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The major of urban smog is ozone, a highly reactive gas that forms when emissions from mobile 
and industrial sources react chemically in the presence of sunlight. On the basis of scientific data documenting 
ozone's effects on lung function in humans, the U.S. Environmental Protection Agency set a National Ambient 
Air Quality Standard for ozone of 0.12 parts per million (ppm). Compliance requires that this level not be 
exceeded for more than one hour, once per year. 
Because ozone can damage cells, prolonged or repeated exposures may constitute a risk factor for lung cancer. 
Therefore, the National Toxicology Program (NTP) conducted a bioassay of prolonged exposure to ozone to 
evaluate ozone's carcinogenicity in rodents. Another equally important concern is the potential that pro
longed ozone exposure may injure respiratory tissue, leading to the development or exacerbation of chronic 
lung diseases such as fibrosis or emphysema. The NTP's bioassay presented a unique opportunity for a 
collaboration between the HEI and the NTP that allowed HEI-funded investigators to study whether prolonged 
ozone exposure causes or enhances alterations in rat lungs that are characteristic of chronic lung diseases. 
Connective tissue is important to the lungs because it confers mechanical strength by providing a supporting 
framework for cells. However, an excess of connective tissue can lead to fibrosis, which distorts normal lung 
structure and decreases the lung's efficiency for gas exchange. Also, changes in connective tissue components 
are believed to be an underlying cause of emphysema. The synthesis of connective tissue proteins is controlled 
by specific genes. The message encoded in DNA is transferred to a molecule called messenger RNA 
which in turn transmits information (or coding) to a cell's machinery that synthesizes proteins. This system 
is highly regulated and can be turned on or off in response to tissue injury. 
Dr. William Parks' ofthe effects of ozone exposure on the mRNAs that code for connective tissue proteins 
was one of eight studies in the NTP/HEI Collaborative Ozone Project, and one of three in which researchers 
examined the effects of ozone on rat lung connective tissue. Other investigations included studies of lung 
biochemistry, structure, and function, as well as one study of nasal structure and function. 

techniques to measure the levels ofmRNAs that code for collagen and elastin, 
two connective tissue proteins. compared mRNA levels in the lungs of rats exposed to clean air with those 
ofrats to 1.0 ppm ozone for 20 months. Tissue samples from a separate study of rats for two 
months to the same ozone levels also were available for comparison. 

Parks found low levels of collagen and elastin mRNAs that were comparable in control rats and rats exposed 
for 20 months to 1.0 ozone. In contrast, when Dr. Parks examined lungs from rats exposed for two months 
to 1.0 ppm ozone, enhanced levels of mRNAs that code for collagen and elastin when '"''-'''H~""-'--'-'"''-'-
with control rats. The absence of increased collagen and elastin mRNA levels after 20 months suggests that 
the genes that code for these proteins were not highly active after ozone exposure. 

the results of the 2- and 20-month exposures suggests that rats may adapt to f-1-'-'JLL•ur:,vu. 

mechanisms that decrease the of genes that code for connective tissue pnotE~ins. 
rlil-tolro..-,t sets of rats were used for the two exposures, different lung lobes were 
were available for the two-month study. In addition, because each exposure 
those studied after two months were younger. Therefore, these results must be inl·ornr.otc•rl 

further validation. 

the Health Effects Institute (HEI) and approved by its Board of Directors, is a 
1993. The inhalation component of this project was supported the National To;>eiCCllm!v 

toxicologic and carcinogenic effects of ozone. This study was conducted by Dr. Parks Wa:shii1gtcm 
MO. The following Research contains an Introduction to the NTP/HEI Collaborative Ozone Project, 

detailed Investigators' Report, and a Commentary on the prepared by the Institute's Health Review Committee. 
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The NTP/HEI Collaborative Ozone was a four-
year with many '-'CYLL,o;LtU,Y'CO that was 
evaluate the effects of uH .. >H]o:;,CiU ozone exposure on 

in animals. The ozone exposures were conducted 
the National at Battelle Pacific 
Northwest Laboratories. The individual in1reE>ti~:at1Drs 
ies, which addressed the and 
sequences ozone exposure, were u~...,....,~~·-'-'~ 
the Health Effects Institute A full dei>CrllPtJ,on 
NTP/HEI Collaborative Ozone and the exposure 
.,..,.l"(,tn..-.nl can be found in the Introduction and 

Number 65 Part I. This information also 
f-Juuu.c:HJ.Ciu in Part VI of Research Number 65 

that describes the exposure and distribution of the animals. 

in 1987, the Health Effects Institute entered into 
a with the National to 
evaluate the effects of chronic ozone exposure in rats. The 
NTP, of four of the U.S. of 
Health and Human Services, coordinates the nation's test-

of toxic and hazardous chemicals. The 
Health Effects Institute, an research onmrtiz<:J.-
tion both government and 
unbiased information on the health effects of motor vehicle 
emissions. 

nia 

nacn'""'"n exposure to ozone and con
~-''-''·'-'HLL<.H health effects, HEI and the Califor-

The NTP, that cancer was one of the 
chronic diseases of concern, included additional animals 
for studies of the and pnysw1og1c 
consequences of ozone exposures. The HEI ani-
mals were housed in cages that would otherwise have been 
empty. a the HEI and NTP were 
able to la"'<>T'<>ru" 

research program 
em1pc~1nts; the 
tion between •nr•n-'-"'"''"' 

sis of chronic diseases, such as ac:H .. LUJL.I.a, 

and fibrosis. The Health Effects Institute would not have 
which 

perscmrtel, without 
cmnpon1:mt and the 

....,,_,. ...... u . ....,u of the NTP's contractor, Battelle Pacific North-

the NTP's 

west Laboratories. 

Health Effects Institute Research Report Number 65 Part IV © 1994 

For the HEI component of the studies were 
selected for from orcmc)sals submitted in response 
to the 90-1, Health Effects 
of Chronic Ozone Inhalation: Collaborative National Toxi

uu.~.u ... "'"· Part A: 
Bio-

to assistance with ex1pe1~irrtenttal 
animal allocation, and data 

dJ<:tgnllll of the studies in the NTP/HEI Collaborative Ozone 
and their relations to each other. 

studies that were part of the NTP 
include those 
the 

funded and the biostatistical 
HEI engaged Battelle Pacific Northwest Laboratories to 

support services for the 
tors. 

Starting at six to seven weeks of age, male and female 
F344/N rats were exposed to 0, 0.12, 0.5, or 1.0 per 
million ozone, six hours per five 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 cru·cnlog:entCl1:y r.'"'""'"']'U consisted of a two-year 

in rats and mice, and a of male rats 
levels of a human 

NTP These included ozone exposure concentra-
tions that were set the NTP, a limit on the 

to the number of available exposure JL,HUH.lUG' ... "• 

qu.ara.ntime restrictions that did not allow """"ni·-,.u 

animals into the exposure chambers once 
removed, thus the ....,....,."' .. a'-'~~~ .. 
serial tests. 

The Biostatistical a 
allocation scheme that allowed several researchers to ob
tain measurements on tissue from the same subset 
of the maximum OUO'II'ian 

mals and tissues among the studies while ensurm,g 
balance with to dose, and time of death . 
When the ozone exposure of the HEI animals ended 20 
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Figure 1. The NTP/HEI Collaborative Ozone Project: individual studies. 

months), several investigators traveled to Battelle Pacific 
Northwest Laboratories to conduct their assays or to obtain 
samples on site. Battelle personnel prepared the tissues for 
off-site investigators and shipped them directly to their 
laboratories. 

Because the studies varied in duration from six months 
to two years, HEI is publishing the repmts for each individ-
ual after the Institute's review process for each 
is complete. Each Investigator's and a forthcoming 
Integrative Report will be Parts of Report Number 

65 of the HEI Research Report series. The present Dr. 
William C. Parks and Ms. Jill D. of the effects oflong-term 
ozone exposure on extracellular matrix gene expression is Part 
IV. Other investigators in the Collaborative Ozone Project 
examined the effects of ozone on functional 
Szarek), structural (Pinkerton, 'L.O.UO..LH~"· 

Ka.dbLakrishnanlUith'V) alterations. 
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>..LL.HVU.~H some conclusions can be drawn on the basis of 
the results from each individual the of 
Dr. Parks' findings will be when those data are 
correlated with the outcomes of the other 

The of the collaborative NTP and HEI chronic 
ozone exposure studies is that 
"'"'.,...,....,+,~;,,"to examine the effects of pnJ101ngea 

ologic consequences of chronic ozone exposure is one of this 
features. The results of these studies will 

provide new information about the threshold effects of ozone 
exposure on and the and extent · 
a well -established animal model. These results may be 
ful for current standards of ozone exposure as 

to human health and for future animal and 
human studies. 



cte·po~:;ition of extracellular matrix in ter-
is associated with chronic ozone exposure. 

'-'-'-'·'-'-~"''-'"l'v.u was used to assess whether lOllP-·tP.lrm 

ozone exposure causes elevated and continued ~v-~ .. r·~~-
of genes for connective tissue 
lobes were removed from the animals exom>ed 
0.5, or 1.0 per million 

of the National 

from animals ~~-~~,,~,.., 

control animals, a very weak was seen in occa
sional cells within the interstitial spaces around large air
ways and blood vessels. In contrast, a strong signal for 
matrix-related mRNA was detected in fetal lung tissue. 
These indicate that active or enhanced matrix 

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

This Investigators' Report is one part of Health Effects Institute Research 
Report Number 65 Part IV, which also includes an Introduction to the 
NTP/HEI Collaborative Ozone Project, a Commentary by the Health Review 
Committee on the Investigators' Report, and an HEI Statement about the 
research project. Correspondence concerning the Investigators' Report may 
be addressed to Dr. William C. Parks, Dermatology Division, The Jewish 
Hospital of St. Louis, Washington University Medical Center, St. Louis, MO 
63110. 

This study was supported by HEI funds from the U.S. Environmental Protec
tion Agency and the motor vehicle industry. The inhalation component of 
this project was sponsored by the National Toxicology Program as part of its 
studies on the toxicologic and carcinogenic effects of ozone. 

Although this document was produced with partial funding by the U.S. 
Environmental Protection Agency under Assistance Agreement 816285 to 
the Health Effects Institute, it has not been subjected to the Agency's peer 
and administrative review and therefore may not necessarily reflect the view 
of the Agency, and no official endorsement should be inferred. The contents 
of this document also have not been reviewed by private party institutions 
including those that support the Health Effects Institute; therefore, it may not 
reflect the views or policies of these parties, and no endorsement by them 
should be inferred. 

the 
L>LL~u!.cL>, suggesltm,g that the increase in matrix 

sition results from a transient and fibrotic response. 
signal for I procollagen and 

mRNAs was seen in alveolar septal cells in lungs of rats 
expc1sed to ozone for two months. No signal was seen in 
alveolar cells of age-matched control animals. ani-

exposed for two months, and age-matched controls 
were from earlier studies supported the HEI.) These 
findings indicate that ozone mediates a transient fibrotic 
response that results in a sustained increase in lung ex
tracellular matrix. Confirmation of this hypothesis would 
require additional studies using animals exposed to ozone 
for shorter times. 

Changes in pulmonary function and morphology associ
ated with ozone exposure indicate that excess connective 
tissue is produced within the bronchiolar and alveolar 
interstitial areas (Last 1983; Gross and White Type 
I collagen is the principal extracellular matrix protein in 
the lung interstitium (Clark et al. and thus, increases 
in its content reflect a fibrotic response and predict and 

lead to altered lung function (Crouch 1990). As 
such, many studies on the health effects of ozone have 
focused on changes in lung collagen and have shown that 
the mass of deposited collagen increases in animals ex
posed to relatively high doses (0.5 ppm or more) of ozone. 
For example, lung collagen content, as determined 
droxyproline assay, increased about 21% in adult rats ex
posed continuously or intermittently to 0.96 ppm ozone for 
13 a similar increase was detected in lungs of 
nile monkeys exposed to 0.64 ppm ozone for eight hours 
per for one year (Last et al. Modest increases in 
lung hydroxyproline content have been reported in various 
models of rodents exposed to 0.5 ppm or more of ozone for 
seven days to one year (Hussain et al. 1976a; Last et al. 1979; 
Last and Greenberg 1980; et al. 1984; Jakab and 
Bassett At lower doses ppm ozone or less for 12 
weeks or longer), however, ozone does not lead to a 
cant in total lung accumulation 
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Co:mp•an;d with the marked 
increases in total associated 

~~nr.i, • .-..-~-,,~" failure et aL 1979: Collins et 
ozone mediates a mild fibrotic re-

sponse. 

The fibrotic response to ozone may vary among ""J'"''""''-c:;"'. 
For ex<lmpl,:J, 

increases are seen in animals exy)os:ed 
lated urban ambient ozone 

The biochemical determinations used in the studies dis-
cussed above measure both preexisting and depos-
ited matrix in the total lung. Because fibrotic 

are focal small changes in 
total lung collagen may reflect more dramatic changes at 
the sites of using morphometric analysis, 
about a two-fold increase in the connective tissue surround
ing bronchioles was seen in rats exposed to 0.5 ppm ozone 
for six hours per for 12 months (Hiroshima et al. 

Slg:mJtlc<mt increases in the volume ofthe 
terminal bronchiolar and alveolar extracellular matrices 
were seen in rats to a cycle of 0.06 to 0.25 
ppm ozone for up to 78 weeks et aL 
ozone mediates a localized fibrotic response even at rela

low doses. 

Ozone exposure also may influence the of 
multiple extracellular matrix proteins. Chang and col
leagues demonstrated that both interstitial and basal 
lamina matrices, which comprise distinct connective tissue 
macromolecules, are affected ozone exposure. Contro
versy exists, as to whether and how ozone affects 
elastin production. Elastin is a highly insoluble and dura
ble extracellular matrix abundant in blood vessels 
but is a minor, functionally important component 
of the alveolar interstitium et al. for 
collagen, elastin deposition can be altered in 
fibrotic conditions et al. 1976; Crouch As 
reported Costa and associates chronic exposure 
to high doses of ozone or 2.0 ppm for six hours per 
five per week, for 12 led to increased deposition 
of however, at lower doses 
decreased relative to that in con
trol animals. In various other models in which rats were 

either low doses of ozone to 1.5 
for 7 to 78 elastin content was not affected or de-
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creased et aL et al. 1984; 
and Sherwin 1989; Last et aL Because the 

tnten:Jretatilon of biochemical pruran1et·ers of whole 
is influenced numerous factors such as 

and localized prcJdllCtJlon 
elastin may be hidden 

putm•on;:rry vascular elastin. Indeed, 
<JUUH~VLAA'-' CHVC\!"ClC' demonstrates that of alveolar 

et aL 

As many studies of the fibrotic 
response to ozone have examined total._,u ..... ._._r:;!Li.n 

content of the Because ozone-induced may 
be focal, the true modulation of matrix may have 
been masked the abundance of connective tissue in 

----·------ r relevant for 
heterog,eni:JOllS group of n ... r,+r.·•-no 

and Parks 
For are found in the 

whereas type n is limited 
to cartilage, and IV is a component of basal 
laminae. The many other distinct forms of uULLa~=:!C.u 
distributed among connective tissue "''"""'r'""''"r,....,,..,..,1,,., 

in tissues, such as Biochemical assays, such 
as those that measure which is uu!'-1'-'xa 

To assess a focal fibrotic response 
must be assessed with 

cellular resolution; histologic tec:hnJQlies 
.. rJ.m-~+r·~~ of discrimination between affected and 
unaffected areas. For this reason we used in 
which detects steady-state intracellular mRNA, to determine 
whether chronic ozone exposure affects active of 
extracellular matrix proteins. Immunohistochemical tech
niques may demonstrate intracellular localization of matrix 
pn)te:in:s. but most matrix cannot discrimi-

trCIPCiel;:lstin, are se-
may be diffi

cult to assess to low intracellular concentrations of 
the antigen. In contrast, in situ allows direct 
determination of the cell 
is actively ex1;Jre:ssing 
relies on visualization of com
plexes of cellular mRNA with a radioactive nucleic acid 

In addition, in situ allows for de-
termination of the ...-."'"'"''"h and distribution of express

cells in a Thus, we 
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developed a sensitive in situ assay to assess 
whether long-term ozone exposure influences the expres
sion of connective tissue r...-..r-,toinc 

In our pilot studies for this contract, we detected 
procollagen and mRNAs in alveolar cells in 
lungs from rats to 1.0 ppm ozone for two months 

Because no for these mRNAs was seen 
in alveolar cells in control lungs, this up-regulated expres-
sion was selective for animals. As summa-
rized in this report and as we recently et al. 
1993a), no signal for any matrix product was detected in the 
long-term exposed animals. These results suggest that lung 
tissue has an adaptive response to chronic ozone exposure. 
With short-term exposure, an initial fibrotic response is 
indicated by the detection of tropoelastin and procollagen 
mRNAs in the animals exposed for two months; however, 
this response is not sustained with continued exposure. 
Thus, ozone may stimulate extracellular matrix protein 
expression only temporarily. 

SPECIFIC AIMS 

The deposition of extracellular matrix proteins in the 
lung is increased by exposure to ozone, but identification 
of the specific matrix molecules involved remains uncer
tain. In addition, the cell types and lung regions responsive 
to ozone exposure are unclear. We used in situ hybridiza
tion to determine whether matrix gene expression is in
duced or otherwise influenced in response to chronic ozone 
exposure. Our survey included assessment ofmRNAs cod
ing for abundant and functionally important interstitial 
fibrillar proteins, type I collagen, type III collagen, and 
elastin, and for fibronectin, which is deposited in both the 
interstitium and the basal lamina and often is expressed in 
response to injury (Ruoslahti 1988). To assess the potential 
degradation of matrix, we also examined production of 
interstitial collagenase, a metalloproteinase that catalyzes 
the rate-limiting step in collagen breakdown (Jeffrey 1986). 
For these studies, rats were exposed to 0, 0.12, 0.5, or 1.0 
ppm ozone for 20 months as part of the NTP/HEI Collabo
rative Ozone Project. Because elevated matrix gene expres
sion may be dependent on continual ozone exposure, some 
animals were killed immediately after cessation of ozone 
exposure and others were killed about one week later (see 
Table 1). Lungs were removed, perfused fixed at Battelle 
Pacific Northwest Laboratories, and shipped to us for in situ 

Table 1. Lung Samples Received for in Situ 
Hybridization Studies 

Rat Number Gender Number of 

0 ppm 03 
H19 F 6 
Hzzb M 6 

H25 F 7 

H28 M 7 

H31 F 7 

H34 M 7 

H69 M 0 

H73 F 0 

H77 M 0 

H81 F 0 

H85 M 7 

H89 F 8 

H141 M 0 

H145 F 0 

0.12 ppm 03 
H70 M 0 

H74 F 0 

H78 M 0 

H82 F 0 

H142 M 0 

H146 F 0 

0.5 ppm03 
Hzob F 6 

H23 M 6 

H26 F 7 

H29 M 7 

H32 F 7 

H35 M 7 

H71 M 0 

H75 F 0 

H79 M 0 

H83 F 0 

H87 M 7 

H91 F 8 

H143 M 0 

H147 F 0 

1.0 ppm03 
H21 F 6 

H24 M 6 

H27 F 7 

H30 M 7 

H33 F 7 

H36 M 7 

H72 M 0 

H76 F 0 

H80 M 0 

H84 F 0 

H88 M 7 

H92 F 8 

H144 M 0 

H148 F 0 

a Indicates the number of days after the cessation of ozone exposure when 
the rats were killed. 

b These animals died during respiratory function studies, and their lungs 
were not fixed by perfusion as per our specified protocol. As such, these 
samples were not included in our studies. 



ANIMALS 

F344/N rats were to 0, 05, or LO ppm 
ozone for 20 months at Battelle Pacific Northwest Labora-
tories for the NTP/HEI Collaborative Ozone and 

cessation of expo-
sure or six, seven, or Table After 
the rats were used for punntorwrv function other in vivo 

and the accessory lobe was 

f-''""'''~'--'-"'-''-''H with 10% formalin buffered with 

nospnate, 150 mM SOdium uHJLUL.AUu 

in fixative for 24 hours at 4°C, washed 
twice with PBS, 

formed routine pn)ce:ssJng 

lists the animals from which the 

from three male and three female 
ex1om;ea to 0, 0.5, or 1.0 ppm ozone for two months were 

Battelle Pacific Northwest Laboratories as of 
the Health Effects Institute Ozone Chamber 

buffered with 

SAMPLE PREPARATION FOR IN SITU 
HYBRIDIZATION 

slides 
to attract tissue sections and offer the o::>rl,rr<::>r\t<:>t>OC< 

de-

UJ.AUU.oUUUH of low and absolute tissue 
retention with no decrease in The fixation and tissue 
structure of all were assessed with 
hemr:ltoxylm and eosin. 

Sections were in 
1f'ol--.u,ci•~,,h::.ri in PBS. All sections were treated 

6 

nuclease-free 
tracellular cross-links caused 

the UL,CJUOH.oLU 

the final 0.1x sse was omitted to 
fJULCJLHH.U u~~LcA~'h of short that result after the 

AUTORADIOGRAPHY 

artifacts, the emulsion 
under conditions 

1979; Prosser et aL Slides were 
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CONTROLS INCLUDED IN THE IN SITU 
HYBRIDIZATION ASSAY 

In situ hybridization is prone to numerous autoradiog 
raphic and chemographic artifacts that may mimic""""'"'.,_,,.., 
hybridization. Therefore, proper controls were included 
with each experiment to signal Probe 
specificity was first confirmed Northern blot 
tion using rat lung RNA. For Northern blot 
11g of total RNA was denatured in 50% 1 M 
formaldehyde, and 50 ng/11L ethidium bromide at 68°e for 
five minutes, and separated electrophoresis through a 
1% agarose gel containing 1 M formaldehyde. RNA was 
passively transferred to nylon-reinforced nitrocellulose 
membranes (Schleicher & Schuell, Keene, NH), and mem
branes were baked, hybridized, washed, and exposed to 
x-ray film as described elsewhere (Parks et al. 1988). For 
Northern blots, antisense and sense RNA probes tran
scribed in vitro (see below) were labeled with a[32P]uridine 
triphosphate as previously described (Prosser et al. 1989). 
As an internal control for autoradiographic and 
chemographic artifacts (Rogers 1979), sections were proc
essed without labeled probe in each experiment. Also, to 
assess possible light leakage, plain glass slides were coated 
with emulsion and exposed with test sections. 

PROBE PREPARATION 

For these studies we used a rat tropoelastin complementary 
DNA (eDNA), 124D (Pierce et al. 1990); a human a1(I) procol
lagen eDNA, Hf677 (Boyd et al. 1988); a human a1(III) procol
lagen eDNA, T3-Gs (Loidl et al. 1984); a human fibronectin 
eDNA, pHF6 (Kornblihtt et al. 1985); and a rat collagenase 
eDNA (Quinn et al. 1990). These probes were supplied in 
or were subcloned by us into transcription vectors, either 
pBSKSII+ (Stratagene, La Jolla, eA) or pGEM4Z (Promega, 
Madison, WI). For example, we isolated a 750 base pair 
Xhoi-EcoR1 fragment from the type III procollagen eDNA 
and subcloned it into pBSKSII+. This fragment allowed us 
to make a probe specific for sequences that code for the 
carboxy terminus, which is homologous among species but 
unique compared with other collagen genes (Kiihn 1987). 
Insert orientation was determined by restriction enzyme 
analysis and by partial sequencing. 

Plasmids were linearized with the appropriate restric
tion enzyme to transcribe antisense or sense RNA. RNA 
transcribed in vitro was labeled'with a[35S]uridine triphos
phate (a[35S]UTP) (> 1,200 ei/mmole) using reagents from 
Promega by a modification of our previously described 
method (Prosser et al. 1989). To increase the specific activ
ity of the radiolabeled probes, 150 11ei of a[35S]UTP was 
dried in a microfuge tube under vacuum with gentle cen-

increases the concentration of 

with our ~~"'"'""' 
units of the <:>nlnt>n.nT"i 

than five-fold 

linearized DNA were added in a total volume of 
20 and the mixture was incubated for one hour at 3 7°e. 
At this an additional five units of were 

and the reaction was continued for three hours 
more. These modifications r:.'-"'H".I.au 

five- to ten-fold increase in the "''-''-•'-'ALL'-' ~·~h~,,~." 

probes. 
As a control for ..-..,-,·~nr•~,..,. 

each experiment were sense 
RNA transcribed from a bovine U.U';JU''-'H'"'u'" 

validity of this as a control has been con
firmed by Northern blot analysis (Prosser et al. and 
by in situ hybridization assays et al. 1992, 
1993a). In experiments that included for 
tropoelastin, the sense RNA control was transcribed from 
the rat tropoelastin eDNA, 124D. 
zation, 32P-labeled RNA probes were as described 
(Prosser et al. 1989). After transcription, the DNA CLoJ.Jl<f-H.cuc; 

was removed by digestion with two units of RNase-free 
DNase (RQ1, Promega) for 15 minutes. Probes were ex
tracted with phenol-chloroform-isoamyl alcohol 
then with chloroform-isoamyl alcohol Yeast tRNA 
(50 !lg) was added as a carrier, and transcribed RNAs were 
precipitated with ethanol, dissolved in 20 mM dithiothrei
tol, and stored at -70°C. 

RNA ISOLATION AND NORTHERN BLOT 
HYBRIDIZATION 

Probe specificity for the .,,...,,....,.,...,,.....,..,.n+,.., 

by Northern blot 

neonatal, and adult rat 
guanidine thiocyanate and 
through cesium chloride et al. 
was denatured in formaldehyde, resolved 
sis through 1% agarose, and transferred 
cellulose. Blots were with 
RNA probes in 50% 5x SSe, 25 mM sodium 
phosphate, pH 6.5, 1x Denhardt's solution, 0.1% sodium 
dodecyl sulfate (SDS), 50 

at 65oC. Blots were washed three times, for 10 minutes 
each, in 2x SSe, 0.1% SDS at room then three 
times, for 20 minutes in 0.1x SSe, 0.5% SDS at 65°e. 
Following the last the blots were rinsed in 2x sse, 
treated with 50 
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washed at 65°C for 20 

minutes 0.1x SSC, 0.5% SDS. Blots were dried thor-
and auitor<adiogJrapihed with Kodak XAR-5 film. 

pri:JSSed as uuu.c .. ~LI.!f-''"' 

tional in vitro assays 
1985; and Because we obtained nega-
tive data with both the control and oz~Jnt:J-expiOSEld aJc.u.u .... a.L"' 

our AHAU.U.AFJ'--' 

nor are enhanced 
mediated effects on matrix pnJa·uc1non 
nation of mRNA concentrations 
dissected would not n-,.I~UlriO or.-n1-.:rn,r><:> 

tional information. The accessory lobe of a rat 
to allow examination of "nC\11H1rlr\IIO 

section. we can assess connective tissue 
exnri:Js5;ion in focal areas· known to be affected 

such as the central acinar 

artifacts that occur in some, but not all, slides of an 

is 
func-

"'"'''""olu include three r.n.,.,-t-nro 

are ex]pm;ea 
are at least three times to 
of the results. 

PROBE SPECIFICITY 

Blot was used to confirm the of 
the various used in our studies. Northern blot 

8 

demonstrated that the 

et al. 

se<~m~nc;e non1o1ogy in 
are distinct in areas 

To prevent poteilti<ll 

construct such that the 
was transcribed from the 

We needed, however, to assess the sp18CI11cny 
tropm~laE;tm RNA The construct was nneruriZE:JU, 

were transcribed with T3 or T7 RNA 
RNA 

air'-breaLthilng neonatal and 
adult animals showed that uo~poe!Etsnn antisense RNA was 
transcribed from the T7 and that sense RNA was 
syJo.trteslZE~a from the T3 promoter This 

Antisense Se 

28s 

18s 



W.C. Parks and J.D. Roby 

ment demonstrated the specificity of this 
kilobase rat tropoelastin mRNA (Pierce et al. Fur-
thermore, and in agreement with the of others 
(Bruce 1991; Noguchi et al. 1992), these results showed that 
tropoelastin expression is developmentally in the 
lung, with the highest levels of expression reached 
late fetal and early neonatal development. 
expression of tropoelastin in the lung had dropped mark
edly (Figure 

IN SITU HYBRIDIZATION OF RAT FETAL LUNG 

As a positive control for hybridization, samples of fetal lung 
were included in all experiments. After a 10-day autoradiog
raphic exposure, fetal rat tissue displayed a strong signal for 
tropoelastin mRNA in medial cells of developing blood ves
sels, a moderate signal in the stroma of airways, and a diffuse 
signal in alveolar stromal areas (Figure 2A and 2B). As ex
pected, the signal for type I procollagen mRNA was expressed 
by the same cells that were positive for tropoelastin mRNA 
(Figure 2C and 2D). Fetal tissue probed for a1(ill) procollagen 
mRNA showed a pattern of expression similar to that of type 
I procollagen mRNA (data not shown). No specific signal was 
seen in fetal lung sections incubated with the sense RNA probe 
(Figure 2E and 2F). For fibronectin and collagenase, other 
tissues were used as positive controls (Botney et al. 1992; 
Saarialho-Kere et al. 1992). 

IN SITU HYBRIDIZATION OF LUNGS EXPOSED 
TO OZONE FOR 20 MONTHS 

For the NTP/HEI Collaborative Ozone Project, most ani
mals were killed about one week after cessation of ozone 
exposure, emphasizing the evaluation of permanent dam
age or changes. For assessment of the levels of deposited 
connective tissue protein this protocol may present no 
potential problem because many matrix molecules, espe
cially elastin and type I collagen, are highly stable and turn 
over at a slow rate (Davidson 1990). However, changes in 
matrix gene expression and the regulation of steady-state 
mRNA levels often are controlled rapidly (Raghow et al. 
1986; Parks et al. 1992). Thus, if ozone enhances the 
expression of transcripts coding for extracellular matrix 
proteins, then removal of this stimulus at the cessation of 
exposure may cause a rapid return to normal levels. Be
cause ofthis possibility, we requested that about half ofthe 
animals we studied be killed immediately at the end of 
exposure to ozone (Table 1). 

Antisense and sense RNA probes were transcribed in 
and sections were proc

prl:m<rred for autoradiogra-

For each experiment, three slides for each specimen 
were prepared. Two were hybridized with antisense probe 
and stored in separate, light-proof containers to allow for 
two autoradiographic exposures. The third slide was hy
bridized with the sense probe and exposed in the second 
box. Initially, the shorter exposure was for 7 to 10 days with 
the second exposure typically ranging between 14 and 21 
days. Because we obtained negative results (see below), we 
extended the initial exposure to 18 to 21 days and developed 
the second box at 30 days. 

No specific signal or evidence of increased expression for 
the matrix mRNAs examined (tropoelastin, a1[I] procol
lagen, al[HI] procollagen, fibronectin, and collagenase) was 
detected in any lung specimens from 20-month, 1.0 ppm 
ozone-exposed rats and matched controls (Figure 3A and 
3B and Table 2). Because many studies have shown a dose 
response for ozone-mediated increases in lung matrix, we 
examined first the control samples and those from rats 
exposed to 1.0 ppm ozone, anticipating that these would 
reveal the maximal response. Had we obtained positive 
results with the high-dose samples, we would have re
peated these in situ hybridization studies with lungs from 
the lower-dose animals. However, because we detected no 
mRNA expression, these other samples were not studied in 
detaiL To assess whether lower doses mediated a pro
longed fibrotic response, we probed the samples from rats 
exposed to 0.12 or 0.5 ppm ozone (killed at day 0) for 
tropoelastin mRNA, but this experiment was predictably 
negative (data not shown). 

For tropoelastin and a1(I) procollagen mRNAs, two sepa
rate in situ hybridization experiments were conducted with 
all samples, and a third experiment was conducted with 
samples from rats killed just after cessation of exposure 
(Tables 1 and 2). In this third experiment, autoradiography 
was extended to 30 days, but even with this prolonged 
exposure, no signal for either mRNA was detected in terminal 
airway areas (Figure 3A and 3B). For a1(ill) procollagen, 
fibronectin, and collagenase mRNAs, in situ hybridization 
was performed with control and 1.0 ppm ozone samples from 
rats killed just after cessation of exposure (Tables 1 and 2). The 
results of these studies essentially were identical to those 
shown in Figure 3A and 3B. Positive control samples were 
included in all experiments. 

In some samples, weak autoradiographic signal for type 
I procollagen and tropoelastin mRNAs was seen in occa
~>ional cells in the interstitial areas of large airways and 
vessels, but the signal strength and pattern did not differ 
between ozone-exposed and control animals (Figure 3C and 

These results indicate that the mRNA in the NTP/HEI 







Table 2, Summary of in Situ Hybridization Resultsa 

Gene Product 

Tropoelastin 
al (I) Pro collagen 
al(III) Procollagen 
Fibronectin 
Rat collagenase 

Fetal 

+++ 
+++ 
+++ 

+ 
ND 

Pilot 

Control 

NDe 

ND 
ND 

a +++ = strong responses; + = weak response; and-= no response. 

1.0 ppm Ozone 

+ 
+ 

ND 
ND 
ND 

Control 

d 

1.0 ppm Ozone 

d 

d 

bAn autoradiographic exposure of 7 to 10 days was used to detect an mRNA signal in fetal samples. 

c Six samples (three males and three females) were used in all these studies. Autoradiographic exposure was from 14 to 21 days. 

d Control rats and rats exposed to 1.0 ppm ozone (14 per group) were killed one week after the cessation of exposureand two sets of tissues were fixed 
(experiments 1 and 2). Tissue samples from rats killed immediately after cessation of exposure (see Table 1) were processed by in situ hybridization 
(experiment 3). In experiments 1 and 2, autoradiographic exposure was from 14 to 21 days; in experiment 3, it was from 21 to 30 days. 

e ND = not determined. 

f Samples from the rats killed immediately after cessation of ozone exposure (see Table 1) were hybridized for these mRNAs. Autoradiographic exposure 
was from 14 to 30 days. 

hybridization assay is sufficiently sensitive to detect low 
levels of expression in occasional cells. Procollagen mRNA 
in these sections was confined to stromal cells within the 
adventitia of conducting arteries and the loose connective 
tissue surrounding large airways or blood vessels (Figure 
3C and 3D). Unlike the fetal samples (Figure 2), an ex
tended autoradiographic exposure (30 days) was required 
to detect procollagen signal in· these areas. Because the 
fibrotic changes in ozone-exposed animals occur in the 
peri-alveolar stroma (Chang et al. 1992), expression in these 
large interstitial areas probably represents continued basal 
production of collagen. 

IN SITU HYBRIDIZATION OF LUNGS EXPOSED 
TO OZONE FOR TWO MONTHS 

If ozone mediates an early and transient fibrotic re
sponse, then increased matrix gene expression should be 
detectable at earlier exposures. Indeed, we detected selec
tive matrix gene expression in animals exposed to ozone for 
two months. Samples from lungs ofrats exposed to 0 or 1.0 
ppm ozone for two months were obtained for our pilot 
studies and were reexamined with 35S-labeled sense and 

antisense probes for tropoelastin and a1(I) procollagen 
mRNAs. Interestingly, individual septal cells in many al
veoli of ozone-exposed lungs were strongly positive for 
tropoelastin mRNA (Figure 4A, 4B, 4C, and 4D). No signal 
was detected in alveolar cells in lungs from control rats 
(Figure 4E), but a few vascular wall cells were positive for 
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tropoelastin mRNA (Figure 4F). Although the signal in 
vessel wall cells was quite weak, it nonetheless provided 
an internal positive control for hybridization. As for tro
poelastin mRNA, individual septal cells in many alveoli of 

ozone-exposed lungs were strongly positive for a1(I) pro
collagen mRNA (Figure 5A), and no signal was detected in 
alveolar cells in lungs from control rats (Figure 5B). In both 
control lungs and rat lungs exposed to ozone for 20 months, 
weak signal was detected for procollagen mRNA in vascular 
wall cells and in the stroma surrounding airways (Figure 
5B). No specific signal was detected in sections of ozone
exposed lungs hybridized with sense probe (findings not 
presented). 

DISCUSSION 

As discussed in the Introduction, chronic ozone expo
sure mediates an increase in lung connective tissue within 
the alveolar and terminal bronchial septa. In our studies, 
however, we detected no active expression of mRNAs for 
collagen types I or III, elastin, or fibronectin in these areas 
in lungs from rats exposed to 1.0 ppm ozone for 20 months. 
Weak signal was detected in occasional interstitial cells 
around large airways and blood vessels in some samples, 
both ozone-exposed and control, indicating that the sam
ples were prepared properly and that the in situ hybridiza
tion assay is sufficiently sensitive to detect low levels of 
mRNA. As is discussed below, matrix expression is very 
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rapid inflammatory response mediated by ozone may in 
turn mediate an enhanced matrix response soon after the 
start of exposure. Indeed, active collagen biosynthesis in
creases significantly one day after exposure to 0.5 ppm 
ozone (Hussain et al. 1976a,b). Furthermore, the data pre
sented in Figures 4 and 5 indicate that subchronic ozone 
exposure (1.0 ppm for two months) stimulates tropoelastin 
and procollagen gene expression in alveolar septal cells (Parks 
1992; Last et al. 1993a). In these studies, we detected a1(I) 
procollagen and tropoelastin mRNAs in occasional alveolar 
cells. Because no signal for these mRNAs was seen in alveolar 
cells in age-matched control lungs, this expression was selec
tive for ozone-exposed animals. Interestingly, the specific 
induction of tropoelastin and procollagen gene expression 
was seen in the same sites where excess deposition has been 
noted in recent morphometric studies (Chang et al. 1992). 

Our findings and the studies by others discussed above 
support the idea that ozone mediates a transient yet sus
tained fibrotic response. In time course studies, the fibrotic 
response to ozone plateaus by 30 days of exposure and 
parameters of active collagen biosynthesis return to control 
levels, yet increased collagen mass is maintained at all 
subsequent points (Hussain et al. 1976a; Last et al. 1979, 
1984; Last and Greenberg 1980; Jakab and Bassett 1990). 
This pattern of deposition suggests an adaptive response to 
ozone, which prevents progressive lung injury. Indeed, 
studies by Bromberg and coworkers (1991) and Hackney 
and associates (1977) indicate that ozone-induced changes 
in epithelial permeability and airway reactivity are re
versed with chronic or repeated exposure. 

Total matrix deposition is a balance of synthesis and 
degradation, and ozone may inhibit matrix turnover, 
thereby sustaining increased matrix levels during exposure. 
Because elevated levels of matrix deposition are main
tained in chronically exposed animals, the newly formed 
connective tissue apparently is not turned over to any great 
extent. In fact, although the influx of inflammatory cells 
and altered lung function mostly are reversed during recov
ery from ozone, increased collagen content and mor
phologic changes, such as alveolar thickening, persist well 
after exposure has ceased (Gross and White 1986, 1987; 
Reiser et al. 1987; Bassett et al. 1988a). Consistent with 
these findings aie our observations that interstitial col
lagenase was not expressed in the lungs of ozone-exposed 
animals. This metalloproteinase catalyzes the rate-limiting 
step in collagen breakdown, and hence, its absence suggests 
no appreciable turnover of lung collagen (Jeffrey 1986). 
This, however, is an equivocal conclusion because some 
cells store proteinases and do not actively transcribe them 
(Stahle-Backdahl and Parks 1993). Thus, immunohisto
chemistry and enzyme activity assays would be needed to 

address the role of proteinases in ozone-exposed and recov
ered lungs adequately. Other groups have shown that ozone 
exposure is associated with an inactivation of serine pro
tease inhibitors and an increase in protease activity 
(Johnson 1987; Pickrell et al. 1987a,b). Because these re
ports do not include a description of the nature or location 
of the proteolytic activities detected, it would be overly 
speculative to suggest a role of altered proteinase/antipro
teinase balance in controlling lung connective tissue con
tent in response to ozone. 

Our studies to date mainly have focused on fibrillar colla
gens and elastin, but ozone may mediate a persistent upregu
lation of other extracellular matrix molecules. In response to 
our application for this project, the HEI Research Committee 
recommended that we examine expression of the a2 chain of 
type I collagen to assess differential expression of collagen 
subtypes. However, the type I collagen produced in vivo 
during fibrosis is qualitatively unchanged from that made 
during development (Crouch 1990). Thus, examination of 
a1(I) is a reliable predictor of expression of the a2(I) gene 
(Crouch and Parks 1992). Although the cross-link composi
tion of newly deposited collagen in ozone-exposed lungs is 
different from that in control tissue (Reiser et al. 1987), this 
apparently is not due to variations in the relative amount 
of type I collagen chains or to differential expression of type 
III collagen (Last et al. 1984). Because basement mem
branes are thickened in ozone-exposed animals (Chang et 
al. 1992), proteins such as fibronectin, type IV collagen, 
entactin, and laminin may be influenced by chronic expo
sure. Although we found no evidence of increased expres
sion of fibronectin mRNA in animals exposed for 20 
months, additional studies will be needed to address the 
temporal response of basement membrane proteins ade
quately. However, we predict that fibrosis in all extracellular 
matrix compartments occurs early in response to ozone expo
sure. 

Although our findings are consistent with an early and 
transient fibrotic response, there are other possible explana
tions for our negative results. Because RNAs are susceptible 
to degradation by intracellular and exogenous RNases, tran
scripts for matrix mRNAs could have been destroyed during 
the early stages of tissue processing. However, we were able 
to detect weak signals for tropoelastin and a1 (I) procollagen 
mRNAs in occasional cells within the interstitium of airways 
and blood vessels in both control and ozone-exposed ani
mals, and this sustained low level of expression in occa
sional cells is consistent with findings using normal rat and 
human adult lung tissue (Bruce 1991; Botney et al. 1992; 
Noguchi et al. 1992). Another potential criticism is that in 
situ hybridization is not sufficiently sensitive to detect low 
levels of mRNA, but in actuality, this is a reliable and 
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sensitive L'-'"-'-'HU'-J 

one transcript per cell 
and Singer 1985; Singer et al. 
seen in various models a,.....,..,"''..-''"" 

can detect as little as 

'""'""'"'L.i.UJLiJ.L''-'• we have 
a few cells 

within normal tissues 
and using oligomeric 

UU<Cll.L.LOC.'-.UJCV-Jc"-Ld.u et al. 1992, 

lower specific 
(Singer et al. 1986; 
to detect rare, alt~erntativeJly 

14-day autoradiographic exposure 

we have been able 

we are confident that our negative results reflect that elevated 
matrix production is not sustained with chronic ozone expo
sure. Still, alveolar interstitial cells may express matrix 
mRNAs below the level of detection of our assay, but the 
biologic significance of such low expression and its ability to 
contribute significantly to matrix deposition is questionable. 
Because minimal expression is maintained in areas that prob
ably are not affected by ozone exposure, sensitive techniques, 
such as RNase protection and reverse transcription/DNA po
lymerase amplification, applied to isolated RNA would pro
vide equivocal quantitative results and no information on 
the site of expression. 

Although formalin perfusion would rapidly preserve cel
lular macromolecules, stress during the in vivo procedures 
performed before fixation may have led to enhanced mRNA 
degradation. However, in a bovine model of hypoxic pulmo
nary hypertension, in which the animals undergo extensive 
and invasive physiologic monitoring before lung fixation (by 
the same perfusion protocol used in these ozone studies), we 
have seen little evidence of significant mRNA degradation 
(Mecham et al. 1987; Stenmark et al. 1987; Parks et al. 1989; 
Prosser et al. 1989). Thus, we believe that our in situ hybridi
zation results indicate that lung extracellular matrix expres
sion is turned off or is maintained at undetectable levels in 
both the control and ozone-exposed rats. Although North
ern blot hybridization may verify these negative findings, 
we do not have a source from which to extract RNA. Also, 
it is difficult, if not impossible, to isolate intact RNA from 
paraffin-embedded tissues. 

Another possibility for our negative results is that the 
fibrotic response to ozone is not mediated by an increase in 
the steady-state levels of matrix mRNAs. In support of this 
idea, intracellular degradation of collagen is inhibited after 
short-term ozone exposure (Pickrell et al. 1987a,b), but seem
ingly this occurs in the presence of enhanced collagen biosyn
thesis (Hussain et al. 1976b; Last and Greenberg 1980; Jakab 
and Bassett 1990). Because type I collagen production is 
controlled primarily at the level of the gene (Slack et al. 1993), 
increases in active biosynthesis indicate that the 
state levels of procollagen mRNA are up-regulated as 
well. Similarly, increases in elastin deposition and synthe-
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sis correlate with 
mRNA etal. 

of ozone expo-
sure, then are at some later time. We cannot, 

determine the mechanisms involved in control
stimulated matrix d.epo:sltJlOn 

SVIlthesis, and we do not have the aunnJm~ia1:e S<implt~s 

d.eposltlOI1. Because no mRNA was detected in affected 
exJom;ea for 20 months, 

In from our studies the 
hypothesis that ozone inhalation alters matrix gene 
expression. Our also indicate that ozone mediates 
a transient and fibrotic response in the Addi-
tional studies using animals to ozone for shorter 
periods would be required to address this nypotht3Sl:s. 
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INTRODUCTION 

Clinical and studies .,..,.,,..,u,,rla 

young adults or children who are exlJos;ea 
to ozone while '-'""''"'-'-'""'-'-'-'-'-HF. ex]per1er1ce 

Whether or pnJlo,ngea 
duces long-term decrements in function or 
"'v-''"h-.-.~ chronic disease is not known. Because of 
substantial uncertainties the health risks of ex
tended exposure to ozone, and the WldesoJrea.d 
this the Health Effects Institute 
National Toxicology Program entered into a collabo
ration (described briefly in the Introduction to this Research 
Report) to evaluate the effects of prolonged exposure of 
laboratory animals to ozone. 

Dr. William C. Parks, of the 
cal Center, St. Louis, MO, was one of six investigators 
selected to test the feasibility of their methods in pilot 
studies on rats exposed to ozone for two months (Parks 
1992). After completing his pilot study, Dr. Parks submit
ted an application in response to RF A 90-1, Effects of 
Chronic Ozone Inhalation: Collaborative National Toxicol
ogy Program/Health Effects Institute Studies, Part B: Struc
tural, Biochemical, and Other Alterations. The title of his 
application was "Extracellular Matrix Expression in Ozone
Exposed Lungs." The HEI Research Committee viewed a 
study of extracellular matrix as forming an important com
ponent of an integrated program of studies of ozone's effects 
on lung structure, and biochemistry. They ap
proved the two-year study, which began in June 1991, at a 
total cost of $183,877. Dr. Parks' final report was received 
at HEI in September 1993, and his revised report was 
accepted for the HEI Review Committee in 

1994. 

During the review of the Investigators' Report, the Re
view Committee and the investigator had the opportunity 
to exchange comments and issues in the Investiga
tors' Report and the Review Committee's Commentary. The 

-,.,..., .... ., . .-.-.-.-.-.-"."is intended to serve as an aid to the 

sponsors of HEI and the by highlighting both the 
strengths and limitations of the study. Other reports from 
investigators in the NTP/HEI Collaborative Ozone Project 
present the biochemical, structural, and functional data, 
and discuss their implications for human health. 

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

REGULATORY BACKGROUND 

The U.S. Environmental Protection sets 
standards for oxidants other pollutants) under Section 
202 of the Clean Air Act, as amended in 1990. Section 

directs the Administrator to from 
time to time . . . standards to the emission 
of any air pollutant 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 
anticipated to endanger public health or welfare." Sections 
202(a), (b)(1), (g), and (h), and Sections 207(c)(4), (5), and (6) 

impose specific requirements for reductions in motor vehicle 
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 establishing 
National Ambient Air Quality Standards (NAAQS) to protect 
the public health. Ozone's potentially harmful effects on 
respiratory function led the 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 exceed the NAAQS and assigns a 
primary standard attainment date for each classification. 

The current ozone standard relies heavily on data de
rived from controlled human exposure studies that have 
demonstrated lung dysfunction after short-term exposure 
of human subjects to ozone while exercising. These studies 
do not address the issue of potential long-term health ef
fects, such as chronic lung injury resulting in interstitial 
fibrosis. Determining the appropriate standards for emis
sions of oxidants and their precursors depends, in part, on 
an assessment of the risks to health that they present. 
Therefore, research into the effects on the lungs of pro
longed exposure to ozone, such as that supported by the 
NTP/HEI Collaborative Ozone Project, is essential to the 
informed regulatory decision-making required by the Clean 
Air Act. 

SCIENTIFIC BACKGROUND 

The extracellular matrix of connective tissue is an organ
ized meshwork of macromolecules that serves as a univer
sal "glue" to hold and support cells (Alberts et al. 1983). In 
the lungs, connective tissue provides tissue integrity and 
elasticity, and serves as a barrier against P'-'''-'-'-''._._._,,_.__. __ r "--'-<A.J'-'-A-'-.-"-'-''--'

agents. 
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ized structure for the connective tissue components. For 
example, the walls of the alveoli must be thin enough to 
allow the exchange of gases, such as oxygen and carbon 
dioxide, between the air spaces and the oxygen-carrying 
blood cells; yet they also must be firm enough to support 
the alveolar cells, and flexible enough to cope with the 
changes in lung volume during breathing. The connective 
tissues that lie between the different cell types of the lung 
fulfill the requirement for these properties (reviewed by 
Juul et al. 1991). 

The major protein components of lung connective tissue 
are collagen, elastin, and fibronectin. The study by Dr. Parks 
and Ms. Roby addressed ozone's effects on the expression 
of genes that provide information (or coding) so that these 
three proteins can be synthesized. This Background pro
vides a short introduction to each of these proteins; it 
continues with a discussion of fibrosis and emphysema, in
cluding the changes in connective tissue proteins that may 
influence the development of these diseases; and summarizes 
current information concerning the effects of ozone on fibrosis 
and emphysema. The Background section concludes with a 
discussion of the advantages of using in situ hybridization, as 
the investigators did, to estimate the level of synthesis of 
specific proteins at different time points. 

COLLAGEN 

The collagens are a family of fibrous proteins that contain 
three polypeptide chains wound around each other to form 
a triple-helical molecule called procollagen. Fourteen col
lagen types have been described (reviewed by van der Rest 
and Garrone 1991). Of these, types I and III collagen account 
for the majority of collagen in the lung interstitium in all 
mammalian species, and are produced by interstitial fi
broblast cells and smooth muscle cells (Crouch and Parks 
1992). 

After procollagen is secreted from the cell, large collagen 
fibrils form extracellularly by spontaneous aggregation of 
individual procollagen molecules. Finally, the fibrils are 
strengthened by forming crosslinks both within and be
tween the constituent collagen molecules. Collagen fibrils 
can ultimately aggregate into larger bundles, called collagen 
fibers, that can contain both types I and III collagen (Weibel 
and Crystal 1991). It is this mature collagen that confers 
tensile strength to lung tissue. 

ELASTIN 

Elastin is one ~omponent of elastic fibers found where 
elastic recoil is critical to tissue mechanics as in the lungs 
(Mecham et al. 1991; Weibel and Crystal1991). The elastin 
precursor, tropoelastin, is secreted from the cell as a single 
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polypeptide chain. However, in a manner similar to the 
formation of collagen fibrils, the final steps in elastin synthesis 
occur extracellularly by the formation of fibers containing 
individual tropoelastin molecules crosslinked to one another. 
In addition to elastin, elastic fibers contain a matrix of glyco
proteins that are believed to serve as a scaffolding for the 
deposition of newly formed elastin (Crouch and Parks 

FIBRONECTIN 

Fibronectin is found in the lung interstitium and base
ment membranes (highly specialized extracellular matrix 
structures that lie beneath the epithelial and endothelial 
cells and provide a structural framework to which these 
cells attach). The precise biological role of fibronectin in 
the lung is not fully established; however, experiments 
conducted in vitro have demonstrated fibronectin's ability 
to influence cellular and extracellular events. For example, 
specific regions of fibronectin bind to glycosaminoglycans 
and collagen; in this way fibronectin helps to organize 
matrix components into a cohesive meshwork (Alberts et 
al. 1989). Other regions offibronectin bind to different cell 
types. Thus, fibronectin's capacity to bind to both cells and 
extracellular matrix constituents facilitates the cells attach
ing to the matrix. Most cells in culture need to be "an
chored" to extracellular matrix components to survive and 
grow. Therefore, fibronectin's binding properties may sta
bilize cells and enhance critical cellular events such as 
proliferation and differentiation (reviewed by Roman and 
McDonald 1991). 

CHANGES IN CONNECTIVE TISSUE PROTEINS 
IN FIBROSIS AND EMPHYSEMA, AND POSSIBLE 
RELATIONS WITH OZONE EXPOSURE 

Pulmonary Fibrosis 

As discussed above, connective tissue is vital for main
taining structural integrity; however, an excess of lung 
connective tissue can distort normal lung structure and 
decrease the lung's efficiency for gas exchange. When a 
tissue responds to injury and heals its wounds, inflamma
tory cells (such as macrophages) accumulate at the site of 
injury. Macrophages release proteins, called growth fac
tors, that stimulate connective tissue cells to proliferate and 
create a connective tissue scar. According to Crystal and 
colleagues (1991), the biologic basis of pulmonary fibrosis 
is similar to wound healing. However, whereas dermal 
wounds are localized and self-limited, lung injury is a 
diffuse, ongoing process that progresses as long as the 
stimulus to injury is present. 



et 1978; 

of elevated elastin levels fibrosis is unclear. 

The fibronectin found in tissues of 
in the liver and secreted into the 

and 

Because fibronectin was localized to the area 
and the level of fibronectin and 

IJULCi.ll.CHU to aamEtge 
mltlaJmrna·tory cells recruited to the 

response to ozone exposure can increase the 
initiated their content of oxidant 

and Because 

are often 
cn<In~~es,suchasnlE>to!=nE~nTlSU~y 

may be more useful in ozone--
induced matrix alterations. The results of three such studies 
SUl~ElSt]ng that increased as a response to 
pn)1Cm)2;ea exposure to ozone et aL 1992; Last et aL 

et aL are discussed below the section 
Methods to Determine Ozone's Effect on Connective Tissue 

studies of Last and [1994] and 
and associates were part NTP/HEI Col-

laborative Ozone 

Little information is available ~",.."''''~,... ... ,..., 
fibronectin content McKinnon and c.,u.u.u•::~.."'"'·Ci" 
served that bronchial epJlth18Wll 
creted fibronectin in response to ozone exposure. 

cause of chronic obstructive 
theper·manm11m1lru~mnm1t 

However' the results of recent cn.r»OT'' rn o·nt-o 

do not support this 
that could account for en

connective tissue proposes 
ozone alters the structure of connective tissue comtJOileiits, 
uu.u:uup, them more to enzymes. An 
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"'-"-<:UH~H"' of ozone-induced alterations in 
Dr. 

tissue. 

the content of elastin after 
acute and subchronic exposures of rodents to ozone have 
obtained results. Costa 
observed that 12-week exposure to 
ozone levels increased elastin dHDo~nnon 
the same elastin de1oo~~ition 
exposure to 0.2 ppm ozone. Other 
decrease and Sherwin or no 
al. 1981; et al. 1984; Last et aL elastin 
content after exposure of 1 to 11 weeks at ozone levels 

from 0.25 to 1.5 ppm. The results of the NTP/HEI 
Collaborative Ozone that a 20-month exposure 
to 1.0 ppm ozone caused an increased content of elastin in the 

alveolar of rat (Chang et al. The 
different may be 

due to differences in duration of ozone exposure, or 
ozone concentrations. 

METHODS TO DETERMINE OZONE'S EFFECT ON 
CONNECTIVE TISSUE COMPONENTS 

studies of ozone's effects on or elastin 
have used whole lobes. As discussed above, fibrotic 

localized to areas; therefore, the 
normal level and elastin in lung lobes 
may obscure small but focal For example, 
in Part I of this series of Research from the NTP /HEI 
Collaborative Ozone Dr. Last and colleagues 

found no statistically ozone-induced effects 
in male rats. significant increases in collagen 
content and in the level of one specific crosslink were seen in 
female rats to 1.0 ppm ozone when the data were 
eXl)resse:d per these results are difficult to 

because the increases were not evident if the nor
pruran1et,ers were vHt.A..UFJ,'-'Ul• 

methods that detect local cho:mgE~s 
in content became apparent from Dr. 
histochemical tissue from OZ€)n~~-e:xpi)SE:d 
t.._....._.._..._L,L-'-'-•'""' in Last et al. Using tissue from a small sample 

uuJLHH:u", Dr. Harkema found that male and female rats 
eXl)Os:edto 0.5 ppm or 1.0 ppm ozone had moderate to marked 
levels of stainable collagen in the centriacinar region, com-

with controls. some control rats brE)atlJ.inLg 
clean air also showed small increases in '--''-''· ... a.J=;vu 

tion, Dr. Harkema's results suggest that ex1pe1·imtental 
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pirtpoint focal can lead to a more 
definitive of ozone's effect on the extracellular matrix 
of connective tissue may be obtained the 
total content of a matrix constituent Studies 

caused an 
'--''-''·'-UJ=>"'H that was localized to the 

A sensitive method used to assess the 
pnJm.ms in localized areas is 

u.u,L.u.L..au•ua, which detects the presence of 
specific messenger ribonucleic acid molecules 
within cells. Because chronic is ne·teDogEme:ous, 
the ability to assess local in connective tissue 
thesis offers the advantage of discriminating individual cells 
that specific matrix molecule genes. 
RNAs are critical to the synthesis of a protein because 
transmit the information encoded in the DNA to a cell's 
m~0 n,~m~'fursynLlliE)SlZlng 

site. 
mRNAs that code for specific pnJteins "''or""'-j""' impoJrl:mlt 
information concerning a cell's current function. Gene ex
pression changes in cells due to a number of factors, and 
identification of mRNAs that code for pro-
vides information about the of specific genes. 
identifying the cell producing the mRNA, in 
nr..-nn•-loc information about the cells that are eX]Jre,SSlng spe

cific genes. Immunohistochemical studies to detect the 
'JL<~~~.._._ can be used in """.,..,,,.,,., .... j-i with in situ 

define the sites of "~n-.-th"='"'" of specific 

fuiliu re~ar~~ 

RNA molecules whose structures are coJmfJleJme,nt<=rry 
mRNAs of interest. Because of their these 
RNA molecules bind to mRNAs within cells and 
can be used as The 
of hybridization reflects the level of a specific mRNA and 
allows a better of the of a 
specific cell at a specific time. 

Dr. Parks and Ms. utilized in situ 
determine if ozone inhalation affected the rat 
of mRNAs for I and III, 



Health Review Committee 

and fibronectin. Because the content of a 
balance between and U<:i);.Lclucu.n_,u, 

tors also examined tissue for the presence of the mRNA 
for an enzyme that aegn1m~s ._,,uu.ur;•uu. 

FOR THE STUDY 

causes changes in the re~;pijratl)fV 
related to chronic 
changes include alterations in connective tissue extracellular 
matrix an ad hoc review concluded that under-
standing the control of matrix was 
for the effects ozone exposure. In 
situ hybridization was considered to be an excellent tool for 
these studies because of the anticipated focal nature of the 
ozone-induced changes and the ability of this technique to 
identify the level of gene expression in the con
nective tissue matrix. 

nhiarotiun of this was to determine if 
~-JlLI.LUllJ::.t:u ozone exposure influences the ex1pre:ssi.on 
that code for extracellular matrix proteins. To assess the 
f-'U''"H'-'.U!.q that continual ozone exposure is required forma-
trix gene Dr. Parks and Ms. examined the 
lungs of animals to ozone for 20 months and killed 

after exposure or after one week of recovery in 
clean air. 

1. 

2. 

The specific aims were to: 

ul-U!!aJ::,•c:;_a, Il!Jirone~cnn, and matrix 
pn)tein<lse~s, u1cludmg collagenase, in control rats and 

eXlPOi>ed to ozone for 20 months. 

Because of the generally"' ""--r"r·nro results obtained in their 
initial Dr. Parks and Ms. 

added two more aims. 

3. Determine the presence ofmRNAs that code for 
lastin and in tissue from rats exposed 
to 0 or 1 ppm ozone for two months. 
ments used tissue from Dr. Parks' 

to deter
mine the presence of the mRNAs that code for the matrix 
structural the mRNA for the de,1:.;ra1jative 
enzyme was included to evaluate whether chanl~es 
in the content of connective tissue could be affected 

the level balance between n>nnH---•~n·in 
and was used to determine the 

and 

In his original to per-
form immunohistochemical Tissues studied 

u.UU.U•LHJ.VH would be stained with antibodies 
,...,..,.toino such as a and y actins to i..--1,:>-nti-hr 

and to ;,-l,--.-.-.t-i-1--, tibrotJlasts; 
positive staining for actins and cyicokeratin 
myoepithelial cells. As sections were 

.._,_.__,_,___.__._.-_.u.uuu, serial sections would be r--..-,or.•--.vo.n • ..--1 

After data were gathered in situ 
corresponding to those with a 
mRNAs would be analyzed 

To determine whether ozone exposure may have mediated 
an early, transient effect on matrix gene Parks 
reexamined the level of mRNAs that code for connective tissue 
extracellular matrix proteins in the anterior lobe 
than the accessory lobe used in the 20-month He used 
tissues from a set of rats that had been to 0 or 1.0 ppm 
ozone for six hours five for two months 
in his earlier pilot Rats had been killed 
three days after ozone exposure ceased, and the 
had been shipped to Dr. Parks' lab10nltm~v 
at Battelle Pacific Laboratories. These exjper·imcents 
were performed on tissue that had been fixed and embedded 
in paraffin, but not used in the earlier 

TECHNICAL EVALUATION 

ATTAINMENT OF STUDY 

The attained their for 
specific aim 1 for the 20-month ozone exposure. did 
not test for the presence of each mRNA at all three ozone 
levels because, as discussed obtained -nn.nn+iuo 

results in the initial series of at the 
ozone concentration, which SU!:?:ge·ste:d 
trations would pnJdlice 



cific aim 

suitable assay for 

The mvesttgators 
rats to ozone for two 

identified mRNAs in fetal 

ASSESSMENT OF AND 

The inhalation component of this was conducted 
uU~HtyHUJcHJU with the NTP Lalbm~at!)rv health and 

Administration 
Lalbm·atc)ry Practice Animal care and use 

were in accordance with the Public Health Service 
on Humane Care and Use of Animals. 

sensitive method for detect-
In\res1tlg<lto:rs tested their to 

"'t-''"'''-'-H'-' for the mRNAs of interest, and 
the Inves-

ex1prE~ssi.on could wane after ozone expo
were tested with tissue from 

lmme:du:~.te.ly after ozone exposure and 
rats that breathed clean air for one week. The imres·tig<:~.tors 

To 

"'"'-'-""accuJ.L> pertonned <>lnrYrnrYri,>to control 
for the mRNAs of inter

ae~;;cntptJ.on of these 

The controls in this 

amounts of extracellular matrix LU.<HJ.-JU-'-.!G.lJlLL>, 

with RNA that also were used with 
the 20-month exposure. because Dr. Parks' 

of tissue from rats eXl)OS:ea 
,..,,.,,h,"" results the investi-

expeJnn1ei1ts and compared the effects 

of matrix 
several differences in must be consid
ered if the 2-month and 20-month exposure results are 

First, different sets of F344/N rats were used for 

the two exposures. Second, Dr. Parks received the anterior 
lobe for the 2-month the lobe 

was used for mRNA exposure. 
because each exposure with rats of the same age, 

those studied after 2 months were one and younger 
than the animals studied after 20 months 
tissues from 

for 20 months were pertormtea 
per exposure group. 

In,.reEm~~at,ors did not their results for two 
First, because the data for the 
the 20-month ozone exposure 

were there were no data to Second, the 
HEI Health Research Committee that methods 

"-'-'-'''-"·"'u'uv.u. studies have not been 
and recommended that Dr. Parks 

LUL.<HL.t:.u.L5 the rather than on 

RESULTS AND INTERPRETATION 

Fetal Rat Tissue 

tive control with 
connective tissue mRNAs. The found a strong 
signal for mRNA in medial cells of ae1Je1opJmg 
blood vessels, a moderate 

a diffuse in alveolar stromal areas. 

vu<JHC.l)=;'-H mRNAs were found in the same cells that 
trOJJOeJlast:m mRNA. 

The investigators found weak autorad10f;;ra1phtc 

fJJ.C>L,LIHUI)=;vH and L<VfJUL.!LWU.H 

in the interstitial areas of 
ho'WB'ver the location and " .. .,..,.., ..... ,..,th 

did not differ between animals ex1pm;ea 
control animals. Probes for tropoelaLstin 
mRNAs were tested with 

for 

after ozone exposure and with tissue 
from rats that breathed clean air for one week after exposure, 
with similar results. No was obtained with 

for or collag:en<:~.se 
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control rats. Probes for these three mRNAs were tested 
with tissue from rats killed 
ceased Table 2 in the lnv·es1IgBltm·s· 
mary of the in situ 

However, to determine if exposure to lower ozone levels 
caused elevated levels of mRNAs, the tested 

with tissue from 
ex]po~;ed to the two lower levels of ozone and killed 

The results of these 

Because weak and 
mRNAs were detected in occasional cells in the interstitium 

and in blood 
of mRNA in tissue ""-'-'HP-'-'-'"' 

eXJ)laJ1at:ton for the lack Of a ctr,'>TH-ror 

the f-YUL>U>.LUH.LL 

after 20 months. 
that a cor1nr.me,a, 

pnJtems occurred over 
an extended time. 

Ozone .Expo:sul!~e for Two Months 

in,v-e~;ti~~attors reexamined tissue from their earlier 
of rats to 0 or 1.0 ppm ozone for two 

a small number of animals were available for 
""""''"~--"'"' results were obtained 

with tissue from four of six animals. Individual cells in many 
alveoli of for 

detected in alveolar cells from control rat 
these results with those from the 20-month 
ozone exposure may have caused an 

nna<n·ar~ between 2 and 20 months. However, it cannot 

were not under the may account, in 
for the different outcomes observed at 2 months and 

at 20 months of exposure. 

IMPLICATIONS FOR FUTURE RESEARCH 

Two issues have for future 
research on the effects of ozone on connective tissue. 
The first concerns the observation that matrix genes may be 
exon~ssed tralnSleJauy after ozone exposure. If this observa-

future the difference in levels 
expnc:s~:ion seen after 2- and 20-month exposures to 

that the 
matrix gene expflesEaon 

exposure to ozone levels that cause a response. 
In this case, future studies could be directed toward better 
LH>JL.LHJlH)'; the time at which genes exon::s:;:wn 

more 
ozone exposure. 
NTP did not allow the imres1tigEJ.tOJ~s 

mRNA levels at a series of time 
exposure. However, future studies HH>'-''-'<-U.A.UF. 

earlier time are needed to address the ternpor<CJ.I nature 
of the response. 

Future research also should seek to determine the cellu-

of connective tissue genes seen in 
ex]om;ed to ozone for two mcmtns, 

mediators that influence matrix and 
their cells Because the low level of matrix mRNAs 
seen after 20 months did not differ between control and 

observation 
'--'UJ.U:t)=;ou and elastin in the 

ex1Jos:ed to ozone for pro
may be caused 

mechanisms other than a continued level of matrix gene 
For alternative mechanisms could in-

volve increased of information transfer from mRNAs 
to other elements of the and 

decreased turnover. 

of 

sylJ.ITleslzera matrix because of 
if researchers obtain definitive 

evidence for ozone-induced increases in connective tissue 
det=>osi.tion, irtve:stig;ati1ons of could 
determine whether decreased ae:~ralUa.uc1n 
nents a role. 

CONCLUSIONS 

._,,...-_JLACLP,'-'H is not increased 
between the low levels of 

u.__,,__.u,~r;'-'u. mRNAs control rats and 
ex1Jos:ed to 1.0 ppm ozone that a continuous 

"~"""'+h'"''""'" of these occurs that is not related to 
ozone exposure. 

However, the results of a smaller ofrats exJom;ed 
to 1.0 ppm ozone for 2 months indicate that at this time 

the of genes for and pro-
than in control animals. The difference in 

2-monthand 

27 



matrix gene exposure to ozone. 
However, because the two studies were not conducted 

differed in these 

validation. 
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