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Abstract

Wehave characterized the messenger RNAs (mRNAs) coding
for procollagen al(I), elastin, fibronectin, and actin in the lungs
of Syrian golden hamsters by Northern blot analyses. While
elastin, fibronectin, and ,B-actin were each coded for by a single
mRNAspecies of 4.1 kilobases (kb), 9.1 kb, and 2.1 kb in size,
respectively, we identified a major (5.4 kb) and a minor (6.5 kb)
procollagen al(I) mRNAspecies in the hamster lungs.

The mRNAs for the three extracellular matrix proteins
showed increased accumulation followed by steady decline in the
bleomycin-treated lungs. There were significant differences
among the three mRNAsin the relative increase and the time
of maximum accumulation. After reaching the peak levels be-
tween 2-3 wk posttreatment, the levels of procollagen al(I) and
elastin mRNAsdeclined to near normal values around the fourth
week. In contrast, the accumulation of fibronectin mRNAwas
maximum in the first week after bleomycin treatment. The pro-
collagen al(I) mRNAaccumulated most dramatically (sevenfold
above the levels in the untreated animals) compared with a five-
fold increase in mRNAcoding for fibronectin. Elastin mRNA
increased approximately twofold above the control values. Nu-
clear runoff transcription experiments demonstrated a selective
increase in the rates of transcription of genes coding for procol-
lagen al(I), fibronectin, and elastin; the extent of transcriptional
stimulation of procollagen al(I) and fibronectin genes was sig-
nificantly greater than that of elastin. Since the amount of actin
mRNA,as well as the rate of transcription of actin gene(s), varied
only slightly after bleomycin treatment, we conclude that the
metabolism of mRNAscoding for extracellular matrix proteins
may be preferentially perturbed during pulmonary fibrosis.

Introduction

Diffuse interstitial pulmonary fibrosis is a chronic condition
characterized by reduced lung capacity and severely diminished
gas exchange (1). Underlying these manifestations are major an-
atomical changes, the most prominent of which is progressive
thickening of alveolar walls that contain large numbers of in-
flammatory cells and fibroblasts. In addition to changes in the
cellular composition, there are also characteristic changes in the
composition of extracellular matrix (2); increased net synthesis
and/or deposition of interstitial collagens (3-7), elastin (8, 9),
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and proteoglycans (10, 11, 12) in the lungs have been reported
in experimentally induced pulmonary fibrosis. There are several
reports of an increased collagen content of fibrotic lungs in hu-
mans (2, 13, 14); a recent study also reported increased levels
of fibronectin in the bronchoalveolar lavage fluid of human lungs
from patients suffering from idiopathic pulmonary fibrosis (15).
The exact relationship between altered extracellular matrix and
concomitant changes in the cellular composition in the lungs
undergoing fibrosis is unclear. In addition to providing a struc-
tural role, extracellular matrix may directly influence cellular
gene expression and may mediate the cell interaction in the tis-
sues (2) and, therefore, may be responsible for characteristic
changes in the histology that accompany interstitial pulmonary
fibrosis.

The changes in the various components of extracellular ma-
trix during pulmonary fibrosis have been studied in considerable
detail. However, the precise mechanism(s) that lead to increased
deposition of extracellular matrix are far from clear. The poly-
peptide components of extracellular matrix could be potentially
regulated at a number of transcriptional and posttranscriptional
steps (2). Therefore, a necessary prerequisite to fully understand
the altered metabolism of various components of the extracellular
matrix would be to analyze the contribution of individual reg-
ulatory steps mediating the synthesis and degradation of these
polypeptides. The primary objective of the present study was to
outline the profiles of accumulation of messenger RNAs
(mRNAs)' coding for three important constituents of extracel-
lular matrix, namely type I collagen, elastin, and fibronectin.
These changes in the accumulation of mRNAsfor specific poly-
peptide components of extracellular matrix were analyzed in
relation to overall mRNAmetabolism; the latter was monitored
by measuring the accumulation of cytoplasmic f3-actin mRNA,
a ubiquitous eukaryotic mRNA.Using radiolabeled recombinant
DNAprobes, sequential changes in the metabolism of individual
mRNAspecies were analyzed in the lungs of hamsters after a
single dose of endotracheal instillation of bleomycin.

Methods

Bleomycin treatment and tissue preparation. 10-wk-old Syrian golden
hamsters were treated with bleomycin (Bristol Laboratories Div., Bristol-
Myers, Co., Syracuse, NY) by intratracheal instillation (1.0 U/lung in
0.5 ml of saline). The lungs of control age-matched animals were similarly
instilled with saline solution. At different days, between I and 42 d after
bleomycin instillation, hamsters were anesthesized with 0.1 ml of Nem-
butal (50 mg/ml) and lungs were dissected free of large bronchii and
blood vessels. Lung tissue was minced with sterile scalpel and known

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage; CsCl,
Cesium chloride; DME, Dulbecco's modified Eagle's medium; kb, kilo-
base; mRNA, messenger RNA; NaCl/Cit, 0.15 MNaCl/0.0l 5 Mtriso-
dium citrate; tRNA, transfer RNA.
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aliquots were separated for various biochemical parameters as described
below.

Determination of rates ofprotein synthesis and total protein and DNA
content. Essentially, the detailed protocols described by Clark and col-
leagues (3) were followed with minor modifications to evaluate noncol-
lagenous and collagenous protein synthesis. Tissue minces (200 mg) were
incubated in 5.0 ml of Dulbecco's modified Eagle's medium (DME)
containing 10% fetal calf serum, penicillin (200 U/ml), Streptomycin
(200 mg/ml), P-aminopropionitril (80 ,tg/ml), and ascorbate (50 ,ug/ml).
After 1 h of incubation at 370C in a shaker, medium was replaced with
fresh 5.0 ml DMEcontaining 25 ,Ci of [3Hjproline or [35S]methionine
and incubation continued for another 4 h. At the end of the incubation,
tissue was taken up in 2.0 ml of 0.5 Macetic acid and homogenized;
I OOjs- aliquots were frozen in liquid N2 for determination of total DNA
and protein contents. The remaining sample was processed as described
earlier (16) and was hydrolyzed with 6 N HCl; [3H]proline and
[3H]hydroxyproline contents were determined by the protocols described
in detail previously (16). Determination of total protein was done by the
modified Lowry procedure (17) and DNAcontent was measured ac-
cording to Burton (18).

Extraction and selection ofpolyA' mRNA. Lungs were frozen quickly
in liquid N2 and pulverized by a motor-driven electric homogenizer. The
dry powder was brought up in five times the volumes of the RNAex-
traction buffer (6 Mguanidium thiocyanate; 5 mMsodium citrate, pH
7.0; 0.1 Mfl-mercaptoethanol, and 0.5% sodium sarkosinate) and ho-
mogenized in a glass homogenizer (19). To each 2.5 ml of homogenate,
1.0 g of Cesium chloride (CsCl) was added and the extract was layered
on 3.0 ml of 5.7 MCsCI (made in 0.1 MEDTA, pH 7.5) cushion in a
SW-40 rotor and centrifuged at 35,000 rpm for 12 h at 20'C. RNApellet
was dissolved in buffer (10 mMTris-HCI, pH 7.4; 5 mMEDTAand
1.0% sodium dodecyl sulfate), extracted with 4:1 mixture of CHCl3/l-
Butanol and precipitated from the aqueous phase (20). A small amount
of proteins and proteoglycans pellet through the CsCl cushion; extraction
with CHC13/ l-Butanol effectively removes these materials (R. Raghow,
unpublished observations). RNApelleted from ethanol step was taken
up in water and fractionated on oligo (dT) cellulose (T3; Collaborative
Research, Inc., Waltham, MA) according to the published proce-
dures (2 1).

Northern blot and dot blot analysis of mRNAs. Poly A' mRNA
(ranging from 1 to 10 ug) was denatured in 50% formamide and elec-
trophoresed in 1% agarose gels containing 2.2 M formaldehyde. After
electrophoresis, RNAwas transferred to nitrocellulose paper without
prior treatment, baked at 80°C under vacuum, and either stored under
vacuum or immediately subjected to prehybridization (16, 22). The
prehybridization and hybridization protocols were essentially as described
previously (16). Recombinant DNA plasmids were labeled with
[32P]nucleoside triphosphates by nick-translation (16) to high specific
activity (1-5 X 10' cpm/Mg). Both Northern and dot blots were hybridized
under conditions of excess probe; a filter containing a twofold dilution
series ( 10-0.06 ,g) of hamster RNAwas hybridized to individual probes
to show that the hybridization of these probes over a 160-fold range was
linear (R. Raghow, unpublished results). The clone containing genomic
sequences coding for sheep elastin (23) were hybridized at 370C, instead
of 42°C, in hybridization buffer for 12-24 h. The washing and autora-
diography was done according to the method of Thomas (22). Nitro-
cellulose blots were washed in boiling water for 10 min to remove the
probes (24); blots were then subjected to a second round of prehybridiza-
tion and hybridization with a second probe.

For dot blots, poly A' mRNAwas taken up in denaturation buffer
(50% formamide, 6% formaldehyde, 20 mMphosphate buffer, pH 7.0),
heated to 60°C for 5 min, and chilled in ice water for 1 min. Each RNA
sample was mixed with an equal volume of 20X NaCI/Cit (0.15 MNaCl/
0.015 Mtrisodium citrate = IX). Beginning with 2 Mg mRNAin 100
Ml twofold serial dilutions were made by adding lOX NaCl/Cit, 3%
formaldehyde, 20 mMphosphate buffer, pH 7.0. Total RNAcontent of
each serially-diluted sample was maintained at 2 Mg/100 Ml by adding
the appropriate amount of calf liver transfer RNA(tRNA). The samples
were applied to a nitrocellulose sheet premoistened with lOX NaCl/Cit

using a Hybridot Apparatus (Bethesda Research Laboratories, Gaith-
ersburg, MD). Baking, prehybridization, and hybridization protocols were
similar to those for Northern blots. The results from the dot blots were
quantitated by densitometric scanning of autoradiograms.

Runoff transcription. Previously published techniques (16, 25) with
minor modifications were used for the isolation of nuclei, in vitro tran-
scription, and subsequent determination of the rates of transcription of
hybridization. Nuclei from control or bleomycin-treated lungs were either
used immediately after isolation or stored at -70'C in 25% glycerol, 60
mMKC1, 15 mMTris-HCl, pH 7.5. To start transcription, nuclei (100-
150Mig of DNA) were incubated in a I00-Mul reaction mix that contained
10% glycerol, 50 mMTris-HCl, pH 8.0, 5 mMMgCl2, 1 mMeach of
ATP, GTP, and CTP, and 250 MCi of [a-32P]UTP at 250C for 30 min.
Under these conditions, the [a-32P]UTP showed a linear incorporation
for -25-30 min, after which, in some cases, there was an actual decline
in the TCA-precipitable radioactivity. An identical aliquot of nuclei was
also incubated with a-amanitin (80 MtM) to determine the specificity of
RNApolymerase II mediated transcription. Radiolabeled RNAwas ex-
tracted and hybridized to DNAimmobilized on nitrocellulose filters. In
each case, 5 Mg of linearized, alkali-denatured, plasmid DNAwas im-
mobilized on nitrocellulose filter disks (0.5-cm diameter). For deter-
mining nonspecific background, 5 Mg of bacteriophage X charon 4A DNA
was hybridized to radiolabeled run-off transcripts. Conditions for the
preparation of nitrocellulose filters, prehybridization, hybridization at
420C, and washing have been described previously (16). Since hybrid-
ization for more than 24 h did not result in increased signal intensity,
we believe that the maximum hybridization was achieved under these
conditions.

Preparation of recombinant DNA probes. For type I procollagen
mRNAanalyses, we used plasmid HF677, a recombinant clone con-
taining 1.8 kb complement of human a l(I), procollagen mRNA(26).
The HF677 was kindly given to us by Dr. F. Ramirez, Rutgers University
Medical School, Piscataway, NJ. A sheep genomic DNAclone was used
to measure elastin mRNAlevels; this clone construct contains 1.3 kb
genomic DNAinsert in pUC9 and codes for the 3'-terminal portion of
the elastin mRNA(23, 27). The elastin clone was obtained from Dr. J.
Davidson, University of Utah Medical School, Salt Lake City, UT. Dr.
Richard Hynes, Massachusetts Institute of Technology, Cambridge, MA
generously provided a cDNAclone of rat fibronectin (27, 28) for analysis
of fibronectin mRNAs. Finally, a full-length cDNA clone of chicken
cytoplasmic fl-actin (29) was obtained from Dr. D. W. Cleveland, Johns
Hopkins University School of Medicine, Baltimore, MD. Weobtained
various Escherichia coli strains harboring appropriate plasmids as agar
stab cultures. Supercoiled plasmid DNAwas purified according to pub-
lished procedures (30). All plasmid preparations were tested for the char-
acteristics of the inserted DNAby digestion with appropriate restriction
endonucleases and gel electrophoresis. For most Northern and dot blot
analyses, intact supercoiled plasmid DNAwas nick-translated and served
as a probe; in some experiments, the inserted eukaryotic DNAwas excised
from the vector and nick-translated to increase the specific activity of
the probe.

Results

Pathology. Consistent with previously published data (3, 5, 6),
the lungs of animals receiving intratracheal instillation of bleo-
mycin underwent physiological and anatomical changes char-
acteristic of interstitial pulmonary fibrosis. Examination of lung
sections at various times after treatment revealed two partially
superimposable, yet distinct, phases of fibrogenesis. The inflam-
matory phase, evident between 4-15 d after treatment, was
characterized by edematous congestion, slight hemorrhage, and
tissue infiltration with polymorphonuclear and mononuclear
cells. The fibrotic phase apparently began in the third week and
was accompanied by considerably reduced numbers of inflam-
matory cells and a concomittant increase in the number of fi-
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broblasts. Peribronchial foci of fibrosis were evident consistently
in tissue sections 21 d after bleomycin treatment. Although the
number of fibrotic lesions steadily increased with time, even as
late as 42 d posttreatment, fibrosis was only in patches.

Protein synthesis. Weinvestigated the relative rates of col-
lagenous and noncollagenous protein synthesis in lung explant
cultures at various times after bleomycin treatment. As shown
in Fig. 1, the rate of total protein synthesis in the bleomycin-
treated lungs from the fourth day onward peaked at 165% above
the untreated controls around day 14. Although the pattern of
collagenous protein synthesis, as measured by the rate of for-
mation of radiolabeled 4-hydroxyproline in the lung explants
(3), resembled the pattern of total protein synthesis (Fig. 1), there
were significant quantitative differences. In contrast to total pro-
tein synthesis (less than twofold stimulation in treated lungs),
the collagenous protein synthesis was stimulated nearly fivefold
above the control levels (Fig. 1). The maximum stimulation of
collagenous protein synthesis was apparent at day 14; the rate
declined steadily thereafter, reaching a plateau around day 28.
Note, however, that the rate of total and collagen-specific protein
synthesis remained slightly higher than the control animals for
the remainder of the experiment.

Characterization ofcollagen, elastin, andfibronectin mRNAs
from hamster lungs by Northern blotting. Since none of the probes
used in these experiments were of hamster origin, it was im-
portant to test their suitability for measurements of mRNAac-
cumulation in the hamster lung. Weinvestigated the hybridiza-
tion conditions for Northern blot analysis and characterized the
mRNAspecies coding for collagen, elastin, and fibronectin. All
recombinant DNAclones, except elastin, were hybridized to
specific mRNAspecies under standard hybridization conditions.
For elastin, the best hybridization was obtained at 370C (in con-
trast to 420C under standard reaction conditions; see Methods).

The human procollagen a I1(I) cDNAplasmid hybridized to
two mRNAspecies of 5.4 kb and 6.5 kb size in the hamster lung
(Fig. 2 A). The 5.4-kb mRNAspecies represents >80% of pro-
collagen a 1 (I) mRNAin the hamster lungs (unpublished obser-
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synthesis) and [3 H]proline incorporation (as an indicator of total pro-
tein synthesis) were determined as outlined in Methods. The average
values of three determinations with standard deviations are shown.

Figure 2. Identification of
mRNAspecies coding for
pro a l(I) fibronectin, elas-
tin, and cytoplasmic fl-actin

-9.1 kb in hamster lungs. 10 ,g of

poly.5kb poy A4 mRNAfrom ham-
*4 kb ster lungs was electropho-

28 S- -.U 1 kb resed on 1% agarose in 2.2
w Mformaldehyde, trans-

ferred to nitrocellulose, and
1 8 5 -2 1 kb hybridized to nick-trans-lated probes ( 1-5 X IO'

cpm/gg) as described in de-
tail in Methods. The 28S
and 18S ribosomal RNA

A B C D markers were located by
ethidium bromide staining.

The molecular weights of mRNAsare shown in kilobases (kb). (A) pro
al(I); (B) fibronectin; (C) elastin; and (D) cytoplasmic fl-actin.

vations). Two mRNAsspecies for procollagen a 1(I)-chains have
previously been identified in human (26, 31), mouse (32), rat
(16), and chicken cells (33). The relative abundance of the two
size classes and their apparent molecular weights differ in dif-
ferent species.

The rat fibronectin cDNAplasmid identified a single mRNA
species in hamster lung of -9.1 kb size (Fig. 2 B). The sheep
genomic clone of elastin also hybridized to a single mRNAof
4.1 kb in the hamster lung (Fig. 2 C). Finally, the use of chicken
cDNA clone for cytoplasmic #l-actin identified a single mRNA
of 2.1 kb in hamster (Fig. 2 D). Our full-length cDNAclone for
cytoplasmic fl-actin (which shares coding sequences with y-actin
mRNA; ref. 29) would be expected to detect #l-actin, as well as
y-actin mRNAs. Since the two mRNAshave been shown to be

identical in size (29), we were unable to detect the individual fl-
actin and y-actin mRNAsin Northern blots. It was evident,
however, that these recombinant probes were sufficiently specific
for the type of analysis we wished to undertake.

Profiles of procollagen al(I) elastin, fibronectin, and actin
mRNAaccumulation in bleomycin-treated hamster lungs. The
relative amounts of specific mRNAsfrom hamsters at various
times after bleomycin treatment were determined by dot blot
hybridization using poly A' mRNA.In a preliminary experiment
we analyzed the relative distribution of sequences coding for
procollagen a l(I), fibronectin, elastin, and fl-actin in the poly
A' and poly A- fractions of the hamster lungs 0, 2, and 4 wk
after bleomycin. Since there was no measureable change in the
ratio of the various mRNAsin the two fractions (R. Raghow,
unpublished observations), we believe that our measurements
using poly A' mRNAaccurately represent the overall mRNA
metabolism of the fibrotic lung. Fig. 3 depicts one of the two
dot blot hybridizations used to derive quantitative data in mRNA
abundances shown in Fig. 4. Densitometric scanning and direct
scintillation counting of nitrocellulose representing an individual
mRNAspot was used to determine quantitative changes in the
relative mRNAabundances. As shown in Fig. 4, the amount of
procollagen a I(I) mRNAin the lungs of bleomycin-treated
hamsters was higher than controls starting from very early times
after treatment (7 d). The procollageri a l(I) mRNAcontinued
to increase until 14 d after treatment, when it was approximately
sevenfold higher relative to untreated hamsters; the amount of
procollagen a 1 (I) mRNAdeclined thereafter and fell a little be-
low the control level after 35 d after treatment (Fig. 4).
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DAYS AFTER BLEOMYCININSTILLATION
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Figure 3. Autoradiograms depicting dot-blot hybridization of hamster
lung mRNAs. Twofold serial-dilutions of poly A' RNAsamples from
control (C) and bleomycin-treated hamster lungs were applied to iii-
trocellulose filters, hybridized to nick-translated plasmids, and autora-

diographed as described in Methods. Top, middle, and bottom rows in
each sample represent 5.0, 2.5, and 1.25 ,g of poly A' RNA, respec-

tively. Autoradiographic exposures were varied to allow optimum dis-
tinction in abundance changes and, therefore, the intensity differences
between different samples cannot be compared directly. The quantita-
tive data on relative abundance changes (Fig. 4) were obtained by
combining densitometry and direct scintillation counting.

The mRNAcoding for elastin, another abundant extracel-
lular matrix protein of the lung, also exhibited a pattern of in-
creased accumulation analogous to procollagen a 1 (I) mRNAin
the lungs of bleomycin-treated animals (Fig. 4). However, the
extent of increase in the content of elastin mRNAof bleomycin-
treated lungs was much less; at the time of maximum accu-

mulation (14 d), elastin mRNAshowed about twofold increase,
followed by a steady decline, reaching the level found in the
untreated hamsters at 21 d posttreatment (Fig.-4).

The temporal profile of fibronectin mRNAaccumulation in
bleomycin-treated hamster lungs was obtained by dot blot anal-

ysis using a rat fibronectin cDNAclone (26). Bleomycin-treated
lungs rapidly accumulated increased amounts of fibronectin
mRNA(Fig. 4); after reaching a greater than fivefold increase
above the untreated controls at day 7, the mRNAlevel steadily
declined to approximately normal values in the third week

(Fig. 4).
Finally, to examine the sequential changes in the accumu-

lation of overall cellular mRNAs, we determined the relative
accumulation of actin mRNA. Our full-length f3-actin cDNA
probe is very likely detecting the j3-actin, as well as y-actin mRNA
sequences, since the coding sequences of these two mRNAsare

highly conserved (29). It was evident that the content of actin
mRNAsvaried only slightly between bleomycin-treated and un-

treated hamster lungs during the course of this experiment
(Fig. 4).

DAYSAFTER BLEOMYCININSTILLATION

Figure 4. Quantification of individual mRNAscoding for extracellular
matrix proteins in hamster lungs at various times after endotracheal
administration of bleomycin. Equal amounts of poly A' mRNAfrom
control or bleomycin-treated lungs was spotted in twofold serial dilu-
tions and hybridized to nick-translated DNAprobes as shown in Fig.
3 and described in Methods. Quantitation of mRNAabundance was

done by two methods. Individual spots from the autoradiograph were

scanned densitometrically and areas under the peaks were calculated.
In addition, we measured radioactivity directly in different spots by
scintillation spectrometry. The results are expressed as percent change
in the mRNAscompared with untreated controls. *, Procollagen
a I (I); x, fibronectin; A, elastin; and ., fl-actin.

Rates of transcription of proal(I), Jibronectin, elastin, and
actin genes in bleomycin-treated hamster lungs. To evaluate
whether the changes in the mRNAaccumulation were mediated
through increased transcription, we determined the rates of
transcription of individual mRNAsin the nuclei from hamster
lungs by runoff transcription assays. As expected, a virtual ab-
sence of hybridizable transcripts made in the presence of 80 ,4M
a-amanitin suggested that all four of these genes were transcribed
by RNApolymerase II (data not shown). As shown in Table I,

both fibronectin and procollagen al(I) genes were transcribed
at an enhanced rate (two- to fourfold) in the bleomycin-treated
lungs in the first 2 wk. In all samples at day 35 (a time when
the steady-state levels of mRNAsreturn to nearly control values;
Fig. 4), the rates of transcription of fibronectin and procollagen
al(I) also returned to the control value. The rates of transcription
of elastin and 13-actin showed a small (30-70% above untreated
controls), but reproducible, increase, which suggests measurable
perturbations in the transcription of these genes (Table I).

Discussion

Using recombinant DNAprobes, we have investigated the pat-
tern of accumulation of mRNAscoding for procollagen a l(I),
elastin, fibronectin, and f3-actin in hamster lungs after endotra-
cheal administration of bleomycin. While the transcription of
all three genes of extracellular matrix was found to be elevated
after bleomycin treatment, there were significant quantitative
and qualitative differences. Both the extent of transcriptional
elevation and the time of maximum mRNAaccumulation were

different for the three genes examined. The level of fibronectin
mRNAincreased rapidly, reaching a peak at day 7, while the
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Table I. Rates of Transcription of Pro aJ(I), Fibronectin, Elastin, and
(3-Actin Genes in Nuclei Isolated from Bleomycin-treated Hamster Lungs

Day I Day 7 Day 14 Day 35

Probe Control Bleo Control Bleo Control Bleo Control Bleo

Fibronectin 61.3* 73.6 57.9 187.2 64.1 179.5 58.9 67.1
(1.20) (3.2) (2.8) (1.14)

Proa l(I) 58.6 61.3 47.8 124.3 65.9 270.19 48.7 39.8
(1.04) (2.6) (4.1) (0.8)

Elastin 23.2 26.7 31.8 41.3 28.4 47.7 34.3 48.0
(1.15) (1.30) (1.70) (1.4)

fl-Actin 96.7 99.4 102.3 138.8 120.1 168.24 99.2 126.9
(1.02) (1.36) (1.40) (1.28)

X-4A 1.3 2.2 2.0 1.9 1.7 2.3 2.1 1.8

Nuclei isolated from the lungs of control (0.5 ml of saline administered it.) or bleomycin-treated (1 U of bleomycin in 0.5 ml of saline adminis-
tered i.t.) animals were subjected to runoff transcription as described in Methods. Radiolabeled nascent transcripts (5-7 X 106 cpm) from each
assay were hybridized to 10 ,g of linearized recombinant plasmid DNAs immobilized on nitrocellulose. After hybridization the filters were
counted in a scintillation spectrometer; a machine background of 37 cpm was subtracted from all the values. * Average values of radioactive
runoff transcripts bound from three separate determinations are shown as parts per million (PPM). There was <10% variation in the radiolabeled
runoff transcripts bound to immobilized DNAin different experiments. The ratio of bleomycin/control for each assay is shown in the parentheses.

accumulation of elastin and collagen mRNAspeaked at about
2 wk after treatment. Furthermore, while the levels of fibronectin
and procollagen a 1 (I) mRNAsincreased six- to sevenfold above
the controls at the peak time, the levels of elastin mRNAdid
not exceed twofold in two separate experiments. The profiles of
mRNAaccumulation reflect both the number of cell type(s)
responsible for their synthesis and/or a preferential transcription
of specific gene(s). For instance, a rapid change in the rate of
accumulation of fibronectin mRNAsmay partly be due to in-
creased numbers of inflammatory cells, especially macrophages
(a cell type known to actively synthesize and secrete fibronectin)
in the bleomycin-treated lungs. The recruitment and expansion
of fibroblasts, cells primarily responsible for collagen synthesis,
is a postinflammatory phase of the fibrotic process (2, 7). Thus,
the profiles of procollagen mRNAaccumulation are consistent
with the changing cellular composition of the bleomycin-treated
lungs.

The relationship between the temporal changes in the
amount of mRNAcoding for three representatives of extracel-
lular matrix and the corresponding profiles of the putative poly-
peptide products remains incompletely resolved. This is mainly
because there are no analogous data on the synthesis of the in-
dividual polypeptide products after the induction of experimental
fibrosis. Even for collagens, the most extensively analyzed rep-
resentative of the extracellular matrix, there is no information
on the rate of synthesis of individual collagen polypeptides chains
(see ref. 2 for extensive review). The increase in the rate of col-
lagenous protein synthesis (fivefold) appeared to correspond with
a change in the amount of procollagen a 1 (I) mRNA(sevenfold).
A similar increase was also obtained for procollagen a2(I) mRNA
(our unpublished results), suggesting that the procollagen a 1(I)
and procollagen a2(I) genes are regulated coordinately. Clark et
al. (3) have shown an increase in the intracellular proline pool
size in bleomycin-treated hamster lungs. Since we did not correct
for the changes in the intracellular pool size of proline, the protein
synthetic rates may be underestimated. Therefore, the corre-

spondence between the rate of collagenous protein synthesis and
the steady-state levels of mRNAsmay be even better.

The pattern of accumulation of elastin mRNAclosely cor-
responds to the pattern of elastin accumulation reported pre-
viously (2, 7, 9). Based on several studies showing that the elastin
synthesis in tissues is mainly regulated at the transcriptional level
(2, 27), we believe that the net accumulation of elastin observed
during fibrosis (2, 7) is primarily due to increased rates of elastin
mRNAsynthesis. However, in the absence of direct measure-
ments of rates of elastin synthesis, this conclusion remains ten-
tative.

The fibronectin mRNAaccumulation peaked at day 7 and
declined thereafter. It is interesting that the levels of fibronectin
protein in the bronchoalveolar lavage (BAL) fluid of bleomycin
treated lungs increased about threefold that of control around
day 10 (our unpublished observations). However, in contrast to
mRNAlevels, the fibronectin levels in the BAL did not decline
in the later times (Raghow, R., unpublished observations). In-
creased levels of fibronectin in the BAL fluid have been observed
in patients with interstitial pulmonary fibrosis (15). The apparent
discordance between the levels of mRNAand protein suggests
that posttranscriptional regulatory mechanisms may also be op-
erative.

Finally, surprisingly while the overall protein synthesis
showed an increase of about twofold, there was insignificant
change in the accumulation of actin mRNAin the bleomycin-
treated lungs. It is difficult to explain why the level of cytoplasmic
actin mRNAdid not strictly correspond with the pattern of total
protein synthesis. Obviously, these observations need further
verification by alternative approaches (i.e., in situ hybridization
of various radiolabeled recombinant DNAprobes) before final
conclusions can be drawn.

The experimental observations from nuclear runoff tran-
scription assays presented here strongly suggest that the overrid-
ing control of extracellular matrix biosynthesis during bleomycin-
induced pulmonary fibrosis is exerted at the transcriptional level.
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The precise nature of the stimuli that alter the rates of transcrip-
tion of genes of extracellular matrix preferentially remains to be
elucidated. In this context, the possible role of various soluble
mediator(s) (34-37) capable of regulating the expressions of genes
coding for extracellular matrix need to be investigated further.

Finally, a note of caution should be added to the above dis-
cussion. The data correlating the steady-state levels of numerous
mRNAsand corresponding changes in the rates of their poly-
peptide products show clearly that the transcriptional control is
the primary regulatory step in eukaryotic gene expression. How-
ever, several recent studies show convincing evidence for post-
transcriptional controls (38-41). Therefore, although the steady-
state levels of mRNAsfor procollagen al(I), fibronectin, and
elastin in bleomycin-treated lungs correlated well with pertur-
bation in the transcriptional status of these genes, the biosynthetic
rates of individual polypeptide species must be determined before
the precise control mechanisms can be pinpointed.
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