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Part I 

Ozone is a highly reactive gas that forms when emissions from mobile and industrial sources react chemically in 
the presence of sunlight. It is the major component of urban smog. The U.S. Environmental Protection Agency sets 
a National Ambient Air Quality Standard (NAAQS) for ozone based largely on scientific data documenting its effects 
on lung function in humans. The current NAAQS is 0.12 parts per million (ppm); compliance requires that this level 
not be exceeded for more than one hour, once per year. 

Because ozone has the capacity to damage cells, exposure to ozone as a risk factor for lung cancer is a major concern. 
Because this is an important public health issue, the National Toxicology Program (NTP) conducted a series of tests 
to evaluate ozone's carcinogenicity in rats and mice chronically exposed to this pollutant. This presented a unique 
opportunity to study ozone's noncancerous effects as well; therefore, the NTP and the HEI entered into a collaborative 
agreement. REI-funded investigators studied whether long-term ozone exposure causes or enhances alterations that 
are characteristic of chronic lung diseases, such as fibrosis or emphysema, in the lungs of laboratory animals. 
Pulmonary fibrosis results when chronic inflammation in the lungs increases deposits of the components of connec
tive tissue, including collagen. The collagens are a family of proteins, some of which join to form large fibers. Their 
structure is stabilized by cross-links within and between individual collagen molecules. Connective tissue normally 
confers mechanical strength to the lungs by providing a supporting framework for cells; however, increased collagen 
deposits destroy normal lung structure, and decrease the lung's effectiveness for exchanging gases. 
The study of the effects of long-term ozone exposure on lung collagen, described in this report, was one of eight 
studies in a Collaborative Ozone Project supported by the NTP and the HEI. The others included studies of lung 
biochemistry, structure, and function, and one study of nasal structure and function. 

APPROACH 

Dr. Jerold Last and coworkers used biochemical methods to quantify total collagen and specific collagen cross-links 
in lung lobes from male and female rats exposed for twenty months to 0, 0.12, 0.50, or 1.0 ppm ozone. Dr. Jack Harkema 
(another investigator in the NTP/HEI Collaborative Project) studied the increases in collagen deposits at specific sites 
in the rats' 1 ungs. 

RESULTS AND IMPLICATIONS 

Dr. Last and coworkers found no significant differences in the levels of total collagen or specific collagen cross-links 
between male rats exposed to any ofthe three concentrations of ozone and those breathing clean air. Similar negative 
results were obtained with female rats exposed to the two lower (0.12 and 0.5 ppm) ozone concentrations. However, 
compared with controls, female rats exposed to 1 ppm ozone showed increases in lung collagen and one specific 
collagen cross-link. These differences were statistically significant when the data were calculated for each lung lobe. 
When the collagen or cross-link values were related to lung weight, however, and when the cross-link values were 
related to total collagen, the differences were not significant. Because the methods used in this study measure the 
levels of collagen and collagen cross-links in a relatively large sample of lung tissue, small changes occurring at 
specific areas of injury may not have been detected. Thus, it is not clear from the biochemical data whether chronic 
ozone exposure leads to localized alterations in lung collagen. 

In contrast, using histochemical techniques that evaluate collagen deposits at specific lung sites, Dr. Harkema noted 
increased collagen deposits at specific sites in lung lobes of a small sample of male and female rats exposed to 0.50 
or 1.0 ppm ozone. Because only a limited number of animals were available, and similar changes were seen in some 
of the control animals, these data may not accurately represent conditions in a larger population. 
Other investigators in the NTP/HEI Collaborative Ozone Project also examined collagen deposits at specific areas 
ofthe lung. Their findings, to be reported separately, may help interpret the total collagen, cross-link, and histochem
ical data reported in this study. 

This Statement is a summary, prepared by the Health Effects Institute and approved by the Board of Directors, of a research project sponsored by the HEI from 1991 
to 1992. This study was conducted by Dr. Jerold A. Last of the University of California at Davis. The following Research Report contains an Introduction to the NTPIHEI 
Collaborative Ozone Project, the detailed Investigators' Report, a Supplement providing the Protocol and Design of the Collaborative Ozone Project, and a Commen
tary on the study prepared by the Institute's Health Review Committee. 
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partnter1:>hip with the National .JJ.U./'-·'-'-'UHY/"i.Y w ... r,n<lt'a..-.-. 

evaluate the effects of chronic ozone exposure in rats. The 
NTP, consisting of four agencies of the U.S. of 
Health and Human Services, coordinates the nation's test
ing of potentially toxic and hazardous chemicals. The 
Health Effects Institute, an independent research organiza
tion supported by both government and industry, provides 
unbiased information on the health effects of motor vehicle 
emissions. By developing a partnership, the HEI and NTP 
were able to leverage their funds to develop a comprehen
sive research program that extended beyond the NTP bioas
say's focus on carcinogenicity; the HEI-sponsored research 
focused on the relation between long-term ozone exposure 
and the pathogenesis of chronic lung diseases, such as 
asthma, emphysema, and fibrosis. 

The potential adverse health effects of ozone exposure 
have been extensively studied using a variety of research 
approaches. Most of our information concerning these ef
fects on humans is based on multihour, controlled, labora
tory exposures or epidemiological studies of air pollution 
episodes of a few days' duration (reviewed by Lippmann 
1989; U.S. Environmental Protection Agency 1994). These 
studies provide evidence that short-term exposure of healthy 
young adults and children to low concentrations of ozone 
produces a transient decrease in lung function and an in
crease in markers of inflammation in the respiratory tract. 
Whether long-term ozone exposure causes or exacerbates 
chronic lung diseases is not known. The chronic obstruc
tive lung diseases, such as emphysema, chronic bronchitis, 
and asthma, are characterized by decreased maximum air
flow. Chronic restrictive lung diseases, such as fibrosis, are 
characterized by reduced capacity of the lungs to expand. 
Because ozone is a highly reactive gas, there is speculation 
about its role as a carcinogen or a cocarcinogen, and thus 
a possible cause of lung cancer (reviewed by Witschi 1988). 

Understanding what role ozone and other pollutants have 
in the development of these diseases is an important public 
health issue because chronic lung diseases affect millions 
of individuals in the United States and are an important 
cause of morbidity and mortality. 

To date, scientists and policymakers have relied on ex
periments using laboratory animals to understand the ef
fects of long-term ozone exposure. Results from these 
studies indicate that prolonged or repeated ozone ex
posures produce biochemical changes, cellular injury, and 
structural alterations in the respiratory tract of rats, mice, 
and The implications of these findings for human 

disease are not dear because some of these cnanJ~es 
were and the results were not consistent 
among different laboratories. Moreover, some of these ef
fects were observed only at ozone concentrations far in ex
cess of those in the environment, or they reversed when the 
ozone exposures were halted. 

Because of the widespread exposure to ozone and con
cerns about its potential health effects, HEI and the Califor
nia Department of Health and Human Services nominated 
ozone for carcinogenicity and toxicity testing by the NTP. 
After the nomination had been approved, the NTP invited 
experts in ozone toxicology from the U.S. Environmental 
Protection Agency, the National Institute of Environmental 
Health Sciences, HEI, industry, and academic institutions 
to meet with its Toxicology Design Review Committee to 
discuss this testing program. The participants in these 
meetings stressed that cancer was only one of the chronic 
diseases of concern to policymakers and that noncancer 
endpoints should be examined as well. The NTP proposed 
including additional animals for HEI-supported studies of 
the pathologic and physiologic consequences of chronic 
ozone exposures using cages that would otherwise have 
been empty. This arrangement benefited the NTP by ex
panding the breadth of scientific information that could be 
gathered from the exposed animals without incurring addi
tional costs or administrative burdens. The Health Effects 
Institute benefited by having access for its studies to ani
mals exposed to ozone for 20 months under carefully con
trolled conditions that included rigorous quality assurance 
procedures. The Health Effects Institute would not have 
been able to undertake such an expensive project, which re
quires special facilities and trained personnel, without the 
NTP's support of the inhalation component and the cooper
ation of the NTP's contractor, Battelle Pacific Northwest 
Laboratories. 

The unique research opportunity presented the 
NTP/HEI Collaborative Project led HEI to form a Steering 
Committee consisting of members of the Institute's Research 
Committee and staff, the NTP project manager, and outside 
consultants to develop research priorities and guide the In
stitute through the research phase of the project. The 
Health Effects Institute also conducted workshops with in
vited experts in pulmonary physiology, lung cell biology, 
and pathology in order to gain a better understanding of the 
types of studies that would best answer questions about the 
relationship between prolonged ozone exposure and chronic 
lung disease. From these discussions and the results of ear
lier investigations et al. 1980; Costa et al. 1983; 
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Figure 1. The NTP/HEI CoH.al:mrative Ozone Project: Imllividual Studies. 

Gross and White 1987; Grose the Committee 
made two recommendations: to focus on studies that 
would information on whether permanent chian1~es 
occurred in the of animals ex1pm;ed 
ozone; and to that corre-
lated studies of 

The HEI component of the had 
three phases. the initial six 

studies* to encourage innovative 
and to allow 

ap
to test the 

them 
animals from the chronic bio-to aged and f-IU'lv.ucu.cu ... ~ 

assay. 

or!JD<Jsals submit
ted in response to the for 90-1, 
"Health Effects of Chronic Ozone Inhalation: Collaborative 

Effects Institute Stud-

.n.u,_.~.uauJ.Lcu, and Other Alterations."~--'"''"'""''""""'"' 
were first evaluated an ad hoc review and then 
selected the HEI Research Committee on the basis of 

* The pilot studies were chosen through a competitive process in response 
to HEI's Request for Applications 89-2, "Health Effects of Chronic Ozone 
Inhalation: Collaborative NTP/HEI Studies. Phase I. Pilot Studies and 
Preproposals:' The pilot study results, together with comments from the In
stitute's Health Review Committee, have been published in the HEI Com
munications Number 1 (1992). 
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their scientific merit and their contribution to a co
herent research program. Because of the of 

assistance with eX]Pei'irr.tenttal 
cation, and data 
the NTP/HEI Collaborative 
studies that were part of the NTP bio1as~;ay, 
funded studies and the biostatistical 

support services for the 

The overall and 

found in the in this Research 
at six to seven weeks of age, male and female 

Fischer-344/N rats were to 0, 0.12, 0.5, or 1.0 parts 
per million ozone, 6 hours per 5 per week. 
These concentrations were selected to include the maximum 
concentration the animals would tolerate the cur-
rent National Ambient Air Standard for 
ozone 
NTP's caJrcino:geJlicity , ... ,,-,Q.,.,Q..,H consisted of a two-year 

in rats and mice. In order to test ozone's 
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Introduction 

constraints of the NTP These included ozone ex
posure concentrations that were set the NTP, a limit on 
the to the number of available expo-
sure restrictions that did not 
low reentry of animals into the exposure chambers once 

had been thus the of 
conauctmtg serial tests. The HEI animals were housed in 
cages located in rat and mouse chambers used for the three 
NTP studies. The ozone exposures were initiated between 
October 1989 1990 for the HEI au.u.u,:u.e>, 

ended after 20 months to avoid cm1toun1diiJtg 
effects from leukemia and other ..................... .U ... J oc1::UITir1g 
erative diseases in rats. 

·hri::>Ul~h<mt the course of the Collaborative HEI 
conducted and with the inves-

the staffs of the institutions, and 
other scientists in order to encourage investigator interac-
tions and to for individual and integrated 
data The Biostatistical Advisory 
a sample allocation scheme that allowed several researchers 
to obtain measurements on tissue from the same 
subset of study animals, the maximum overlap of 
animals and tissues among the eight studies while ensuring 
balance with respect to gender, and time of death. 
When the ozone exposures for the HEI animals ended (sum
mer and fall of several investigators traveled to Bat
telle Pacific Northwest Laboratories to conduct their assays 
or to obtain on site. Battelle the 
tissues for off site investigators and shipped them directly 
to their laboratories. 

the final phase of the to 1994), the 
HEI research staff, and the Biostatistical Advi-
sory prepared an integrative summary and 
of the key findings of the HEI studies. The HEI Review Com
mittee also its evaluation of individuallmrestig:atcns' 

Because the studies varied in duration from six months 
to two years, HEI is the individual reports after 
'-'U.UJL~n ..... uu·u. of the Institute's review process. Each Investiga
tor's and the integrative report will be 
one part of Number 65 of the HEI Research series. 
The present Dr. A. Last of the effects 

Lou> . .Lap:;<>u content and cross-links is 
Parks and in the Col-

laborative examined the effects of ozone on this im-
portant constituent of connective tissue but used 
different methods. the and sample 
allocation allows some conclusions based on the 
results of each individual the of Dr. 
Last's will be when his data are cor-
related with the outcome of the other inv'est.igaLtor·s. 

ozone-exposure studies is that an u.u~-'a.u:u .• .,._c;u 

nv...-nnlM-nnitn to examine the effects of ozone exposure 
of scientific interaction of anum-

ber of methods to and pn'ySIIJlOglc 
consequences of chronic ozone exposure is one of this 

features. The results of these studies will 
new information about the threshold effects of 

ozone exposure on and the and extent of 
dainaE~e in a well-established animal modeL These results 

for current standards of ozone ex-
posure as to human health and for fu-
ture animal and human studies. 
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ABSTRACT 

Male and female Fischer-344 rats were exposed either to 
filtered air (controls) or to 0.12, 0.5, or 1.0 parts per million 
(ppm)* ozone for six hours per day, five days per week, for 
20 months. We examined collagen deposition in lung tissue 
from these animals to determine whether or not chronic ex
posure of rats to ozone causes pulmonary fibrosis, as de
fined biochemically. Several techniques were used to study 
collagen deposition in the lungs of the animals. These 
methods included biochemical quantification by analysis 
of 4-hydroxyproline in lung tissue hydrolysates. The hy
droxylysine-derived cross-links in mature collagen were 
quantified to estimate biochemically the excess of fibrotic 
collagen in the lung tissue. 

Biochemical analysis indicated excess collagen in the fe
male rats exposed to 0.5 or 1.0 ppm ozone. Collagen in the 
lungs of the females also contained relatively more hy
droxylysine-derived cross-links than did the lung collagen 
from age-matched control animals that had breathed only 
filtered air. Exposure of Fischer-344 rats for 20 months to 0.5 
or 1.0 ppm ozone was associated with excess fibrotic lung 
collagen deposition as defined histologically. In female 
rats, exposure was also associated with excess deposition as 
determined biochemically. There was no indication of any 
significant changes in the lungs of any of the rats exposed 
to 0.12 ppm ozone, but the number of animals in this group 
was far too small to conclude whether this was a true no
observable-effect level. We conclude that chronic exposure 

* A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is one part of Health Effects Institute Research Re
port Number 65, which also includes an Introduction to the NTP/HEI Col
laborative Ozone Project, a Supplement that details the NTP exposure pro
tocol, a Commentary by the Health Review Committee, and an HEI Statement 
about the research project. Correspondence concerning the Investigators' Re
port may be addressed to Dr. Jerold A. Last, Department of Internal Medicine 
and California Regional Primate Research Center, University of California, 
Davis, CA 95616-8542. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under assistance agreement 816285 
to the He~lt_h Eff~cts Ins~itute, it has not been subjected to the Agency's peer 
a?d admmistrahve review and therefore may not necessarily reflect the 
VIews of the Agency, and no official endorsement should be inferred. The 
co~ten~ of thi~ document also have not been reviewed by private party insti
tutwns mcludmg those that support the Health Effects Institute· therefore 
it may not reflect the views or policies of these parties, and no eddorsement 
by them should be inferred. 
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of rats for 20 months to ozone at concentrations of 0.5 ppm 
or above for six hours per day, five days per week, causes 
mild to moderate lung fibrosis, as defined histologically 
and, in female rats, biochemically. The significance of these 
observations with regard to health risks to humans chroni
cally inhaling ozone at ambient levels in polluted air re
mains to be determined. 

INTRODUCTION 

In response to concerns regarding ozone's possible role as 
a carcinogen or cocarcinogen, Battelle Pacific Northwest 
Laboratories and the National Toxicology Program (NTP) 
performed a two-year bioassay on rats and mice exposed ei
ther to filtered air or to one of three concentrations of ozone 
(03): 1.0, 0.5, or 0.12 ppm, for six hours per day, five days 
per week. Under the auspices of the Health Effects Institute 
(HEI), additional groups of Fischer-344 rats exposed to 
filtered air or to the three concentrations of 0 3 for 20 
months were made available to several investigators to ex
amine noncarcinogenic endpoints to attempt to answer 
questions about possible long-term effects of 0 3 on the 
lung. Over the next few years attempts will be made to inte
grate the results of these independent multidisciplinary 
studies to reach a definitive quantitative assessment of the 
risks of lung disease in rats exposed chronically to 0 3 . One 
component of this larger study is the present report, an ex
amination of selected biochemical parameters evaluating 
whether there are qualitative and quantitative changes in 
lung collagen in rats exposed to 0 3 for 20 months. The ra
tionale for these specific studies is that chronic exposure 
(for 90 days) of rats to 0 3 is known to cause pulmonary 
fibrosis, an excessive deposition and accumulation of colla
gen in the centriacinar region of the lung (Stokinger et al. 
1957; Freeman et al. 1974; Castleman et al. 1980; Last and 
Greenberg 1980; Crapo et al. 1984). Whether the fibrotic 
changes observed in lungs of young rats exposed to 0 3 for 
90 days persist for the entire life span of the affected animals 
is not known. This question is particularly important be
cause some investigators have suggested that the increased 
synthesis of collagen that occurs in the acutely injured 
lungs of young rats exposed to 0 3 is offset by increased 
degradation of collagen (Filipowicz and McCauley 1986). 
The long-term goal of our studies is to determine whether 
chronic exposure to low concentrations of causes 
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monary fibrosis in laboratory animals. Such data are fun
damental to proper risk assessment of exposed human 
populations. Thus, we used biochemical analysis of whole 
lung tissue to examine collagen deposition at the tissue 
level in rats exposed to three concentrations of for 20 
months. Specific topics of study include the concen
tration-response relationship for each of the assays per
formed and the responses of two subgroups, male and fe
male rats, at each concentration. 

The goal of the studies herein was to examine 
three specific hypotheses. The first was that there would be 
more collagen, assayed as 4-hydroxyproline, in the lungs of 
rats chronically exposed to 0 3 , and such increases would 
be proportional to the concentration of 0 3 to which the rats 
were exposed. The second hypothesis was that excess colla
gen in the lungs of rats exposed to 0 3 would contain rela
tively more hydroxylysine-derived collagen cross-links than 
normal lung collagen. In mature, highly cross-linked colla
gen, this would be reflected as an increase in lung hydrox
ypyridinium (OHP) content. Our third hypothesis was that 
the ratio of the collagen cross-links dihydroxylysinonorleu
cine (DHLNL) to hydroxylysinonorleucine (HLNL), a 
marker of active synthesis of fibrotic lung collagen, would 
be greater in the lungs of the rats exposed to 0 3 than in the 
lungs of control rats. Our first hypothesis was based on 
numerous previous studies from our laboratories at the 
University of California at Davis that suggested that there 
were higher amounts of collagen, as evaluated biochemi
cally and histologically, in lungs of 0 3-exposed rats (Boor
man et al. 1980; Last and Greenberg 1980) and monkeys 
(Last et al. 1984). The second and third hypotheses evolved 
from studies of altered patterns of collagen cross-linking in 
monkeys chronically exposed to high concentrations of 0 3 

(Reiser et al. 1987) and from observations of similar changes 
in collagen cross-linking in lungs of rats exposed to several 
other fibrogenic agents (reviewed by Last 1985, 1988) and in 
humans with various fibrotic lung diseases (Last et al. 
1990). As a consequence ofthe NTP protocol, this study was 
able to also examine whether there was a gender-specific 
response of Fischer-344 rats to 0 3 exposure. 

METHODS 

Equal numbers of male and female Fischer-344 rats were 
exposed to 0, 0.12, 0.5, or 1.0 ppm (nominal concentrations) 
of 0 3 at the Battelle Pacific Northwest Laboratories (Rich
land, WA) as part of a collaborative, multilevel study with 
NTP and HEI. Four- to five-week-old Fischer-344 rats were 
obtained from Simonsen Laboratories (Gilroy, CA). Ani
mals were randomly assigned to exposure or control 
groups after a 10- to 14-day quarantine. Animals were 
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housed in modified Hazelton 2000 inhalation chambers, 
with exposures lasting for six hours per day (sometime be
tween 7:30 a.m. and 5:30 five per for 20 
months. Because of the scope and number of animals re
quired for the NTP/HEI study, the animals that formed the 
basis of this study were received from several different ex
posure chambers. The average temperature range ( ± 
within the exposure chambers over the course of the 
was 23.9°C to 24.4°C ( ± the relative range 
was 57.1% to 60.2% (± 7.3%). 

Ozone was generated by corona discharge using an OREC 
model 03V5-0 ozonator (Ozone Research and Equipment 
Corp., Phoenix, AZ) with 100% oxygen. The 0 3 concentra
tion in each chamber was monitored by a multiplexed 
Dasibi model 1003-AH ultraviolet spectrophotometric ana
lyzer (Dasibi Environmental Corp., Glendale, CA). The 
monitor was calibrated by comparing it with a chemical
specific, calibrated monitor (neutral-buffered potassium 
iodide method) simultaneously sampling the exposure 
chambers. The actual exposure concentration during the 
course of the study in the control chambers was less than 
0.002 ppm (below the limit of detection). To determine con
centration uniformity, measurements were periodically 
made at 12 locations in each chamber. Ambient 0 3 was re
moved from all chambers using a potassium permanganate 
filter. Charcoal and high-efficiency particulate air filters 
were used to further filter the air entering the chambers. Af
ter the exposure, all animals were held for one week before 
being killed, thereby emphasizing permanent, nontran
sient changes in the lungs. The animals also were subjected 
to physiological studies of pulmonary function. Additional 
details of the exposure protocol will be published else
where as part of the detailed report of the National Toxicol
ogy Program Carcinogenesis Test for Ozone. 

Rats were killed, and their lung lobes were separated for 
shipment to different investigators by personnel at Battelle 
Pacific Northwest Laboratories with whom NTP contracted 
for this study. Rats were killed after completion of pulmo
nary function testing, and the right cranial and middle 
lobes were dissected free, trimmed of extraneous tissue, and 
frozen on dry ice. The lobes were shipped with dry ice to 
the University of California at Davis, where they were stored 
at - 20°C until being thawed for the various analyses de
scribed below. 

LUNG LOBE DNA CONTENT 

A 25-mg sample (wet weight) of the lung cranial lobe was 
analyzed. Lung tissue was homogenized in a Brinkmann 
(Great Neck, Island, NY) Homogenizer in 
isotonic saline at maximal power for 30 to 60 seconds, then 
processed with 5% 
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trichloroacetic acid. The pellet was treated at 
37°C with 0.1 N sodium to solubilize RNA. The 
resultant pellet was treatment with trichloro-
acetic acid at 100°C to solubilize DNA, which was quantitied 

a colorimetric reaction of with --,-------.J 
amine (Shatkin A known of salmon sperm 
DNA (Sigma Chemical Co., SL Louis, was used to con-
struct a standard curve with each assay performed. All sam
ples were coded before analysis, so the individual perto1rn1-

the assay did not know the exposure 
animal in this or any other analysis. 

LUNG 4-HYDROXYPROLINE CONTENT 

A weighed sample of lung tissue was hydrolyzed in 6 N 
hydrochloric acid (HCl) at 110°C for 24 hours to liberate 
amino acids from peptide bonds. The resultant hydrolysate 
was neutralized with sodium hydroxide, then oxidized with 
freshly prepared chloramine T to convert 4-hydroxyproline 
to pyrrolidone carboxylic acid, which was next converted to 
a pyrrole derivative by heating it at 100°C. A colorimetric 
analysis (Woessner 1961) was then used to quantify the pyr
role present as its derivative after reacting with Ehrlich's 
reagent (dimethylaminobenzaldehyde). A standard curve 
prepared with authentic 4-hydroxyproline (Sigma) was 
used to calibrate the assay, and fresh standards were run 
with all test samples to ensure that such standard curves ac
curately reflected the color yield for each batch of reagent 
used. Data for lung lobe collagen content were expressed 
as: 

collagen = 4 hydroxyproline (!.tg) x 
lung lobe weight (g) 

X 6.67 
whole sample weight (g) 

The factor of 6.67 arises from the 4-hydroxyproline content 
of lung collagen, which is 15% weight (Gallop and Paz 
1975). 

COLLAGEN CROSS-UNK ANALYSES 

Lung tissue was prepared for collagen cross-link analysis 
as follows. Approximately 50 mg (wet weight) of lung tissue 
was minced into fine pieces and washed overnight in 5 mM 
phosphate buffer containing 0.5% sodium dodecyl sulfate 
(SDS) and 0.9% sodium chloride, pH 7.4. The next day, the 
wash fluid was removed with a Pasteur pipet, and the tissue 
was incubated in 3 mL of 0.1 M sodium phosphate, pH 7.4, 
for four hours at room temperature (about 25°C). Sodium 
borohydride labeled with tritium (NaB[3H] 4) (142 Ci/mmol) 
(Amersham, Arlington Heights, IL) was then added at a ra
tio of 1 part per 30 parts (dry weight) of the sample. After 
one the reduction was stopped the addition of 

about 1 mL of glacial acetic acid (to pH between 3 and 
The tissue samples were then thoroughly rinsed with dis
tilled water, and hydrolyzed in 6 N HCl for 18 hours at 
uooc. Hydrochloric acid was removed rotary evapora
tion, and the solution was filtered using a microfiltration 
apparatus from Rainin Instruments (Emeryville, CA). The 
4-hydroxyproline content of the was deter-
mined a colorimetric assay (Woessner 1961). 

The reducible cross-links HLNL and DHLNL were ana
lyzed using a modification of a high-performance liquid 
chromatography program described in detail previously 
(Reiser and Last 1983, 1986). For routine analysis of the di
functional collagen cross-links DHLNL and HLNL, aliquots 
of the lung hydrolysate containing 50 J..tg of 4-hydroxypro
line were chromatographed on a C18 reverse-phase column 
(Accupak Short-One, OA x 10 em, Rainin). Buffer A con
tained 10 mM sodium phosphate, pH 2 .8, 0.3% SDS, and 
1.5% n-propanol; buffer B contained 2.5 mM sodium phos
phate, pH 5.4, 0.3% SDS, and 35% n-propanoL The flow rate 
was initially 1 mL/min, with 100% buffer A and 0% buffer 
B for five minutes, followed by 100% to 50% buffer A and 
0% to 50% buffer B for 45 minutes, then 50% buffer A and 
50% buffer B for 40 minutes, followed by 50% to 20% buffer 
A and 50% to 80% buffer B for 50 minutes, and 20% to 0% 
buffer A and 80% to 100% buffer B for 10 minutes. Amino 
acids and difunctional cross-links in the effluent were 
visualized by their fluorescence (excitation filter cutoff, 360 
nm; emission filter cutoff, 455 nm)(Gilson Spectra-Glo, Gil
son, Middleton, WI) after postcolumn derivatization with 
o-phthalaldehyde. Although this elution program takes 
slightly longer than the one originally described, it pro
vides complete resolution of the difunctional cross-links 
DHLNL and HLNL from late-eluting radioactive peaks that 
contaminate crude lung hydrolysates. Fractions of 1.3 mL 
were collected from the fluorometer effluent at one-minute 
intervals to determine radioactivity by liquid scintillation 
counting. Samples were counted in 8 mL of a scintillation 
cocktail (Ready-Safe, Beckman, Fullerton, CA) at an effi
ciency of about 33%. The identities of the difunctional 
cross-links DHLNL and HLNL were confirmed as previ
ously described (Reiser and Last 1983). The effective reduc
ing capacity of each preparation of the NaB[3H] 4 was deter
mined by the reaction of a standard solution containing 100 
nmol of 8-aminolevulinic acid with 5 mg ofNaB[3H]4 taken 
directly from each batch used to reduce tissue samples. Ox
idized and reduced aminolevulinates were separated by 
high-performance liquid chromatography, and the specific 
activity of the reduced compound (in dpm/nmol) was deter
mined. 

For analysis of the trifunctional cross-link OHP, we used 
an isocratic solvent system. An of hydrolysate 
COntaining about 5 J.!g of /L~Hrnhr'rvvu;'"'"''"' 
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graphed on a C18 reverse~phase column Short
One, 0.4 x 10 em, Rainin). The elution solvent was 25% 
n-propanol in 0.1 M 2.83, and 0.3% 
SDS. A Hitachi 2000 adjustable-wavelength fluorometer 
was used with a 12-~.tL flow cell to detect OHP in the eluent 
by its intrinsic fluorescence 295 nm; emission, 
395 The method was with a stan-
dard prepared from bovine Achilles tendon (Reiser and Last 
1983). The molar concentration of this standard was deter
mined dissolving an aliquot in 15 mM HCl and determin
ing its ultraviolet absorbance at 295 nm, using a standard 
curve prepared from N-ethyl-3-pyridinol, according to the 
method of Eyre and associates (1984). We confirmed the 
identity of the fluorescent peak in lung hydrolysates that 
coeluted with authentic OHP by showing a loss of OHP 
upon photolysis ofthe lung hydrolysates (Reiser et al. 1986). 

HISTOPATHOLOGY 

The right accessory lung lobes from 21 rats were in
trabronchially inflated with 10% neutral-buffered forma
lin, and the extrapulmonary bronchus was sutured after in
flation. The distribution of animals was as follows: five 
control rats (three females and two males) exposed to 0 ppm 
0 3 ; four rats (two females and two males) exposed to 0.12 
ppm 0 3 ; six rats (three females and three males) exposed 
to 0.5 ppm 0 3 ; and six rats (three females and three males) 
exposed to 1.0 ppm 0 3 . The remaining lung was divided 
and distributed to other participants of these multicenter 
studies; all of these animals also were analyzed biochemi
cally in this study. The formalin-inflated lobe was im
mersed in a large volume of the same fixative for atleast 24 
hours before further processing. A midsagittal section of 
the lobe was embedded in paraffin, and 4-~.tm-thick sec
tions of the lobe were cut. One tissue section from each ani
mal was stained with hematoxylin and eosin for morpho
logic examination of the lung, and a similar section was 
stained with Masson's trichrome for identification of inter
stitial collagen. 

Lung sections were microscopically examined, and the 
amounts of interstitial collagen in centriacinar regions were 
semiquantitatively analyzed without knowing the exposure 
histories for the individual rats. Animals with stainable 
amounts of centriacinar collagen were given a score of 1, 
minimal; 2, mild; 3, moderate; and 4, marked. The mean 
amount of stained collagen in each exposure group was de
fined as the sum of the individual animal scores divided by 
the number of the rats examined in the group. 

DATA ANALYSIS 

All data, unless indicated otherwise, are expressed as 
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mean values± 1 SD. 
(Fisher protected least si!2:niJtic<mt 
used to examine whether there were sig:m1t1c1mt 
between groups. Linear was used to test 
for concentration-related responses. The square of the 
correlation coefficient was taken to represent the pro

aepmo.aE:mt variable that is related 
to concentration effects. AN OVA and linear regres-
sion were performed using Statview SE + L.-rapnH:s 

Concepts, Berkeley, for the Macintosh computer. 

RESULTS 

QUALITY CONTROL FOR ANALYSES PERFORMED 

Whenever possible, all of the samples for each analysis 
reported were analyzed as a unit with the same reagents 
prepared at the same time. When samples had to be sepa
rated into two groups for ease of handling, half of the sam
ples from each experimental treatment were analyzed in 
parallel, and results were examined for consistency be
tween batches. Assays were performed on coded samples so 
that the person performing the analysis was blinded to the 
experimental treatment of a given sample. Standard prepa
rations were run with each determination for the colorimet
ric analyses. Standard curves were analyzed at the start and 
at the end of the day for each high-performance liquid chro
matography analysis to ensure proper performance of col
umns and equipment. All radioactive samples were counted 
for periods that were long enough to ensure a statistical 
counting error of less than 2 SD. For the rat, the cranial 
lobe (also known as the apical or cephalic lobe) constitutes 
about 10% of the total lung weight. 

ANIMAL CHARACTERISTICS AND LUNG WEIGHTS 

The lung collagen content of 42 rats was analyzed. We 
used six males and six females in all of the groups, except 
in the group exposed to 0.12 ppm 0 3 , for which only three 
males and three females were available. animals 
had undergone pulmonary function testing before necropsy; 
eight rats were killed without undergoing such tests. Table 
1 gives the mean final body weights and wet 
for the groups of rats examined. There was no ::~nn::~rP.11t 
feet of 0 3 exposure on final weights of the animals, 
except perhaps for an apparent trend toward a decreased 
body weight in the females exposed to 1.0 ppm On aver
age, the control male rats were about 50% heavier than the 
females; the same was observed in the rats ex
posed to 1.0 ppm 0 3 . Similar results were observed with 
caudal lung lobe wet for which the control male 
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Table 1. Animal Characteristics: Final 
and 

Final 

Controls 
Male 519 ± 46 214 ± 51 
Female 347 ± 29 116 ± 8 

0.12 ppm 
Male 490 ± 73 168 ± 41 
Female 360 ± 28 116 ± 15 

0.5 ppm 03 
Male 421 ± 93 291 ± 160 
Female 368 ± 22 156 ± 75 

1.0 ppm 
Male 476 ± 35 216 ± 91 
Female 313 ± 48 185 ± 89 

a Data are presented as mean values ± 1 SD for groups of n = 6 rats, except 
for the groups exposed to 0.12 ppm 0 3 , for which n 3. Specific animals 
studied are identified in Appendix A. 

lung lobes were 84% heavier on average than females. 
There was no apparent effect of exposure on lung 
weight for the male animals. Two male rats exposed to 0.5 
ppm 0 3 had severe mononuclear leukemia; if the data from 
these two animals are removed from the results for the 
group, the lung lobe weights are 192 ± 48 mg for this group. 
A trend toward increased lung lobe weight was observed in 
the females exposed to 0.5 and 1.0 ppm 0 3 (Table 1). 

DNA CONTENT OF CRANIAL LUNG LOBES 

The DNA content of lungs, an index of the lungs' total cell 
content, was quantified by chemical analysis of total deox
yribose with diphenylamine. Male control animals had 
about 700 ~-tg of DNA per cranial lobe, and no statistically 
significant changes in this value were observed in any of the 
exposure groups (Table 2). This result is consistent with the 
estimated value of 7 mg of DNA per lung based on total cell 
numbers (Stone et al. 1992) because the cranial lobe com
prises about 10% ofthe total lung tissue. Control female rats 
had about half this amount of DNA in their cranial lung 
lobes (374 ± 237 ± ~-tg of DNA). There appeared 
to be a concentration-related trend toward higher values of 
DNA content in the female rats exposed to 0 3 (Table 2), 
with DNA content increased by 48% to a value of 553 ± 224 
(mean ± SD) ~-tg of DNA in the group exposed to 1.0 ppm 
0 3. However, none of the exposed groups had significantly 
more DNA than the control female rats, due to the high vari
ance in this parameter within the different groups; trend 

indicated that the slope of the concentration-

Table 2. DNA Content of of Rats Exposed 
to Ozonea 

DNA Content 
per Lobe 

Gender 

0 Male 708 ± 335 
0.12 Male 722 ± 369 
0.5 Male 571 ± 275 
1.0 Male 611 ± 329 

0 Female 374 ± 237 
0.12 Female 499 ± 105 
0.5 Female 496 ± 356 
1.0 Female 553 ± 224 

a Results are presented as mean values ± 1 SD for groups of n = 6 rats, ex-
cept for the groups exposed to 0.12 ppm 0 3 , for which n = 3. 

response curve was not significantly different from zero for 
the female animals (r2 = 0.06, F = 1.14, p = 0.15 by 
ANOVA). 

COLLAGEN CONTENT OF CRANIAL LUNG LOBES 

Lung collagen content was determined by analysis of 
4-hydroxyproline in lung tissue hydrolysates. Control males 
had 18.7 ± 3.1 nmol of 4-hydroxyproline per cranial lung 
lobe. No statistically significant exposure-related changes 
in this value were observed in the male animals exposed to 
each ofthe three concentrations of03 tested (Table 3). Con
trol females had cranial lung lobes containing 12.1 ± 2.4 
nmol of 4-hydroxyproline. There was an increase in lung 
lobe 4-hydroxyproline content related to 0 3 concentration 
in the female rats exposed to 0 3 up to a value of 15.3 ± 3.6 
nmol per lobe in the group exposed to 1.0 ppm of 0 3 (Table 
3). A comparison of the four female exposure groups by 
trend analysis (Table 4) showed the slope of the concen
tration-response curve for the female rats to be significantly 
different from zero. When 4-hydroxyproline concentration 
(per gram of lung weight) rather than content (per lung 
lobe) was examined, no exposure-related changes were ob
served in rats of either gender (Table 3). 

COLLAGEN CROSS~LINKS IN LUNG SAMPLES 

The trifunctional cross-link OHP, a biomarker for mature, 
highly cross-linked collagen, was also quantified in lung 
tissue hydrolysates from these animals. Control males had 
23.6 ± 4.6 nmol of OHP per cranial lung lobe. No statisti
cally significant exposure-related changes in this value 
were observed in the males exposed to Control 
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Table 3. Collagen 

Exposure 

0 Male 18.7 ± 3.1 91.3 ± 25.8 
0.12 Male 17.3 ± 5.1 102.0 ± 11.3 
0.5 Male 18.1 ± 3.9 74.4 ± 30.2 
1.0 Male 19.4 ± 2.4 96.6 ± 22.8 

0 Female 12.1 ± 2.4 105.4 ± 25.7 
0.12 Female 12.2 ± 2.2 105.4 ± 9.6 
0.5 Female 13.5 ± 1.8 98.3 ± 33.8 
1.0 Female 15.3 ± 3.6 100.7 ± 52.9 

a Data are mean values ± 1 SD for the groups of animals described in Table 2. 

females had 12.7 ± 2.1 nmol of OHP per lobe. There was a 
concentration-related increase in lung OHP content in the 
females exposed to 0 3 , up to a value of 21.1 ± 7.7 nmol of 
OHP per lobe (Table 5). The increase in OHP content was 
significant when the control group was compared directly 
with the females exposed to 1.0 ppm 0 3 ; trend analysis (Ta
ble 4) indicated a highly significant difference between the 
slope of the concentration-response curve for the female 
rats and a putative slope of zero if there were no concen
tration-related increase in lung OHP content in the female 
rats exposed to 0 3 . The significant interaction term in the 
two-factor ANOVA indicates that the dose effect differed 
between males and females. This is a confirmation of the 
single-gender ANOVA or regression analyses, which showed 
a positive exposure-related trend in females and no trend 
in males. The main effect of gender in the two-factor 
ANOVA indicates that the OHP level, when averaged across 
all doses (whether varying with dose or not), differed be
tween genders; in fact, the level was lower in females. When 
OHP data were expressed as the concentration of OHP per 
gram wet weight of lung, no exposure-related changes were 
observed in this parameter in either gender of rat. In addi
tion, when data were expressed on a mole per mole of colla-

gen basis, no exposure-related changes were observed in 
either gender, reflecting in part the exposure-related in
creases in the denominator term, total lung collagen 
hydroxyproline), observed in the female rats (Table 3). 

We also analyzed the lung samples to determine the ratio 
of the difunctional collagen cross-links, DHLNL:HLNL, in 
the various animals studied. The results of these analyses 

are presented in Table 6. There was an apparent trend to
ward increased ratios of DHLNL to HLNL in both the male 
and female rats exposed to 0.5 or 1.0 ppm 0 3 . Trend analy
sis ofthe slopes ofthe concentration-response curves (Table 
4) indicates that the differences were significant only for 
the female rats. Although the relative increases in the 
DHLNL:HLNL ratio were similar in magnitude for the male 

animals, the greater variability in their response resulted in 
the observed trends not being statistically significant (p = 

0.244). The whole lung lobe content of DHLNL, expressed 
as nanomoles per lobe, appeared to be greater in the rats of 
both genders exposed to either 0.5 or 1.0 ppm 0 3 (Table 6). 
However, because the variance in these measurements 
among individual animals was large, the differences are not 
statistically significant. In the exposed animals of both 
genders, the lung lobe content of HLNL showed the same 

Table 4. Statistical Analysis of Collagen-Related Parameters in Rats Exposed to Ozone 

Observed Slope 
(parameter value 

Gender Pearson i2 Value F Test, Value 

4-Hydroxyproline content Female 125 461 0.229 0.016 
per lobe (nmol) Male 38 696 0.015 0.297 

OHP per lobe Female 1.310 2.50 0.344 0.004 
(nmol) Male 0.336 4.44 0.019 0.278 

DHLNL:HLNL Female 0.493 2.40 0.196 0.026 
Male 0.347 2.64 0.026 0.244 
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Table 5. Content and Concentration in Rat Lungsa 

Exposure Group 

0 ppm 
Male 1.3 ± 0.2 
Female 1.1 ± 0.3 

0.12 ppm 
Male 1.4 ± 0.1 
Female 1.4 ± 0.2 

0.5 ppm 03 
Male 1.4 ± 0.1 
Female 1.3 ± 0.1 

1.0 ppm 0 3 
Male 1.4 ± 0.2 
Female 1.4 ± 0.2 

a Data are mean values ± 1 SD for the animals described in Table 2. 

pattern, a slight increase, that was not statistically signifi
cant. When DHLNL or HLNL levels were expressed as con
centrations that were normalized to the lung lobe collagen 
content as mole per mole of collagen, there was a tendency 
toward higher values of DHLNL in the rats of both genders 
exposed to 0.5 or 1.0 ppm 0 3 . On the other hand, there 
were no exposure-related changes in the concentration of 
HLNL when the results were expressed on this basis. 

HISTOPATHOLOGY 

Histological analysis was used to assess the extent and lo
cation offibrosis in animals exposed to 0 3 . Ozone-induced 
lesions were restricted to the centriacinar regions of the 
lungs in rats exposed to 0.5 or 1.0 ppm 0 3 . No 0 3-related 
lesions were seen in rats exposed to 0.12 ppm 0 3 . There 
was a conspicuous increase in the number of respiratory 

Weight OHP Lobe 

116 ± 26 23.6 ± 4.6 
110 ± 22 12.7 ± 2.1 

140 ± 24 24.0 ± 8.7 
146 ± 10 17.0 ± 3.1 

98 ± 40 24.0 ± 5.6 
120 ± 42 16.5 ± 2.6 

128 ± 36 25.5 ± 4.6 
127 ± 56 21.1 ± 7.7 

bronchioles in the rats exposed to 1.0 ppm 0 3 . The walls of 
terminal bronchioles, respiratory bronchioles, and prox
imal alveolar ducts were markedly thickened due to epithe
lial hyperplasia and interstitial fibrosis (Figure 1). These al
terations were less severe in rats exposed to 0.5 ppm 0 3 . 

Rats exposed to 1.0 ppm 0 3 had moderate to marked cen
triacinar fibrosis, with an average score of 3.8 for interstitial 
collagen. Rats exposed to 0.5 ppm 0 3 had less centriacinar 
fibrosis, with an average score of 2.5 for intramural and in
terstitial collagen in the centriacinar regions (Table 7). 

To evaluate any possible effect of observer error on the 
histopathological scoring of lung collagen content, an out
side pathologist who was blinded to the treatment regimen 
and not part of this study ranked the same slides as the first 
observer. Similar results were obtained (compare with Ta
ble 7). In this second, independent set of observations, the 
pertinent scoring was as follows. For the rats exposed to 0.5 

Table 6. Collagen Difunctional Cross-Link Content and Concentration in Rat Lungs 

Content per Lobe Concentration per Collagen 

Exposure Group 
(nmol/lobe) Content 

Gender DHLNL HLNL DHLNL HLNL DHLNL:HLNL 

0 Male 6.3 ± 2.5 2.3 ± 5.6 0.34 ± 0.12 0.13 ± 0.03 2.7 ± 0.6 
0.12 Male 6.5 ± 2.6 2.7 ± 1.2 0.37 ± 0.08 0.15 ± 0.05 2.4 ± 0.2 
0.50 Male 9.2 ± 6.1 2.7 ± 1.2 0.48 ± 0.22 0.15 ± 0.04 3.0 ± 1.0 
1.0 Male 8.6 ± 5.4 2.9 ± 0.6 0.43 ± 0.20 0.15 ± 0.03 2.9 ± 1.3 

0 Female 4.3 ± 2.0 1.7 ± 0.6 0.34 ± 0.10 0.14 ± 0.03 2.4 ± 0.3 
0.12 Female 3.7 ± 1.3 1.6 ± 0.4 0.30 ± 0.07 0.13 ± 0.02 2.3 ± 0.2 
0.50 Female 4.9 ± 1.1 1.8 ± 0.3 0.37 ± 0.04 0.13 ± 0.02 2.8 ± 0.5 
1.0 Female 5.7 ± 2.1 2.1 ± 0.9 0.38 ± 0.12 0.13 ± 0.04 2.8 ± 0.6 
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Table 7, Amount of Visualized in Centriacinar Regiona 

0 0.12 1.0 

Amount of Collagen Observed Male Female Male Female Male Female Male Female 

Minimal 2 2 2 2 0 0 0 0 
Mild 0 1 0 0 2 1 0 0 
Moderate 0 0 0 0 1 1 0 
Marked 0 0 0 0 1 2 3 

a Data are presented as the number of animals found to have a given level of centriacinar fibrosis in this study. 

b This animal had severe mononuclear leukemia, which may have affected the scoring of stainable collagen present. 

ppm 0 3 , the response was two mild (both males), three 
moderate (one male, two females), and one marked (fe
male). For rats exposed to 1.0 ppm 0 3 , the response was 
one moderate (female) and four marked (three males, one 
female). Thus, this second, independent review of the 
slides confirms the histological response of these rats to 0 3 
(Table 7). 

Rats exposed to 0.12 ppm 0 3 had no detectable exposure
related alterations at the light microscopic level in the cen
triacini of the lung that are characteristic of chronic 0 3 tox
icity (e.g., increased numbers of respiratory bronchioles, 
epithelial hyperplasia in terminal bronchioles and alveolar 
ducts, and centriacinar fibrosis). Lungs from rats exposed to 
0.12 ppm 03 could not be distinguished from lungs from 
control rats exposed to 0 ppm 0 3 . In both of these groups, 
respiratory bronchioles were rarely apparent, and those 
that were evident were restricted to short segments with only 
two or three alveolar outpockets. Only minimal amounts of 
intramural collagen were evident within the centriacinar 
regions in control animals and in rats exposed to 0.12 ppm 

0 3 . The average scores for intramural and interstitial colla
gen in the centriacini of rats exposed to 0 and 0.12 ppm 
were 1 and 1.5, respectively. 

DETERMINATION OF STATISTICAL POWER 
OF CALCULATIONS 

We used the slope of the regression lines and the variance 
of data from individual groups to estimate the minimum 
number of rats needed to obtain significant differences be
tween experimental groups and controls if the observed 
trends in results persisted with a larger study group (Table 
8). We would have needed substantially more rats than were 
available to detect any significant differences between mean 
values for rats exposed to 0.12 ppm 0 3 and those for rats ex
posed to filtered air. For example, for lung OHP content, the 
most sensitive assay used in this experiment, at least 50 rats 
per group would have been required to reveal significant 
differences at the p < 0.05 level between the control rats and 
rats exposed to 0.12 ppm 0 3 . Thus, we can draw no conclu-

Table 8. Calculated Number of Rats Needed per Ozone Exposure Group to Detect Significant 
Differences from Control Values 

0.12 

Total 4-hydroxyproline 219 11 9 127 6 5 89 5 4 
(f.! g) 

Total OHP 86 6 6 50 4 4 35 3 3 
(nmol) 

OHP/collagen 646 107 35 373 62 20 263 44 14 
(mol/mol) 

DHLNL 316 14 12 183 8 7 129 6 5 
(pmol) 

DHLNL!collagen 917 22 44 529 13 25 373 9 18 
(mol/mol) 

DHLNL:HLNL 78 27 10 46 16 6 32 11 
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TB 

Figure 1. Light photomicrographs of a pu..l.monary centriadnu.s from (1) a 
rat: exposed to 0 ppm 0 3 (filtered air control; rat number H1, male) and (2) 
a rat exposed to 1.0 ppm 0 3 (rat number H160, female). The centriacinus 
from the animal exposed to 1.0 ppm 0 3 (2) contains a section of respiratory 
bronchiole with a thick and fibrotic interstitial wall (arrows). No respiratory 
bronchiole is present in the centriacinus from the animal exposed to filtered 
air (1), and the interstitium within the walls of this airway is thin. Both tissue 
sections were stained with Masson's trichrome. TB = lumen of a terminal 
bronchiole; AD = lumen of an alveolar duct; RB = lumen of a respiratory 
bronchiole; A = alveolar airspace. 

sions about whether or not there is a no-observable-effect 
level between 0.12 and 0.5 ppm 0 3 in rats based on the anal
yses of the small number of rats available from each ex
posure group for these specific experiments. 

DISCUSSION 

This study compared several aspects of collagen synthe
sis and deposition in the lungs of rats exposed for 20 months 

to 0 3 and their age-matched controls exposed to filtered air. 
We examined three specific hypotheses using a combina
tion of biochemical approaches to study lung collagen in 
these animals. The first hypothesis was that there would be 
an exposure-concentration-related increase in the collagen 
content of lungs of rats exposed to We found increased 
4-hydroxyproline content in the lungs of the female rats 
exposed to 0.5 or 1.0 ppm 0 3 (Tables 3 and Thus, we 
conclude that there is an exposure-concentration-related 
increase in total collagen that can be quantified biochemi
cally in the lungs of the female rats exposed for 20 months 
to 0 3 . 

Our second hypothesis was that there would be an in
crease in hydroxylysine-derived collagen cross-links, which 
would serve as a biomarker of fibrotic collagen in the lungs 
of the rats exposed to 0 3 . As shown in Tables 4, 5, and 6, 
we did find such an increase in the hydroxylysine-derived 
collagen cross-links in the female rats, and a trend toward 
an increase in the DHLNL:HLNL ratio in the male rats ex
posed to 0.5 or 1.0 ppm 0 3 that fell short of achieving 
statistical significance. 

The differences observed between male and female 
Fischer-344 rats in their responses to 0 3 exposure in the 
present study were unexpected. To our knowledge, there 
have been no previous direct comparisons of male and fe
male animals chronically exposed to 0 3 . Also, little is 
known about lung size, collagen content, and cellular com
position in normal Fischer-344 rats of different gender. 
Pinkerton and coworkers (1982) examined morphological 
changes in the lungs of Fischer-344 rats during their life 
span (up to 26 months of age). The investigators observed 
mean body weights of 390 gin male rats and 290 gin female 
rats at 26 months of age. The total number of alveolar cells 
per lung for males was similar to that for females at this age: 
527 ± 56 and 476 ± 12 (mean values± SEM) (males 11% 
greater). The interstitial matrix volume, as a fraction of the 
total alveolar tissue volume, was comparable in males and 
females at 26 months: 0.382 ± 0.012 and 0.414 ± 0.008, 
respectively (females 8% larger). The total alveolar tissue 
volumes (mm3 per lung) were 464 ± 43 and 370 ± 22 for 
males and females, respectively (males 25% larger). Thus, 
our finding of approximately 69% more collagen (4-
hydroxyproline) in the lungs of male rats than in female rats 
(670 ± 91 and 396 ± 42 ~g per lobe, respectively), and an 
84% greater lung weight of the control male rats than the 
control female rats was totally unexpected, suggesting far 
greater differences between the lungs of normal male and 
female rats of this strain than indicated by the earlier mor
phometric data. 

It is important to note that the way that data are expressed 
may influence one's perception of what is taking place in 
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the lungs of laboratory animals and Reiser 
Traditionally, the "correct" form of data expression in labo
ratory animals, in which the entire is available for 
analysis, is on a "per basis. This means that the whole 
lung content of a measured parameter, such as 4-llvolro:xv-
proline, is reported and Witschi 
when a piece of obtained or as a 
byproduct of corrective surgery is available, as is the usual 
case with human studies, the lung concentration of a mea
sured parameter such as 4-hydroxyproline is reported be
cause there is no alternative. When the concentration is 
quantified, the normalization parameter must be used as a 
denominator term; usually, concentration is reported as 
milligrams of the desired parameter per unit of lung dry 
weight, of lung DNA content, or of lung protein content. 
However, these normalization parameters may not them
selves be invariant, and it is critical to point out that serious 
errors can arise with this approach. Lung dry weight, DNA 
content, and protein content are increased with inflamma
tory cell influx to the lung. Lung DNA content is also in
creased with proliferative increases in fibroblasts and other 
interstitial cells during repair of the injured lung. Struc
tural changes of the lung, such as bronchiolization of the 
centriacinar region, presumably increase the number of 
cells and the acellular structural material of the lung 
proportionate! y. 

Thus, our data are reported in several ways in these 
studies. Because a standard preparation of a whole lung 
lobe was available, we were able to express the results as 
whole lung (lobe) content for each of the quantitative assays 
performed. In our opinion, this is the only correct form of 
data expression in toxicology when suitable material is 
available. For the sake of completeness, we have also 
reported our data as concentrations of the measured 
parameters when appropriate normalization values for the 
requisite denominator terms were available. 

In any study of this size and complexity, there are always 
deviations from the protocol. For example, a few rats died 
during handling or pulmonary function testing rather than 
at necropsy, and some had intercurrent leukemia (a normal 
change in Fischer-344 rats of this age). Analysis of the bio
chemical data and examination of the variances reported in 
the tables (no animals were deliberately excluded from the 
study) confirmed that any such effects of deviations from 
protocol did not generate outliers from the data set ob
tained. 

The phenomenon of bronchial epithelial metaplasia of 
the alveolar epithelium, an apparent formation of respira
tory bronchiole segments between the terminal bronchioles 
and alveolar ducts, was described previously in rats ex
posed chronically to (Boorman et al. 1980). The biologi
cal significance of this long-term structural change is not 
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i.e., we do not understand whether this is an ad
verse health effect, an adaptative change in response to con
tinuing insult of the centriacinar region, or a structural al-
teration of no significance to function in affected 
animals. From models we 

receives the maximum 
dose of in rats and humans et al. 
which suggests that the observed metaplasia of this 
is a response of these animals to exposure to significant 
doses of A detailed study of the changes in bronchial 
epithelial cells in this group of exposed rats has been 
reported by Pinkerton and associates (1992). It is not known 
to what extent, if any, the changes in lung collagen structure 
and content observed in the female rats exposed to in 
the present study are related to the structural remodeling 
occurring in the small airways and centriacinus of these 
animals. 

Lung sections prepared from other rats in this study 
were examined by semiquantitative histopathology by Dr. 
Harkema using Masson's trichrome stain to help identify 
areas of increased deposition of collagen (Table 7). As deter
mined by light microscopy, 0 3-induced lesions were re
stricted to the centriacinar regions of the lungs in rats ex
posed to 0.5 or 1.0 ppm 0 3 . No 0 3-related lesions were 
microscopically evident in rats exposed to 0.12 ppm 0 3 . 

There was a conspicuous increase in the number of respira
tory bronchioles in the rats exposed to 1.0 ppm 0 3 . The 
walls of terminal bronchioles, respiratory bronchioles, and 
proximal alveolar ducts were markedly thickened due to ep
ithelial hyperplasia and interstitial fibrosis. These altera
tions were less severe in rats exposed to 0.5 ppm 0 3 . Rats 
exposed to 1.0 ppm 0 3 had moderate to marked centriaci
nar fibrosis, whereas rats exposed to 0.5 ppm 0 3 had less 
centriacinar fibrosis. Only minimal amounts of intramural 
collagen were evident within the centriacinar regions in 
control animals and in rats exposed to 0.12 ppm 0 3 , and 
there were no detectable exposure-related alterations in the 
animals exposed to 0.12 ppm 0 3 . 

Thus, biochemical determinations indicated increased 
deposition of collagen in the lungs of the female rats exam
ined, whereas the histological staining indicated increased 
deposition of collagen in the lungs of the male animals as 
well. The histological examination of specific areas of the 
lung was probably a more sensitive indicator of 0 3-induced 
fibrosis localized to the centriacinar region than the bio
chemical analysis of the total collagen in the whole lung 
lobe. On the basis of the findings in this complementary 
histopathologic study, we conclude that the rats exposed to 
0.5 and 1.0 ppm for 20 months had mild to moderate 
fibrotic changes in the centriacinar region of their as 
evaluated histologically, that could be appreciated bio-
chemical in the female rats. The observed 
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differences between biochemical and analyses 
may indicate the sensitivity limits of the selected analyses 
of lung collagen content and structure in whole tissue sam
ples. Finally, the greater responses of female rats 
than males observed in the present suggest either that 
female rats may be more to 
duced fibrosis than males, or that the large differences in 
their lung sizes have influenced the actual dose of 
ozone received These observations underscore 
the need for future studies of the effects of on the 
to examine responses in both genders. 
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Appendix A. Identification of Specific Animals 

in Exposure Groups 

Table A.1 Specific Animals Studied 

Exposure Group 
(ppm 

0 

0.12 
0.5 

1.0 

0 

0.12 
0.5 

1.0 

Gender 

Male 

Male 
Male 

Male 

Female 

Female 
Female 

Female 

Identification Numbers for 
;:,pec1nc Animals 

H1, H22, H85, H133, H141, 
H161 

H134, H142, H162 
H2, H23, H87, H135, H143, 

H163 
H3, H24, H8B, H136, H144, 

H164 

H4, H19, HB9, H137, H145, 
H157 

H138, H146, H158 
H5, H20, H91, H139, H147, 

H159 
H6, H21, H92, H140, H148, 

H160 



As part of its 24-month and lifetime 
studies of inhaled ozone, which were conducted 
Pacific Northwest Laboratories the National Toxi
cology Program included in its exposure chambers 
164 rats for REI-funded studies that were to evalu
ate respiratory effects of ozone other than carcinogenicity. 
This supplement describes the study design and protocols 
for the NTP bioassay, and the necropsy procedures for the 
HEI animals. The information presented here was taken 
from the HEI project files, or was adapted, with permission, 
from the "NTP Technical Report on the Toxicology and Car
cinogenesis Studies of Ozone and Ozone/NNK in Fischer-
344/N Rats and B6C3F 1 Mice;' a report to the Health Effects 
Institute by Paul W. Mellick of Battelle Pacific Northwest 
Laboratories. 

MATERIALS AND METHODS 

OZONE SOURCES 

Ultra-high purity compressed oxygen for the generation 
of ozone was obtained from A-L Compressed Gases (Kenne
wick, WA), Alph-Gaz Specialty Gases, Division of Liquid 
Air Corporation (Denver, CO), Scott Specialty Gases (Fre
mont, CA), and Linde Gases (Torrence, CA). A certification 
of oxygen purity was obtained from each of the vendors, 
which showed that the supplied compressed oxygen purity 
was greater than or equal to 99.9%. 

OZONE GENERATION AND MONITORING 

Ozone gas was generated from greater than 99.9% pure 
oxygen using a silent arc (corona) discharge ozonator 
(Model 03V5-0, OREC, Phoenix, AZ). The concentration in 
each chamber was controlled by manually adjusting the in
dividual chamber metering valves. Ozone concentrations 
were monitored in the animal chambers using an ultravio
let spectrophotometric analyzer (Dasibi Model1003-AH or 
Dasibi Model 1003-PC systems, Glendale, CA). For both 
monitoring systems, air sampled at each location was trans
ported to the monitor by transfer lines of Teflon tubing. 
Samples were directed to the ozone monitor through a set 
of eight computer-controlled, multiplexed Teflon valves. A 
sampling rate of 4 minutes per port assured that all ports 

twice per hour. Each on-line 
COITelatH1~ the of 

the on-line monitor with concentrations obtained 
independently calibrated, 
Model 

Preliminary tests with ozone were conducted to evaluate 
the distribution of ozone concentrations in the exposure 
chambers. When ozone was delivered to a standard Hazle
ton-2000 chamber with animals present, and when a stan
dard fresh-air flow rate of 15 air changes/hour was main
tained, the ozone concentrations varied widely at different 
locations in the chamber. Concentration uniformity was im
proved by mixing the air within the chamber with enough 
energy to recirculate it so that the rate of depletion of ozone 
was limited primarily by the ability of the animals or other 
surfaces to react with the chemical, and yet was not limited 
by diffusion of the chemical within the chamber. Mixing 
was accomplished by using a recirculation device that in
creased the velocity of the air movement. Uniformity of 
ozone concentration in the exposure chambers was mea
sured quarterly. The flow of ozone to each chamber was in
creased above its normal operating level during the startup 
phase by manually adjusting the flowmetering control valves. 
This measure was necessary because of the reactivity of 
ozone with the chamber surfaces, which was especially 
pronounced at the beginning of each exposure period. The 
usual criteria for between-port variance is less than or equal 
to 5%. While the majority of the determinations were within 
this range, some exceeded this value; 10.1% was the maxi
mum value recorded. A potassium permanganate filter was 
used to remove ambient ozone from the air entering all ex
posure chambers. Charcoal and high-efficiency particulate 
air (HEPA) filters were used to filter the air further. Sum
maries of the ozone concentrations in each exposure cham
ber can be found in Table 1. 

Prior to the start of each study, the of ozone con-
centration in the chamber at the of exposure to 
90% of its final stable concentration (T 90) and the decay of 
concentration at the end of exposure to 10% (T 10) were 
measured in chambers with a full complement of mature 
rats. The measurements were repeated once after the start 
of the studies. At a chamber airflow rate of 15 air changes/ 
hour, the theoretical value for and was approxi
mately 12.5 minutes. A value of 30 minutes was used 
based on the experimental data. The value ranged from 
5 to 9 minutes. 
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Table 1, Chamber Concentrations of Ozone 

Target Concentration Total Number Concentration 
of .'-'>..GUU.Ll..Jl.}';.:> 

TwomYear 
Rat Chambersa 
0.12 3,904 0.120 ± 0.006 
0.50 3,838 0.501 ± 0.023 
1.0 3,831 0.998 ± 0.040 

Mouse Chambersb 
0.12 3,940 0.121 ± 0.007 
0.50 3,882 0.506 ± 0.029 
1.0 3,885 1.02 ± 0.065 

Lifetime Bioassay 
Rat Chambersc 
0.50 4,563 0.497 ± 0.020 
1.0 4,568 1.01 ± 0.042 

a Source of 48 rats for HEI studies. 
b Source of 80 predesignated rats for HEI studies. 
c Source of 36 rats for HEI studies. 

ANIMALS 

Male and female Fischer-344/N rats, approximately three 
weeks of age, were obtained from Simonsen Laboratories 
(Gilroy, CA). Animals were quarantined for 14 days before 
the beginning of the studies. Five male and five female rats 
were examined for bacterial culture and selected histopath
ology prior to the beginning of the studies. Approximately 
three weeks after arrival at Battelle Pacific Northwest 
Laboratories, serology samples were collected for viral 
screening from as many as seven male and seven female 
rats. Rats and mice were approximately six weeks of age at 

the beginning of the studies. The health of the animals was 
monitored according to the protocols of the NTP Sentinel 

Animal Program. 

All animals were housed individually in stainless-steel 
wire-bottom cages in modified Hazleton-2000 inhalation 
chambers (Hazleton Systems, Aberdeen, MD). Feed (NIH-07 

open formula meal diet obtained from Zeigler Brothers, 
Gardners, PA) and water were available ad libitum except 
during exposure periods. Cage units were rotated vertically 
(for two-year studies) or horizontally (for lifetime studies) 
within each chamber on a weekly schedule. Temperatures 

were maintained at 75 ± 3°F with relative humidity at 
55% ± 15%. Light was provided on a 12-hour light/dark 
cycle. 

All animals were observed twice daily for morbidity and 
mortality. Body weights were recorded weekly for the first 

13 weeks and thereafter. Growth curves for the rats 
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Figure 1. Growth curves for male and female rats exposed to ozone by inha
lation for two years in the NTP two-year study. 

in the NTP study groups are illustrated in Figures 1 and 2. 
Clinical observations were made at four-week intervals until 
the final 13 weeks of exposure, when they were recorded ev
ery two weeks. 

QUALITY ASSURANCE METHODS 

The two-year and lifetime studies were conducted in 
compliance with Food and Drug Administration Good Lab
oratory Practice Regulations (21 CFR, Part 58). In addition, 
as records from the two-year and lifetime studies were sub
mitted to the NTP archives, these studies were audited 
an independent quality assurance contractor. The audit 
findings were reviewed and assessed by NTP staff; all com

ments were either resolved or otherwise addressed. 

Rodents used in the Carcinogenesis Program of the NTP 
are produced in optimally clean facilities to eliminate 
potential pathogens that may affect study results. The dis
ease state of the rodents was monitored via serology on sera 
from extra (sentinel) animals in the study rooms. The sen
tinel animals came from the same production source and 
weanling groups as the animals used for the ozone studies 
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and were to identical environmental conditions. Se
rum samples were collected from selected sen
tinel animals at 6, 12' and 18 months. The uU..h.H!J-'-'-'" 

processed and sent to M:Lcro!J10J.og;Ic;3J 
for determination of antib,odv 

evidence of seJrologlc<H 

NTP BIOASSAY 

The NTP bioassay consisted of three separate studies: a 
two-year study using three concentrations of ozone in male 
and female rats and mice (exposures began January 1990); 
a lifetime study using two concentrations of ozone in male 
and female rats and mice (exposures began October 1989; 
and a two-year cocarcinogenesis study of male rats exposed 
to 0.5 ppm ozone and the pulmonary carcinogen 4-(N
methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (ex
posures began November 1989). The animals for these stud
ies came from three separate shipments. The key features of 
the NTP bioassay study design are summarized in Table 2. 

DISTRIBUTION OF ANIMALS TO 
REI-FUNDED INVESTIGATORS 

The number of animals originally allocated to HEI-funded 
investigators (164) was determined by the number of empty 
cages in the exposure chambers after the allocations had 
been made for the NTP bioassay animals. The distribution 
of the HEI animals is indicated in Table 3. The HEI investi
gators received 48 animals from the two-year exposure 
group and 36 animals from the lifetime exposure group. 
These 84 animals were housed in cages that were located 
in rat inhalation chambers and were part of the larger pool 
of animals that included the animals for the NTP bioassay. 
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Figure 2. Growth curves for male and female rats exposed to ozone by inha
lation for 124 weeks in the NTP lifetime study. 

The HEI animals from these two groups were selected at 
random from animals surviving after 20 months of ex
posure. Thus, HEI received its full complement of animals 
(minus one that died unexpectedly) from these two groups. 
There were also an additional 80 rats (referred to as 
predesignated HEI rats) that were housed in empty cages lo
cated in the chambers used for the two-year mouse bioassay. 

Table 2. Key Features of the Three Carcinogenicity Studies in the NTP Ozone Bioassay 

Animals 
Gender 
Ozone concentration (ppm) 

Exposure regimen 

Study duration 

Date of first exposure 

Two-Year Ozone 

Rats and mice 
Males and females 

0 
0.12 
0.5 
1.0 

6 hrs/day 
5 days/week 

Rats, 104 weeks 
Mice, 105 weeks 

January 1990 

Lifetime Ozone Ozone and NNK 

Rats and mice Rats 
Males and females Males 

0 0 

0.5 0.5 
1.0 

6 hrs/day 6 hrs/day 
5 days/week 5 days/week 

Rats, 124 weeks 104 weeks 
Mice, 130 weeks 

October 1989 November 1989 
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Table 3, HEI Study: Distribution of Animals Among Exposure Groups 

Two-Year 
Ozone 

Two-Year 
Ozone 

Ozone Initial Initial Initial Total 
Animals Concentration Plan Actual 

0 12 12 
0.12 12 12 
0.5 12 11 
1.0 12 12 
Total animals received 47d 

a HEI animals were part of the NTP's two-year exposure group. 

b HEI animals were part of the NTP's lifetime exposure group. 

Plan 

12 

12 
12 

Actual 

12 

12 
12 
36 

Plan Actual 

20 15 
20 12 
20 16 
20 

39 
24 
39 
42 

144 

c Rats predesignated as HEI animals were housed in mouse chambers used for the two-year study. 

d In these two groups, one or more animals died before the HEI studies were begun. 

At the start of the study, these animals were designated as 
HEI animals. The implication of this design is that because 
the animals in this group were designated a priori as HEI 
animals, those that died prior to the scheduled necropsy 

were lost from the study. As can be seen from Table 3, at the 
end of the 20-month exposure period there were 61 rather 

than 80 animals in this group. The final number of rats 
available for HEI investigators was 144. 

When the ozone exposures were underway, the Bio

statistical Advisory Group (Ryan and associates) developed 
a sample allocation design that was suitable for multiple 

outcomes and multiple investigators and had sufficient 
overlap among individual studies to allow integration of 
data without sacrificing individual sample sizes. Special 

consideration was given to ensuring adequate sample size 
in the 0.12-ppm exposure group. 

Table 4 lists the major goals of the HEI studies (some of 
which had more than one component), the principal inves

tigators, and sample requirements. They are grouped into 

three general categories: biochemical studies, structural 

studies, and functional studies. 

The 20-month exposure period for the HEI animals ended 

in July 1991 for animals in the NTP's lifetime study and for 
the predesignated HEI animals, and in September 1991 for 

animals in the NTP's two-year study. The laboratory's barrier 

policy, designed to protect animal health, does not permit 
animals to be removed from the animal colony and returned 
to their original exposure chambers. Because HEI was in

terested in permanent damage to the respiratory tract, most 

of its studies were conducted one week after the last ozone 

exposure. Battelle Northwest installed a holding chamber to 
house rats from the time they were removed from the ozone 

exposure chambers until the scheduled testing or necropsy. 
The holding chamber had the same environmental condi-
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tions (i.e., flow of filtered air, temperature, relative humid

ity, and removal of ambient ozone by filtration) as the cham
bers used for ozone exposure. Likewise, the same animal 
husbandry procedures were used to maintain the animals 

in the holding chamber. 

Prior to the end of the exposures, a set of unique sequen

tial numbers (H1 ... H164) was developed to track animals 
and tissue samples. The Biostatistical Advisory Group allo

cated animals to investigators using a block design that 
combined investigators in compatible subgroups, and 
grouped animals into blocks of three or four animals corre

sponding to one animal from each ozone dose. The block 
approach was used to maintain balance with regard to vari

ables such as gender, ozone concentration, and time of 

death, and also to provide sample overlap among investiga
tors. (These procedures will be described in detail in a 
forthcoming Investigators' Report by Ryan and colleagues, 

which will be another Part of Research Report Number 

Table 5 lists the distribution of the 144 animals among the 
HEI-funded studies. As can be seen from this table, not only 
were tissue samples from the same animal shared by multi

ple investigators, but functional and biochemical studies 
were conducted on the same animals. When lung tissue was 

shared by several investigators studying connective tissue, 

it was distributed lobes, allowing up to five investigators 

to share material from the same animal. 

PREPARATION OF ANIMALS AND TISSUES 

Battelle Pacific Northwest Laboratories and HEI devel

oped a system for tracking the times at which animals were 

killed, and the tissues collected and shipped. Animals for 
HEI Investigators and the various tissues harvested were 
coded with the HEI identification number. On the 
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Table 4. End points Examined HEI-Funded Investigators 

Study Endpoint 

Biochemical Studies 
Total collagen and collagen cross-links in tissue 

(analytical biochemistry) 
Expression of mRNAs for extracellular matrix 

components (in situ hybridization) 

Last 

Parks 

Investigator Sample Location a 

frozen Off-site 
lobes 

fixed Off-site 
lobes 

Total and individual lung glycosaminoglycans 
(analytical biochemistry) 

Radhakrishnamurthy Perfused, frozen Off-site 
lobes 

Collagen (cytochemistry) Harkema Frozen lung lobes Off-site 
Lung antioxidant enzymes (cytochemistry) Pinkerton Perfused lung tissue Tissue prep PI 

on-site 

Structural Studies 
Nose and upper respiratory tract (histochemistry) 
Structural alterations in terminal bronchioles, 

Harkema 
Chang 

Nasal cavity Off-site 
Perfused fixed whole Tissue prep PI 

proximal and distal alveolar regions of the lung 
(morphometry) 

lung on site 

Structural alterations in airway epithelial cells and 
centriacinar region (morphometry) 

Pinkerton Perfused fixed whole Tissue prep by PI 
lung on site 

Functional Studies 
In vitro mucous flow rates and patterns in the upper 

respiratory tract (video microscopy) 
Harkema Freshly isolated 

nasal cavity 
Live animals 

On-site 

Pulmonary function (physiology) 
Mechanical and pharmacological properties of 

isolated airways (in vitro physiology) 

Harkema 
Szarek Freshly isolated large 

and small airways 
isolated from 
perfused lungs 

On-site 
On-site 

a On-site = at Battelle Pacific Northwest Laboratories where the exposures were conducted; off-site = in the principal investigator's (PI) home laboratory. 

date specified, BNW distributed the animals and tissues as
signed to each HEI on-site investigator. Battelle Northwest 
also processed and distributed tissues to off-site investiga
tors within one week following the completion of tissue col
lection. 

Rats were anesthetized and killed by intraperitoneal in
jection of sodium pentobarbital and a laparotomy was per
formed. The thorax was opened by cutting each side of the 
thorax at the costochondral junction from the diaphragm to 
the thoracic inlet. After removing the left auricle of the 
heart, approximately 15 mL of aerated physiological salt so
lution (PSS) was injected into the right ventricle to perfuse 
the pulmonary vasculature. The lungs of animals collected 
for the biochemistry studies (Last, Parks, and Radhakrish
namurthy) and for in vitro mechanical function studies 
(Szarek) were perfused with oxygenated HEPES-buffered 
PSS via the pulmonary artery to remove blood before pro
cessing the tissues. After perfusion was complete, the lungs 
were removed en bloc and processed for each investigator 
as indicated below. 

Sza:rek. The main-stem bronchi of the right caudal lobes 
were ligated with silk suture material. The lobes were ex-

cised and delivered immediately to Dr. Szarek, who had his 
equipment set up in a laboratory adjacent to the necropsy 
room. 

Last. The right middle and cranial lobes were dissected 
from the lungs and each lobe was placed in a separate vial. 
They were frozen on dry ice and stored at - 70°C until they 
were shipped to Dr. Last's laboratory on dry ice. 
Parks. The accessory lobes of the lungs were dissected 
free of adjacent tissue and fixed by airway perfusion with 
10% neutral buffered formalin. The bronchi were ligated to 
prevent outflow of fixative from the lung lobes. After perfu
sion, the lungs were held in formalin at approximately 4°C 
for 24 hours. Tissues were then washed twice with phos
phate-buffered saline and partially dehydrated through se
quential30-minute washes with 30%, 50%, and 70% etha
nol at 4°C. Tissues were stored at 4°C until they were shipped 
to Dr. Parks in an insulated container containing ice packs. 
Radhakrishnamurth.y. Lung tissues (either the right cau
dal lobes or the accessory lobes) were dissected from adja
cent tissues and rinsed three times with 16 mL of cold 
0.14 M sodium chloride solution to remove blood. The ex
cess sodium chloride solution was removed by blotting on 
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Table 5. Allocation of HEI Animals and Tissues 

Sampling Time 
After Ozone 

Biochemical Studies Structural Studies Functional Studies Exposure (days) 
Ozone 

Rat Exposure Exposure Radhakrish- Harkema Harkema Harkema Harkema Harkema Functional 
Number Group a Gender Level Last Parks namurthy Pinkerton Chang URTb HPC URT Chang Pinkerton URT PFd Szarek Studies Other 

H1 B M 0 X X X X 1 8 
H2 B M 0.50 X X X X 1 6 
H3 B M 1.0 X X X X 1 8 
H4 B F 0 X X X X 1 8 
H5 B F 0.5 X X X X 1 8 
H6 B F 1.0 X X X X 1 8 
H7 B M 0 X X X X 2 7 
H8 B M 0.5 X X X X 2 7 
H9 B M 1.0 X X X X 2 7 
H10 B F 0 X X X X 2 7 
H11 B F 0.5 X X X X 2 7 
H12 B F 1.0 X X X X 2 7 
H13 B F 0 X X X 3 8 
H14 B F 0.5 X X X 3 8 
H15 B F 1.0 X X X 3 8 
H16 B M 0 X X X 3 8 
H17 B M 0.5 X X X 3 8 
H18 B M 1.0 X X X 3 8 
H19 B F 0 X X X X X 1 6 
H20 B F 0.5 X X X X 1 1 
H21 B F 1.0 X X X X X 1 6 
H22 B M 0 X X X 2 2 
H23 B M 0.5 X X X X X X 2 6 
H24 B M 1.0 X X X X X 2 6 '"d 

'-:I 
H25 B F 0 X X X 7 0 

S' 
H26 B F 0.5 X X X 7 ~ 

H27 B F 1.0 X X X 7 
e. 
~ 

H28 B M 0 X X X X 7 :;::i 
t:l-

H29 B M 0.5 X X X X 7 0 
H30 B M 1.0 X X X X 

('g 

7 r.<l 

H31 B F 0 X X X X 7 
d'Q" 

= 
H32 B F 0.5 X X X X 7 0 ,.., 
H33 B F 1.0 X X X X 7 
H34 B M 0 X X X X 8 (j 

H35 B M 0.5 X X X X 8 a, 
H36 B M 1.0 X X X X 8 

;' 
l:r' 

H37 c M 0 X X X 7 
0 
'-:I 

H38 c M 0.12 X X X 7 
a 

H39 c M 0.5 X X X 7 
~· 
00 c M 1.0 X X X 7 = c F 0 X X X 7 ~ ;· 
r.<l 



H42 c F 0.12 X X X 7 
H43 c F 0.5 X X X 7 
H44 c F 1.0 X X X 7 
H45 c M 0 X X X 8 
H46 c M 0.12 X X X 8 
H47 c M 0.5 X X X 8 
H48 c M 1.0 X X X 
H49 c F 0 X X X 8 
H50 c F 0.12 X X X 8 
H51 c F 0.5 X X X 8 
H52 c F 1.0 X X X 8 
H53 c M 0 X 4 
H54 c M 0.12 X X X X 4 7 
H55 c M 0.5 X X X X 4 7 
H56 c M 1.0 X X X X 4 7 
H57 c F 0 X X X X 4 6 
H58 c F 0.12 X X X X 4 7 
H59 c F 0.5 X X X X 4 7 
H60 c F 1.0 X X X X 4 7 
H61 c M 0 X X X X 5 8 
H62 c M 0.12 X X X X 5 8 
H63 c M 0.5 X X X X 5 8 
H64 c M 1.0 X 5 
H65 c F 0 X X X X 5 
H66 c F 0.12 X X X X 5 8 H67 c F 0.5 X X X X 5 8 H68 c F 1.0 X X X X 5 8 
H69 c M 0 X X 0 H70 c M 0.12 X X 0 H71 c M 0.5 X X 0 H72 c M 1.0 X X 0 H73 c F 0 X X 0 0 H74 c F 0.12 X X 0 0 H75 c F 0.5 X X 0 0 H76 c F 1.0 X X 0 0 H77 c M 0 X 0 H78 c M 0.12 X 0 H79 c M 0.5 X 0 H80 c M 1.0 X 0 H81 c F 0 X 0 H82 c F 0.12 

0 H83 c F 0.5 
0 H84 c F 1.0 
0 

a A = Rats from the NTP two-year study pool. HEI exposures ended September 1991. B = Rats from the NTP lifetime study pool. HEI exposures ended July 1991. C = Predesignated HEI Rats (housed in the NTP 24-month mouse study chambers). HEI exposures ended July 1991. 
b URT = upper respiratory tract. 

c HP = histopathology. 

d PF = pulmonary function. 
N 
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~ Table 5. (continued) 

Sampling Time 
After Ozone 

Biochemical Studies Structural Studies Functional Studies Exposure (days) 
Ozone 

Rat Exposure Exposure Radhakrish- Harkema Harkema Harkema Harkema Harkema Functional 
Number Group a Gender Level Last Parks namurthy Pinkerton URTb HPC URT Pinkerton URT PFd Szarek Studies Other 

H85 c M 0 X X X X X 6 7 
H86e c M 0.12 
H87 c M 0.5 X X X X X 6 7 
H88 c M 1.0 X X X X X 6 7 
H89 c M 0 X X X X X X 6 8 
Hgoe c F 0.12 
H91 c F 0.5 X X X X X 6 8 
H92 c 1.0 X X X X X 6 8 
H93 8 c 0 
H948 c f 0.12 
H958 c f 0.5 
H968 c f 1.0 
H978 c F 0 
H988 c F 0.12 
Hgge c F 0.5 
H100 c F 1.0 X 7 
H1018 c M 0 
H1028 c M 0.12 
H103 8 c M 0.5 
H104 c M 1.0 X X 8 
H1058 c f 0 
H1068 c f 0.12 
H1078 c f 0.5 
H1088 c f 1.0 "t'l 

H1098 c F 
1=;1 

0 ~ 
H1108 c F 0.12 ~ 

H111 c F 0.5 X X 8 :::.. 
!» 

H112 c F 1.0 X X 8 :::J 
t::;1.. 

H113 c F 0 X X 7 7 t::::l 
H1148 c F 0.12 

fil 
I'll 

H115 c F 0.5 X X 7 7 
&Q· 
= 

H116 c F 1.0 X X 7 7 0 ....., 
H117 c M 0 X X X 7 ;:. 
H118 c M 0.12 X X X 7 

fil 

C') 

H119 c M 0.5 X X X 7 :::.. 
H120 c M 1.0 X X X 7 Iii 

C" 

H121 A F 0 X X X 7 
0 
1=;1 
!» 

H122 A F 0.12 X X X 7 = 
H123 A F 0.5 X X X 7 ~ 

H124 A F X X X 7 
C!.l 

1.0 8' 
H125 A M 0 X X X 7 t::;1.. 

;· 
I'll 



H126 A M 0.12 X X X 7 00 
g::: H127 A M 0.5 X X X 7 "t:l 

"t:l H128 A M 1.0 X X X 7 ;-H129 A F 0 X X X 7 9 
e!) H130 A F 0.12 X X X 7 s. H131 A F 0.5 X X X 7 H132 A F 1.0 X X X 7 H133 A M 0 X X X X X X 4 7 H134 A M 0.12 X X X X X X H135 A M 0.5 X X X 

H136 A M 1.0 X X X X X 4 7 H137 A F 0 X X X X X X 4 8 H138 A F 0.12 X X X X X X 4 8 H139 A F 0.5 X X X X 4 4 H140 A F 1.0 X X X X X X 4 8 H141 A M 0 X X X 0 0 H142 A M 0.12 X X X 0 0 H143 A M 0.5 X X X 0 0 H144 A M 1.0 X X X 0 0 H145 A F 0 X X X 0 H146 A F 0.12 X X X 0 H147 A F 0.5 X X X 0 H148 A F 1.0 X X X 0 H149 A M 0 X X X X X 6 7 H150 A M 0.12 X X X X 6 7 H151e A M 0.5 
H152 A M 1.0 X X 6 7 H153 A F 0 X 8 8 H154 A F 0.12 X X X 6 8 H155 A F 0.5 X X X 6 8 H156 A F 1.0 X X X 6 8 H157 A F 0 X X X X X 5 8 H158 A F 0.12 X X X 8 H159 A F 0.5 X X X X X 5 8 H160 A F 1.0 X X X X X 5 8 H161 A M 0 X X X X X 5 8 H162 A M 0.12 X X X X X 5 8 H163 A M 0.5 X X X X 5 5 H164 A M 1.0 X X X X 

a A = Rats from the NTP two-year study pool. HEI exposures ended September 1991. B = Rats from the NTP lifetime study pool. HEI exposures ended July 1991. C = Predesignated HEI Rats (housed in the NTP 24-month mouse study chambers). HEI exposures ended July 1991. 
bURT = upper respiratory tract. 
c HP = histopathology. 
d PF = pulmonary function. 
e These rats died before the end of exposure. 
f Data not available. 
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filter paper. The specimens were each weighed and 
sealed in double plastic bags. Tissues were frozen on dry ice 
and stored at -70°C until were on ice to 
the investigator. 

Pinkerton. Animals for Dr. Pinkerton's biochemical 
were not perfused. For these u.u.uu_,_,__._.,, Dr. Pinkerton's associ
ate, Dr. Plopper, dissected the left and processed them 
according to his own pnJct=H1llres. 

For the structural studies, the investigators (Chang, 
Pinkerton, and Harkema) worked at BNW and collected tis
sues according to their own procedures. The investigator 
conducting functional studies of the upper respiratory tract 
and pulmonary function studies (Harkema) transported his 
own equipment and supplies to BNW and worked on site. 

All specimens for biochemical studies were packed with 
either dry ice or wet ice packs according to each investiga
tor's instructions, and shipped via Federal Express for over
night delivery. Each fixed-tissue specimen was sealed in la
beled double plastic bags with either glutaraldehyde or 
10% neutral buffered formalin, depending on the primary 
fixative used, and packed in a shipping carton lined with 
a large plastic bag. Prior to shipment, each investigator was 
contacted by telephone to assure that someone would be 
available at the investigator's laboratory on the anticipated 
day of arrival to receive the shipment. Accompanying each 
shipment was a complete inventory of the tissues and a re
ceipt form with a request to sign and return the form as soon 
as possible. The returned signed receipt confirmed the ar
rival of the shipment and transferred custody of the study 
materials. 

SUMMARY OF FINDINGS FROM NECROPSIES 
AND HISTOPATHOLOGIC ASSESSMENTS* 

After HEI on-site investigators had completed all their 
procedures and after all tissues had been collected for the 
off-site investigators, the BNW pathology staff conducted a 
complete necropsy on the remaining tissue from each of the 
144 HEI animals (20 rats died prior to the initiation of the 
HEI studies and had been necropsied previously). Following 
the standard operating procedure used for necropsy of NTP 
animals, all available tissues were preserved in 10% neutral 
buffered formalin. Gross lesions observed at necropsy were 
recorded on standard Individual Animal Necropsy Record 
forms. From each rat assigned to an HEI investigator, tissue 

* This section is adapted with permission from the January 1992 Final Re
port to HEI by Paul W. Mellick of Battelle Pacific Northwest Laboratories, 
entitled "NTP/HEI Collaborative Study on Chronic Ozone Exposure in 
Rats." 
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Protocol and Design of the CoUaho:raUve Studies 

sections of liver, spleen, and ni-1-Hi-h:n•u 

any available lung tissue, and gross lesions that, in the 
opinion of the study pathologist, might affect data from the 
HEI studies, were stained with hematoxylin and eosin and 
-n-.-..c.n,o.-.-.c•rl for microscopic examination. For all rats that died 
prior to the scheduled HEI necropsy 
was all tissues were in 10% neutral 
buffered formalin, and the probable cause of death, as de
termined necropsy examination, was recorded. Tissue 
sections were examined a BNW staff veterinary '--''-'-'--'-'-'--'-'-'--'
gist (Dr. Mellick). Histological observations were recorded 
on a histopathology data sheet and tabulated on a com
puterized spreadsheet program (Microsoft Excel for the 
pie Macintosh adapted specifically for this study). 

Lung tissues from 78 of the 144 rats assigned to HEI inves
tigators were available for histologic evaluation. Histologic 
findings for available lung sections are given in Table 6. 

Histologic lesions attributable to ozone exposure consisted 
of fibrosis in the centriacinar region of the lung, bronchioli
zation of the epithelium lining alveolar ducts, and alveolar 
macrophage infiltration of alveolar ducts and proximal al
veoli. Diagnostic terms used to document these findings 
were centriacinar fibrosis, bronchiolization, and histiocytic 
infiltrate, respectively. Centriacinar fibrosis consisted of 
thickening ofthe interstitium of alveolar ducts and adjacent 
alveoli by fibrous connective tissue. This change was very 
consistent in rats exposed to 1.0 and 0.5 ppm ozone but was 
not detected in the lungs examined from rats exposed to 0.12 
ppm. Centriacinar fibrosis was slightly more severe in the 
1.0-ppm group than in rats exposed to 0.5 ppm. The term 
bronchiolization was used to document the presence of 
ciliated and secretory bronchiolar epithelial cells lining al
veolar ducts and adjacent alveoli. In control animals and 
rats exposed to 0.12 ppm, these areas were lined normal 
type I and type II alveolar epithelial cells. Bronchiolization 
was more prominent in the lungs of rats exposed to 1.0 ppm 
ozone, and was present in many animals exposed to 0.5 
ppm, although it was generally less severe than in the rats 
exposed to 1.0 ppm. Minimal to mild macrophage infiltra
tion (coded as histiocytic, infiltrate) of alveolar ducts and 
adjacent alveoli was present in most of the rats exposed to 
1.0 ppm ozone. This change occurred with less consistency 
and severity in the 0.5-ppm group, and it was not observed 
in any of the lungs examined from 0.12-ppm or control 
groups of rats. 

Mononuclear cell leukemia was observed in 37 of the 144 
rats assigned to HEI investigators; of these, 23 rats had mon
onuclear cell leukemia, which was judged to be in an ad
vanced stage of development. In this "advanced leukemia" 
group, lung tissue was examined histologically for 13 rats; 
of these, 11 had marked involvement, one had 
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Table 6, Lung Lesions Observed in HEI Rats for Which Tissue Was Available for 
Examination a 

Ozone Alveolar Alveolar Alveolar 
Rat Centriaciner Mononuclear Bronchiolar Bronchiolar 
Number Concentration Fibrosis Bronchiolization Infiltrate Leukemia Adenoma Carcinoma 

H7 0.0 + 
HB 0.5 1 
H9 1.0 2 
H10 0.0 
H11 0.5 1 
H12 1.0 2 2 
H13 0.0 
H14 0.5 1 
H15 1.0 2 2 
H16 0.0 
H17 0.5 1 
H18 1.0 2 2 
H19 0.0 
H20 0.5 1 
H21 1.0 2 2 2 
H22 0.0 
H23 0.5 + 
H25 0.0 
H26 0.5 1 
H28 0.0 + 
H29 0.5 1 
H30 1.0 2 2 + 
H31 0.0 
H32 0.5 1 1 
H33 1.0 2 2 
H34 0.0 
H35 0.5 1 
H36 1.0 2 2 1 
H64 1.0 2 + 
H69 0.0 
H70 0.12 
H71 0.5 1 1 1 + 
H72 1.0 3 3 2 + 
H73 0.0 
H74 0.12 + 
H75 0.5 1 1 
H76 1.0 2 2 2 + 
H77 0.0 + 
H78 0.12 + 
H79 0.5 1 1 
HBO 1.0 2 2 2 
H81 0.0 
H82 0.12 
H83 0.5 1 
H84 1.0 2 2 2 
H85 0.0 
H87 0.5 2 3 3 + + 
H88 1.0 2 2 1 + 
H91 0.5 1 
H92 1.0 2 2 1 

(Table continues next page.) 

Lung examined, lesion not present. + = Lesion present, severity grade not applicable. Severity of lesions was graded (when applicable) on a scale 
of 1 to 4: 1 = minimal; 2 = mild; 3 = moderate; 4 = marked. 
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Table 6. (continued) 

Ozone Alveolar Alveolar Alveolar 
Rat Exposure Centriaciner Mononuclear Bronchiolar Bronchiolar 
Number Concentration Fibrosis Bronchiolization Leukemia Adenoma Carcinoma 

H100 LO 2 2 2 
H104 1.0 2 2 1 
H111 0.5 1 + 
H112 1.0 2 2 3 
H113 0.0 
H115 0.5 1 
H116 1.0 2 2 3 
H135 0.5 + 
H139 0.5 1 1 1 
H141 0.0 
H142 0.12 3 
H143 0.5 2 2 2 
H144 1.0 2 3 2 + 
H145 0.0 
H146 0.12 
H147 0.5 1 1 
H148 1.0 2 2 1 
H149 0.0 
H150 0.12 + 
H152 1.0 2 2 2 + 
H153 0.0 + 
H154 0.12 
H155 0.5 2 2 1 
H156 1.0 2 2 2 
H158 0.12 
H161 0.0 
H163 0.5 1 1 
H164 1.0 2 2 2 

a - = Lung examined, lesion not present. + = Lesion present, severity grade not applicable. Severity of lesions was graded (when applicable) on a scale 

of 1 to 4: 1 = minimal; 2 = mild; 3 = moderate; 4 = marked. 

neoplastic cell infiltration in the lung (Table 7). Of concern 

are the remaining 10 animals from the advanced leukemia 

group for which no lung tissue was available for histologic 
examination. It is very likely that most of these rats also had 
marked pulmonary involvement. It is not known what effect 

(if any) the presence of mononuclear cell leukemia may 

have on data generated from these rats by the different inves

tigators. Therefore, data derived from these animals should 
be evaluated very carefully since the presence of leukemia 

could affect the results of the studies utilizing these rats. 

In this group of 144 rats, five had primary lung tumors. 

Alveolar/bronchiolar adenomas were present in three rats 

(H87, H111, and H152), and alveolar/bronchiolar carcinomas 
were observed in two rats (H23 and H144). Although all five 

primary lung tumors occurred in ozone-exposed animals, 

the incidence of these lesions was within the range of his

torical data for Fischer-344 control rats. The lung tumors 
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had the typical histological characteristics of those com

monly seen in this strain of animal. 

Pituitary adenomas and interstitial cell adenomas of the 

testes occurred with high incidence in all exposure groups 

within this group of 144 rats. The high incidence of these 
two benign tumors was typical of older Fischer-344 rats. 

Chronic renal disease (coded as nephropathy) is another 
condition that occurs with high incidence in older Fischer-

344 rats. As expected, many rats in this group had this de

generative disease. Typically, the lesions were more severe 

in male rats than in females. 

There were numerous histologic lesions in a variety of or

gans and tissues other than those for which histologic ex
amination was specified. Some of these tissues were exam
ined microscopically because a gross lesion was observed 

that required histologic diagnosis to document any change 
that might affect other data derived from the affected ani-
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Table 7, Mononuclear Cell Leukemia a 

Rat Number 

H16 
H29 
H30 
H52 X 

H61 X 

H70 
H71 
HBO Negative 
H83 Negative 
H104 Negative 
H125 X 

H127 X 

H144 Negative 
H149 Negative 

Advanced 
Hl X 

H2 X 

H7 Minimal 
H27 X 

H28 Marked 
H45 X 

H46 X 

H56 X 

H64 Marked 
H66 X 

H72 Marked 
H74 Marked 
H76 Moderate 
H77 Marked 
H78 Marked 
H87 Marked 
HBB Marked 
H117 X 

H129 X 

H131 X 

H135 Marked 
H150 Marked 
H153 Marked 

mal. These lesions all were considered incidental AAH.U..!..LA~'>"' 
unrelated to ozone exposure and were of '-'H'"-H>'"'" 

seen in older Fischer-344 rats. All of these -'-"'"'.._u_u.,, 

those caused mononuclear cell A'-' ... u-.vu.._ ... , ..... , 

.I.UL.a.u . .e..c;,_._, or of a type that would not interfere 
with the of results from the HEI studies. 

Detailed information on the o-v,,._,-.,.;.,.,"'"'"''"" I prc)tOICOl 

the results of the NTP's 
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ABBREVIATIONS 

BNW Battelle Pacific Northwest Laboratories 

HEI Health Effects Institute 

NNK 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-
butanone 

NTP National Toxicology Program 

T 10 10% of the stable ozone concentration in the 
exposure chamber 

T 90 90% of the stable ozone concentration in the 
a Each of 37 cases of mononuclear cell leukemia in HEI rats was graded as exposure chamber 

either early or advanced based on histologic evaluation of the spleen and 
liver. The degree of pulmonary involvement was based on histologic evalu-
ation of the lung, independent of the hepatic or splenic grade. 
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conducted from the midnine-
the present have demonstrated 

that ozone is a irritant when inhaled at suffi
ciently high concentrations (Schonbein 1851; Bates 1989; 
Lippmann However, it was not until co:rn]:Jar•atrvel 
recently that health effects caused exposure to at
mospheric oxidants were observed in the general popula
tion (reviewed by Lippmann 1992). Clinical and epidemio
logical investigations have shown that exercising young 
adults or children exposed for short time periods to ozone 
levels near the U.S. Environmental Protection Agency's 
(EPA) currently accepted standard experienced transient 
decreases in lung function (Spektor et al. 1988; Lippmann 
1989). Whether repeated inhalation of ozone at concentra
tions near the current standard produces long-term decre
ments in lung function or aggravates existing chronic lung 
disease is not known. Because of substantial uncertainties 
regarding the health risks of chronic exposure to ozone, and 
the widespread exposure to this pollutant, the Health Ef
fects Institute (HEI) and the National Toxicology Program 
(NTP) entered into a collaboration agreement (described in 
the Introduction to this Research Report) to evaluate the ef
fects of long-term exposure to low, medium, and high doses 
of ozone on laboratory animals. 

The HEI investigators were selected in a competitive peer
review process in response to RFA 90-1, "Effects of Chronic 
Ozone Inhalation: Collaborative National Toxicology Pro
gram-Health Effects Institute Studies." Dr. Jerold Last, of the 
University of California (Davis) Primate Research Center, 
submitted a proposal entitled "Effects of Ozone Inhalation 
on Lung Collagen'' in response to Part B of the RFA, "Struc
tural, Biochemical, and Other Alterations." The HEI Re
search Committee approved the one-year study, which be
gan on June 1, 1991. Total costs were $40,000. Dr. Last's final 
report was received at HEI on December 3, 1992. Because 
the investigator included a discussion of Dr. Jack Harkema's 
histopathology results on collagen deposition, the Review 
Committee requested that these data be included in Dr. 
Last's report. Dr. Last's revised report, containing Dr. Har
kema's data and an outside pathologist's evaluation, was re
ceived at the HEI on May 28, 1993, and was accepted for 
publication by the Review Committee on June 14, 1993. 

During the review of the Investigators' Report, the Review 

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

Committee and the imres1tig<ltors 
exchange comments and issues in the .u.Lv<:>c•ur;'-u'-'-'-"' 

and the Review Committee's Co1m:rnemt•ary 
·,.,.Y"'YY''"'-.-'+"'"'" is intended to serve as an aid to the 

sponsors of HEI and the both the 
strengths and limitations of the 
tegrative summary report final part of Research 
Number will summarize the '-'-'"'-''-'AA~AAAA,J~A, 

and functional 
man health. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency 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 re
vise) ... standards applicable to the emission of any air pol
lutant from any class or classes of new motor vehicles or 
new motor vehicle engines, which in his judgment cause, 
or contribute to, air pollution which may reasonably be an
ticipated to endanger public health or welfare:' Sections 
202(a), (b)(1), (g), and (h) and Sections 207(c)(4) through (6) 
impose specific requirements for reductions in motor vehi
cle emissions of certain oxidants (and other pollutants) and, 
in some cases, provide the EPA with limited discretion to 
modify those requirements. 

Section 109 of the Clean Air Act provides for the establish
ment of National Ambient Air Quality Standards (NAAQS) 
to protect the public health. Ozone's potentially harmful ef
fects on respiratory function led the United States EPA to 
promulgate the NAAQS for ozone of 0.12 parts per million 
(ppm), a level not to be exceeded for more than one hour 
once per year. Section 181 of the Act classifies the 1989 
nonattainment areas according to the degree that they ex
ceed the NAAQS standards and assigns a primary standard 
attainment date for each classification. 

The current ozone standard relies heavily on data derived 
from controlled human exposure studies that have demon
strated lung dysfunction after acute 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 re
sult from long-term ozone exposures. 

Because the determination of the appropriate standards 
for emissions of oxidants and their precursors in 
part, on an assessment of the risks to health that pre-
sent, research into the effects of chronic exposure of the 
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ozone, such as those the NTP/HEI 
to the informed 
the Clean Air Act. 

The overall of the NTP/HEI Collaborative Ozone 
Project was to obtain information that could aid in deter

mining whether ozone exposure leads to bio
chemical, structural, or functional changes that are charac
teristic of chronic disease. Chronic lung disease, 
which is an important cause of diminished quality of life 
and a prominent cause can be divided into two cat

egories. Obstructive diseases are characterized an in
creased resistance to air flow caused partial or complete 
obstruction at any level of the respiratory system, from the 
trachea to the terminal and respiratory bronchioles. Exam
ples of such diseases are emphysema, chronic bronchitis, 

and bronchial asthma. A second category, restrictive dis

eases, are characterized a reduction in the lung's capac
ity to expand, leading to a reduced total lung capacity. 
Restrictive diseases comprise a heterogeneous group of dis
orders, among which are fibrotic diseases that primarily af

fect lung connective tissue (Robbins et al. 1984). 

Connective tissues provide mechanical support and a 

highly organized lattice within which cells can migrate and 
interact with each other (Alberts et al. 1983). The major 
components of connective tissues are the fibrous proteins 
collagen and elastin, and the carbohydrate polymers called 
glycosaminoglycans. All of the glycosaminoglycans, with 
the exception of hyaluronan (also known as hyaluronic 
acid), are linked to protein, forming larger polymers called 

proteoglycans. By aligning themselves along the linear 
hyaluronan chain, individual proteoglycans can form even 
larger complexes, containing multiple proteoglycan units, 
that serve as supporting structures. Collagen fibers embed
ded in the highly hydrated gel formed by hyaluronan and 

the proteoglycans strengthen the connective tissue extracel
lular matrix. In many tissues, elastin fibers impart resil

ience to the matrix (Alberts et al. 

Fibrotic reactions in an injured lung are characterized 
increased deposition of most connective tissue components 

(Goldstein and Fine 1986). Because changes in collagen are 
the subject of the by Dr. Last and colleagues, the re
mainder of this Background focuses on this important con
nective tissue protein, and on the evidence for ozone's role 

in in that may be character
istic of fibrosis. 
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COLLAGEN 

L.u.u.o:~.1,:;c;.._.L., are a of fibrous secreted 
connective tissue cells. are characterized 

areas within the molecular structure that have 
helical forms et al. created three 

tide chains wound around each other. The o....uJ'-'-"'-1::."'-'-'-" 

structural of all tissues, and 

structural of connective tissues 
such as skin and tendon. LoU,l.l.clj,:;GHC! 

in the amino acids and 
u.n.~u;::,.nL to play an role in forming the helix 

et al. 

Fourteen collagen types have been described 
van der Rest and Garrone the best charac-

terized are types I, II, III, and IV collagens. These collagen 

types differ in the composition of the individual 
tide chains (each of which is characteristic for that SDIBcitic 

collagen type), and in the number of different chains that 
form the collagen molecule. For example, types I and IV col
lagen contain a mixture of two similar polypeptide chains 
and one dissimilar chain, forming a heterotrimeric mole
cule. In contrast, types II and III collagen each contain three 

similar type-specific polypeptide chains, forming a homo
trimeric molecule. Types I, II, and III collagens form fibrils 
(discussed below), and are the major collagens found in 
connective tissues; type IV collagen contains fewer helical 

regions and does not form fibrils. Instead, type IV collagen 

molecules assemble into sheetlike meshes that constitute a 
major part of the laminae that underlie epithelial cells 

berts et al. 1983). 

An extraordinarily complex process forms the fibrillar 
collagen found in connective tissue (Pinnell Briefly, 
after the formation of a single polypeptide chain, specific 

proline and lysine residues in the polypeptide are enzymat
ically hydroxylated to form hydroxyproline and 
sine. (Because hydroxyproline is not present, or found 
in small amounts, in most proteins, its presence is consid
ered to be diagnostic for collagen.) Carbohydrate molecules 

are next added to specific hydroxylysine residues. It is at 
this point that three chains combine, fm·ming 

the triple-stranded molecule called "procollagen'' that is 
secreted from the cell. 

The final steps in the conversion of to fibril-

lar collagen (also called tropocollagen) occur extracellu
larly. First, types I, II, and III procollagens are shortened 
enzymatically cleaving sections at both ends of the mole-
cule. Next, large fibrils form 
aggregation of the shortened molecules. The fibrils are 

strengthened the formation of covalent cross-links both 
within and between the constituent molecules. 
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oxidase 
residues, 

reactive groups on these amino 
aH1ellvcles read with each other, or with un-

Most ofthe cross-links in are believed to exist in 
an unsaturated that is, contain carbon-to-carbon 
double bonds that are deficient in hv«irc1gen 
cross-links are stabilized 
gen ions) with sodium oo:rotLVd.Tldle 
cross-links were the forms that were chemically character
ized. Thus, HLNL and DHLNL refer to the reduced forms 
of the naturally-occurring cross-links derived from hydrox
ylysine and lysine residues. These two cross-links, together 
with hydroxypyridinium which forms the slow 
reaction between DHLNL and hydroxylysine, were the 
cross-links of interest to Dr. Last and his coworkers in this 
study. 

POSSIBLE RELATION OF OZONE EXPOSURE TO 
CHANGES IN COLLAGEN AND 
PULMONARY FIBROSIS 

There are at least eight types of collagen found in differ
ent areas of the respiratory system, including the airways, 
vessels, pleura, and interstitium. Types I and III collagen, 
which account for the majority of lung collagens in all 
mammalian species, are present in the peripheral lungs of 
adult rodents and primates in a ratio of 2:1 (Crouch and 
Parks 1992). Because type I collagen is less compliant than 
type III collagen, the elevated synthesis of type I seen in ani
mal models of lung fibrosis (Goldstein 1991) may be respon
sible for the lung's increased stiffness and decreased ability 
to expand (Last 1988). 

For many years, researchers in the field of pulmonary dis
ease have studied the mechanisms which fibrosis occurs 
in the lungs. As discussed above, connective tissue is vital 
for maintaining structural integrity, especially in tissues 
that must withstand mechanical stress et al. 
1981). Connective tissue also is synthesized during the nor
mal process of wound healing, by which a tissue responds 
to injury. In this process, tissue injury is followed by inflam
mation, accumulation of inflammatory cells (such as mac
rophages) at the site of injury, and then repair the syn
thesis of a connective tissue-containing scar. According to 
Crystal and colleagues (1991) the biologic basis of pulmo
nary fibrosis is similar to wound However, while 
wound is localized in space, and confined in time, 

n'-'-'-'-'-'-''--'-'--'-J involve the entire 
'WUJ''-'-'--'-'-'-'• '-'-.__._,5 ._., _ _.__._5 processes that cause excessive 

et al. Because the 

intlarnrrtat<Jry reactions '-'"'"-'"--'-JL-'--'-5 

ulrnoJaar·y fibrosis can result from an increased 
tion of collagen; h"''"'"'"""'-,-. 

elude changes in the type of vU>.-'-Ul/';v.u. SYilth.es:tzea 
influences a tissue's pnysical-n"'""'"''""-t""'" 
numbers of collagen cross-links 

and 

al. 1990). The discussion focuses on studies of 
lung collagen after exposing laboratory animals to 
ozone, and in tissue from humans with fibrotic 1 ung dis
ease. These changes are into investigations of total 
lung collagen content, collagen synthetic rates, collagen 
types, and collagen cross-link numbers. 

TOTAL LUNG COLLAGEN 

Increases in total lung collagen have been found in pa-
tients with fibrotic lung disease (reviewed Phan 
However, studies to determine if exposing laboratory 
animals to ozone causes an increased lung collagen content 
provide conflicting results. Dr. Last and colleagues exposed 
Sprague-Dawley rats and cynomolgus monkeys to ozone 
concentrations ranging from 0.5 ppm to 1. 2 ppm, for periods 
of three days to one year (Last and Greenberg 1980; Last et 
al. 1984). measuring the content oflung hydroxyproline, 
the investigators concluded that ozone exposure increased 
the total amount of collagen in the lungs of rats and mon
keys; however, the dose levels employed were higher than 
those that would be encountered even in ozone-polluted 
ambient air. Because the content of proteins other than col
lagen also increased after ozone exposure, the response was 
not specific for collagen, but may have reflected a general
ized increase in synthesis (Last and Greenberg 
1980). 

Morphometric studies also have associated increased 
collagen deposition with ozone exposure. Chang and col
leagues (1992) conducted electron microscopic 
metric analyses on rats to a simulated pattern of ur-
ban ambient ozone (a of 0.06 ppm, with an 
exposure peak that rose from 0.06 to 0.25 ppm and then 
returned to the background for up to 78 weeks. At the 
end of the 78-week period, the investigators observed large 
bundles of collagen in the alveolar region; 
however, these changes after the rats breathed 
clean air for 17 weeks. evidence for ozone-
induced of fibers at the alveo-

other investiga-

33 



et al. 

In contrast to the .,.,~,...,~~n other investi-

gators did not observe ozone-induced in col-
inr"llur·ir'7 and H.UA.JC<U..L'uV found little evi-

dence for accumulation in the of Fischer-344 

rats exposed to 0.125, 0.25, or 0.50 ppm ozone for up to one 

year. and that total lung 

collagen content increased with age in both Fischer-344 

control rats and rats to 0.12, 0.25, or 0.50 ppm ozone 

for 3 to 18 however, they observed no ozone-

specific differences in collagen content at any time point. 

It is possible that strain differences between the Fischer-344 

rats used by Filipowicz and McCauley (1986) and Wright 

and colleagues (1988) and the Sprague-Dawley rats used by 

Last and colleagues (Last and Greenberg 1980; Last et al. 

1984) may have been responsible for the different levels of 

collagen deposition in response to ozone exposure. 

Examining the results of Jakab and Bassett (1990) suggests 

that the disparate results obtained by different investigators 

could also be caused by the presence or absence of pulmo

nary infection. They observed an increased hydroxyproline 

level in the lungs of mice continually exposed to 0.5 ppm 

ozone for 30 to 120 days after infection with influenza virus, 

compared with control animals breathing clean air, ozone 

alone, or clean air after viral infection. To provide a possible 

mechanism for these results, Jakab and Bassett cited the ob
servations of Witschi and associates (Haschek and Witschi 

1979; Witschi et al. 1981). These two groups reported that 

oxygen potentiated the lung damage caused by a fibrogenic 

agent (butylated hydroxytoluene), and proposed that oxy

gen inhibited the repair process of alveolar reepithelializa

tion, allowing underlying fibroblast cells to overgrow and 

produce abnormal amounts of collagen. Jakab and Bassett 
(1990) suggested that the possible inhibition ofreepithelial

ization by ozone may have triggered increased collagen 

deposition in postinfluenzal fibrosis. Wright and associates 

(1988) performed serologic and histologic tests during their 

exposure of rats to ozone to assure that intercurrent pulmo

nary infections were not present. Such determinations may 

be critical to rule out possible confounding factors during 

oxidant exposures. 

RATES OF COLLAGEN SYNTHESIS 

A useful marker of fibrotic activity in the lung is the rate 

of collagen synthesis. This is most easily measured in

cubating lung tissue with radioactive proline and measur

ing the incorporation of radioactivity into collagen (Crouch 

and Parks Reiser and Last observed abnormal 

rates of collagen synthesis in animal models of pulmonary 

fibrosis. After treating rats with ozone ppm for 6 days), 

34 

bleomycin, or paraquat, the investigators found that colla
gen synthesis in lung tissue from rats eXlJm;ed 
was increased significantly com1Jar·ed 

ren and coworkers reported similar .uu.uu.L""" 

posing rats to 0.20 and 0.64 ppm ozone uu.u.uuuLu 

days. In contrast, and coworkers 
nificant dose-related in in 

tissue slices prepared from rats exposed to ozone for 3 to 

18 months compared with control rats. Filipowicz and Mc
Cauley (1986) noted an increased rate of collagen c~n-1'1-h.,-,n·in 

in rats exposed to ozone for up to one year; however, because 

total lung protein synthesis also increased, the response 

was not specific for collagen. The investigators concluded 

that the rat lung responded to ozone exposure with a 
general increase in protein turnover. 

COLLAGEN TYPES 

The major lung collagens (types I and III) can be identi

fied and quantified by cleaving collagen with cyanogen bro

mide and separating the characteristic peptides formed 

from each molecule. In their study of rates of collagen syn

thesis, described above, Reiser and Last (1981) observed that 

the relative amounts of collagen types I and III changed in 

rats exposed to paraquat, bleomycin, or 1.5 ppm ozone. Af

ter exposure to each agent, the level of newly synthesized 

type I collagen ranged from 80% to 85%. In contrast, the 

level in untreated rats ranged from 65% to 70%. The investi

gators concluded that an increased synthesis of type I colla

gen is an early event in experimental acute lung fibrosis. 

This observation was consistent with the increased ratio of 

type I:type III collagen in post-mortem lung tissue from pa

tients with idiopathic pulmonary fibrosis (Seyer et al. 1976). 

As discussed above, the difference in compliance between 

the two collagen types could produce a less resilient lung 

(Crystal et al. 1976). 

COLLAGEN CROSS~LINKS 

The content of collagen-specific cross-links can be deter

mined using high performance liquid chromatography 

(HPLC) to separate the hydroxylysine-derived cross-links 

HLNL, DHLNL, and OHP. Elastin contains several cross

links found in collagen; however, because elastin does not 

contain hydroxylysine, cross-links derived from this amino 

acid are specific for collagen. 

The progression of fibrosis induced in monkeys ozone 
exposure (0.61 ppm, 8 hrs/day for one year), and in rats 

silica or bleomycin, showed a characteristic sequence of 

events (summarized Last et al. Early events in-

cluded increased lysine with a in-

crease in DHLNL content. Between 10 weeks to 9 months af-
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ter the initial insult 
used), DHLNL levels returned to HCUU.LU,.._, howP-VP!r. 

u:a!t::I..,.U.LJl~ the 

imves:tiJ2~at()rs ...,.,, ... .--.,..,,,,,, that "mature 
fibrosis collagen'' contains normal levels of DHLNL 
cause excess DHLNL is used to synthesize and an 
elevated level of OHP. Because DHLNL levels decrease with 
time in animal models of fibrosis, while OHP levels remain 
elevated, Last and colleagues (1990b) concluded that OHP 
could serve as a marker for chronic lung fibrosis. 

Lung collagen from humans with fibrotic pulmonary dis
ease show cross-link changes paralleling those found in an
imal models of fibrosis. The level of DHLNL increased in 
lung tissue from infants with infant respiratory distress syn
drome, compared to tissue from stillborn normal infants, 
and in lung tissue from patients with adult respiratory dis
tress syndrome, compared with normal lung tissue (Reiser 
and Last 1987; Last et al. 1990b). Last and colleagues (1990b) 
also found that OHP levels increased in lung tissue from pa
tients with interstitial lung disease, compared with normal 
human lung tissue (Last et al. 1990b). 

In the study presented in this Research Report, Dr. Last 
and his colleagues tested their hypothesis that ozone in
creases the lung's collagen content and cross-links, and 
thus should be considered a fibrogenic agent. The availabil
ity of tissue from the NTP/HEI Collaborative Ozone Project 
allowed the investigators to examine these events in the 
lungs of animals chronically exposed to ozone at the level 
of the current NAAQS and higher. 

JUSTIFICATION THE STUDY 

The Health Effects Institute's primary objectives for RFA 
90-1 were to support biochemical, structural, and func
tional studies to determine whether chronic inhalation of 
ozone caused changes in the respiratory system of rats that 
might potentially be related to chronic lung disease in hu
mans. Among the changes occurring in humans during the 
development of chronic lung disease are increased collagen 
content and cross-links, and a shift in the type of collagen 
produced. Dr. Jerold Last and colleagues had extensive ex
perience in studying changes in lung collagen in animals 
exposed to fibrogenic agents. In selecting Dr. Last's study for 
funding, the HEI Research Committee concluded that it 
would provide biochemical data that could complement 
the other studies of collagen in the collaborative 

was to determine 
whether ozone exposure caused changes in 
in Fischer-344 rats. 

His specific aims were to: 
1. quantify lung collagen content; 
2. quantify the OHP cross-link content of lung collagen; 
3. quantify the HLNL and DHLNL cross-link content in 

pooled tissue from each group of animals; and 
4. quantify HLNL and DHLNL in individual lung lobes if 

the values in the pooled tissue increased significantly, 
relative to the control group, in a concentration
dependent manner. 

The exposure protocol and recovery in clean air is de
scribed in the Supplement to this Research Report. The tis
sue allocation scheme is described by Catalano and associ
ates (1994). The right middle lobe and cranial lobe from 
selected rats were frozen on dry ice and shipped on dry ice 
from Battelle Pacific Northwest Laboratories to Dr. Last. 

Dr. Last and colleagues determined the total collagen 
content of each lung lobe by measuring the 4-hydroxypro
line content of lobe hydrolyzates. To determine the levels of 
HLNL and DHLNL, the investigators first treated lung tissue 
with radioactively-labeled to reduce unsaturated 
cross-links. After hydrolyzing the lung tissue, the investiga
tors separated radioactive HLNL and DHLNL HPLC. The 
amount of each cross-link was quantified by measuring the 
level of radioactivity in each purified fraction. The OHP 
cross-link also was isolated from lung hydrolyzates 
HPLC. Because it is not unsaturated, it cannot be labeled 
radioactive NaBH4 ; however, it can be identified its in
trinsic fluorescence. Because elastin does not contain 
HLNL, DHLNL, or OHP, these cross-links can be isolated 
directly from tissue hydrolyzates, eliminating the need to 
separate collagen from elastin. 

Dr. Jack Harkema the Lovelace Biomedical and En-
vironmental Research Institute), another investigator in the 
NTP/HEI Collaborative Ozone Project, used histochemical 
methods to assess focal changes in content and the 
location of fibrosis in tissue from 
animals compared with control animals. Because these 
data did not form part of Dr. Harkema's two studies per
formed in the NTP/HEI the results of these 
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were made available to Last and are included 

in this 

cte:script:ion of Dr. Harkema's methods can be found 
the 

sections were cut 

embedded tissue. Tissue sections from the right accessory 

lobe of and control animals were stained 

with Masson's Trichrome stain to and a 

similar section was stained with hematoxylin and eosin for 

morphologic examination. The amount of interstitial colla

gen in the centriacinar region (the region of the lung adja

cent to the respiratory bronchioles) was evaluated by Dr. 

Harkema without knowledge of the exposure histories of 

the individual rats, and he scored the increases as minimal, 

mild, moderate, or marked. These evaluations were repeated 

by a pathologist who had not participated in the study. 

TECHNICAL EVALUATION 

ATIAINMENT OF STUDY OBJECfiVES 

The investigators completed specific aims 1 through 3, 

and quantified collagen levels and cross-link contents in all 

groups of animals; however, they did not quantify DHLNL 

and HLNL in individual lung samples because their results 

did not meet the criterion for performing these assays as 

specified in specific aim 4. The histopathological evalua

tion of ozone-induced lesions in lung tissue, while not an 

original aim of this study, was performed by Dr. Harkema. 

ASSESSMENT OF METHODS 

AND STUDY DESIGN 

Biochemistry 

The investigators received lung tissue from twelve rats 

(six of each gender) in each ofthe control, 0.50, and 1.0 ppm 

ozone exposure groups, and six rats (three of each gender) 

from the 0.12 ppm ozone exposure group (tissues from 42 

animals total). Fewer tissues were available from the 0.12 

ppm group because fewer animals (24) were exposed to 0.12 

ppm ozone than to the other ozone levels (39 to 42 animals). 

The methods used in this part of the study are standard 

assays for studying changes in collagen levels. The assays 

were carefully performed by a group of investigators skilled 

in these procedures. However, because the techniques 

could not discriminate between the various types of lung 

collagens, these data represent the average response of all 

The biochemical data, obtained analyz-
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ing entire lung also represent the average response 

of all lung cells, and reflect the levels of total collagen and 

cross-links at all sites in the lobe. Because the extent of pos-

sible damage caused ozone might vary the 

the major with this was the ..,u,,;:,.uJ.u.-

that ba(;kgroumd 
areas in 

connective tissue small subpopulations of 

cells at focal areas of injury. It is therefore unclear whether 

the largely negative data, discussed below, indicate that 

there were few significant effects of ozone, or whether the 

methodology was too insensitive to show a tissue response 

to ozone. 

Selecting a parameter to normalize the data is an 

tant consideration in interpreting the results. There are 

several possible parameters that could be used (lung lobe, 

lung weight, amount of DNA, amount of protein, amount of 

collagen), and opinions differ as to which is the most 

meaningful. The investigators proposed that, because en

tire lung lobes were analyzed, the data were best expressed 

on a per lung lobe basis; however, for the sake of complete

ness, they also presented their data using other normaliza

tion parameters. 

This study was based on earlier observations that 90-day 

exposures of rats to ozone caused pulmonary fibrosis, as 

seen by an excess deposition of collagen (see Investigators' 

Report). The protocol of the NTP/HEI Collaborative Ozone 

Project did not allow the investigators an opportunity to 

make serial measurements of collagen deposition (see the 

Introduction to this Research Report). This was unfortunate 

because the study would have been strengthened if the in

vestigators had been able to include a group of animals un

dergoing a similar 90-day exposure protocol as a positive 

control for the effects (or lack of) seen at the longer time 

period. 

Histopathology 

The level of collagen in tissue from control and ozone

exposed animals was graded by observer ranking, a method 

that is less rigorous than current morphometric procedures 

that are designed to avoid observer error or bias. However, 

the conclusions of an outside pathologist, scoring the same 

slides as Dr. Harkema, strengthen the interpretation of these 

data. 

STATISTICAL ANALYSIS 

The statistical methods were appropriately chosen, pre-

described, and and Dr. 
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test for dose-dependent trends in total and colla-
gen cross-links in both male and female rats. of 
variance (ANOVA) also was to test for dose
related effects. Analysis of variance has the of not 
assuming a linear response; however, it has the disadvan
tage of low statistical power because it takes no account of 
the order of doses. In one instance, two-factor of 
variance was employed to test for dose ef
fect, gender difference, and differential dose effect between 
the genders. 

An unusual and interesting feature of this report is a set 
of power calculations. These calculations show what sam
ple size would be needed to provide a certain probability 
(or power) of achieving statistical significance, assuming 
that (1) the test is performed with a certain critical p-value 
(0.01, 0.05, or 1.0 as tabulated) and (2) the true effect sizes 
are equal in magnitude to the effect sizes observed. 

RESULTS AND INTERPRETATION 

The biochemical data showed no statistically significant 
differences in total collagen or in the level of any of the 
hydroxylysine-derived collagen cross-links in ozone-ex
posed male rats, compared with air-exposed control male 
rats. Female rats exposed to ozone concentrations of 0.12 or 
0.5 ppm showed no statistically significant increases in to
tal collagen, compared with control rats. The OHP content 
of lung tissue from female rats also was not changed signifi
cantly after exposure to 0.12 or 0.5 ppm ozone, nor were 
there significant changes in the DHLNL: HLNL ratio in fe
male rats after exposure to 0.12 ppm ozone. There were 
statistically significant increases in hydroxyproline (total 
collagen) and OHP levels in female rats exposed to 1.0 ppm 
ozone when the values were expressed per lung lobe. How
ever, these differences disappeared when the hydroxypro
line levels were normalized by lung weight and the OHP 
levels were normalized either per mole of collagen or by 
lung weight. Neither HLNL or DHLNL showed statistically 
significant increases; however, trend analysis of the slopes 
of the concentration-response curves indicated significant 
increases in the DHLNL:HLNL ratios in female rats exposed 
to 0.5 or 1.0 ppm ozone. 

The interpretation of the biochemical data is uncertain. 
Because there were no statistically significant ozone
induced effects in any of the measured parameters in male 
rats, and the statistically significant changes seen in female 
rats exposed to the higher ozone doses disappeared when 
the normalization parameters were changed, it is not clear 
whether collagen content and cross-link levels did not 
change, or if the methods were not adequately sensitive to 
detect changes. Overall, the biochemical data suggest that 

the responses of rat connective tissue to chronic ozone 
exposure are to be very small, and their significance 
is unclear. 

Dr. Harkema's histochemical at the micro-
level showed that rats to 0.5 or 1.0 ppm 

ozone developed lesions that were restricted to the 
centriacinar region. No lesions were seen in rats exposed to 
0.12 ppm ozone. Figure 1 in the Investigators' Report illus
trates the thickened walls of terminal bronchioles, """"""'""
tory bronchioles, and proximal alveolar ducts in rats ex
posed to 1 ppm ozone. The investigators attributed the 
thickened segments to epithelial cell hyperplasia and inter
stitial fibrosis. Male and female rats exposed to 1 ppm ozone 
showed evidence of fibrosis as seen by moderate to marked 
levels of stainable collagen in the centriacinar region. Rats 
exposed to 0.5 ppm ozone had less centriacinar fibrosis. 

The morphologic observations of focal increases in colla
gen concentrations are difficult to interpret. Because only 
a limited number of animals were available to Dr. Harkema 
for his analyses (5 control rats, 4 rats exposed to 0.12 ppm, 
6 rats exposed to 0.5 ppm, and 6 rats exposed to 1.0 ppm), 
these data may not accurately represent conditions in a 
larger population. In addition, some similar changes were 
seen in several control animals (see Table 7 in the Investiga
tors' Report). Finally, some differences were observed be
tween Dr. Harkema's ranking of collagen deposition and 
that of the outside pathologist; however, in general, the two 
rankings tended to agree. 

IMPLICATIONS FOR FUTURE RESEARCH 

This was a very carefully conducted study that generated 
largely negative data. Taken alone, Dr. Last's results leave 
open the question of whether chronic ozone exposure causes 
an accumulation of collagen in the lung or the presence 
of abnormally cross-linked collagen. Confidence in this 
study's findings will be enhanced if they are supported 
other collagen-related studies in the NTP/HEI Collaborative 
Ozone Project. In addition, verification of the earlier obser
vations on which this study was based is critical. Together, 
such results may answer the question of whether further 
studies on ozone's effects on lung collagen are worthwhile. 

The observation that the small changes in collagen con
tent and cross-links (albeit, dependent on the normaliza
tion parameter) were gender-specific warrants further study. 
These findings may be of particular interest, because sev
eral investigators have observed that women who exercise 
experience greater decrements in function after acute 
ozone exposure than do men (Lauritzen and Adams 1985; 
Drechsler-Parks 1987; Messineo and Adams 
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