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Abstract

Background—Intratracheal instillation
of bleomycin into mice leads to deposi-
tion of collagen in the lung and fibrosis,
but the mechanism for this is poorly
understood. Enhanced collagen gene
expression, increased collagen synthesis,
decreased collagen degradation, and pro-
liferation of fibroblasts have all been pro-
posed as possible contributors. To obtain
information on the activity of collagen
producing cells at an early stage in the
development of pulmonary fibrosis in
situ hybridisation was used to detect and
localise products of the type III procolla-
gen gene. In addition, assay of type III
procollagen gene expression was per-
formed using dot-blot analysis of lung
RNA extracts.

Methods—Lung fibrosis was induced in
mice by intratracheal instillation of
bleomycin sulphate (6 mg/kg body
weight) and tissues were examined after
three, 10, 21 and 35 days. RNA-RNA
hybridisation was accomplished with
riboprobes labelled with sulphur-35
which were generated from a 1-7 kb
mouse procollagen a,(III) cDNA. In situ
hybridisation was performed on sections
fixed in paraformaldehyde and embed-
ded in paraffin wax and steady state val-
ues of type III procollagen mRNA were
assayed by dot-blot analysis of total lung
RNA extracted by guanidium isothio-
cyanate.

Results—Data obtained using both tech-
niques suggest that type III procollagen
gene expression was enhanced in
bleomycin induced fibrosis and that
expression was maximal between 10 and
35 days after a single dose of bleomycin.
The most active cells were located in
interstitial areas around the conducting
airways, although these cells were usual-
ly seen in areas with no histological evi-
dence of fibrosis. Regions with the most
advanced fibrosis, as assessed by histo-
logical methods, rarely contained cells
with activity above the threshold
detectable by this technique.
Conclusions—These results suggest that
activation of interstitial fibroblasts, with
enhanced type III collagen gene expres-
sion, forms at least part of the mecha-
nism leading to increased collagen

deposition in bleomycin induced fibrosis
and that this occurs before fibrosis is
detected by conventional histological
staining.

(Thorax 1993;48:622-628)

To maintain its primary function in gas
exchange the lung depends on a network of
diverse structural elements which determines
its elastic properties, and also plays a part in
regulating cell-cell contact and determining
cell function.! Among these matrix elements
the most abundant components are the colla-
gens, with types I and III collagens the most
widely distributed in both airways and
parenchymal structures. The ordered distrib-
ution of these proteins is vital to maintain the
structural properties of lung tissue while
allowing gas exchange to proceed freely with-
in alveoli. This property is compromised in
several respiratory disorders, whose most
common feature is pulmonary fibrosis.
Fibrosis may be associated with known
agents—for example, asbestos or drugs such
as bleomycin—but sometimes the causes are
unknown such as in cryptogenic fibrosing
alveolitis (idiopathic pulmonary fibrosis) or in
association with diseases such as systemic
sclerosis or sarcoidosis. All these disorders are
characterised by inflammation, thickening of
the alveolar wall, and excessive deposition of
predominantly type I and III collagens.?*

To examine the pathogenesis of pulmonary
fibrosis different experimental models in ani-
mals have been developed, the most common
of which entails the intratracheal instillation
of bleomycin.® The histological pattern of
fibrosis in bleomycin induced fibrosis is simi-
lar to that seen in humans, although the time
course for development is much shorter. For
example, in mice the increase in collagen con-
tent is maximal about two months after a
single dose of bleomycin given intratracheally.”

Increased rates of collagen synthesis in the
lung have been reported in bleomycin
induced fibrosis by several groups using in
vitro and in vivo techniques.®® Degradation
has been less well studied, but reduced degra-
dation may also contribute to the increased
lung collagen content.® To investigate further
the mechanisms leading to enhanced collagen
production several studies have examined the
activity of procollagen genes during the
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development of pulmonary fibrosis and
reported increased amounts of messenger
RNA (mRNA) coding for procollagens I and
II1.'*'2 This may suggest enhanced expression
of procollagen genes in lung parenchymal
cells, but other interpretations are possible.
For example, the numbers of fibroblasts in
the lung increase after bleomycin treatment,
which may be reflected by changes in mRNA
rather than altered expression of existing
cells. Furthermore, all these studies were
based on analyses of an aliquot of total RNA
that had been immobilised on a solid mem-
brane. Such analyses provide no information
on sites of gene activation in the lungs of
animals developing fibrotic lesions. In this
study we used Northern blot analysis and in
situ hybridisation to measure and localise
type III procollagen gene expression during
the development of bleomycin induced
fibrosis in mice.

Methods

ANIMALS

Mice (strain B{D,F,) aged eight to nine weeks
and weighing 24-26 g were anaesthetised
using Alphaxolon 0-9% w/v and Alphadolon
0-3% w/v (Glaxo), given intraperitoneally at a
dose of 75 ml/kg body weight. Bleomycin
(Lundbeck) was then administered in 0-05 ml
of 0-14 M sodium chloride at a dose of 6
mg/kg body weight. Control groups received
0:05 ml of 0-14 M sodium chloride alone.
Three, 10, 21, and 35 days later animals were
killed by an overdose of pentobarbitone as
described previously.” Biochemical analyses
were performed on at least four animals in
each group, but in most cases six animals
were used. For different experiments the pre-
cise numbers of animals are given in the fig-
ure and table legends. In situ hybridisation
was performed on at least two different ani-
mals at each time point.

Lungs were fixed by intratracheal instilla-
tion of 4% paraformaldehyde in phosphate
buffered saline at a pressure of 25 cm H,O.
The trachea was ligated just caudal to the
larynx and the contents of the thorax
removed as one unit. Tissues were treated
with 15% sucrose in phosphate buffered
saline before being dehydrated and embed-
ded in paraffin wax.

For measurement of collagen content ani-
mals were killed and lungs perfused with 2 ml
of phosphate buffered saline at 4°C. Total
lung collagen content was assessed by mea-
suring hydroxyproline, which was determined
spectrophotometrically after oxidation with
chloramine-T and extraction of the toluene
miscible product.'?

TISSUE PREPARATION
In situ hybridisation was accomplished based
on techniques described previously.!*'* These
methods and the modifications adopted are
described briefly.

Sections (5 um thick) were cut and placed
on slides previously coated with a 2% v/v
solution of 3-aminopropyltriethoxysilane in
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acetone. After dewaxing, sections were
rehydrated through a series of alcohol washes
of decreasing concentration, followed by
immersion in 0-14 M sodium chloride and
phosphate buffered saline before refixing with
4% paraformaldehyde. To allow optimum
entry of the probe into cells sections were
digested with proteinase-K (20 yg/ml in
50 mM TRIS hydrochloride), 5 mM EDTA
(pH 7-5 buffer) for 7-5 minutes before fixing
with paraformaldehyde. To decrease surface
charges slides were immersed in 0-1 M
triethanolamine followed by dehydration
through a series of increasing concentrations
of ethanol.

PREPARATION OF THE PROBE

To perform hybridisation experiments we
used a 1-7kb cDNA EcoR, fragment contain-
ing the second exon of the mouse type III (a,)
procollagen gene.!'® This construct was initial-
ly cloned in pBR322 and, after large scale
preparation, using polyethylene glycol precip-
itation,'* the plasmid was digested with EcoR,
and ligated into pAMI18. To generate anti-
sense and sense riboprobes in vitro transcrip-
tion was performed using T7 or SP6 RNA
polymerases respectively in the presence of
uridine triphosphate labelled with sulphur-35
(Amersham International). Solutions were
then treated with RNAse free DNAse
(Boehringer, Germany) with yeast transfer
RNA added as a carrier and dithiothreitol
added to minimise oxidation of the probe.
Probes were then alkaline hydrolysed for 60
minutes in a buffer containing 80 mM sodi-
um carbonate and 120 mM sodium bicarbon-
ate and then neutralised in a 200 mM acetate
buffer. This hydrolysis is performed to gener-
ate polynucleotides of about 50 base pairs
long. This has been shown previously to be
an appropriate length for the probe to enter
the cells and hybridise optimally with mRNA
species. Labelled probes then were separated
from unincorporated nucleotides by loading
on to a column of sterile Sephadex G-50 pre-
blocked with yeast RNA and eluted with 10
mM TRIS hydrochloride (pH 7-5) containing
5 mM EDTA and 0-1% sodium lauryl sul-
phate. Fractions containing radioactivity were
combined and the probe precipitated with 0-1
volumes of 3 M sodium acetate and 25 vol-
umes of ethanol at-70°C for 15 minutes.
After centrifugation the pellet was resuspend-
ed in 10 mM dithiothreitol to achieve a con-
centration of 5 X 10° counts per minute per
1 of the probe.

IN SITU HYBRIDISATION

The hybridisation solution comprised one
part probe to nine parts hybridisation buffer
(50% formamide, 300 mM sodium chloride,
20 mM TRIS hydrochloride (pH 7-4), 5 mM
EDTA, 10 mM sodium monophosphate (pH
8:0), 10% dextran sulphate, normal strength
Denhardt’s solution of a mixture of 50% for-
mamide with dextran sulphate) and 500
ug/ml yeast RNA (25 ul) was applied to each
tissue section and covered with siliconised
coverslips. Sections were incubated for 16



hours at 42°C in a chamber humidified with a
solution of 50% formamide in twice standard
sodium citrate solution. The optimal incuba-
tion temperature (42°C) was determined
from the melting point of the probe (T,)
based on the salt concentration in the
hybridisation solution and the base composi-
tion of the probe.

WASHINGS AFTER HYBRIDISATION

After hybridisation, slides were washed in
twice standard sodium citrate solution, 10
mM dithiothreitol at 50°C for 30 minutes,
50% formamide, twice standard sodium cit-
rate solution, 10 mM dithiothreitol at 65°C
for 20 minutes, and in twice standard sodium
citrate solution at 37°C for two washes of 10
minutes each. Sections were then treated at
37°C for 30 minutes with a solution of four
times standard sodium citrate solution con-
taining 20 ug/ml RNase-A followed by
washes of twice standard sodium citrate solu-
tion at 37°C for 10 minutes and a tenth of
standard sodium citrate solution at 37°C for
15 minutes. Finally sections were dehydrated
in a series of washes with alcohol containing
0-3 M ammonium acetate and air dried.

AUTORADIOGRAPHY

Sections were dipped into a photographic
emulsion (K, Ilford) previously warmed to
42°C and diluted (1:1) with distilled water.
Slides were allowed to dry in the dark for two
hours and then placed in a light tight box
with silica gel for two or three weeks at 4°C.
Slides were immersed in developer for 3-5
minutes (D19, Kodak) and then into fixer for
two minutes (Rapid fixer, Ilford), followed by
several quick rinses with distilled water.
Sections were then counterstained with
haematoxylin, dehydrated through a series of
ethanol washes, and mounted in Cytoseal 60
media (BDH).

RNA ISOLATION AND NORTHERN ANALYSIS
Total lung RNA was isolated by the guan-
idium isothiocyanate and phenol chloroform
technique as described by Maniatis et al.'®
For Northern analysis RNA  was
electrophoresed in an  agarose  gel
containing 1% formaldehyde and transferred
to a membrane (Hybond, Amersham Inter-
national). For assay RNA samples were also
spotted directly on to a Hybond membrane in
a commercially available dot-blot apparatus
(Gibco). Riboprobes labelled with uridine
triphosphate radiolabelled with phosphorus-
32 were generated by in vitro transcription
and hybridisation was carried out in 50%
formamide (five times standard sodium
citrate solution containing 10 times standard
Denhardt’s solution, 0-1% sodium dodecyl
sulphate (SDS), and 100 ug/ml denatured
salmon sperm DNA) for 20 hours at 42°C.
After hybridisation filters were washed twice
in twice standard sodium citrate solution and
0-1% SDS at room temperature, followed by
two washes in a fifth of standard sodium
citrate solution and 0-1% SDS at 40°C.
Hybridisation filters were exposed to x ray
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films (Kodak) at —80°C and autoradiographs
developed in Fuji medical film processor
(GFII) after three days of exposure. For
quantification, autoradiographs of the dot-
blots were scanned using an Apple Macintosh
based image analysis system with an Abaton
scanner. Amounts of type III mRNA were
measured per unit total RNA and as a ratio
compared with the f-actin mRNA.

Results

Figure 1 shows the changes in lung collagen
content in animals treated with bleomycin
compared with controls killed at the same
times. Collagen contents of bleomycin treated
animals were not different from' controls at
three days, but by 10 days had increased by
about 40% (p < 0-05). After this time there
was a further increase and by 35 days the
content was almost twice that of controls
(p < 0-01).

Extensive fibrosis was apparent by light
microscopy in animals 35 days after
bleomycin administration (fig 2). In the lungs
of these animals there were many areas in
which the normal architecture, with fine alve-
olar septa, was lost while other areas were
apparently normal.

Figure 3 shows the highly specific hybridis-
ation of riboprobes coding for type III procol-
lagen and f-actin with mRNA isolated from
mouse lung. Probes hybridised to specific
mRNA species with molecular weights of 5-6
kilobases and 2-3 kilobases, corresponding to
the size of mRNAs for type III procollagen
and f-actin probes respectively.
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Figure 1 Time course for changes in lung collagen content

during the development of bleomycin induced pulmonary
fibrosis in mice. AUl values shown for treated (@) and
control animals (O) are means (SE) for at least six
animals. Where error bars are not shown they are confined
within the area of the dots.
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Figure 2 Lung of (A) normal mice and (B) of mice with
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The table shows the changes in total lung
RNA content as well as type III procollagen
and f-actin mRNAs in the lungs of control
and treated mice. Ten days after administra-
tion of bleomycin the total RNA in the lung
was not significantly different from that in
control animals but by 35 days it had
increased about threefold (p < 0-001). Type
III procollagen mRNA, expressed per unit
weight of total RNA, doubled by day 10
(p <0-01) but by day 35 had returned to
control values. When type III procollagen was
expressed as a total amount in the lung there
was a significant increase at both times, with
a more than threefold increase by 35 days
(p <0:05). When expressed as a ratio to f-
actin mRNA there was a significant increase
at 35 days only (p < 0-05).

Figure 4 shows the localisation of type III
procollagen mRNA in a section of lung from
an animal 21 days after bleomycin treatment.
Dark and light field views of the same section
indicate type III procollagen gene activation
within interstitial cells, particularly those
located in peribronchiolar areas. In control
animals hybridisation was apparent only in
subpleural areas (fig 5A and B). In other than
subpleural sections there was a diffuse distrib-
ution of signal, but this was not apparently
different from that due to non-specific inter-
action of the probe with tissue (fig 5C and D).

Figure 3 Northern
analysis of mRNA for type
III procollagen (lane a)
and B-actin (lane b).
Riboprobes labelled with
phosphorus-32 were
generated using T,
polymerase and applied to
Hybond membranes, on

which 10 ug RNA was mice after bleomycin.
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pulmonary fibrosis 35 days after administration of saline or bleomycin respectively.

To ensure that the hybridisation signals
shown in figs 4 and 5 were specific for type
IIT procollagen mRNA, similar sections were
exposed to the sense riboprobe. These probes
gave no specific signals, although a uniform
low grade diffuse background was observed
throughout the slides in areas with and with-
out tissue. However, even in cases in which
the sense probe background was high
(fig 6A) sequential sections from the same
tissue hybridised with the antisense probe
clearly showed enhanced expression in
specific areas (fig 6B).

Discussion
The time course for development of pul-
monary fibrosis in various experimental mod-
els in animals depends on the strain of the
animal as well as the dose and route of intro-
duction of the fibrotic agent. The dose of
bleomycin used in this study was chosen
because it induced rapid production and
deposition of collagen without overt systemic
toxicity. In previous studies of the same strain
of mouse the earliest fibrotic lesions were
reported at 21 days, with more extensive
fibrosis at 35 and 60 days.” Our results con-
firm that the extensive but patchy fibrosis was
apparent after 35 days.

Changes in collagen synthesis and degrada-

Mean (SE) changes in steady state mRNA contents of type I1I procollagen in lungs of

tmmobilised as described in

the methods section. The RNA Control (n =9) Bleomycin (n = 8)

positions for 18S and 28S

ribosomal RNAs were 10 days 35 days
determined by ethidium n=4) m=4)
bromide staining of the gel

before transfer to the Total RNA (ug RNA/lung) 189-2 (27-9) 165-9 (55:6) 570-2 (37-2)%
membrane. Both these Type III procollagen:

species ran in positions mRNA/ug RNA 1-59 (0-23) 3-25 (0-441 1-:47 (0-45)
slightly lower than either total mRNA/lung 264 (43) 534 (158)* 882 (324)*
the type I1I procollagen or  Ratio of type III

f-actin mRNAs and procollagen to f-actin 0-33 (0-05) 0-29 (0-04) 0-61 (0-13)*

cross-hybridisation was
not observed.

*p < 0-05, tp < 0-01, $p < 0-001.
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Figure 4 Localisation of type I procollagen mRNA in lung from an animal 21 days after bleomycm treatment. Lung sections were prepared as
described in the methods section and treated with an antisense RNA probe labelled with sulphur-35. After three weeks slides were developed and examined

by (A) phase contrast or (B) darkfield microscopy.

tion have previously been investigated in
bleomycin induced pulmonary fibrosis. There
is abundant evidence for enhanced collagen
synthesis, based on uptake of radiolabelled
proline into collagen,®® and in one of these
studies a concomitant decrease in the rate of
rapid collagen degradation was reported.?
Enhanced production of lung collagens
could be mediated at several points during
collagen gene expression and biosynthesis.!
One possibility might be regulation by
changes in transcription rate or the stability of
mRNA for procollagens. Concentrations of

mRNA for procollagens I and III are
increased during bleomycin induced fibro-
sis.!*!2 However, in all these studies mRNA
was extracted from the lung and therefore the
results cannot assess whether increases derive
from changes in cell number or changes in
procollagen mRNA production by existing
cells, or both. There is evidence for fibroblast
proliferation in bleomycin induced pul-
monary fibrosis in hamsters!” so changes in
cell number need to be assessed.

The introduction of in situ hybridisation
techniques allows the question of whether

Figure 5 Localisation of type III procollagen mRNA in lung from a normal animal. Hybridisation to antisense probe was most apparent in subpleural
areas (A and B). Application of sense probe showed apparently non specific binding (C and D). (Phase contrast A and C and darkfield microscopy B and
D).
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cellular procollagen gene expression is upreg-
ulated to be addressed, but we are aware of
no reports using these techniques to examine
procollagen III gene expression in fibrotic dis-
orders. In this study we used Northern
analysis to measure changes in mRNA con-
centrations and in situ hybridisation to assess
the distribution of cells containing the mRNA
for procollagen III during the course of
bleomycin induced pulmonary fibrosis. The
results of Northern analysis suggested an
increased concentration of mRNA for type 111
procollagen after 10 days, and whether
expressed as a total amount, or as a ratio to -
actin, this increase was also apparent after 35
days.

We expressed type III procollagen mRNA
concentrations in three ways (table). All
methods have limitations, but many workers
have used so called “housekeeping” genes—
for example, f-actin—as standards for com-
parision. However, the use of such genes as
suitable controls has been questioned as their
products may themselves increase in the
course of bleomycin induced fibrosis.!® We
found an increase in f-actin gene expression
at 10 days (data not shown), but by 35 days,
when gene expression for type III procollagen
was enhanced, it had returned to control
values.

To visualise the location of the procollagen
IIT mRNA we examined the sections exposed
to riboprobes labelled with sulphur-35 (**S)
complementary to the mRNA (antisense
probes); we compared these with sections
exposed to sense probes not expected to
hybridise as they have sequences identical to
the mRNA of interest. The use of such radio-
labelled probes gave us good spatial resolu-
tion allowing visualisation of individual cells
(fig 4). Such cellular resolution was unattain-
able with probes radiolabelled with phospho-
rus-32 (data not shown). One problem with
3S-probes is non-specific binding to lung tis-
sue. Such binding is probably due to charge
interactions and contamination with free
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Figure 6 Darkfield examination of a tissue section taken from an animal 21 days after bleomycin treatment; sense (A) and antisense (B) probes for type
III procollagen have been applied.

nucleotides, which, although minimised by
chromatographic separation, are impossible
to remove completely. Non-specific binding
is also minimised by adjusting the stringency
of washes after hybridisation and exposure
times of autoradiography. For this probe,
however, the protocol gave the minimum
background without loss of RNA-RNA
hybrids and allowed visualisation of mRNA
associated with individual cells. For each
probe the protocol will vary and should be
adjusted to give optimum results.

High background will mask cells of lower
activity. In both control and bleomycin treat-
ed lungs more cells are likely to be active than
we have shown here as there is a threshold
under which activated cells cannot be detect-
ed. For example, it has been estimated that a
gene copy number of at least 20 would be
necessary to detect mRNA with a technique
similar to that we have used."’

Our study shows the advantage of combin-
ing quantitative estimates of mRNA using
solid phase hybridisation techniques and
morphological assessment by in situ hybridis-
ation. The dot-blot analysis suggests
increased amount of mRNA but without the
in situ hybridisation it would be impossible to
delineate whether the increase was associated
with activation of individual cells. Figure 4A
shows that individual cells are activated and
locates these cells in specific areas of the lung.

In normal animals gene expression was
detected in cells present in subpleural areas
(fig 5), indicating that many of these cells are
actively producing procollagens. In other
parenchymal areas of the lung no signals were
detectable (fig 5). Given that cells are active
in collagen synthesis even in the normal
lung,® this suggests that synthesis is probably
below the threshold of detection of current in
situ hybridisation methods. In bleomycin
treated animals clearly enhanced concentra-
tions of mRNA were associated with individ-
ual cells, suggesting activation of either
transcriptional events in these cells or



increased mRNA stability—that is, decreased
degradation of mRNA. Cells with raised gene
expression were most apparent in peri-
bronchial and subpleural areas, mostly in the
interstitium. This type of distribution has
been noted previously and may reflect the
mode of administration.!> Activated cells are
probably fibroblasts (or myofibroblasts),
although their precise identity needs to be
established with cell specific immunohisto-
chemical stains.

In situ hybridisation techniques such as
these have recently been applied to fibrotic
lung in humans for both type I* and type III
collagens.? Similar findings to ours were
described with increased expression of colla-
gen genes in fibroblast-like cells. In this
model, as with the human studies of
Broekelmann et al,° the tissue areas in which
cells seemed to be activated did not coincide
with areas in which there was highly distorted
architecture and fibrosis. Neither was there
any obvious association between their activa-
tion and the presence of inflammatory leuco-
cytes. This observation was somewhat
surprising, because current hypotheses for the
pathogenesis of pulmonary fibrosis usually
involve mediators released by leucocytes and
their subsequent activation of surrounding
fibroblasts. For example, mediators such as
transforming growth factor f and insulin-like
growth factor 1 released by isolated pul-
monary macrophages are recognised to acti-
vate procollagen gene expression.! However,
other pathways are possible. Mediators may
come from blood or blood elements—that is,
platelets—or mechanisms independent of
such mediators may be involved. For exam-
ple, collagen synthesis may be enhanced
directly by bleomycin,? by breakdown prod-
ucts of type I procollagen,??* by altered
mechanical forces,” or by hypoxia.?® Clones
of cells that are particularly rapid collagen
producers may also proliferate, as has been
suggested in human pulmonary fibrosis.?’
The clusters of cells seen in our study would
be consistent with such a hypothesis.

In summary, we have used two techniques
to investigate the activation of the type III
procollagen gene during the development of
pulmonary fibrosis induced by intratracheal
instillation of bleomycin. Using Northern
analysis to measure type III procollagen
mRNA we found a twofold to threefold
increase compared with control animals.
Furthermore, in situ hybridisation showed
that this increase was at least partly due to
activation of individual interstitial cells within
the lung parenchyma.

We thank the Scleroderma Foundation in the United States
and the Wellcome Trust in the United Kingdom for their sup-

port. We also thank Dr Paul Barton for valuable advice on in
situ hybridisation techniques.
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