesticides de
pends upon the synthesis of new enzyme (Taylor 1990). 
Cellular machinery may be able to maintain synthesis of 
the new enzyme with continued exposure to moderate 
concentrations of 03. However, increase in oxident stress 
that would accompany increased 03 concentration might 
overwhelm the cellular processes so that the demand for 
new enzyme could not be met. With the exception of the 

study by Gordon and associates (1981), the effects of 03 on 
acetylcholinesterase enzyme have not been fully charuc
terized; thus, further investigation is required. 

Par tbe reasons cited above, inhibition of acetylcholi
nesterase by chronic ()3 exposure could explain the shift in 
stimulus-response curves generated in response to EFS and 
acetylcholine. However, stimulus-response curves gener
ated in response to bethanechol, a muscarinic receptor 
agonist that is not susceptible to acetylcholinesterase activ
ity, also exhibited a leftward shift in airway segments 
isolated from male rats after 03 exposure. Thus, precluding 
a role for released acetylcholine in contraction induced by 
bethanechol, an additional postjuntional mechanism or 
mechanisms appear to exist that contribute to the enhance
m(mt of contractile responses evoked by cholinergic stim
uli. In a previous study using guinea pig parenchymal 
strips, blockade of M2 receptors potentiated contractions 
evoked by methacholine (Gies ot al. 1989), which suggests that 
inhibiting the function of these receptors could augment con
traction in response to cholinergic stimuli. Jn a preliminary 
report (Schultheis et al. 1992), investigators demonstrated that 
vugally-mediated bronchoconstrictor responses in guinea pigs 
were enhanced aftm acute 0:~ exposure, suggesting that Mz 
receptor function was compromised. Whether similar recep
tors modulate cholinergic contraction in rat airways and 
whether their function is inhibited by 03 exposure remains to 
be determined. 

The slight changes observed in responsiveness after ex
posure to 1.0 ppm 03 cannot be explained by an increase 
in the amount of smooth muscle because airway smooth 
muscle area in large airway segments was unaffected by 
prolonged o:l exposure. The statistical outCOill(~ when 
stress was entered into the regression analysis of stimulus~ 
response curves was very similar to that obtained when 
tension was used in the analyses. The increase in respon~ 
siveness after exposure to 1.0 ppm 03 may be attributed to 
increased smooth muscle cell function or an alteration in 
other mechanisms intrinsic to the airway segment that 
modulates contractile responses. The same mechanisms 
responsible for changes in the stimulus-evoked increase in 
tension could be responsible for similar changes observed 
after normalizing tension to smooth muscle area. 

Although the effects of near lifetime 03 exposure on large 
airway responsiveness did not vary with gender, significant 
differences did occur h(~tween responsiveness of airway 
segments with respect to gender. Airways isolated from 
females were more sensitive to the contractile effects of the 
stimuli, as evidenced by significantly smaller J!:C . .'5o values. 
This was observed regardless of whether tension or stress 
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was entered into the regression analyses. Maximum ten~ 
sian did not vary between genders; however, in spite of a 
smaller smooth muscle area, maximum stress was greater 
in airways isolated from female rats. This result suggests 
that for a given amount of smooth muscle, airways from 
female rats are capable of developing more force. Whether 
this is due to altered modulatory mechanisms within fe~ 
male airways or to differences in the contractile elements 
cannot be discerned from the results of this study and is 
beyond the scope of this discussion. Gender differences in 
vascular smooth muscle responsiveness are well recog~ 
nized; however, few studies have examined differences in 
airway responsiveness between males and females. Gender 
differences in airway function need to be examined more 
fully. 

Effects of Ozone on Contractile Responses in Small 
Airways with Epithelium Intact 

Regression analysis of the data characterizing the relation 
between stimulus and tension revealed essentially no ef~ 
fects of OJ on responsiveness of the small airway segments 
with intact epithelium, which was consistent with the 
findings in large airways. Normalizing tension to smooth 
muscle area revealed reduced active stress development in 
airways from animals exposed to 0.12 or 0.5 ppm OJ. 
Although this was significant only for male rats, a similar 
trend toward decreased maximum stress was evident in 
airways isolated from female rats. After exposure to 0.12 

ppm OJ, no change occurred in smooth muscle area; how
ever, maximum tension tended to decrease. Smooth mus
cle area increased in airway segments after exposure to 0.5 
ppm ()J; however, maximum tension did not increase in 
airway segments obtained from this group of rats, as would 
have been expected. Together, these results suggest that 
reduced tension may be related to decreased functioning of 
contractile elements in the smooth muscle cell after chronic 
OJ exposure. 

Similar results have been obtained in models of pulmo
nary hypertension in which the stimulus~evoked increase 
in tension decreases even though smooth muscle thickness 
is unchanged or increased (Langlehen et al. 1 986). Our 
measurements reflect the component of airway wall tension 
that is approximately perpendicular to the longitudinal axis 
of tho segment. One possibility is that reorientating of 
smoothmnscle cells by OJ~ induced remodeling, to a pattern 
that is less circumferential, contributes to the reduction in 
active stress development (Bates and Martin 1990). This 
remains a tenable explanation for the remodeling that has 
occmTed in airway segments after exposure to 0.5 ppm OJ. 
However, this may not explain sufficiently the results after 
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exposure to 0.12 ppm 03. Alternatively, or in addition to 
remodeling, 03 exposure may have an effect on the m.echa
nisms intrinsic to the airway segment that modulate con
tractile responses. 

Most of the statistically significant changes observed in 
this study occurred in srnall airways obtained from rats afier 
exposure to 0.12 or 0.5 ppm 03. This lack of dose-response 
relationship between ozone concentration and airway 
structure and function may be related to the local concen~ 
tration of 03. Based on mathematical models (Miller et al. 
1976, 1985), the amount of 03 delivered to the mucous~ 
lined airways varies from the trachea to the smaller airways. 
Furthermore, the amount of 03 delivered to airway tissues 
is sensitive to the mucous thickness (Miller et al. 1965). 

Thus, increased thickness of the airways' mucous lining 
would he accompanied by a decrease in the amount of OJ 
reaching the airway tissues. In animals from the same 
exposure groups, other investigators found a marked in~ 
crease in intraepithelial mucosuhstances in proximal nasal 
passages and small airways (Pinkerton and Plopper 1994; 

Plopper et al. 1 994) (representing generations 5 and 10) after 
exposure to 1.0 ppm O:i· Thus, if increased intraepithelial 
mucosubstances reduced the amount of OJ reaching the 
airway tissues of rats exposed to 1.0 ppm OJ, the effects of 
the higher concentration of 03 would be lessened. The fact 
that no changes in tracheobronchial intraepithelial muco~ 
substances occurred in rats exposed to 0.12 or 0.5 ppm 03 
suggests that airways from these groups of rats may have 
been exposed to a significantly greater amount of 03; this 
may explain why we see considerably different results in 
these groups when compared with the results from the 
group exposed to 1.0 ppm 03. Differences in the amount of 
OJ delivered to airway tissues represent a plausible expla
nation for the observed effects of OJ in the present study, 
although additional study of this explanation is required. 

Effects of Ozone on Contractile Responses in Large 
and Small Airways After Lumenal Abrasion 

Many studies have demonstrated the importance of the 
epithelium in attenuating contractile responses of the under~ 
lying smooth muscle (reviewed by Farmer and Hay 1991). The 

epithelium's ability to modulate contractile responses is dem
onstrated in vitro by mechanically abrading the lumen to 
denude the epithelium; after lumenal abrasion, the epithe~ 
Hum-denuded airway is more responsive than the epitheliwn
intact specimen. Although lumenal abrasion was intended to 
denude the airway segment of its epithelium, tJ1is was not 
achieved completely, even though a statistically significant 
percentage of epithelium covering the mucosa was removed. 
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Whether the remaining epithelial cells sustained damage is 
unknown because we were unable to extend the study to 
examine these cells in more detaiL The correlation be
tween the degree of epithelial removal or damage and the 
change in airway responsiveness has not been determined. 
Thus, the results obtained after lumenal abrasion must be 
interpreted cautiously. 

In this study, the effects oflumcmal abrasion were, for the 
most part, unremarkable. However, dramatic effects of 
lumenal abrasion were observed in small airways after 
exposure to 0.12 or 0.5 ppm 03. The responsiveness of 
isolated airway segments from these two exposure groups 
was significantly enhanced after lumenal abrasion, as evi
denced by the increase in maximnm stress in these expo
sure groups. The fact that all of tho airway segm(mts 
received the same treatment does suggest that epithelial 
function may have been affected by chronic 03 exposure. 

The enhanced responsiveness noted after lumenal abra
sion may be related to the removal of an inhibitory sub
stance or the release of a contractile substance. The former 
contention is supported by studies demonstrating that me
chanical irritation of the mucosa is sufficient to release 
epithelial cell mediators from isolated airways in vitro 
(Orehek et al. 1975). Lumenal abrasion may have released 
a contractile snbstance that potentiates contractions in re~ 
spouse to stimuli. However, if this was the case, the smooth 
muscle would have exhibited an intrinsic tone that would 
have led to increased stiffness of the airway segments. 
Differences in S values (an index of stiffness), were not 
detected among the groups, suggesting that an epithelial~ 
derived excitatory substance did not contribute to the in~ 
crease in airway responsiveness after lumenal abrasion. 
The results do suggest that, after exposure to o. 12 and 0.5 
ppm Oa, the inhibitory influence of the epithelium may be 
enhanced in small airways. This could occur through 
changes in the cell types comprising the epithelium or an 
alteration of the biochemical functions of the epithelium. 

Early changes in the appearance of the epithelial lining 
with prolonged exposure to 03 include ciliary damage, 
necrosis and loss of ciliated cells, and presence of interme~ 
diate cells (which contain features of secretory and ciliated 
cells) (Wilson et al. 1984; Nikula eta!. 1988). However, after 
60 days of exposure to 0.9G ppm O:J, the only significant 
change in the rat's tracheal epithelium was the presence of 
ciliated cells with short cilia (Niknla et al. 1988). However, 
in monkeys, shortened cilia and an increased proportion of 
secretory cells characterizes the effect of prolonged expo
sure to O:J on respiratory epithelium (Harkema et al. 1987). 
Thus, except for minor changes, the epithelium appears to 

adapt structurally after exposure to the oxidant. In the 
process of measuring the epithelium that lined the airways' 
lumens, we did not observe any overt damage to the epithe
lium in small or largo airways isolated from the 03-exposed 
anhnals. This is consistent with the epithelium's adapta
tion after 20 months of exposure to 03. However, detailed 
examination of the epithelium is required to characterize 
fully the effects of near-lifetime exposure to 03 on the 
epithelium. 

Chronic exposure to 03 may induce an adaptive response 
in the epithelium that promotes the synthesis and release 
of an inhibitory substance from the epithelium that attenu
ates airway smooth muscle contraction, Chronic exposure 
to sulfur dioxide (50 and 200 ppm, for 5 to 20 months) is 
associated with epithelial hyperplasia and smooth mnscle 
thickening in conducting airways of dogs (Seltzer et al. 
1984; Scanlon et al. 1987), bnt attenuates bronchoconstric
tor responses to inhaled mediators (Drazen et al. 1902; 
Shore et al. 1987). The similarity between these studies and 
the results described here suggests that an increased inhibi
tory influence of tho epithelium may be responsible for the 
decrease in maximum stress after exposure to 0.12 or 0.5 
ppmO,. 

Tbe pathophysiological role of the epithelium as an 
effector cell in the airways is becoming increasingly appar
ent. For instance, investigators demonstrated recently the 
release of a granulocyte/macrophage-colony stimulating 
factor, and interleukin -6 and -B fTom bronchial epithelial 
cells of patients with asthma, whereas normal epithelh~m 
did not produce any of these cytokines (Mattoli eta!. 1992). 

Ozone exposure of cultured human or bovine epithelial 
cells is associated with increased production of ei
cosanoids, including the bronchodilator PGE2 (Leikauf et 
al. 1988; McKinnon et al. 1992). Investigators have pro~ 
vided evidence that this eicosanoid is released fTom epi~ 
thelial cells and can exert inhibitory effects on airway 
smooth muscle (Butler eta!. 1987; Yu eta!. 1992). More
over, PGEz has been shown to be an important inhibitory 
mediator released from rat epithelial cells (Xu et al. 1986; 
Duniec eta!. 1989). Thus, PGEz is a likely candidate media
tDr, responsible for modulating contractile responses in 
small airways after chronic 03 exposure. Further study of 
the effects of 03 oxposure on the production of epithelial 
mediators and their effects on smooth muscle tone is war~ 
ranted. 

Effects of Ozone on Inhibitory Responses 
Elicited by Isoproterenol 

Previous studies demonstrated that exposure of isolated 
airways to activated macrophages or hydrogen peroxide 
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resulted in the inhibition of relaxation responses to isopro
terenol (Enge-')ls ot al. 1985; Kramer et al. 1987), Further
more, the detrim(mtal effects of macrophage activation on 
relaxation responses to the adrenergic agonist could be 
attenuated with catalase, thus indicating a role for hydrogen 
peroxide (Engels et al. 1985). Because hydrogen perioxide 
may be formed by ozonolysis of airway rnembranes (Pryor 
et aL 1991), we wondered whether a similar detrimental 
effect of 03 on isoproterenol-induced relaxation responses 
would be observed in airways isolated from animals exposed 
to 03. Altbough the ECso values tended to be greater in airway 
segments isolated from rats exposed to 03, statistically signifi
cant differences were not detected. This result supports the 
notion that 03 exposure may be detrimental to ~-adrenergic 
receptor function. In our study, we examined tho effects of 
isoproterenol in airways precontracted to half maximum with 
the acetylcholine congen81', bethanechol. We found that 
lumenal abrasion had no effect on inhibitmy responses medi
ated by isoproterenol; this lack of effect corroborates results 
from canine airways precontracted with an EC4o of acetyl~ 
choline (Stuart-Smith and Vanhoutte 1990). However, when 
canine airways were precontracted to 80% of maximum levels 
with acetylcholine, an effect of hunenal abrasion was un
masked (Stuart-Smith and Vanhoutte 1990). If the ability to 
demonstrate effects of 0:-~ on adrenergic responsiveness de
pended similarly upon the agonist concentration, the choice 
of agonist and concentration could have precluded detecting 
significant effects of O:l on these responses. 

EICOSANOID RELEASE BY AIRWAY EXPLANTS 

Arachidonic acid metabolites produced by cyclo
oxygenase and lipoxygenase enzymes-eicosanoids
are known to be~ potent mediators of inflammation. 
Many of these metabolites also exert inhibitory and 
excitatory effects on airway smooth muscle and have 
been implicated as potential mediators in changes in 
airway responsiveness after 03 exposure. Inhibition of 
cyclooxygenase or li poxygenase enzymes has been shown 
to attenuate or inhibit changes in airway function associ~ 
a ted with acute~ exposure to 03 (O'Byrne et al. 1984; Lee and 

Murlas 1985; Schelegle et al. 1987). In the present study, 
we attempted to assess changes in eicosanoid metabolism 
in isolated airways hy examining production of PGEz and 
LTC4 as indices of the effects of chronic 03 exposure on 
cyclooxygenase and lipoxygenase enzymatic cascades. 

Using airway explant's, we found that basal release of 
PGEz was unaffected by 03, and that the basal release of 
LTC4 was not detected. However, stimulation with 
A23187, a calcium ionophore, caused an increase in tho 
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percentage of basal levels of PGEz released in airways 
isolated from rats exposed to 1.0 ppm 0:~. The ionophore 
increased levels of LTC4 equally, regardless of 0:~ concen
tration. Acute exposure to 0:3 has been shown to cause a 
marked increase in PGEz levels detected in bronchoalveolar 
lavage fluid 18 hours after exposure (Koren et al. 1989). We 
did not detect an enhanced basal release ofPGEz in airways 
isolated from rats in any of the groups. Most of the airway 
segments wore taken from animals that had be(m killed one 
week after their last ozone exposure, and it is conceivable 
we did not detect ozone enhanced basal levels of PGEz 
because of this timing. However, this explanation seems 
unlikely because basal levels of PGEz were unaffected in 
airways isolated from a few animals that had been killed 
the day after the last 03 exposure. Repeated exposure to 03 

may havo resulted in an adaptive response such that PGEz 
production appeared normal aft(~!' chronic exposurGs to 
0.12 and 0.5 ppm Oa. However, this would not explain tbe 
increase in the percentage of PGEz after chronic exposure 
to 1.0 ppm O:J. 

Although the cell type responsible for releasing ei
cosanoids in the airway segments is uncertain in the tissue 
preparation used in this experiment, the epithelial cells are 
likely candidates. Experiments conducted using isolated 
airway epithelial cells indicate that this cell type may be an 
important source for prostanoids and leukotriencs in the 
airways. As mentioned above, cultmed human and bovine 
{~pithelial cells release several arachidonic acid metabolites, 
including PGEz, in response to 03 (Leikauf et al. 1988; McKin
non et al. 1992). Because PGEz is the primary prostanoid 
released from rat epithelial cells (Xu et al. 19!!6; Duniec et al. 
1989), alterations in the production of PGEz in airways iso
lated from animals after exposure to 1.0 ppm 03 may be related 
to changes in function of the epithelium after prolonged 
exposure to this high concentration of ozone. 

Prostaglandin production is modulated by release of 
arachidonic acid from cellular phospholipids by specific 
phospholipases (phospholipase Az and phospholipase C), 
by the conversion of released arachidonic acid into pro
staglandins by cydooxygenase cascade enzymes, and by 
the catabolism of prostaglandins by dehydrogenase en
zymes. Thus, increased prostaglandin production after 
chronic 03 exposure could occur hy one or a combination 
of the following circumstances: increased availability of 
arachidonic acid, increased cyclooxygenase activity, or in
hibition of dehydrogenasH activity. Because the cyclooxy
genase enzyme has been localized to the epithelium (Entler 
et al. 1987), future studies should be directed at examining 
systematically which ofthese processes may be altered after 
chronic 0:} exposure. 
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CONCLUSIONS 

Although rnechanical properties of the isolated airways 
used in this study were unaffected by chronic exposure to 
03, changes in responsiveness to bronchoactive agents and 
EFS did occur in large and small airways; in addition, 
structural changes occurred in the airway walls. However, 
many questions concerning these effects of 03 exposure 
remain unanswered. Tll(~Se include the identification of 
local mechanisms of 03~induced changes in airway epithe·· 
lium and smooth muscle area. The contributions of cellular 
hypertrophy, hyperplasia, and connective tissue deposition 
to the changes in wall structure also remain unspecified. 
Finally, the role of the epithelium and other resident cell 
types as effector cells in 03~induced changes in airway 
structure and function must be addressed. 

IMPLICATIONS OF FINDINGS 
~~----

Despite difficulties in extrapolating the effects of chronic 
03 exposure on rat lung function to human airways, inter~ 
pretating the results obtained in this in vitro study with 
respect to in vivo lung function can be useful. Attempts to 
correlate ainvay responsiveness in vivo with responsive~ 
ness of isolated airways in vitro have been unsuccessful in 
most cases (Vincenc et al. 1983; Taylor et al. 1985; Cerina 
et al. 1986; DeJongste et al. 1988). However, investigators 
have demonstrated in vitro an increased responsiveness of 
airway segments isolated from dogs made hyperresponsive 
in vivo after acute 03 exposure (Walters et al. 1986; Beckett 
et al. 1983; Jones et al. 1.988a,b). Furthermore, prior work 
of this study's principal investigator demonstrated that in 
vivo airway responsiveness in the rat increased after hyper~ 
oxia and that airways isolated from hyperoxia~exposed rats 
wem also hyperresponsive (Szarek 19B9). Because the pre~ 
sent study employed techniques identical to those used in 
our previous study to determine airway responsiveness in 
vitro, and because O:l~induced changes can be observed 
both in vivo and in vitro, it may be possible to predict 
changes in airway responsiveness in vivo based on these in 
vitro results. 

Chronic 03 exposure did not alter the stiffness of the 
airway wall in these studies, which suggests that the load 
against which the smooth muscle contracts may not have 
changed. Becanse the degree of airway smooth muscle 
shortening depends upon the load under which the muscle 
exists (Gunst and Stropp 1930), this result could predict 

that shortening of the muscle in situ is unaffech~d by Oa 
exposure. In our previous study (Szarek 1989), maximum 
responses to 5~HT in vitro increased approximately 14%, 
and sensitivity incrc~ased approximately two~ fold after hy~ 
peroxia. In vivo, sensitivity to intravenous 5-HT increased 
four-fold after hyperoxia. If these results are used as mini~ 
mal criteria for predicting increased airway responsiveness 
in rats, then the slight changes in the stimulus-tension 
relationships observed in airways after O:l exposure would 
not translate into a change in airway responsiveness in vivo. 

Human studies have demonstrated that repeated daily 
exposures to ozone result in decrements of pulmonary 
function during the first and second days of exposure, with 
pulmonary function returning gradually to preexposure 
levels by the fifth day (Hackney et al. 1977; Farrell et al. 
1979; Folinsbee et al. 1980). Similar results have been 
obtained in rats {Tepper et al. 1989). This return of pulmo
nary function to normal levels in the face of continued 
exposure, termed functional adaptation, together with the 
results ofthis study, suggest that functional adaptation may 
persist to the extent that in vivo airway responsiveness does 
not increase after chronic 03 exposure. 

ACKNOWLEDGMENTS 

The author thanks the Health Effects Institute and its 
sponsors for the opportunity to participate in this collabo~ 
rative study. This study was conducted with valuable 
contributions from the following individuals: Ms. Nancy 
L. Stewart (Department of Biochemistry, Marshall Univer
sity Scbool of Medicine) and Mr. jason Z. Zhang (Depart
ment of Pharmacology, Marshall University School of 
Medicine), who assisted in conducting the isolated airway 
studies; Mr. Jeffrey Webb (Departnumt of Pharmacology, 
Marshall University School of Medicine), who conducted 
the morphometric measurements on the isolated airway 
segments and assisted in analysis of data; Dr. Monica A. 
Valentovic (Department of Pharmacology, Marshall Univer
sity School of Medicine), who conducted eicosanoid meas
urements in media fTom airway explants; Ms. Nancy L. 
Stewart (Department of Biochemistry, Marshall University 
School of Medicine) and Dr. Kenneth B. Adler (Department 
of Anatomy, Physiological Sciences and Radiology, College 
of Veterinary Medicine, North Carolina State University), 
who processed the fixed airway specimens for morphomet~ 
ric measurement; Dr. Marian Miller {DE)partment of Envi
ronmental Health, University of Cincinnati College of 
Medicine, Cincinnati OH), who provided photomicro~ 

37 



Mechanical Properties, Responses to Bronchoactive Stimuli, and Eicosanoid Release in Isolated Airways 

graphs; Dr. Louise Ryan (Division of Biostatistics, Harvard 
School of Public Health; Dana Farber Cancer Institute), who 
provided statistical consultation; Dr. Paul Catalano (Divi
sion of Biostatistics, Harvard School of Public Health, Dana 
Farber Cancer Institute), who modeled the stimulus-re
sponse data, conducted the analysis, and assisted in inter
preting of the statistical outcomes; Dr. Debra Kaden (Health 
Effects Institute), who managed the logistics; and Dr. Paul 
W. Mellick (IliologyDepartment, Battelle Pacific Northwest 
Laboratories), who coordinated receipt of our equipment 
and supplies and ensured their being maintained in a suit
able laboratory at Battelle Pacific Northwest Laboratories, 
where most of this research was conducted. 

REFERENCES 

Abraham WM, januskiewicz A), Mingle M, Welker M, Wan
ner A, Sackner MA. 1980. Sensitivity of bronchoprovoca
tion and tracheal mucous velocity in detecting airway re
sponses too,. j Appl Physiol 48:789-793. 

Adams WC, Schelegle ES. 1983. Ozone and higb ventila
tion effects on pulmonary function and endurance perform
ance. j Appl Physiol55:805-812. 

Ilates )HT, Martin )G. 1990. A theoretical study of the effect 
of airway smooth muscle orientation on bronchoconstric
tion. j Appl Physiol6B:995-1001. 

Ilecker RA, Chambers )M, Wilks AR, eds. 1988. The New 
S Language: A Programming Environment for Data Analysis 
and Graphics. Wadsworth and Brooks/Cole Advanced 
Books and Software, Pacific Grove, CA. 

Beckett WS, Black C, Turner C, Spauuhake EW, Menkes 
HA. 1988. In vivo exposure to ozone causes increased in 
vitro responses of small airways. Am Rev Respir Dis 
137:1236-1238. 

Beckett WS, McDonnell WF, Horstman DH, House DE. 
1985. Role of the parasympathetic nervous system in acute 
lung response to ozone. J Appl Physiol 59:1879-1885. 

Bradford MM. 1976. A rapid and sensitive method for 
qnantitation of microgram quantities of protein utilizing the 
principle of protein dye binding. Anal 13iochem 72:248-

254. 

Butler Gll, Adler KB, Evans )N, Morgan DW, Szarek )L. 

1987. Modulation of rabbit airway smooth muscle respon
siveness by respiratory epithelium: Involvement of an in
hibitory metabolite of arachidonic acid. Am Rev Respir Dis 
135:1099-1104. 

3U 

Cerina ), LeRoy LM, Labat C, Raffestinll, BayolA, Brink C. 
1986. Comparison of human bronchial muscle responses 
to histamine in vivo with histamine and isoproterenol in 
vitro. Am Rev Respir Dis 134:57-61. 

Coflesky )T, jones RC, Reid LM, Evans )N. 1987. Mechani
cal properties and structure of isolated pulmonary arteries 
remodeled by chronic hyperoxia. Am Rev Respir Dis 
136:388-394. 

Cologne )B, Mendelman PM, Chaffin DO. 19UB. Statistical 
comparison of ligand-binding kinetics. Stat Med 8:371-

831. 

Dejongste )C, Sterk Pj, Willems LNJ\, Mons H, Timmers 
MC, Kerrebijn KF. 1988. Comparison of maximal broncho
constriction in vivo and airway smooth muscle responses 
in vitro in nonasthmatic humans. Am Rev Respir Dis 
138:321-326. 

DeLucia A), Adams WC. 1977. Effects of O, inhalation 
during exercise on pulmonary function and blood biochem
istry. j Appl Physiol43:75-81. 

Devillier P, Advenier C, Drapeau G, Marsac J, H.egoli D. 
1988. Comparison of the effects of epithelium removal and 
of an enkephalinase inhibitor on the neurokinin-induced 
contractions of guinea-pig isolated trachea. Br J Pharmar:ol 
94:675-684. 

Dimeo Mj, Glenn MG, Holtzman M), Sheller )R, Nadel )A, 
Boushey HA. 1981. Threshold concentration of ozone 

causing an increase in bronchial reactivity in humans and 
adaptation to repeated exposures. Am Rev Respir Dis 
124:245-248. 

Drazeu )M, O'Cain DF, Ingram RH jr. 1982. Experimental 
induction of chronic bronchitis in dogs: Effects on airway 
obstruction and responsiveness. Am Rev Respir Dis 
126:75-79. 

Duniec ZM, Eling TE, )etten AM, Gray TE, Nettesheim P. 

1989. Arachidonic acid metabolism in normal and trans
formed rat tracheal epithelial cells and its possible role in 
the regulation of cell proliferation. Exp Lung Res 15:3B1-

408. 

Dunnett CW. 1964. New tables for multiple r:omparisons 
with a control. Biometrics 20:482--491. 

Ebina M, Yaegashi H, Takahashi T, Motomiya M, Tanemnra 
M. 1990. Distribution of smooth muscles along the bron
chial tree: A morphometric study of ordinary autopsy lungs. 

Am Rev Respir Dis 141:1322-1326. 



J.L. Szarek 
----··------··--·-----

Engels F, Oosting RS, Nijkamp FP. 1985. Pulmonary 
macrophages induce deterioration of guinea-pig tracheal 
beta-adrenergic function through release of oxygen radi
cals. Eur J Pharmacal 111:143--144. 

Evans TW, Brokaw)), Chung KF, Nadel )A, McDonald DM. 
1988. Ozone-induced bronchial hyperresponsiveness in 
the rat is not accompanied by neutrophil influx or increased 
vascular permeability in the trachea. Am Rev Respir Dis 
138:140-144. 

Farmer SG, Hay DWP. 1991. Airway epithelial modulation 
of smooth-muscle function: The evidence for epithelium
derived inhibitory factor. Iu: Lung Biology in Health and 
Disease, Vol. 55, The Airway Epithelium: Physiology, 
Pathophysiology, and Pharmacology (l'armer SG, Hay 
DWP, eds.). Marcel Dekker, New York, NY. 

Farrell BP, Kerr HD, Kulle TJ, Sauder LR, Young JL. 1979. 
Adaptation in human subjects to the effects of inhaled 
ozone after repeated exposure. Am Rev Respir Dis 
119:725-730. 

Flavahan NA, Aarhus LL, Rimele TJ, Vanhoutte PM. 1985. 
Respiratory epithelium inhibits bronchial smooth muscle 
tone. J Appl Physiol 58:834-838. 

Folinsbee Lj, lledi JF, Horvath SM. 1980. Respiratory re· 
sponse in humans repeatedly exposed to low concentra
tions of ozoue. Am Rev Respir Dis 121:431-439. 

Folinsbee LJ, Bedi JF, Horvath SM. 1984. Pulmonary func
tion changes after 1 hour continuous heavy exercise in 0.21 
ppm ozone. J Appl Physiol57:984-988. 

Gibbons SI, Adams WC. 1985. Combined effects of ozone 
exposure and ambient heat on exercising females. J Appl 
Physiol 57:450-456. 

Gies J·P, Bertrand C, Vanderheyden P, Waeldele F, Dumont 
P, Pauli G, Landry Y. 1989. Characterization of muscarinic 
receptors in human, guinea pig and rat lung. J Pharmacal 
Exp Ther 250:309-315. 

Golden )A, Nadel )A, lloushey HA. 1978. Bronchial hy
perirritability in healthy subjects after exposure to ozone. 
Am Rev Respir Dis 118:287-294. 

Gordon T, Taylor BF, Amdur mo. 1981. Ozone inhibition 
of tissue cholinesterase in guinea pigs. Arch Environ 
Health 36:284-288. 

Gunst SJ, Stropp )Q. 1988. Pressure-volume and length· 
stress relationships in canine bronchi in vitro. J Appl 
Physiol64:2522-2531. 

Hackney )D, Linn WS, Mohler JG, Collier CR. 1977. Adap
tation to short-term respiratory effects of ozone in men 
exposed repeatedly. J Appl Physiol43:82--85. 

Harkema JR. Mauderly JL. 1994. Consequences of Pro
longed Inhalation of Ozone on F344/N Rats: Collaborative 
Studies, Part V, Pulmonary Function Alterations. Research 
Report Number 65 Part V. Health Effects Institute, Cam
bridge, MA. 

Harkema, )R, Morgan KT, Bermudez EG, Catalano PJ, Grif
fith WC. 1994. Consequences of Prolonged Inhalation of 
Ozone on F344/N Rats: Collaborative Studies, Part VII, 
Effects on the Nasal Mucociliary Apparatus in the Rat. 
Research Report Number 65 Part VII. Health Effects Insti
tute, Cambridge, MA. 

Harkema JR, Plopper CG, Hyde DM, St. George )A, Wilson 
DW, Dungworth DL. 198 7. Response of the macaque nasal 
epithelium to ambient levels of ozone. AmJ Pathol128:29-
44. 

Harmon KR, Marinelli W A, Henke CA, Bitterman PB. 1991. 
Regulation of cell replication. In: The Lung: Scientific 
Foundations (Crystal RG, West JB, Barnes Pj, Cherniack NS, 
Weibel ER, eds.). Raven Press, New York, NY. 

Hershenson MB, Aghili S, Punjabi N, Hernandez C, Ray 
DW, Garland A, Glagov S, Solway). 1992. Hyperoxia-in
duced airway hyperrespousiveness aud remodeling in im
mature rats. Am) Physiol (Lung Cell Mol Physiol) 262:263-
269. 

Holtzman MJ, Cunningham )H, Sheller JR, Irsigler GB, 
Nadel )A, Boushey HA. 1979. Effect of ozone on bronchial 
reactivity in atopic and nonatopic subjects. Am Rev Respir 
Dis 120:1059-1067. 

Holtzman MJ, Fabbri LM, O'llyrne PM, Gold BD, Aizawa H, 
Walters EH, Alpert SE, Nadel )A. 1983a. Importance of 
airway inflammation for hyperresponsiveness induced by 
ozone. Am Rev Rospir Dis 127:686-690. 

Holtzman MJ, Fabbri LM, Skoogh B-E, O'Byrne PM, Walters 
EH, Aizawa H, Nadel )A. 1983b. Time course of airway 
hyperresponsiveness induced by ozone in dogs. J Appl 
Physiol55:1232-1236. 

james AL, Pare PD, Hogg )C. 1989. The mechanics of 
airway narrowing in asthma. Am Rev Respir Dis 139:242-
246. 

jones GL, Lane CG, DanielllE, O'Byrne PM. 1988a. Release 
of epithelium-derived relaxing factor after ozone inhalation 
in dogs. J Appl Physiol65:1238-1243. 

39 



Mechanical Properties, Responses to Bronchoactive Stimuli, and Eicosanoid Release in Isolated Airways 

Jones GL, O'Byrne PM, Pashley M, Serio R, Jury J, Lane CG, 
Daniel EE. 1 988b. Airway smooth muscle responsiveness 
from dogs with airway hyperresponsiveness after 03 inha~ 
lation. J Appl Physiol 05:57·-64. 

Kleeberger SR, Kolbe J, Adkinson NF Jr, Peters SP, 
Spannhake EW. 1988. The role of mediators in the re~ 
sponse of the canine peripheral lung to 1 ppm ozone. Am 
Rev Respir Dis 137:321··-325. 

Koren HS, Devlin RB, Graham DE, Mann R, McGee MP, 
Horstman DH, Kozumbo WJ, BeckerS, House DE, MeDon~ 
nell WF, Bromberg PA. 1989. Ozone~ induced inflamma~ 
tion in the lower airways of human subjects. Am Rev Respir 
Dis 139:407-415. 

Kramer K, Doelman CJA, Timmerman H, Bast A. 1987. A 
disbalance between beta~adrenergic and muscarinic re~ 
sponses caused by hydrogen peroxide in rat airways in 
vitro. l3iochem Biophys Res Commun 145::i57-362. 

Kreit )W, Gross KB, Moore TB, Lorenzen TJ, D'Arcy ), 
Eschenbacher WL. 198n. Ozone~ induced changes in pul~ 
monary function and bronchial responsiveness in asthmat~ 
ics, J Appl Physiol 66:217-222, 

Langleben DL, Szarek )L, Coflesky )1', )ones RC, Reid L, 
Evans JN. 1988. Altered artery mechanics and structure in 
monocrotaline pulmonary hypmtension. J Appl Physiol 
65:2326-2331. 

Last )A, Gelzleichter TR, Harkema ), and Hawk S, 1994, 
Consequences of Prolonged Inhalation of Ozone on Fis· 
cher-344/N Rats: Collaborative Studies, Part I, Content and 
Cross-Linking of Lung Collagen. Research Report Number 
65 Part L Health Effects Institute, Cambridge, MA. 

Lee L-Y, Bleecker ER, Nadel )A. 1977. Effect of ozone on 
bronchomotor response to inhaled histamine aerosol in 
dogs. J Appl Physiol43:626-631, 

Lee L~Y, Murlas C. 1985. Ozone-induced bronchial hyper
reactivity in guinea pigs is abolished by BW 755C or FPL 
55712 but not by indomethacin. Am Rev Respir Dis 
132:1005-1009. 

Leikauf GD, Driscoll KE, Wey HE. 1988. Ozone~ induced 
augmentation of eicosanoid metabolism in epithelial cells 
from bovine trachea. Am Rev Respir Dis 137:435--442. 

Mattoli S, Marini M, Fasoli A. 1992. Expression of the 
potent inflammatory cytokines, GM-CSF, ILB, and IL8 in 
bronchial epithelial cells of asthmatic patients. Chest 
101:27-29, 

40 

McKinnon K, Noah T, Madden M, Koren H, Devlin H.. 1992. 
Cultured human bronchial epithelial cells release cytoki~ 
nes, fibronectin, and lipids in response to ozone exposure. 
Chest 101:22, 

Miller FJ, Menzel DB, Coffin IlL. Hl78. Similarity between 
man and laboratory animals in regional pulmonary deposi~ 
tion of ozone. Environ Res 17:84-101. 

Miller F), Overton )H, Jaskot RH, Menzel DB. 1985. A 
model of the regional uptake of gaseous pollutants in the 
lung: I. The sensitivity of the uptake of ozone in the human 
lung to lower respiratory tract secrotions and exercise. 
Toxicol Appl Pharmacal 79:11-27. 

Miller PD, Ainsworth D, Lam HF, Amdur MO. 1987. Effect 
of ozone exposure on lung functions and plasma pro~ 
staglandin and thromboxane concentrations in guinea pigs. 
Toxicol Appl Pharmacal 88:132-140, 

Mirsky I. 1976. Assessment of passive elastic stiffness of 
cardiac muscle: Mathematical concepts, physiologic and 
clinical considerations, directions of future research. Prog 
Cardiovasc Dis 18:277-303. 

Mitchell RW, Kelly E, Leff AR. 1991. Effect of in vitro 
preconditioning on tracheal smooth muscle rosponsivew 
ness, Am j Physiol (Lung Cell Mol Physiol) 260:168-173. 

Mulvany MJ, Warshaw DM. 1979. The active tension~ 
length cnrve of vascular smooth muscle related to its cellu
lar components. J Gen Physiol 74:85-104. 

Murlas CG, Roum JH. 1H85. Sequence of pathologic 
changes in the airway mucosa of guinea pigs during ozone~ 
induced bronchial hyperreactivity. Am Rev Respir Dis 
131:314-320, 

Nikula K), Wilson DW, Giri SN, PlopperCG, Dungworth DL. 
1988. The response of rat tracheal epithelium to ozone 
exposure: Injury, adaption, and repair. Am J Pathol 
131:373-384, 

O'Ilyrne PM, Walters EH, Aizawa H, Fabbri LM, Holtzman 
MJ, Nadel )A, 1984, Indomethacin inhibits the airway 
hyperresponsiveness but not the neutrophil influx induced 
hy ozono in dogs. Am Rev Respir Dis 1.30:220--224. 

Orehek J, Douglas JS, Bouhuys A. 1975. Contractile re~ 
sponses of the guinea~pig trachea in vitro: Modification by 
the prostaglandin synthesis inhibiting drugs. J Pharmacol 
Exp Ther 1.94:554-564. 

Owens GK. 1.989. Control of hypertrophic versus hyper~ 
plastic growth of vascular smooth muscle cells. Am J 
Physiol (Heart Circ Physiol) 257:1755-1.765. 



J.L. Szarek 
---

Panettieri RA, Estorhas A, Murray RK. 19B2. Agonist··in
duced proliferation of airway smooth muscle cells is medi
ated by alterations in cytosolic calcium (abstract). Am Rev 
Respir Dis 145:15. 

Panettieri RA, Yadvish PA, Kelly M, Rubenstein NA, Kot
likoff MI. 1990. Histamine stimulates proliferation of air
way smooth muscle and induces C-fos expression. Am J 
Physiol (Lung Cell Mol Physiol) 259:365-371. 

Pinkerton KE, Plopper CG. 1994. Consequences of Pro
longed Inhalation of Ozone on F344/N Rats: Collaborative 
Studies, Part VIII, Structural Changes in the Tracheobron
chial Acinus, and Lung Antioxidant Enzyme Activity. Re
search Report Number 65 Part VIII. Health Effects Institute, 
Cambridge, MA. 

Pino MV, Levin )R, Stovall MY, Hyde DM. 1992a. Pulmo
nary inflammation and epithelial injury in response to 

acute ozone exposure in the rat. Toxicol Appl Pharmacal 
112:64-72. 

Pino MV, McDonald RJ, Berry )D, )oad )P, Tarkington BK, 
Hyde DM. 1 992h. Functional and morphologic changes 
caused by acute ozone exposur(~ in the isolated and per
fused rat lung. Am Rev Respir Dis 145:882-889. 

Pryor WA, Das B, Church DF. 1991. The ozonation of 
unsaturated fatty acids: Aldehydes and hydrogen peroxide 
as products and possible mediators of ozone toxicity. Chem 
Res Toxicol4:341-348. 

Raines EW, Dower SK, Ross R. 1989. Interleukin-1 mito
genic activity for fibroblasts and smooth muscle cells is due 
to PDGF-AA. Science 20:393-396. 

Reiser KM, Tyler WS, Hennessy SM, Dominquez)), Last )A. 
1987. Long-term consequences of exposure to ozone: II. 
Structural alterations in lung collagen of monkeys. Toxicol 
Appl Pharmacal 89:314-322. 

Scanlon PD, Seltzer ), Ingram RH )r, Reid L, Drazon )M. 
HW7. Chronic exposure to sulfur dioxide: Physiologic and 
histologic evaluation of dogs exposed to 50 or 15 ppm. Am 
Rev Respir Dis 135:831-839. 

Schelegle ES, Adams WC, Shri NG, Siefkin AD. 1989. 
Acnte ozone exposure increases plasma prostaglandin Fzo: 
in ozone-sensitive human subjects. Am Rev Respir Dis 
140:211-216. 

Schelegle ES, Adams WE, Siefkin AD. 1987. Indomethacin 
pretreatment reduces ozone-induced pulmonary function 
decrements in human subjects. Am Rev H.espir Dis 
136:1350-1354. 

Schultheis AH, Bassett D)P, Fryer AD. 1992. Ozone-in
duced airway hyperresponsiveness is due to temporary loss 
of neuronal M2 muscarinic receptor function (abstract). 
Am Rev Respir Dis 145:615. 

Sdtzer ), Scanlon PD, Drazen )M, Ingram RH jr, Reid L. 
1984. Morphological correlation of physiologic changes 
caused by SOz-induced bronchitis in dogs: The role of 
inflammation. Am Rev Respir Dis 129:790-797. 

Shields RL, Cold WM. 1987. Effect of inhaltld ozone on 
lung histamine in conscious guinea pigs. Environ Res 
42:435--445. 

Shore SA, Kariya ST, Anderson K, Skornik W, Feldman HA, 
Pennington), Godleski), Drazen )M. 1987. Sulfur-diox
ide-induced bronchitis in dogs: Effects on airway respon

siveness to inhaled and intravenously administered 
methacholine. Am Rev RespiX' Dis 135:840-847. 

Sokal RR, Rohlf F). 1969. Biometry. W.I-1. Freeman and Co., 
San Francisco, CA. 

Stendahl 0, Molin L, Lindroth M. 1983. Grannlocyte-me
diated release of histamine from mast cells: Effect of 
myeloperoxidase and 
sulfone compounds. 

70:277-284. 

its inhibition by antiinflammatory 
lnt Arch Allergy Appl Immnnol 

Stephens NL, Jiang 1-l, Seow CY. 1991. Biophysical and 
biochemical properties of "asthmatic" airway smooth mus
cle. In: Regulation of Smooth Muscle Contraction {More
land RS, ed.). Plenum Publishing Corp., New York, NY. 

Stnart-Smith K, Vanhoutte PM. 1990. Epithelium, contrac

tile tone, and responses to relaxing agonists in canine 
bronchi. ) Appl Physiol 69:678-685. 

Szarek JL. 1989. In vivo hyperoxic exposure increases 
airway responsiwmess in rats: Demonstration in vivo and 

in vitro. Am Rev Respir Dis 1.40:942--947. 

Szarek JL, Evans JN. 1985. Circumference-tension rela
tionships in large and small airways isolated from rabbit, 
rat and guinea pig (abstract). Fed Proc 44:735. 

Szarek JL, Evans JN. 1988. Pharmacologic responsiveness 
of rat parenchymal strips, bronchi and bronchioles. Exp 
Lung Res 14:575-·585. 

Szarek )L, Schmidt NL. 1990. Hydrogen peroxide-induced 
potentiation of contractile responses in isolated rat airways. 
Am) Physiol (Lung Cell Mol Physiol) 258:2:32-237. 

41 



Tanaka DT, Grunstein MM. 1984. Mechanisms of sub
stance P-induced contraction of rabbit airway smooth mus
cle. J Appl Physiol 57:1551-1557. 

Taylor SM, Pare PD, Armour CL, Hogg )C, Shellenberg RR. 
1985. Airway reactivity in chronic obstructive pulmonary 
disease: Failure of in vivo methacholine responsiveness to 
correlate with cholinergic, adrenergic, or nonadrenergic 
responses in vitro. Am Rev Respir Dis 132:30-35. 

Taylor P. 1990. Cholinergic agonists. In: The pharma
cologic Basis of Therapeutics (Gilman AG, Rall TW, Nics 
AS, Taylor P, eds.). Pergamon Press, New York, NY. 

Tepper )S, Costa DL, Lehmann )R, Weber MF, Hatch GE. 
1989. Unattenuated structural and biochemical alterations 
in the rat lung during functional adaptation to ozone. Am 
Rev Respir Dis 140:493-501. 

Vincenc KS, Black )L, Yan K, Armour CL, Donnelly PD, 

Woolcock AJ. 1983. Comparison of in vivo and in vitro 
responses to histamine in hnman airways. Am Rev Respir 
Dis 128:875-879. 

Walters EH, O'Bryne PM, Graf PD, Fabbri LM, Nadel )A. 
1986. The responsiveness of airway smooth muscle in vitro 
from dogs with airway hyper-responsiveness in vivo. Clin 
Sci 71:605-611. 

42 

Warshaw DM, Mulvany MJ, Halpern W. 1979. Mechanical 
and morphological properties of arterial resistance vessels 
in young and old spontaneously hypertensive rats. Circ H.es 
45:250-259. 

Wiggs BR, llosken C, Pare PD, james A, Hogg )C. 1992. A 
model of airway narrowing in asthma and in chronic ob
structive pulmonary disease. Am Rev Respir Dis 145:1251-
1258. 

Wiggs BR, Moreno), Hogg JC, Hilliam C, Pare PD. 
model of the mechanics of airway narrowing. 
Physiol 69:849-860. 

1990. A 

J Appl 

Wilson DE, Plopper CG, Dungworth DL. 1984. The re
sponse of the macaque tracheobronchial epithelium to 
acute ozone injury: A quantitative ultrastructural and 
antoradiographic study. Am J Pathol116:19:J-206. 

Xu GL, Sivarajah K, Wu R, Nettesheim P, Eling T. 1986. 
Biosynthesis of prostaglandins by isolated and cultured 
airway epithelial cells. Exp Lung Res 10:101-104. 

Yu X-Y, Hubbard W, Spanuhake EW. 1992. Inhibition of 
canine tracheal smooth muscle by mediators from cultured 
bronchial epithelial cells. Am J Physiol (Lung Cell Mol 
Physiol) 262:229-234. 



J,L. Szarek 
---

APPENDIX A. Stimulus-Tension Curves 

The following 16 sets of figures present data for absolute 
tension (mN/mm) versus the log concentration (acetyl
choline, hethanechol, and 5-HT) or log fmquency (electrical 
field stimulation) of the stimulus. The open circh~s and solid 
circles represent the mean tension values for two to six experi
ments for intact (0) and abraded (e) airway segments. The 
data from which th(~se mean points were derived were used 

LARGE AIRWAYS· MALE 
() J1JHTl 'j 0 · ----INTACT 

$- --- AliiWlE!l I, 
z 
E ' -I, 
Z2·{ 
0 ' 
(i)J 

i:i I 

r~ 'l 
; 

I 

I 

0 , 
,. 

E 
~3 
7. 
E 

0.12 ppm 

01 

I 

1 .. 
I 

0 ..... ~---,---,----,--,-")'""'"''\ 
-9 --8 -7 -6 -5 -4 -3 

log [ACh] (M) 

-'1 
E I 
~a-i 
:---. i 
_§_ 

1.0 ppm 
1 8 

I 

I 

I 
0 

Figure A. I. Contractile responses (tension) induced by acetylcholine (ACh) 
in large airways isolah~d from male rats. 

in the regression analysis to obtain parameter estimates for 
maximum tension and ECso values, which are presented in 
text Tables Band 9 for large airways and text Tables 13 and 14 
for small airways. The solid and broken lines represent the 
fitted curves obtained from the regression analysis of ten
sion versus response to bronchoactive stimuli data for in
tact and abraded airway segments, respectively. The text 
provides a discussion of the results based on tbe regression 
analysis. 
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in large airways isolated from female rats. 
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lation in large airways isolated from male rats. 
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Figure A.9. Contral:!ile responses (tension) induced by acetylcholine (ACh) 
in smallnirwnys isolated from male rats. 

LARGE A!RW A YS - FEMALE 

3 0--INT~clpm 
• 

3 

AllRAOEIJ 

.-..,----,.·~-,.....,,-,-.~ ... -. 
FRE<tUENCY

10
(Hz) 

0.5 ppm 

0.12 ppm 

1.0 ppm 

.. 
0· ,-,_,...,.n""l~~,.,,_.~.,---.-.. 

o.l mEdUENCY
10

(IIz) 

Figure A.B. Contractile responses (tension) induced byelectriclll field stimu
lation (EFS) in large airways isolated from female rats. 
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Figure A.ll. Contractile responses (tension) induced by bethanechol (BCh) 
in small airways isolated from male rats, 
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Figure A.12. Contractile responses {tension) induced by betlumechol (HCh) 
in smnllninvnys isolated from femal1l mts. 
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stimulation in small airways isolated from male rals, 
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APPENDIX B. Stimulus-Stress Curves 

The following 16 sets of figures present data for stress 
{mN/mm2

) versus the log concentration (acetylcholine, be
thanechol, and 5-HT) or log frequency (eleclrical field stimu
lation) of the stimulus. Stress was obtained by dividing the 
tension data obtained in isolated airways by the smooth mus
cle area determined in each airway. The open circles and solid 
circles represent the mean stress values for one to six experi
ments for intact {O) and abraded ( •) airvvay segments, respec-
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Figure D.l. Contractile responses (stross) induced by acetylcholine (ACh) in 
large airways isolated from male rats. 
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tively. The data from which these mean points were de
rived were used in the regression analysis to obtain parame· 
ter estimates for maximum stress and ECso values, which 
are presented in text Tables 10 and 11 for large airways and 
text Tables 15 and 16 for small airways. The solid and 
broken lines represent the fitted curves obtained from tho 
regression analysis of stress versus response to bronchoac· 
tive stimuli data for intact and abraded airway segments, 
respectively. The text provides a discussion of the results 
based on the regression analysis. 
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Figure D.2. Contractile responses (stress) induced by acetylcholino (ACh) in 
large airways isolated from female rats. 
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Figure 8.3. Contractile responses (stress) induced by bethanechol (BCh) in 
largo airways isolated from male rats. 
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Figure 8.5. Contractile responses {stress) induced by 5-hydroxytryptmnine 
(5-HT) in large airways isolated from mule ral6. 

LARGE AIRWAYS- f'EMALE 

HOjo -.-JNr~clpm 440- 0.12 ppm 

400. 0· • ADIUDEO 

~360-1' 
§320 

?zoo_ 

i~~~j_· . ..!-~ 
00·· I 

40, 

oJ , --, 
--9 -~6 -7 -6 .-b -4 -3 

log [BCh] (M) 
0.5 ppm 

4401 4401 

- 400-j 400·1' 

"' 360j ~360-
§a::!O 8 szo-, 

1.0 ppm 

i"Z60- ?zno.1 

iji ... i~ ~~ _ _[' 
--9 -8 --7 -6 -~) -4 --3 --9 -8 ·--7 -6 -f) .. 4 ·-3 

log [BCh] (M) log [BChj (M) 

Figure 8.4. Conh·actile responses (stress) induced hy hethanechol {BCh) in 
large airways isolated from female rats. 
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Figuro B.6. Contractile responses (stress) induced by a-hydroxytryptamine 
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Figure B.7. Contractile responses (stress) induced by electrical field stimu
lation in large airways isolated from male rats. 
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Figure B.n. Contractile responses {stress) induced by electrical field slimu· 
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Figure IJ.12. Contractile responses (stress) induced by bethanechol (DCh) in 
small airways isolated from female l'nts. 
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APPENDIX C. Isoproterenol Relaxation Cnrves 

The following four sets of figures present data in terms 
of the percentage of relaxation of airways from bethanechol
induced levels. Airway segments were precontracted to 
half-maximum levels with bethanachol, and log concentra
tion-response curves were generated for treatment with 
isoproterenol (designated as ISO in figures). The open cir
cles and solid circles represent the mean percentage of 
relaxation for two to six experiments for intact (0) and 
abraded (e) airway segments. The data from which these 
mean points were derived were used in the linear regression 
analysis to obtain parameter estimates for maximum per
centage of relaxation and ECso values, which are presented 
in text Table 18 for large airways and text Table 19 for small 
airways. The solid and broken lines represent the fitted 
curves obtained from the regression analysis of percentage 
of relaxation versus log isoproterenol concentration data for 
intact and abraded airway segments, respectively. The text 
provides a discussion of the results based on the linear 
regression analysis. 
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Figure C.l. IsoprolcrenoJ.induced relaxation ill large airway segments 
isolated from male rats. 
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Figure C3. Isoproterenol-induced relaxation in small airway segments 
isolated from malo rats. 
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Figure CA. Isoproterenol-induced relaxation in small airway segments 
isolated from female rats. 
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APPENDIX D. Identification of Specific 
Animals in Exposure Groups 

Table 0.1 Specific Animals Studied 

Exposure 
Group Identification Numbers for 
(ppm o,) Gender Specific Animals 

0 Male H7, H85, H141, H149 

0.12 Male H142, H150, H162 

0.5 Male HB, H23, H87, H143 

1.0 Male H9, H24, HBB, H104, H144, 
H152 

0 Female H13, H19, H73, H89, H157 

0.12 Female H74, H154 

0.5 Female H14, H75, H111, H159 

1.0 Femah~ H15, H21, H76, HlOO, 
H112, H160 

APPENDIX E. Results of Pilot Study: Effects 
of Cold Storage on Responses to Bronchoactive 
Stimuli and Eicosanoid Release in 
Isolated Airways 

John L. Szarek, Monica A. Valentovic, Elio Maden 

Marshall University School of Medicine, Departments of 
Pharmacology and Pathology, Huntington, WV 

Submitted August 28, 1991 

INTRODUCTION 

Prior to initiating the main study presented in the Inves
tigator's H.eport, we conducted a pilot study to determine 
the feasibility of shipping to the principal investigator the 
lung specimens from the rats killed after exposure. Airway 
segments were isolated from F344/N rat lung lobes that had 

been stored in buffer at 4°C. These lung lobes were stored 
for various lengths of time to mimic the estimated delivery 
times required to transport the lung lobes from Battelle 
Pacific Northwest Laboratories in Richland, WA, to the 
laboratory of the principal investigator in Huntington, WV. 
The results of this pilot study, summarized in the pages that 
follow, demonstrated that prolonged storage of tissue was 
associated with marked reduction in contractility of the 
isolated airway segments. Therefore, in order not to risk 
losing the valuable specimens from tho animals exposed for 
the NTP/HEI Collaborative Ozone Project, we d£~cided that 
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the principal investigator should set up a laboratory at 
Battelle and conduct the studies on airways isolated from 
the 03~exposed rats as they became available. The results 
of those studies performed at Battelle form the basis of the 
preceding Investigator's Report. 

SPECIFIC AIMS 

The specific aims of this pilot study were (1) to evaluate 
the effects of various preparatory methods for shipping lung 
tissues on pharmacologic responsiveness of isolated rat 
airways; {2) to examine the effects of prolonged cold storage 
on pharmacologic responsiveness of airway preparations; 
(3) to examine the effects of cold storage on epithelial 
modulation of contractile responses in airway preparations; 
and (4) to examine the effects of cold storage on the produc
tion of arachidonic acid metabolites in isolated airway 
preparations. 

METHODS 

PREPARATION OF LUNG LOBES FOR STORAGE 

Twenty-month-old F344/N rats were obtained from Har
lan Sprague Dawley, Indianapolis, IN. They were main
tained on a diet of standard rat chow and water, which were 
provided ad libitum. Male (9-, 15-, 19-, and 24-hour studies) 
and female (19-hour study) rats (20.5 to 21.5 months) were 
anesthetized with an intraperitoneal injection of pentobar~ 
bital (40 mg). The animals were killed by exsanguination 
by incision of the abdominal aorta following a laparotomy. 
The lung and heart were removed en bloc and placed in 
aerated (100% oxygen for 15 minutes) N-2-hydroxyethyl
piperazine-N'-2-ethanosulfonic acid (HEPES)-buffered PSS 
(composition: 125 mM sodium chloride, 2.7 mM potassium 
chloride, l.B mM calcium chloride dihydrate, 1.1 mM mag
nesium sulfate heptahydrate, 11 mM glucose, and 10 mM 
HEPES) at room temperatnre. The pulmonary circulation 
was washed free ofblood by perfusion with 5 mL of the PSS. 
This was accomplished by inserting a cannula in the main 
pulmonary artery through a right ventriculotomy. An inci
sion was made in the left ventricle to allow the perfusate to 
flow out of the lung. Subsequent to perfusion of the pul
monary circulation, the left and right lung were separated 
at the carina. The left lung was placed intact in the aerated 
PSS, which then was sealed in a sterile polyethylene bag 
and placed in a polypropylene specimen container. Three 
refrigeration packs, frozen overnight at -20°C, were placed 
in the bottom of the cooler. A layer of bubble packaging 

material was placed on top of the packs. Next, a layer of 
shipping popcorn 5 em deep was placed evenly over the 
bubble materiaL The specimen container with the lung 
lobe was laid on its side on top of the popcorn. Finally, the 
cooler was filled with popcorn and sealed for either 9, 15, 

or 19 hours. For the 24-hour experiments, the specimen 
container was removed after 19 hours and placed in a 
refrigerator for the remaining five hours. Using this 
method, the pH of the PSS was maintained at approxi
mately 7.43, with the temperature ranging from 7oC to 

12°C. 

RESPONSIVENESS OF ISOLATED AIRWAY 
SEGMENTS TO PHARMACOLOGIC AGENTS 
AND ELECTRICAL FIELD STIMULATION 

Two segments of large airways (intrapulmonary bronchi) 
and two segments of small airways (second and third 
branches off the main bronchus) were isolated from freshly 
obtained and stored lung lobes using microdissection tech~ 
niques. The lumen of one airway segment of each pair was 
rubbed in order to damage the epithelium. The airways 
were mounted on a myograph; the curves of log concentra
tion versus tension in response to 5-HT, bethanechol, and 
acetylcholine, and the curve of log frequency of stimulus 
versus tension in response to EFS were produced. Ten~ 

sian development in response to 1 )lM substance P and 
capsaicin also was determined. Curves describing the log 
concentration of isoproterenol versus the percentage of 
relaxation were generated after contracting the airways 
with bethanechol. Comparisons between log concentra
tion-response curves and frequency~response curves pro
duced from data for airways from fTeshly isolated and 
stored lung lobes were made using two-way ANOVA. Sub
stance P- and capsaicin-induced contractile responses 
were compared for freshly isolated and stored airways 
using Student's t test for grouped or paired data as appro~ 
priate. The p values are provided in parentheses below; p 
< 0.05 was considered to indicate statistically significant 
effects of cold storage or epithelial damage on responses. 
Mean data are represented graphically as tension or per
centage of relaxation versus log concentration or log fre
quency of stimulus. 

RESULTS 
-------

In the figures that follow, unless otherwise indicated in 
the figure legend, large airways are presented on the lef1 
side of the figurc~s and small airways on the right side. Intact 
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airways are represented by open symbols (0, 0) and 
abraded airways by filled symbols(", 1!0), Freshly isolated 
airways are represented by circles ( 0, ®) and airways that 
were stored (for 9, 15, 19, or 24 hours) are represented by 
squares (D, 111). The data for EFS are presented as tension 
versus log h·equency of stimulus, and the data for 5~HT, 
bethanechol, and acetylcholine as tension versus log con
centration of stimulus. The data for isoproterenol are pre
sented as percentag(~ of relaxation versus log concentration 
of isoproterenol. Standard errors for each point are indi~ 
cated for control (freshly isolated airways with epithelium 
intact) preparations (0). Standard error bars for the other 
treatment groups, which were omitted from the figures for 
clarity, were of comparable magnitude as those shown for 
the cuntrol data. 

RESPONSE TO PHARMACOLOGIC AGENTS 
AND ELECTRICAL FIELD STIMULATION 

NineNHour Storage 

Log concentration versus tension curves produced from 
data resulting from stimulation with 5~HT or bethanechol 
were not significantly affected by storage of the lung lobe 

for niue hours in large or small airways (p ~ 0.3363; n = 6) 
(Figures E. 1 and E.2). Substance P- and capsaicin-induced 
contractile respouses also were not significantly affected by 
storage of the airways for nine hours when compared with 
responses obtained in freshly isolated airway segments (p 

~ 0.3808). However, EFS~induced contractile responses 
were marginally affected by tbe nine-hour storage period. 
Log freqnency versus tension curves generated in response 
to EFS were slightly enhanced in large airways (p = 0.0004) 
so that the maximum response was approximately 4% 
greater in airways obtained from stored lobes. The EFS-in
duced contractile responses in small airways were attenu
ated after nine hours of storage (p = 0.0026) so that the 
maximum response was decreased by about 29%. 

Log concentration of isoproterenol versus the percentage 
of relaxation curves generated in large or small airways 
were not significantly affected by nine-hour storage (p ~ 
0.3363) 

FifteenNHour Storage 

Contractile respouses elicited by EFS, 5~HT, be~ 

thanechol, substance P, or capsaicin were not siguificantly 
affected by storage of large airways for 15 hours (p;;::: 0.0726; 
n = 6) (Figures E.3 and E.4). Contractile responses in the 
small airways also were essentially unaffected by 15 hours 
of storage. Bethanechol-induced contractile responses 
were marginally attenuated in the srnall airways (p == 

56 

0.0425), with the maximum response reduced by approxi
mately 7%. Relaxation responses to isoproterenol were 
slightly attenuated in large airways after 15 hours, with the 
maximum relaxation response reduced by 18% (p = 0.0107). 
Isoprotoronol~induced responses in small airways were unaf¥ 
fected by 15 hours of storage (p = 0.1405) , 

NineteenNHour Storage: Male Lung Lobes 

Contractile responses induced by bethanechol (p = 

0.0126; n = 3), EFS (p = 0.0213; n = 3), and 5-HT (p = 0.0001; 
11 = ~~) in large airways were significantly attenuated after 
the lung lobes were stored for 19 hours (Figures E.5 and E.6). 
maximum responses induced by these stimuli wme re~ 
duced by 19% for bethanechol, 40% for Ef<'S, and 29% for 
5~HT. Contractile responses induced by acetylcholine, sub~ 
stance P, or capsaicin were unaffected by 19 hours of storage 
(p;;::: 0.1247). Relaxation responses elicited by isoproterenol 
also were unaffected by the 19~hour storage period (p = 

0.8883). Similar comparisons could not be made between 
freshly isolated and stored small airways due to damage to 
the small airways isolated from control and stored lobes and 
the resultant loss of responsiveness. 

NineteenNHour Storage: Female Lung Lobes 

In large airways, contractile responses elicited by all of 
the excitatory stimuli were significantly lower in stored 
airways than in fTeshly isolated airways (p 5 0.0426) (Fig
ures E.7 through E.9). maximum responses to the agonists 
were reduced by 52% for acetylcholiue, 63% for be~ 

thanecbol, and 85% for 5~HT; respouses were reduced 84% 
for substance P, 100% for capsaicin, and 62% for EFS. 
Contractile responses to EFS (p = tl.0001), 5-HT (p = 0.0092), 
and bothanechol (p = 0.0006) also were attenuated in small 
airways after 19 hours of storage, with the maximum re~ 
sponsos reduced by 44%, 56%, and 41%, respectively. 
However, acetylcholine~, substance P-, and capsaicin~in
duced contractions were not significantly attenuated in 
small airways after storage for 19 hours (p ;;::: 0.0763). Iso~ 
proterenol~induced relaxation responses were significantly 
attenuated in large (p < 0.0001) and small (p = 0.0013) 
airways, with the maximum degree of relaxation reduced 
by 35% and 25%, respectively. 

TwentyNFour Hour Storage 

Contractions induced by EFS (p < 0.0001 for large aud 
small airways), 5-HT (p < 0.0001 for large and small air
ways), bethanechol (p < 0.0001 for large and small airways), 
aud capsaicin (p = 0.0169 for large airways; p == 0.0273 for 
small airways) were significantly reduced in large and 
small airways that had been stored for 24 hours (Figures 
E.10 through E.12). maximum responses to those stimuli 
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Figure E.l. Effects of nine-hour storage on responses induced by EFS and 
5-lfl' in airways isolalt:d from male rats. 
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were reduced by 52%, 41%, 30%, and 100% in large 
airways, and 59%, 41%, 34%, and 100% in small airways, 
respectively. Contractile responses to acetylcholine and 
substance Pin large or small airways (p"" 0.1011 and 0.5106 
in large airways, resp(~ctively; p :::: 0.3254 and 0.5320 in 
small airways, respectively) were not significantly affected 
by storage. Isoproterenol~induced relaxation responses 
were significantly attenuated after storage in large airways 
(p < 0.0001; maximum response reduced 25%), but were 
unaffocted in small airways (p = 0.9711). 

EPITHELIAL MODULATION OF 
CONTRACTILE RESPONSES 

Nine-Hour Storage 

Damage to the epithelium via mechanical abrasion of the 
lumen did not significantly affect contractile responses to 
excitatory stimuli or isoproterenol-induced relaxation re
sponses in freshly isolated or stored large or small airways 
(p <: 0.0573) (Figures E.l and E.Z). 

Fifteen-Hour Storage 

Contractile responses to EFS (p < 0.0001), 5-HT (p < 
0.0001), and substance P (p = 0.0372) were enhanced after 
lumenal abrasion of freshly isolated large airways with the 
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maximum responses increased by 62%, 72%, and 140%, 
respectively (Figures E.3 and E.4). Contractile responses to 
bethanechol (p = 0.0508) and capsaicin (p = 0.2879) were 
not significantly affected by lumenal abrasion. In contrast 
to tho effects of epithelial damage on contractile responses 
in fTeshly isolated large airways, there were no significant 
effects oflumenal abrasion on contractile responses in large 
airways after 15 hours storage (p;;:: 0.1317). Isoproterenol
induced relaxation responses were comparably attenuated 
in freshly isolated (p = 0.0107) and stored (p = 0.0063) large 
airways after lumenal abrasion, with the maximum relaxa
tion response reduced by 1.3% and 14%, respectively. 

Contractile responses to 5-HT (p = 0.0042), bethanechol 
(p = 0.0005), and substance P (p = 0.0495) were enhanced 
in fTeshly isolated small airways, with the maximum re
sponses increased by 45%, 50%, and 47%, respectively. 
Contractile responses to capsaicin (p = 0.5717) and EFS (p 
= 0.8521) were not significantly affected by lumenal abra
sion. After storage for 15 hours, epithelial damage en
hanced contractile responses elicited by bethanechol (p = 

0.0105; maximum response increased by 24%) in small 
airways, whereas responses to the other agonists were un
affected (p;;:: 0. 1259). IsoproterenolHinduced relaxation re
sponses were unaffected by lumenal abrasion in freshly 
isolated (p = 0.0976) or stored (p = 0.7028) small airways. 

Nineteen-Hour Storage: Male Lung Lobes 

Damage of the epithelium via mechanical abrasion of the 
lumen did not significantly affect contractile responses to 
excitatory stimuli or isoproterenol-induced relaxation re
sponses in fTeshly isolated or stored large airways (p ::.:: 

0.0656) (Figures E.5 and E.6). Similar comparisons could 
not be made between freshly isolated and stored small 
airways due to damage to the small airways isolated from 
control and stored lobes and the resultant loss of respon
siveness. 
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Nineteen~Hour Storage: Female Lung Lobes 

Damage to the epithelium enhanced contractile rew 
sponses to EFS (p ~ 0.0028), 5-HT (p ~ 0.0006), and acetyl
choline (p ;;:;- 0.0004) in large airways so that the maximum 
responses to these stimuli increased by 13°,4), 33°)), and 
23%, respectively (Figures E.7 through E.9). Lumenal abra
sion did not affect contractile responses to bethanechol, 
substance P, or capsaicin (p;::: 0.1784). However, after 19 

hours of storage, lumenal abrasion markedly enhanced 
contractile responses to EFS (p < 0.0001; 106% increase in 
maximum response), 5-HT (P = 0.0001, 154°), increase), 
bethanechol (p = 0.0005; 117% increase), and acetyl
choline (p = 0.0009; 84% increase) in large airways. Con
tractile responses to substance P and capsaicin were 
unaffected by lumenal abrasion after 19 hours of storage. 
Isoproterenol-induced relaxation responses were unaf
fected by lumenal abrasion in freshly isolated airways (p = 

0.0964), but were enhanced by epithelial damage after 19 

hours of storage (p = 0.0107; 32% increase in maximum 
response). 

Contractile responses to 5-HT {p = 0.1265), acetylcholine 
(p ~ 0.0629), substance P (p = 0.4367), and capsaicin (p ~ 
0.3470) were unaffected by epithelial damage in freshly 
isolated small airways. However, contractile responses to 
EFS (p < 0.0001; 29% decrease in maximum response} and 
bethanechol (p = 0.0076; 9% decrease) were attenuated 
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Figure E.ll. Effects of24-hourstorage on responses induced by hethanedtol 
(DCh) and acetylcholine (ACh) in airways isolated from male ruts. 
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rather than enhanced by epithelial damage. After 19 hours 
of storage, epithelial damage enhanced contractile re
sponses induced by EFS (p = 0.0097; 22% increase in 
maximum response), 5-HT (p :::: 0.0186; 98% increasH), 
bethanechol (p < 0.0001; 115<Yo increase), and acetylcholine 
(p = 0.0272; :~3% increase). Contractih~ responses to sub
stance P and capsaicin wem unaffected by epithelial dam
age (p ~ 0.0976). Isoproterenol-induced relaxation 
responses were unaffected by lumenal abrasion of fTeshly 
isolated (p ~ 0.1114) or stored (p = 0.2239) small airways. 

Twenty-Four-Hour Storage 

Damage to the epithelium slightly attenuated contractile 
responses to EFS (p = 0.0007; 9% decrease in maximum 
response) and bethanechol (p = 0.0333; 7% decrease) in 
freshly isolated large airways (Figures E.10 through E.12). 

Contractile responses to the other agents were unaffected 
by epithelial damage (p ;o, 0.1191). Except for contractile 
responses to EFS, which were slightly attenuated {p = 
0.0413; 19% decrease), lumenal abrasion did not signifi
cantly affect contractile responses to excitatory stimuli after 
24 hours of storage (p?.. 0.2814). Relaxation responses to 
isoproterenol were attenuated (p = 0.0020; 14% decrease) 
by epithelial damage in freshly isolated airways, but no 
significant differences were observed in abraded airways 
after 24 hours of storage (p = 0.0530). Damage to the 
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epithelium via mechanical abrasion of the lumen did not 
significantly affect contractile responses to excitatory stim~ 
uli or isoproterenol-induced relaxation responses in freshly 

isolated small airways (p ~ 0.0709). However, contractile 
responses to EFS (p < 0.0001; 127% increase in maximum 
response), 5-HT (p < 0.0001; :38% increase), bothanrxhol (p 
= 0.0006; 22% increase), and acetylcholine (p :::: 0.0015; 
12% increase) were enhanced by lumenal abrasion after 24 
hours of storage. Contractile responses to substance P and 
capsaicin were unaffected by lumenal abrasion aftm· 24 
hours of storage. Isoproterenol-induced relaxation re
sponses were unaffected by lumenal abrasion of freshly 
isolated (p = 0.464:l) or stored (p = 0.1454) small airways. 

EICOSANOID RELEASE 

Eicosanoid release from airway segments isolated from 
male lung lobes tbat had been stored for 1.5 hours was 
markedly reduced (Figum ll.13). Release ofPGEz was over 
50% less in airways isolated from stored lobes (1.2 ± 0.29 

~tg/mg tissue) than in freshly isolated airways (2.79 ± 0.51 

)lg/mg tissue). Release of PGEz also was measured in 
freshly isolated and stOl'(-'.!d airways after adding the vHhicle, 

or 2.5, 5, or 10 )lM A23187. This ionophore caused a 
concentration-dependent increase in PGEz release in 
freshly isolated airway segments (p :::: 0.0073 by ANOVA; 

release induced by 2.5 pM < 5 ~tM < 10 ~!M, p < 0.05 by 
Newman-Keuls). At the highest concentration, A231.87 
elicited PGEzlevels approximately 800% greater than basal 
levels. However, there were no concentration-dependent 
effects of A23187 on airway segments obtained from stored 
lobes {p = 0.960(l). Furthermore, the amonnt of PGEz 
mleased by A23187 was significantly less for stored seg
ments than for freshly prepared segments (p = 0.0002 by 
two-way ANOVA). 

SUMMARY OF DIFFERENCES BETWEEN MALE 
AND FEMALE AIRWAY SEGMENTS 

Responses of frc~shly isolated ainvays from male rats in 
the control group were compared with those from the 
female rats. Statistically significant differences were found 
between the genders in responses to most of the stimuli. In 
large airways, control responses induced by EFS (p < 
0.0001), 5-HT (p = 0.0012), bethanechol (p < 0.0001) and 
isoproterenol (p < 0.0001) were significantly different for 
the two genders {Figures E.14, E.1.5, and E.16). The maxi·· 
mum respons{.:;s wem similar for large airways isolated from 
male and fernale rats. 

The significant differences between the genders is attrib~ 
utable to the greater sensitivity of airways from female rats 

to the stimulants. In response to EFS, the mean log ECso 
values for male and female rats were O.B~i and 0.51, respec
tively. Similar leftward shifts of curves describing log 
concentration versus responses to stimuli generated in air
ways isolated from female rats W(~re observed for the other 
agonists {log EC50 values for males vs. females as follows: 

5~HT, -5.76 vs. -6.25; bethanechol, -4.83 vs. -5.3; isopro

terenol, -·7.9 vs. ~8.H). The contractile responses induced 
by acetylcholine, capsaicin, and substance P were not dif

ferent for the two genders (p ~ 0.15:~8). Comparable differ
enct~s between small airways isolated from male and female 
rats also were noted. Tbe log E'Cso values were comparable 
for large and small airways isolated from the same gender. 
Overall, the effects of lumenal abrasion on responsiveness 
of fresbly isolated airways was comparable for both gen
ders. However, very marked differences were observed 
between males and females when the effects of storage were 
considered. Contractile responses in airways isolated from 
stored male lung lobes were essentially unaffectedLy epi
thelial damage after 9, 15, and 1.9 hours of storage. With 
female lung lobes that had been stored for 19 hours, lumenal 
abrasion markedly increased contractile responses in large 
airways. Thus, the marked decrease in responses after 1.9 
hours of storage in epithelium-intact female airways ap
pears to be attributable to enhancement of the inhibitory 
effects of the epithelium indnced by cold storage. In air
ways isolated from male rats, it appears that storage may 
inhibit the modulatory effects of the epithelium because 
epithelial damage essentially had no effect on airway re
sponses after storage. 

CONCLUSION 

During the pilot project period (November 1, 1990 to 
February 15, 1991), significant progress was made toward 
achieving the objectives set forth in each specific aim. 
Based on the results of cxperir.nents conducted during this 
period, it appears that airway segments isolated from stored 
lung lobes obtained from 20-month old male F344/N rats 
rernain viable and provide reliable responses for up to 19 
hours. The effects of epithelial removal on responses ob
tained in control or stored malo lungs were minimaL How
ever, these results contrast with those obtained using 
female F344/N rats. Airways isolated from female rats were 
more sensitive to the smooth muscle (~ffects of the agonists 
than airways isolated fl'om male rats. 

More importantly for the NTP-H.EI Collaborative Ozone 
Project, after storing lung specimens for 19 hours, contrac
tile responses obtained in airways isolated from female 
lungs were attHmu-Hc~d to a greater degree than those ob-
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or stored (e) lung lobes and exposed to DMSO in water as vehicle or to 
increasing concentrations of A23107. The ionophore caused a conomtration
dopcmdent increas8 in PGE2 release in freshly isolated airway segments (p"" 
0.0073 by AN OVA; release induced by 2.5 11M< 5 )1M< 10 11M, p < 0,05 by 
Newman-Keuls). However, no concentration-dependent effects of A23187 on 
airway ex plants obtained from stored lobes (p :::o.0.9606) were found. Further
mom, the amount of PGE2 released by A23107 was significantly lower in 
stored explants than in freshly prepared explants (p "' 0.0002 by two-w11y 
ANOVA). Basal release ofPGl~z was 2. 79 ± 0.51 pg/mg of tissue and 1.2 ± 0.29 
11g/mg of tissue for freshly isolated and stored airways, respectively. 
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Figure E. 14. Effects of gender on responses induced by EFS and 5-HT in large 
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tained from male lobes. The effects of epithelial removal 
on contractile responses of freshly isolated female airways 
were qualitatively similar to those observed in airways 
from male animals. However, in contrast to airways iso
lated fTom male rats, contractile responses of female air
ways that had been stored were markedly enhanced after 
the epithelium was removed. Finally, a marked reduction 
was evident in A23187-stimnlated production of PGEz in 
airways that had been stored for 15 hours. 

Significant differences in airway responsiveness were 
fonnd between males and females. Tbis in itself would not 
be a complicating factor in the NTP-HEI Collaborative 
Ozone Project if freshly isolated airway segments could be 
used. However, the differential effects of storage on epi
thelial modulation of responsiveness of airways isolated 
from both genders was cause for concern. It may be difficult 
to establish that chronic 03 exposure has detrimental ef
fects on epithelial fnnction if storage alone modulates epi
thelial function. Moreover, the fact that storage markedly 
diminishes the ability of isolated airways to produce PGEz 
also would significantly complicate tbe interpretation of 
results from experiments designed to determine whether 
chronic 03 exposure alters eicosanoid release. Because of 
these effects of storage, it was determined that a significant 
degree of risk was involved in reliably evaluating the effects 
of chronic 03 exposure in airways that have been stored. 
Therefore, establishing a laboratory at Battelle Pacific 
Northwest Laboratories to conduct these experiments 
would allow access to lung specimens immediately after 
animals were killed, obviating the detrimental effects of 
storage on airway properties. 
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Ozone is a highly reactive oxidant gas and a major com
pmHmt of photochemical smog. The National Ambient Air 
Quality Standard (NAAQS)* for ozone is a one-hour maxi
mum concentration of 0.12 parts per million (ppm), to be 
exceeded only one day per year. Although global ozone 
concentrations range fTom 0.03 to 0.05 ppm, ozone concen
trations in heavily populated areas of the United States 
often exceed 0.12 ppm during the summer months, particu
larly in southern California and along the Northeast corri
dor. 

These elevated levels of ozone are of concern because 
controlled human exposure studies and epidemiological 
studies have shown that short-term exposures to ozone can 
cause decreases in some measurements of lung function, 
increases in airway reactivity, and increases in markers of 
inflammation in bronchoalveolar lavage fluid (reviewed by 
Lippmann 1989, 1993). Whether repeated inhalation of 
ozone at concentrations near the current standard produces 
long-term decrements in lung function or aggravates exist
ing chronic lung disease is not known. Because of substan
tial uncertainties regarding the health risks of prolonged 
exposure to ozone, and the widespread exposure to this 
pollutant, the Health Effects Institute (HE!) and the National 
Toxicology Program (NTP) entered into a collaborative 
agreement to evaluate the effects on laboratory animals of 
long-term exposure to low, medium, and high doses of 
ozone. 

The HEI investigators were selected in a competitive 
peer-review process in response to a Request for Applica
tions (RF A 90-1) that solicited proposals for studies on the 
"Health Effects of Chronic Ozone Inhalation: Collaborative 
National Toxicology Program-Health Effects Institute Stud
ies." In response to this RFA, Dr. John L. Szarek of the 
Marshall University School of Medicine submitted a pro
posal entitled "Mechanical and Pharmacological Properties 
of Airways Isolated from Ozone-Exposed Rats." This one
year project began in June 1991, and total expenditures 
were $65,694. The Investigator's Report was received for 
review at HEI in July 1992, and a revised report was ac
cepted by the Health Review Committee in June 1993. This 
report constitutes one component of the NTP/HEI Collabo
rative Ozone Project, which was designed to evaluate the 
effects of prolonged inhalation of ozone. The planning and 
overall design of the project are discussed briefly in the 
Introduction to this report. A complete description of the 
development and protocol for the NTP/HEI Collaborative 

list of abbreviations appears at the ond of the Investigator's Report. 

Ozone Project can be found in the Introduction and Suppl<~
ment, respectively, of HEI Research Report Number 65 Part 
I. The information will also he published in Part VI of 
Research Report Number 65. 

The Health Review Committee's Commentary is in
tended to place the Investigator's Report in perspective, as 
an aid to the sponsors of the HEI and to the public. During 
the review of the Investigator's Report, the Review Commit
tee and the investigator had the opportunity to exchange 
comments and to clarify issues in the Investigator's Report 
and in the Review Committee's Commentary. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency (EPA) sets 
standards for oxidants (and other pollutants} under Section 
202 of the Clean Air Act, as amended in 1990. Section 202 
(a)(1) directs the Administrator to "prescribe (and from time 
to time revise) ... standards applicable to the emission of 
any air pollutant from any class or classes of new motor 
vehicles or new motor vehicle engines, which in his judg
ment cause, or contribute to, air pollution which may 
reasonably be anticipated to endanger public health or 
welfare." Sections ZOZ(a), (b)(1), (g), and (h) and Sections 
207(c)(4), (5), and (6) impose specific requirements for 
reducing motor vehicle emissions of certain oxidants (and 
other pollutants) and, in some cases, provide EPA with 
limited discretion to modify those requirements. 

In addition, Section 109 of the Clean Air Act provides for 
the establishment of NAAQS to protect the public health. 
The current primary and secondary NAAQS for ozone is 
0.12 ppm. This staudard is met when the number of days 
per year with maximum hourly average concentrations 
above 0.12 ppm is equal to or less than one. Section 181 of 
the Act classifies the 1989 nonattainment areas acc~rding 
to the degree that they exceed the NAAQS aud assigns a 
primary standard attainment date for each classification. 

The current ozone standard relies heavily on data de
rived from controlled human exposure studies that have 
demonstrated lung dysfunction after exposures to ozone at 
concentrations similar to those of polluted urban air. Such 
studies do not address the issue of potential chronic health 
effects, such as degenerative lung diseases, that might result 
from long-term exposures. Because determining appropri
ate standards for emissions of oxidants and their precursors 
depends, in part, on an assessment of the health risks they 
present, research into the health effects of chronic exposure 
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to ozone, such as that supported by the NTP/HEI collabora~ 
tion, is essential to the informed regulatory decision"mak" 
ing required by the Clean Air Act. 

SCIENTIFIC BACKGROUND 

Substantial uncertainty exists regarding the potential 
human health risks associated with prolonged or lifetime 
inhalation of ozone. Based on 1992 figures, approximately 
50 to 70 million people in the United States reside in 
counties that exceed the NAAQS for ozone (U.S. Environ" 
mental Protection Agency 1992, 1993). Depending on the 
exposure concentration, humans exposed acutely to ozone 
can experience a range of symptoms, including nose and 
throat irritation, shortness of breath, and cough (Lippmann 
1989, 1993). Although the mechanisms remain unknown, 
the severity of these symptoms decreases if subjects are 
exposed to ozone for several days in a row (Farrell et aL 
1979); this process has been referred to as adaptation. 

Pulmonary function testing of human subjects exposed 
to controlled concentrations of ozone demonstrates that 
acute exposures can produce a reduction in the forced vital 
capacity (FVC) and the forced expiratory volume (FEV) of 
human subjects who are exercising (reviewed by Lippmann 
1989, 1993). Forced vital capacity is a measurement of the 
maximum volume of air that a subject can rapidly exhale 
and the FEV1 is the volume of air exhaled during the first 
second of exhalation when the subject begins with his or 
her lungs maximally inflated. Changes in these two meas
urements may reflect airway narrowing secondary to the 
contraction of smooth muscle surrounding tho airways, or 
may he due to other mechanisms, such as limited inspira
tory capacity secondary to a neural reflex response. Expo
sures to ozone near the NAAQS level, which is a feasible 
scenario for residents in many large metropolitan areas, 
occur many times over the course of a human lifetime. It is 
not known whether such cumulative exposures produce 
permanent deficits in lung function or alter the structure of 
the respiratory system. This issue becomes more compli
cated when one considers the effects of such exposures on 
the lungs, and particularly the airways, of individuals with 
preexisting lung disease, such as chronic obstructive pul
monary disease or asthma. 

Although the primary function of the airways is to trans
port oxygen to and carbon dioxide from the gas exchange 
region in the lungs, airways are not simply a system of 
branched, intlexible tubes (McFadden 1991). Rather, they 
constitute a dynamic system of conduits that continually 
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responds to changes in physiologic and environmental con~ 
ditions, including temperature, humidity, and constituents 
of tbe inhaled air, such us pollutants and allergens. 

Contraction of airway smooth muscle is primarily regu
lated by neural input from the brain via autonomic nerve 
pathways. However, factors released from nearby cells also 
can exert constrictive and relaxant influences that affect the 
contractile state of tbe smooth muscle. When airway 
smooth muscle contracts, the airway lumen narrows, thus 
restricting the flow of air into and out of the lungs. This 
response is one protective mechanism by which the body 
limits the volume of noxious air entering the respiratory 
tract. Other responses to inhaled toxicants, such as edema 
within the airway walls, secretion of mucus by cells lining 
the airways, and influxes of inflammatory cells into the 
airway lumen and airway walls, also can occur and may 
contribute to limitations in airflow. 

METHODS FOR EVALUATING THE 
CONTRACTILE PROPERTIES OF THE AIRWAYS 

Spirometry is used in human subj(~Cts to measure maxi
mal airflow. However, because airflow is influenced by the 
cross-sectional diameters of the airways, spirometry yields 
indirect information about airway dimensions and the pres
ence of bronchoconstriction. Other methods are employed 
in laboratory animals to obtain direct measurements of 
airway dimensions and airway contractile properties, One 
method of measuring contractility, which was used in this 
study, involves dissecting airways from the lungs of rats 
and testing them in a bath of saline solution. For example, 
isolated airway segments were attached to a micromanipu
lator and a force transducer so that the contractile forces 
generated by these airways could be evaluated under a 
variety of experimental conditions (Szarek and Evans 
1985). In this experimental system, the intrinsic properties 
of the airways are evaluated in the absence of external 
neural signals and blood-horne factors. 

Two physiologic parameters used for evaluating altera" 
tions in the contractile forces generated by smooth muscle 
are tension and stress. Tension is defined as the force 
generated per unit of length of an airway segment (Tension 
= Force/[2 x Length]); stress is defined as the force per unit 
of area of the airway segment (Stress= Force/ Area). Stress 
is a useful index because it normalizes for differences in 
force generation due to the smooth muscle mass. For ex~ 
ample, at a specific airway generation (position on the 
tracheobronchial tree), males may have larger airways with 
more smooth muscle than females. However, calculations 
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for stress account for these differences in tho amount of 
smooth muscle by expressing force relative to muscle area 
and yield comparable levels of stress for both genders, 
assuming that smooth muscle function is the same in males 
and females, 

The relation of passive tension to internal circumference 
of an airway segment can be determined over a range of 
internal airway circumferences by simply stretching the 
segment with adjustments to the micromanipulator and 
then measuring the forces that are produced. The develop
ment of active tension is determined by measuring the force 
developed in response to drug or electrical field stimulation 
that causes smooth muscle to contract. 

FACTORS AFFECTING AIRWAY 
CONTRACTILITY 

Evaluating airway contractility requires considering a 
number of factors that normally regulate and influence 
airway lumen size. For example, nerve fibers from the 
autonomic nervous system constitute a major regulatory 
component. These fibers conduct messages both to and 
from the brain and these messages have a significant impact 
on the contractile state of the smooth muscle surrounding 
the airways. Motor nerve fibers are attached to the smooth 
muscles where they release neurotransmitters that cause 
the muscle fibers to contract, airway lumen size to decrease, 
and breathing patterns to change. Alterations in the con
tractile response to neurotransmitters can be tested in vitro 
with isolated airway segments by using specific drugs that 
have bronchoconstrictive effects. For example, acetyl
choline, a neurotransmitter that is produced normally in 
vivo, is often used in such testing procedures. Another 
bronchoconstrictor, bethanechol, produces effects similar 
to acetylcholine but is not degraded by the enzyme acetyl~ 
cholinesterase. By comparing the responses of the airway 
segments before and after they have been treated with 
acetylcholine or bethanechol, researchers can evaluate 
neurotransmitter activity. 

Sensory nerve fibers also are present within the airway 
epithelium and airway smooth muscles and their responses 
to inhaled toxicants may be an important factor for airway 
reactivity associated with ozone inhalation (Dates 1989). 
One category of these nerves, called irritant receptors, are 
nonmyelinated C fibers that can, upon stimulation by an 
inhaled toxicant, release a polypeptide, called substance P, 
that causes smooth muscle contraction. Substance P he longs 
to a gronp of compounds (termed tachykinins) implicated in 
airway reactivity because they cause bronchconstriction (Bar
nes 1991). Whether chronic exposure to ozone alters either 

the release of tachykinins, such as substance P, or airway 
responsiveness to them can be tested in vitro by treating the 
isolated airway segments with this compound. 

Another group of compounds, the cicosanoids, also ap
pear important in affecting airway contractile responses to 
bronchoactive stimuli. These metabolites of arachidonic 
acid, a fatty acid in cell membranes, are likely candidates 
for causing both the airway alterations and the inflamma~ 
tory response that can occur after inhaling of oxidants such 
as ozone (Barnes 1.986; Drazen and Austen 1907; Shore et 
al. 1969; Holtzman Hl91). Uncertainty exists about 
whether the eicosanoids originate primarily from direct 
damage to airway epithelial cells by inhaled toxins, or from 
the inflammatory cells that enter the airways in response to 
epithelial damage; both cell types can release eicosanoids. 
Regardless of their cellular origin, eicosanoids can produce 
a spectrum of changes in the lungs, including effects on 
airway and pulmonary vascular smooth muscle, mucous 
glands, and bronchial epithelial and pulmonary endothe
lial cells. In this study, alterations in eicosanoid release 
from the airway segments were determined by measuring 
the levels of specific eicosanoids secreted by the airway 
segments under in vitro culture conditions. 

In recent years, the airway epithelium also has been 
recognized as an important modulator of the contractile 
forces generated by airway smooth muscle (Farmer and Hay 
1991). Removal of the airway epithelium can reduce or 
eliminate inhibitory influences that normally act to restrain 
the responses of the smooth muscle to compounds that 
cause muscle contraction, thns enhancing the smooth mus~ 
cle responsiveness to contractile agents such as neurotrans~ 
mitters and substance P. One method for evaluating the 
effect of the epithelium on airway responsiveness is to 
remove the airway epithelium with a gentle abrasion pro
cedure and then to compare the responsiveness between 
abraded airways and intact airways. 

The goal of the present investigation was to study the 
functional and structural changes that occur as a result of 
prolonged ozone exposure by evaluating alterations in the 
contractile properties of airway segments isolated from 
F344/N rats. As discussed in the Introduction to this report, 
pulmonary function testing for the animals used by Dr. 
Szarek in this study was performed by another NTP/HE! 
investigator, Dr. Jack R. Harkema. The data from both thH 
in vivo functional studies of Dr. Harkema and the in vitro 
mechanical and pharmacologic studies of Dr. Szarek will 
be integrated as part of a comprehensive analysis ofthe data 
from all of the NTP/HEI investigators and presented in an 
Integrative Summary Report as another Part of Research 
Report Number 65. 
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The collaboration developed between the HEI and the 
NTP presented an opportunity to provide investigators with 
F344/N rats that had been chronically expos1~d to ozone 
under the rigorous conditions required by the NTP. One 
research question of interest to HEI was whether these 
ozone exposures alter tho functional characteristics of the 
respiratory system in the exposed rats. 

The HEI Health Research Committee viewf~d the proposal 
from Dr. John Szarek as an excellent application from a 
young investigator who planned to use state~of~the~art pro
cedures to understand the effects of prolonged ozone expo
sure on the response of airway smooth muscle- an area 
that is important for understanding the potential health 
effects of repeated ozone exposures, but about which there 
is little or no information. Tbe proposed experiments also 
presented an opportunity to examine the relation between 
airway smooth muscle behavior and epithelial damage. 
Although the Research Committee advocated funding for 
the proposed study, the members were concerned about the 
investigator's original plan to have the tissues packed for 
cold shipment at 4°C and then sent. to his laboratory. They 
recommended that Dr. Szarek conduct a pilot study to test 
whether these shipping and storage procedures would af
fect the tissues and the outcome of his experiments before 
tho rats from tho NTP/HEI Collaborative Ozone Project 
became available. The results of this pilot study, which are 
presented in Appendix E of tho Investigator's Report, indi
cated loss of some physiologic functions during shipping 
and storage. Therefore, Dr Szarek modified his protocol 
and conducted his experiments at Battelle Pacific North
west Laboratories immediately after necropsy. 

SPECIFIC AIMS AND STUDY DESIGN 

Dr. Szarek's primary goal was to detmmine \•vhethor 
prolonged ozone exposure produces changes in the me
chanical and pharmacologic properties of largo and small 
airways ofF344/N rats. Using microdissection techniques, 
he isolated airway segments from tho caudal lobe of the 
lungs, and designated airway segments hom the fourth to 
fifth generations as large airways and segments from the 
seventh to eighth generations as small airways. To measure 
the contractile forces generated by each airway, he first 
threaded two thin wires through f}ach airway lumen. He 
attached one wire to a plastic holder that was connected to 
a force transducer and the other wire to a similar holde-n that 
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was connected to a micromanipulator; then he placed each 
airway segment in a saline solution bath. Because he also 
wanted to evaluate the influence of the epithelium on t}1(~ 
airway contractile responses, he removed the epithelium 
from half of the segment· samples by scraping the inner 
lumen with a small brush or a roughened \'lriro prior t.o 
attaching them to the force transducer and micromanipula
tor. The study had the following objectives for tho large and 
small airways isolated from control rats and rats exposed to 
ozone. 
1. To determine the dependence of passive and active 

tension on airway circumference. Dr. Szarek meas
ured the passive tension (Tension= force/12 x Airway 
Length]) produu~d when the airway segments were 
stretched. He first determined the effective internal 
circumference, or CefJ; for each airway segment. He 
defim~d this parameter as the internal circumference 
where the airway transmural pressure, calculated us
ing the LaPlace equation, equalled 7.5 em HzO. Tho 
pressure value of 7.5 em HzO, which is approximately 
one-half of the pressure value needed to inflate rat 
lungs from tho level present at the end of a normal 
breath to a fully expanded state, was selected because 
previous studies indicated that this circumference was 
optimum for observing contractile responst~s in animal 
airways (Szarek and Evans 1985). Dr. Szarek generated 
curves that describe tho relation between the internal 
circumference (Ci) of the airway segment and the ten~ 
sian produced by increasing the distance between the 
wires by specific increments and then recording the 
tension values registered by thB force transducer. A 
similar procedure was used to generate curves that 
describe the relation between Ci and active tension, 
except that the airways were exposed to bethanechol. 

2. To examine the effects of chronic ozone exposure on 
the contractile responses of isolated airways to se~ 
lected bronchoactive stimuli. The investigator meas
umd the tension and stress produced in the airway 
segments in response to sevmal stimuli that cause 
contraction of airway smooth muscle. He stretched 
each segment. to its Ceff setting, and then generated 
stimulus-response curves for several differc-mt stimuli, 
including drugs (acoiylcholim~, bHthanechol, 5-hy
droxytryptamine, and substance P) and electric field 
stimulation. He also evaluated the relaxant effects 
produced by treating tbe airway segments with isopro
terenol, which returned the airway segment to baseline 
conditions before it was treated with the next stimu
lant. The airway sc~gmonts were carefully rinsed with 
saline solution between drug treatments. 
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3. To examine the modulatory effects of the respiratory 
epithelium on contractile responses. This was accom~ 
plished by measuring the parameters outlined above on 
intact airways and a corresponding sample of airways 
from which the epitheliurn had been abraded. 

4. To examine the release of araehidonic acid metabo~ 
lites from the airways. Because arachidonatc metabo~ 
lites may be important in bronchial reactivity, Dr. 
Szarek isolated large airway segments from sitos just 
distal to those used for th(~ tension studies and meas~ 
ured the basal levels of prostaglandin Ez and leuk~ 
otriene C4 released from the segments in culture. He 
selected prostaglandin E2, a smoothHmuscle relaxant 
and potent bronchodilator, as an index of the ei
cosanoid cyclooxygenase pathway, and leukotriene C4, 
a promotor of smooth muscle contraction, as an index 
of the lipoxygenase pathway. Using imrnunoassays, he 
measured the levels of prostaglandin Ez and leuk
otriene C4 released from the large airway segments after 
they had been treated with media containing the cal
cium ionophore A23187, a compound that increases 
calcium flow into the cells and stimulates eicosanoid 
production. As a control, measurements were made 
using a medium containing only dimethyl sulfoxide in 
water, the vehicle for A23187. 

TECHNICAL EVALUATION 
------

ATTAINMENT OF STUDY OBJECTIVES 

The investigator accomplished his goals to determine the 
effects of a 20-month exposun~ to ozone upon a variety of 
contractile, structural, and pharmacologic properties of 
large and small airways isolated from F344/N rats. Techni
cally demanding procedures were skillfully applied to iso
lated airways to generate data about airway mechanics, 
airway contractile responses, and the role of the respiratory 
epithelium in modulating hronchoreactivity. Also, there
lease of eicosanoids by airways in culture, airway wall 
thickness, and the proportion of airway wall comprised of 
muscle were determined. An important feature ofthe study 
was that measurements were made of hath small and large 
airways. Tbe methods for data collection appear to have 
been done with considerable care. 

STUDY DESIGN AND METHODS 

Dr. Szarek provided a careful and thorough description 
of his eXp(~rimental methods. For this study, the investiga
tor used state-of-the-art methods that he had previously 
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developed for evaluating the mechanical properties and 
pharmacologic responses of the airways (Szarek and Evans 
1 988). Data were gatbered from nine animals exposed to 
clean air and groups of 5, 8, and 12 animals that had been 
exposed to 0.12, 0.5, or 1.0 ppm 03, respectively, for 6 hours 
per day, 5 days per week, for 20 months. To ass(~Ss the 
influence of gender on the study parameters, tho groups 
were divided almost evenly between males and females. 
Although the total number of animals studied was only 34, 
every animal was used for tbe full spectrum of observations. 

The pharmacologic and electrical stimuli selected for 
examining the physiological responses of the airway seg
ments were appropriate for this study. An additional posi~ 
tive feature of these studies was the fact that measurements 
of the mechanical properties of the airway segments were 
based on a broad range of internal airway circumferences 
and concentrations of bronchoactive drugs. An advantage 
of the in vitro approach was that any observed changes in 
the contractile properties of the airway segments could be 
attributed to intrinsic changes in the airways themselves; 
there were no influences from neural input or mediators 
from the circulatory system. 

Dr. Szarek selected two different sizes of airway segments 
for his studies because he wanted to test whether different 
regions within the tracheobronchial tree would exhibit 
different contractile responses to ozone exposure. The 
airways designah~d as small in this study correspond to 
those categorized as small airways in humans, which are 
less than 2 mm in diameter and are found principally 
between airway generations 7 and 11 (Weibel1963). 

Dr. Szarek evaluated the influence of the airway epithe
lium on airway contractile responses because recent inves~ 
tigations indicate that the epithelium may inhibit the 
contractility of the underlying smooth muscle (Farmer and 
Hay 1991). However, interpretation of the differences in 
contractile responses between the intact and abraded air
ways in Dr. Szarek's experiments is complicated by the fact 
that the abrasion procedure did not completely remove {he 
epithelial layer. The percentage of tho airway lumen cov
ered by epithelium was reduced from_ approximately 84% 
to 54% in large airways and fTom approximately 72% to 
64% in the small airways. Incomplete removal of the 
epithelial layer may have contributed to the lack of observ
able differences between the intact and abraded airway 
segments. 

As discussed earlier, Dr. Szarek conducted a pilot study 
(see Appendix E of tbe Investigator's Report) prior to the 
start of this investigation to determine whether airways 
retain their normal properties if the lungs are stored at 4°C 
for periods up to 24 hours befon~ the airway segments are 
removed. This question was important because Dr. Szarek 
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needHd to decide whether he could have the rat lungs 
shipped to his laboratory in West Virginia or whether he 
needed to perform his experiments at the Battelle Pacific 
Northwest Laboratories in Washington. Using lungs from 
rats that had not been exposed to ozone, lH~ observed that 
cold storage decreased the contraGtile responses of isolated 
airways, especially those isolated from female rats. He also 
observed a marked decrease in release of prostaglandin Ez 
fTom airway tissue fTom both male and female animals. On 
the basis of these results, Dr. Szarek performed all of his 
studies at the Battelle Pacific Northwest Laboratories im
mediately after the pnlmonary function tests had been 
performed. 

STATISTICAL METHODS 

A number of complex issues concerning the analysis and 
interpretation of the extensive data set in this report were 
dealt with and discnssod in a sophisticated way by the 
author and his statistical collaborators. The airway seg
ment was the basic experimental unit in this study, Some 
endpoints were simple scalar measurements made on indi
vidual segments, such as passive and active tension, airway 
wall and smooth mnscle areas, and amounts of eicosanoids 
released. Other endpoints were derived from repeated 
measurements made on the same airway segment by means 
of curve-fitting and related analytical techniques. An ex
ample of this is a series of curves that plot tension versus 
concentration of contractile stimuli. Statistical modeling 
was employed to account properly for the within-airway 
segment correlation of such repeated measurements. 

The experiments had a factorial independent-variable 
structure. The segments were thus cross-categorized ac
cording to dose of ozone (0, 0. 12, 0.50, or 1.00 ppm), animal 
gender, size of airway (generation 4 or 8), and status of 
epithelium (intact or abraded). The sample size was rela
tively small within each category, ranging from 3 to 12 
airway segments in the morphometric analyses (Tables 4 
and 5 in the Investigator's Report), and 1 to 6 airways in the 
mechanical aud eicosanoid analyses (Tables 2, 3, and 6 
through 20). As a result, staudard errors were relatively 
large and many of the individnal subgroup means reported 
in Tables 2 through 20 are quite imprecise. Scrutinizing 
these means is, therefore, not a reliable method for disceru
ing patterns of responses among the data or for making 
comparisons according to ozone concentration level, gen
der, or epithelial status. The author appropriately relied on 
factorial analysis of variance and related methods of statis
tical inferencB as the principal analytical tools. With this 
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approach, the influence of each factor could be ass(~ssed 
even as pooling data across levels of the other factors 
maintained adequate sample size. 

RESULTS AND INTERI>RETATION 

The overall conclusion of this study was that a 20-month 
intermittent exposure of F344/N rats to concentrations of 
ozone ranging up to 1.0 ppm produced few alterations in 
the airways. The findings of this study are summarized in 
Table 1. Large airways did not show any consistent changes 
fTom control values either in mechanical properties, as 
determined under passive and active conditions, or in air
way wall structure. There were, however, structural and 
mechanical changes related to ozone exposure in the small 
airways. These findings, which are discussed in more 
detail in the following text, are difficult to interpmt b(~Cause 
of the lack of a dose-response relation. 

Mechanical and Morphometric Experiments 

Statistical analyses of the curves for passive and active 
tension versus internal circumference for both the large and 
small airway segments indicated no significant changes 
could be attributed to ozone exposure, gender, or epithelial 
integrity (see Table 1 in the Commentary and Figures 3 
through 6 in the Investigator's Report). 

The morphometric studies of the airway wall and tbe 
smooth muscle component did not show an ozone effect for 
the large airways. However, in the small airways, total 
airway wall area in male rats exposed to 0.12 and 0.5 ppm 
ozone was significantly increased by 30% to 40% compared 
with control rats (see Table 5 in the Investigator's Report). 
This increase was not observed in the small airways of male 
rats exposed to 1.0 ppm ozone or in the female rats exposed 
to any concentration of ozone. Although Dr. Szarek sug
gc~sted that edema or increased amounts of connective tis
sue elements might have caused these changes, no specific 
histological studies were done to support these specnla
ticms. When the smooth muscle component of the small 
airways was analyzed separately, significant increases in 
the amounts of smooth muscle of both male and female rats 
exposed to 0.5 ppm ozone were found. Although the reason 
for the increase in muscle mass is not known, the release of 
factors from sources such as inflammatory cells and airway 
epithelial cells was presented as a possible mechanism of 
change. 

Although the effects of prolonged ozone exposure on 
airway tension were minimal. changes in active and passive 
stress were noted. In small airways, significant decreases 



Health Review Committee 
""""_"_" __ ---~ 

Table 1. Summary of the Major Findings in Intact Airwaysa 

Ozone Concentration 
""------~---------

---·-·-~ 

0.12 ppm ___ , __ 0.5 r_p~---- ___ "_~1;0 ppm 

Parameter Large Small Large Small Large Small 
and Stimulus Airways Airways Airways Airways Airways Ainvays 

--··-----·- "-----·-----·--·~ .. --"'---··--·-··--

Mechanical Properties 

Passive tension at Cr:ff NC NC NC NC TM,F NC 

Active tension at Ccff NC NC NC NC NC NC 

Airway wall area NC NC NC fM NC NC 

Smooth muscle area NC NC NC TM,F NC NC 

Passive stress at Ccff NC 1M,F NC NC fM,F NC 

Active stress at Ceff NC NC NC 1M,F NC J.M,F 

Contractile Responses 

Acetylcholine 
Tension Maximum NC NC NC NC NC NC 

ECso NC NC NC NC NC NC 

Stress Maximum NC NC NC 1M NC NC 

ECso NC fM,F NC NC NC NC 

Bethanechol 
Tension Maximum NC NC NC NC NC NC 

ECso NC NC NC NC NC NC 

Stress Maximum NC 1M NC 1M NC NC 

ECso 1M NC NC NC 1M NC 

5-Hydroxytryptamine 
Tension Maximum NC NC NC NC NC NC 

ECso NC NC NC NC NC NC 

Stress Maximum NC NC NC 1M NC NC 

ECso TF NC NC NC NC fF 

Substance P 
Tension Maximum NC NC NC NC fM,F NC 

ECso 
Stress Maximum 

ECso NC NC NC NC NC NC 

Electrical field 
stimulation 
Tension Maximum NC NC NC NC NC NC 

ECso NC NC NC NC 1M,F NC 

Stress Maximum NC NC NC 1M NC NC 

ECso NC NC NC NC !M.f NC 

Isoproterenol 
(relaxation) 

NC NC NC NC NC NC 

Eicosanoid Release (Large Airways) 

Prostaglandin Ez NC NC NC in total 
amount 

Leukotriene C4 NC NC NC 

a Statistically significant i"" increase, J.. "" decrease; M "' male rats; F = female rats; NC "" no statistically significant change; and EO;o "' concentration or 

frequency of stimulus that elicits a half maximum response. 
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were measured in tho passiv(~ stress generated at Ceff by 
intact and abraded airways from male and female rats 
exposed to 0.12 ppm ozone (see Table 7 in the Investigator's 
Report). In addition, the active stress generated at Ceff by 
intact airways from male and female rats exposed to 0.5 and 
1.0 ppm ozone v.rc1s significantly less than control values. 
Although active stress at Cejf in the abraded small airways 
was lower in the animals exposed to ozone, the results were 
not statistically significant. For the large airways, statisti~ 
cally significant increases in passive stress at Ceff were 
recorded h-om both the intact and abraded large airway 
segments of male and female rats exposed to 1.0 ppm ozone 
(see Table G of the Investigator's Report). 

Bronchoactive Stimuli Experiments 

The series of experiments on the effects of pharmacologic 
and electrical stimuli were designed to evaluate alterations 
in either receptors on the nerve fibers, receptors on the 
smooth muscle cells, or specific neurotransmitters released 
from the nerve fibers. Analyses of the tension versus stimu~ 
Ius data for both the large and small airway segments 
indicah~d no statistically significant changes attributable to 
ozone concentration, gender, or epithelial integrity (see 
Tables 8 and 13 of the Investigator's Report). Analyses of 
the stress versus stimulus data revealed a similar absence 
of changes for the largn airways (see Table 10 of the Inves~ 
tigator's Report). For the small airways, the majority of 
changes in maximum stress were observed in the rats ex~ 
posed to 0.5 ppm ozone (see Table 15 of the Investigator's 
Report). 

The single dose of substance P used in these studies 
produced significant increases in tension and stress values 
for the large airways from male and female rats Hxposed to 
1.0 ppm ozone compared with control animals; this re~ 
sponse was evident in both intact and abraded airways (see 
Table 12 of the Investigator's Report). In contrast to the 
effects in large airways, no significant changes were noted 
in substance P-induced contractile responses of small air~ 
ways at any of the ozone concentrations. 

Eicosanoid Experiments 

The percentage of increase in the amount of pro~ 
staglandin Ez released from airway segments stimulated 
with the calcium ionophore A23187 was significantly in~ 
creased from control levels for airways from rats exposed 
to 1.0 ppm ozone (see Table~ 20 in the Investigator's Report). 
Because of these findings, Dr. Szarek proposed that pro
staglandin Ez may modulate the contraction of airway 
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smooth muscle after ozone exposure. However, when the 
actual levels of prostaglandin Ez released in response to 
A2~H87 from tho airways of animals exposed to 1 ppm 
ozone were compared with control levels, this comparison 
did not achieve statistical significance, a consideration that 
reduces the weight of the finding. With regard to leuk
otriene C4, the levels released fTom the airway segrnents 
following stimulation by A23187 were not significantly 
altered by exposure to any of the ozone concentrations. 

Interpretation of the Findings 

These experiments, and particularly the findings frorn 
the small airways, produced some results that are difficult 
to explain. Despite an increase in the mass of smooth 
muscle, the active stress decreased rather than increased in 
the small airways of rats exposed to 0.5 ppm ozone. One 
would have expected that increased muscle mass would 
have resulted in an increase in the contractile response 
leading to higher stress values. As noted by Dr. Szarek, one 
explanation for these results is that ozone exposure altered 
the airway epithelium so that it exerted an enhanced modu
latory effect on the contractile forces generated by the 
airway smooth muscle. This explanation is supported by 
the fact that in the airways in which the epithelium had 
been abraded, exposure to 0.12 ppm ozone (male rats) and 
to 0.5 ppm ozone (both male and female rats) caused an 
increase in the maximum active stress exerted by small 
airways (see Table 15 of the Investigator's Report). The 
plausibility of this argument is weakened, however, by the 
fact that the lumenal abrasion procedure did not completely 
remove the epithelial lining from the airways. An alterna
tive mechanism is that the release of inhibitory factors by 
the remaining, but damaged, epithelial cells might have 
contributed to a decrease in airway contractile responses. 
It is also possible that the observed increase in smooth 
muscle in the small airways of rats exposed to 0.5 ppm 
ozone was a chance finding because similar increases were 
not seen in animals exposed to either 0.12 ppm or 1.0 ppm 
ozone. 

Another possible explanation for the decreased contrac~ 
tility observed in small airways from animals exposed to 
ozone is that depositing additional muscle in the walls of 
the small airways may have reoriented the existing musclB 
tissue. As a result, the remodeled muscle may have been 
less perfectly circumferential than the original, and thus 
less proficient at generating contractile forces along the 
plane measured by the force transducer. Yet another pos
sibility is that ozone exposure caused modifications in the 
contractile apparatus of small airway smooth muscle itself. 
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The positive findings in the small airways need to be 
interpreted cautiously because of the absence of a dose~ro
sponse relation between the changes in airway structure 
and function and tho range of ozone exposure concentra
tions for a variety of parameters. For exarnple, significant 
increases in the amount of smooth muscle in the srnall 
airway wall were present only in tho rats exposed to 0.5 
ppm ozone. Similarly, significant decreases in the maxi
mum stress exerted by the small airways were evident in 
the 0.5 pprn ozone exposure groups, but \,vere not evident 
in the 1.0 ppm ozone group. Dr. Szarek proposed that one 
possible explanation for the lack of a dose-response relation 
was that exposure to 1.0 ppm ozone caused an increase in 
the production of mucus. The pres(mce of this mucous 
layer could provide a buffer zone for the oxidative effects 
of the ozone molecules and thus protect the underlying 
tissue from ozone exposure and damage. 

From a physiological viewpoint, it is not clear how the 
results from these in vitro studies, which indicate altera
tions in the structure and contractility of the small airways, 
relate to alterations in lung function that may occur in vivo 
after prolonged ozone exposure. Although the absence of 
neural and blood-borne influences in this in vitro system 
reduces the number of factors that influence a given end~ 
point, it also complicates the extrapolation of the results to 
the in vivo setting in which these influences are present. In 
fact, in their in vivo studies on the same animals used by 
Dr. Szarek, Harkema and associates (1994) found no ozone
induced changes in maximum airflow. Interpretation of 
these in vitro data with regard to in vivo situations is further 
complicated when one attempts to extrapolate the in vitro 
results to the effects of prolonged ozone exposure on lung 
function in individuals \·vith existing airway diseases, such 
as asthma and chronic obstructive pulmonary disease. 

REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

The results ofthis study raise a number of questions. One 
intriguing finding was that, based on the analyses of passive 
and active stress data for the airway segments, prolonged 
exposure to ozone produced greater changes in the small 
airways than in the large airways. This finding contrasts 
with the results of pulmonary function testing in humans 
after short-term exposures to ozone. Those tests indicate 
that acute or short-term exposures increase airway resis~ 
tance and enhance airway reactivity to pharmacologic stim
uli; such alterations are indicative of changes principally in 
the larger airways (Lippmann 1989, 1993). As a result, 

future studies might focus on understanding the relation 
b(~tween the duration of ozom~ exposure and the different 
levels of airways that may be affected by such exposures. 

This study also presents a number of interesting research 
questions for future cellular and molecular biology studies. 
Based on the suggestive findings that abraded airways ex
hibit greater contractility than intact airways after chronic 
ozone exposure, additional research is needed to under~ 
stand whether ozone alters the modulatory influence of the 
airway epithelium on airway smooth muscle function. Do 
mucous secretions increase in the airways of animals ex
posed to 1.0 ppm ozone, thus accounting for the absence of 
changes in animals in this group? ThH possibility that 
ozone exposure increases secretions in thf~ airways and that 
these secretions then blunt the effects of continued ozone 
exposure requires further study. Yet another research qm~s
tion is why increased smooth muscle mass was observed 
around the small but not large airways after prolonged 
ozone exposure. 

CONCLUSIONS 

The major conclusion of this multifaceted study was that 
prolonged ozone exposure had relatively minor effects on 
most of the parameters examined. The large airways, in 
particular, showed no important changes from control val~ 
ues either in mechanical properties, as determined under 
passive and active conditions, in airway wall structure, or 
on the release of certain arachidonate metabolites that are 
known to be mediators of bronchial reactivity. In contrast 
to the large airways, small airways showed changes in 
structural and mechanical properties. Although some of 
these changes were evident at the lowest ozone concentra
tions tested, there was no dose-response relation for the 
observed changes. 

The most notable observations in tho small airways oc
curred after exposure to 0.5 ppm ozone. The area of the 
airway wall increased approximately 40%, primarily be~ 
cause of an increase in the amount of smooth musclt~. The 
mechanical properties of the small airways also showed 
some differences between control animals and those ex~ 
posed to ozone. The maximum stress response, which is 
related to the area of the airway, was generally reduced in 
response to different bronchoaclive stimuli. However, no 
remarkable effects of ozone exposure on the development 
of active or passive tension (which relate to the length of 
tlH~ airway} were noted. 

From a physiologic standpoint, it is not clear how the 
measurements of altered structure and contractility in iso~ 
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latod small airways relate to lung function in vivo. Despite 
an apparent increase in the amount of muscle in the walls 

of the small airways of rats exposed to 0.5 ppm ozone, no 
changes in active or passive tension wore observed, and the 
stress parameters decreased. These findings also contrast 
with data hom controlled human studies that indicate 
enhanced airway responsiveness to phannacologic stimuli 
in subjects exposed to ozone for one to six hours. The 

investigator provided several possible explanations to ac~ 
count for these apparent discrepancies and the absence of 

a dose·response relation. These include possible effects of 
ozone on the airway epithelium, airway remodeling, mu
cous secretion, and neurotransmitter release. The interpre
tation of these interesting findings may hecome clearer 
when they are evaluated in conjunction with the results of 
the other functional and structural studies that were part of 
the NTP/HEI Collaborative Ozone Project. 
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