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Abstract

Bleomycin-induced lung injury is an established murine
model of human pulmonary fibrosis. Although procoagulant
molecules (e.g., tissue factor [TF]) and fibrinolytic compo-
nents (e.g., urokinase [u-PA] and type 1 plasminogen acti-
vator inhibitor [ PAI-1]) have been detected in alveolar fluid
from injured lungs, the origin of these molecules remains
unknown. We therefore examined the expression of proco-
agulant and fibrinolytic components in relation to the distri-
bution of parenchymal fibrin in bleomycin-injured lungs.
Extravascular fibrin localized to the alveolar and extracellu-
lar matrix in injured lung tissue. Injured lung tissue extracts
contained elevated levels of PAI-1 activity and decreased
levels of u-PA activity. Whole lung PAI-1 and TF mRNAs
were dramatically induced by lung injury. In situ hybridiza-
tion of injured lungs revealed that PAI-1, u-PA, and TF
mRNAs were induced within the fibrin-rich fibroprolifera-
tive lesions, primarily in fibroblast-like and macrophage-
like cells, respectively, while TF mRNA was also induced in
perilesional alveolar cells. Taken together, these observa-
tions suggest that the induction of PAI-1 and TF gene ex-
pression plays an important role in the formation and per-
sistence of extracellular fibrin in bleomycin injured murine
lungs. (J. Clin. Invest. 1995. 96:1621-1630.) Key words: fi-
brinolysis ¢ tissue factor « pulmonary fibrosis ¢ in situ hy-
bridization

Introduction

Bleomycin-induced lung injury in animals is a well established
histological and biochemical model of human pulmonary fibro-
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sis (1-3). In strain-sensitive mice, a single intratracheal (IT)'
instillation of bleomycin results in a neutrophilic and lympho-
cytic acute pan-alveolitis in the first week (4). These changes
are followed by the clearing of the alveolar inflammatory cells,
with subsequent fibroblast proliferation and the synthesis of
extracellular matrix protein eventually leading to peribronchial
pulmonary fibrosis (5, 6). The evolution of these fibroprolifera-
tive lesions occurs within 3 wk of the instillation of bleomycin.

Current concepts about the nature of the resolution process
that takes place 2—3 wk after bleomycin-induced lung injury
suggest that the final outcome depends on the severity and the
protraction of the early injury (1, 2). Furthermore, it has been
suggested that the tissue repair process occurs along an insoluble
matrix composed of fibrin and both plasma-derived and cell-
synthesized matrix proteins (7, 8). This matrix-bound fibrin
and its soluble degradation products may, in turn, modulate
the tissue repair response by altering vascular tone, stimulating
fibroblast and neutrophil migration, and enhancing adhesion
and spreading of both endothelial cells and fibroblasts (9-12).
Moreover, in the fibrinous exudate that forms after acute lung
injury, other fibrin-bound glycoproteins (e.g., fibronectin) may
act as potent matrix secretogogue(s) for fibroblasts (13),
thereby altering the final extent of fibrosis. These concepts gain
additional support by the recent demonstration of fibrin in the
alveolar lining of lung biopsy tissue from patients with idio-
pathic pulmonary fibrosis (14). Taken together, these observa-
tions emphasize the need to identify the factor(s) responsible
for fibrin deposition and clearance after lung injury.

Tissue factor (TF) is the primary cellular initiator of the
coagulation protease cascades (15). High-affinity binding of
factors VII/VIIa to TF activates factors IX and X by limited
proteolysis (16). Studies of bronchoalveolar lavage fluid sug-
gest that TF functions as the initiator of the coagulation cascade
in the alveolar space as well (17). In addition to procoagulant
activity, normal alveolar fluid possesses measurable fibrinolytic
activity (18). The process of fibrinolysis in the alveolar space
is generally thought to be regulated primarily at the level of the
activation of this system by plasminogen activators (PA)s, as
plasminogen is ubiquitous in lung tissue (19). The major PA
responsible for this action in many extravascular tissues is uroki-
nase (u-PA), although tissue type PA (t-PA) may also be pres-
ent (20, 21). These PAs can be specifically inhibited by type
1 plasminogen activator inhibitor (PAI-1), a 50-kD glycopro-
tein that is a member of the serpin superfamily of genes (22).
The potential relevance of the PA/PAI-1 system to extracellular
matrix remodeling after lung injury is underscored by its highly
regulated expression in diverse tissue remodeling processes
such as ovulation, breast gland involution, and embryogenesis
(23). Moreover, recent reports from our laboratory have de-
scribed alterations in the levels of pulmonary TF and PAI-1
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mRNAs after gram-negative bacterial endotoxin induced lung
injury in mice (24, 25).

Within 1 wk after IT bleomycin in the rat, bronchoalveolar
lavage fluid TF activity is enhanced, while u-PA—-mediated fi-
brinolytic activity is inhibited, in part, by increases in PAI-1
(26). These observations suggest that the extent of extravascu-
lar fibrin deposition during lung injury may reflect the balance of
the actions of TF and the various components of the fibrinolytic
system on plasma-derived fibrinogen (27). However, the ori-
gins of the TF and PAI-1 found in bronchoalveolar lavage fluid
are unknown, and the lavage procedure itself may cause the
fragmentation and release of TF-containing plasma membrane
vesicles from alveolar cells thereby complicating extrapolation
to the tissue level (17). Little is known regarding the localiza-
tion of fibrin to fibroproliferative phase (i.e., 14 and 21 d)
lesions, or about the tissue level expression of TF, u-PA, t-PA,
and PAI-1 in bleomycin-injured lungs, despite the alveolar fluid
findings. In this report, we characterize the origin and potential
role of TF, PAI-1, and the PAs in the repair process that follows
bleomycin-induced lung injury in mice. Pulmonary TF and PAI-
1 mRNAs were found to be specifically induced within fibrin-
rich fibroproliferative lesions suggesting an important role for
fibrin persistence in the formation of these lesions. Pulmonary
u-PA activity localized to the parenchyma and u-PA mRNA
induction localized to fibroproliferative lesions, however, pul-
monary u-PA activity was found to be suppressed in association
with an enhanced PAI-1 activity.

Methods

Materials. The following antibodies were used: IgG fraction of poly-
clonal rabbit anti-human von Willebrand factor (kindly provided by
Dr. Z. Ruggieri, The Scripps Research Institute, La Jolla, CA); affinity
purified rabbit anti—human recombinant PA antibody that identified a
single 70-kD band on Western blotting of mouse lung extract (kindly
provided by Dr. R. Schleef, The Scripps Research Institute, La Jolla,
CA); polyclonal rabbit antisera raised against murine fibrinogen/fibrin
(kindly provided by Dr. E. Plow, The Cleveland Clinic Foundation,
Cleveland, OH); polyclonal rabbit antisera raised against bovine muzzle
epidermal keratin (Dako Co., Carpenteria, CA) (28); biotin-tagged goat
anti—rabbit, goat anti—rat and mouse anti—goat IgG fraction (preab-
sorbed against murine serum proteins; Jackson Immunoresearch Labora-
tories, West Grove, PA); monoclonal rat anti—mouse macrophage pro-
tein (BM8; Bachem Bioscience, King of Prussia, PA); polyclonal goat
antisera raised against murine vimentin (ICN Biomedicals Inc., Costa
Mesa, CA) and polyclonal rabbit antisera raised against chicken desmin
(Sigma Chemical Co., St. Louis, MO).

cDNA templates used for experiments described in this manuscript
are as follows: a 1,085-bp EcoR1/Sphl fragment of murine PAI-1
(kindly provided by Dr. L. Diamond, Princeton University, Princeton,
NJ) (29), subcloned into pGEM-3Z (Promega Corp., Madison, WI);
an 821-bp Smal/Sacl fragment of a full length murine TF in pGEM-
3Z and pGEM-4Z (30); an 804-bp PstI/Xbal fragment of rat dehydroge-
nase (American Type Culture Collection, Rockville, MD) (31), sub-
cloned into pGEM-3Z; a 2,519-bp EcoR1 fragment of murine tissue-
type plasminogen activator in pKS=+ (kindly provided by Dr. S. Strick-
land, SUNY at Stony Brook, Stony Brook, NY) (32), and a 1,076-bp
Xbal/HindIII fragment of murine urokinase (also kindly provided by
Dr. S. Strickland), subcloned into pGEM-3Z.

Animal experimentation. All animal protocols were approved by
The Scripps Research Institute’s Committee on Animal Investigation
(Protocol #ARC-39SEP02). 7-10-wk-old, female, pathogen-free,
C57B1/6 mice were anesthetized with methoxyflurane (Pitman-Moore
Inc., Mundelein, IL) and then treated with bleomycin. Briefly, the tra-
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chea was exposed using sterile technique and either 4 U/kg of bleomycin
sulfate (provided by D. Elliot, Bristol-Myers-Squibb Pharmaceuticals,
Princeton, NJ) in 0.9% NaCl (Baxter Healthcare Corp., Deerfield, IL)
or an equivalent volume of sterile 0.9% NaCl was slowly instilled into
the tracheal lumen. The skin wound was closed and the animals were
allowed to recover. At various times thereafter, the mice were killed
for tissue harvesting. Lung tissue was fixed in situ via tracheal insuffia-
tion with 0.1 M phosphate buffered (pH 7.4) 4% paraformaldehyde
(Sigma Chemical Co.) (4°C, 20 min) at 25 cm H,O pressure for immu-
nohistochemical and in situ hybridization studies. Paraffin embedded,
3-um fixed tissue sections of the lungs of all animals were then placed
on glass slides (Superfrost/Plus; Fisher Scientific Co., Pittsburgh, PA)
for further analysis. For intermediate filament analysis, lungs were fixed
in situ in inflation with O.C.T. (Baxter Healthcare Corp.) and 4um
cryostat sections were mounted on coated glass slides.

Immunohistochemical analysis. Inmunohistochemical analysis was
performed by minor modifications of the commercially available indirect
avidin-biotin-peroxidase procedure (Zymed Laboratories, Inc., S. San
Francisco, CA) as described previously (33). Briefly, the tissue was
deparaffinized in xylene, rehydrated, and incubated in 3% H,0, in meth-
anol to inhibit endogenous peroxidase activity. After additional blocking
with 10% heat inactivated goat serum, the primary antibody was applied
and the tissue was incubated overnight at 4°C. After incubation, the
biotin-tagged secondary IgG and streptavidin-peroxidase complex were
sequentially applied to the tissue sections for 30 min. The antigen was
visualized (i.e., by aminoethylcarbazole) as a red precipitate surrounded
by a blue hematoxylin counterstain with bright field microscopy. Immu-
nostaining of the same tissue with preimmune rabbit IgG was performed
in parallel as a negative control. The polyclonal rabbit antisera directed
toward murine fibrinogen identifies fibrin and all three chains of fibrin-
ogen. All positive staining with this antibody is herein referred to as
fibrin based on confirmatory electron microscopic surveys of glutaralde-
hyde-fixed lung tissue.

Direct and reverse fibrin autography. Direct and reverse fibrin auto-
graphy was performed on lung tissue extracts after nonreducing SDS-
PAGE, as previously described (34, 35), and on frozen lung tissue
sections (21). The lung tissue was removed from exsanguinated mice,
finely minced, exhaustively washed in 4°C phosphate buffered saline,
and snap-frozen in liquid nitrogen. Lung protein extracts were prepared
by homogenization of lung tissue in 10 vol (wt/vol) of 1% SDS. Prelim-
inary experiments revealed no differences in the extraction of PAs and
PAI-1 by either 1% SDS or buffered 0.1 M KSCN (36). Equivalent
volumes per lane were loaded on the SDS-polyacrylamide gel. For lung
tissue sections, the overlay gel technique was adapted for use on 10-
pm frozen tissue sections based on a prior method used on human tissue
(37). An agarose gel (final concentration, 0.83%, Sea Plaque; FMC
Bioproducts, Rockland, ME) containing purified human plasminogen
(final concentration, 8.3 ug/ml), bovine fibrinogen (final concentration,
8 mg/ml; Sigma Chemical Co.) and alpha-thrombin ( final concentration,
0.5 U/ml, kindly provided by Dr. J. Fenton, New York State Dept. of
Health, Albany, NY) was cast at a thickness of 0.5 mm and placed on
prewarmed tissue sections. The sections and overlay gel were incubated
at 37°C for 1-2 h in a humidified chamber at which time they were
photographed under indirect light. Preliminary experiments using this
system revealed that amiloride (final concentration, 1 mM; Sigma
Chemical Co.) (38) specifically inhibited the action of 3 TU/cm? of
a urokinase standard (National Institute for Biological Standards and
Controls [NIBSC], London; reference 66/46), but did not affect the
activity of t-PA; and that anti—t-PA IgG (final concentration, 10 ug/
ml), but not preimmune IgG, specifically inhibited the action of 12 TU/
cm? of single chain PA (NIBSC reference 83/517) but not that of the
urokinase standard, when assayed over a 3-h period.

Northern blot analysis. Tissues destined for RNA extraction were
harvested by dissection, finely minced, washed extensively with cold
phosphate buffered saline, and snap-frozen in liquid nitrogen. Whole
tissue RNA was extracted by the acid guanidium isothiocyanate-phenol
chloroform method (39), and the concentration of total RNA was deter-



Figure 1. Localization of fibrin in lung tissue. Fixed tissue sections from the lungs of animals exposed to either bleomycin (A—C) or saline (D)
were stained immunologically for fibrin (red precipitate) as described in Methods ( X400); Filled arrowheads indicate alveolar space, open arrowheads
delineate fibroproliferative lesion, and curved arrows indicate fibrin in matrix. (A) Acute alveolitis phase (8 d after IT bleomycin). (B) Fibroprolifera-
tive phase (14 d after IT bleomycin). (C) Acute alveolitis phase, preimmune serum control. (D) Saline-instilled control (8 d).

mined by sample absorbance at 260 nm. For Northern blotting, 30 ug
per lane of RNA was electrophoresed under denaturing conditions and
transferred to nylon membranes (0.2 um pore size, Biotrans; Pall Bio-
support Corp., East Hills, NY) as described (24, 40). Equal loading
and transfer of the RNA was verified by visualization of the ethidium
bromide—stained RNA in the membrane after transfer. The membranes
were soaked in 50 mM Pipes buffer (pH 6.8) with 5% SDS for 30 min
and then hybridized with 10® cpm of radiolabeled probe per milliliter
of Pipes/SDS solution for 16 h at 65°C. The deoxyguanosine 5’'-[a-
32p]triphosphate (3,000 Ci/mmol, Amersham Corp., Arlington Heights,
IL) labeled DNA fragments were transcribed in vitro by random priming
with the Klenow fragment of Escherichia coli DNA polymerase (Amer-
sham Corp.) (41) to a sp act of > 1 X 108 cpm/ug DNA. The blots
were then washed four times for 15 min each at 65°C with 5% SDS,
0.67 X SSC. Autoradiography was performed at —70°C in cassettes
with intensifier screens on XAR-5 film (Eastman Kodak Co., Rochester,
NY). The intensity of the signal for specific mRNAs was quantified
directly by using a radioanalytic image processor (AMBIS), and the
signal from a specific mRNA species was normalized to the signal
intensity for the 18S ribosomal RNA as described (24). In preliminary
experiments, we confirmed the work of Hoyt et al., who showed an
increase in the proportion of mRNA/total RNA in bleomycin-injured
lungs (42), by demonstrating a two-fold increase in the signal for the
two constitutively produced mRNAs (i.e., glyceraldehyde-3-phosphate
dehydrogenase [G3PDH] and CHO:B [43]) in total RNA extracts of
lungs injured by bleomycin 8 and 14 d earlier.

In situ hybridization. The radiolabeled probes used for these studies
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were prepared as described (40). Briefly, radiolabeled sense and anti-
sense RNA were generated by in vitro transcription using SP6, T7, or
T3 RNA polymerases (Promega Corp.) with uridine 5'-a-[*S]-
thiotriphosphate (> 1,200 Ci/mmol, Amersham Corp.) from the linear-
ized plasmids. The specificity of transcription was verified by the dem-
onstration of a single major full length transcript after analysis by poly-
acrylamide gel electrophoresis. Before hybridization, the tissue sections
were deparaffinized, hydrated, and postfixed in 4% phosphate buffered
paraformaldehyde (4°C, 10 min). After proteinase K digestion (final
concentration, 1 pg/ml, 10 min at 23°C), the slides were prehybridized
in 50% buffered formamide for 1 h at 42°C. For hybridization, 1.8
X 10° cpm of radiolabeled probe in 50% buffered formamide containing
2.5 mg/ml yeast tRNA carrier (Sigma Chemical Co.) was overlayed on
the sections and they were incubated for an additional 16 h at 55°C.
The slides were washed in 2X SSC (1x SSC is 150 mM NaCl/15 mM
Na citrate) and then treated with RNase A (final concentration, 10 ug/
ml; Boehringer Mannheim Biochemicals, Indianapolis, IN) for 30 min
at 23°C. The sections underwent low (2 X SSC) and high (60°C, 0.1
X SSC containing S-mercaptoethanol) stringency washes, and were
dehydrated in graded alcohol containing 0.3 M sodium acetate. The
sections were coated with NTB-2 emulsion (Eastman Kodak Co.), incu-
bated in the dark for 1-12 wk (4°C), developed (D19; Eastman Kodak
Co.) and counterstained with hematoxylin and eosin. Lung tissue was
analyzed by counting > 500 lesional or histologically normal lung pa-
renchymal cells for each mRNA species per time point from saline and
bleomycin-exposed lung tissue hybridized in parallel. A cell was defined
as positive when = 5 perinuclear grains were detected (magnification
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2 3 Figure 2. Characterization of the
fibrinolytic components in normal
and bleomycin-exposed lung tis-
sue. Protein extracts were pre-
pared from lung tissue taken from
saline and bleomycin-treated ani-
mals, fractionated by electropho-
resis under nonreducing condi-
tions, and then analyzed by direct
fibrin autography (A) and reverse
fibrin autography (B). The dark
areas in A reflect the presence of

PAs, and the light areas in B indicate inhibitor zones. (A) Lane 1, lung extract from saline-treated animal (14 d); Lanes 2-5, lung extract from
bleomycin-treated animals of 4, 8, 14, and 21 d, respectively. (B) Lane I, lung extract from a representative saline-instilled animal; lane 2, lung
extract from a representative bleomycin-instilled animal; lane 3, murine PAI-1 present in conditioned media (50 ul1) from phorbol myristate acetate—

treated 3T3 cells.

320; average of bright and dark field signals). 12 serial sections were
examined per specific mRNA for each time point. As a control, sense
transcripts on the same tissue were processed in parallel. Representative
photomicrographs and cell tabulations are presented.

Statistical methods. A two-way analysis of variance was used on
the quantitative data generated by radioanalytic scanning to and paren-
chymal cell counting to test for group differences in the hybridization
signal over time in lung tissue from saline and bleomycin exposed
animals. Where a significant difference was noted, a Student-Newman-
Keuls multiple comparisons procedure was performed to test for differ-
ences at specific time points (44). Significance was accepted at a P
value of < 0.05 for all analyses.

+t-PA IgG
+ Hirudin

Resuits

Localization of fibrin in lung tissue. Experiments were per-
formed to determine the time course of extravascular fibrin
deposition in bleomycin-injured lungs. Immunohistochemical
staining first revealed fibrin in the alveolar space in areas of
acute alveolitis at 8 d after the IT instillation of bleomycin (Fig.
1A). In a subsequent electron microscopic survey of bleomycin-
exposed lung tissue, polymerized fibrin was specifically identi-
fied by its characteristic 20—~30 nm periodicity in these areas
of acute alveolitis (not shown). During the fibroproliferative

C Figure 3. Localization of the fi-

brinolytic activity of normal lung
tissue. Frozen lung tissue sections
(10 pm) from untreated mice were
stained with hematoxylin (A and
D) or were incubated at 37°C in
a humidified chamber for 3-8 h
in contact with a fibrin/agar gel
containing the indicated additives
(B, C, E, and F) and as described
in Methods (X4). Dark areas re-
flect fibrinolytic activity. (A) He-
matoxylin-stained lung tissue sec-
tion. Arrows indicate vascular
structures which also immuno-
stained for vVWF antigen (not
shown). (B) Serial section, ana-
lyzed by fibrin overlay method.
Arrows show fibrinolytic activity
associated with discrete vascular
structures. (C) Adjacent section
analyzed by the fibrin overlay
method in the presence of 10 ug/
ml anti—t-PA IgG (+t-PA IgG).
Arrow indicates vascular struc-
tures. (D) Hematoxylin-stained
lung tissue section showing lung
parenchyma surrounding a bron-
chial lumen (a). (E) Serial

+t-PA IgG
+ Hirudin
+ Amiloride

section, analyzed by the fibrin overlay method in the presence of anti t-PA IgG and hirudin. (F) Adjacent section analyzed by the fibrin

overlay method in the presence of amiloride, anti t-PA IgG, and hirudin.
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Table 1. Quantitative Analysis of the Effect of Bleomycin on Total and Specific Pulmonary RNAs

Fold induction of specific mnRNAs
Yield of total Fold increase
RNA (ug) in RNA yield TF PAL1 u-PA tPA
Saline 134 (26) 1.0 1.0 1.0 1.0 1.0
Bleomycin
Time (d)
1 141 4) 1.1 2.3 (0.8) 2.0 (0.4) 1.5 (0.2) 1.1 (0.2)
4 193 (49)* 14 3.8 (0.3)¢ 4.0 (0.8) 2.8 (0.9)* 2.6 (0.7)*
8 362 (127)¢ 2.7 5.0 (1.8)* 4.5 (1.6)* 2.9 (0.8) 2.1 (0.6)
14 345 (60)* 26 4.0 (1.6)} 5.4 (3.2)} 1.9 (0.3) 3.5 (0.9
21 230 (107)* 1.7 1.4 (0.6) 1.8 (0.6) 2.0 (0.7) 0.9 (0.4)

Total RNA yield was determined by sample absorbance at 260 nm. The fold-induction of specific mRNAs was quantified by direct S-scanning of
the *>P-cDNA, hybridized nylon membrane (see Methods). Values presented are those obtained by direct normalization to the values from the saline
exposed lungs at the same time point after correction for inequalities in loading and transfer (i.e., by changes in the relative signals for 18S ribosomal
RNA). Pulmonary RNA from at least three animals per intervention per time point are included. Data are presented as mean with SD in parentheses.
*P <005 *P<001l; *P < 0.001.

phase of the injury (i.e., 14 and 21 d after IT bleomycin), the treated animals were analyzed using preimmune serum (Fig.
fibrin immunohistochemical staining localized to areas of the 1C) and fibrin was not detected in the lung parenchyma of
extracellular matrix of fibroproliferative lesions (Fig. 1B). No control animals that received IT saline (Fig. 1D).

staining was apparent when serial sections from bleomycin- The effects of bleomycin on the fibrinolytic components in

Figure 4. Localization of TF mRNA in lung tissue from animals exposed to bleomycin. Fixed lung tissue sections were analyzed by in situ
hybridization for TF mRNA as described in Methods. Representative bright field photomicrographs are presented. Open arrows delineate areas of
alveolitis (A) or a fibroproliferative lesion (C). Curved arrows indicate alveolar septal cells. (A) Lung tissue section from an animal instilled with
bleomycin 8 d earlier. The black dots in these photographs represent the actual hybridization signal (X100). (B) Lung tissue from a saline (8 d)
exposed control (X100). (C) Lung tissue from a bleomycin-exposed animal (14 d) (X200); (Inset) Cuboidal, septal-junction TF mRNA expressing
cell, plane of focus is cell nucleus (X1,000). (D) Lung tissue from a bleomycin-exposed animal (14 d), but showing absence of TF mRNA signal
in an area without a fibroproliferative lesion.
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Figure 5. Comparison of the distribution of PAI-1 and u-PA mRNAs with that of G3PDH in lung tissue from animals exposed to bleomycin 14 d
previously. Sections were analyzed by in situ hybridization and photographed under bright field conditions as described in Methods. Hybridization
signal is indicated by black dots, X400. Open arrowheads delineate fibroproliferative lesions, curved arrows indicate positive cells in A, C, and D.
(A) Hybridization with antisense PAI-1 mRNA reveals several positive cells in a fibroproliferative lesion; (Inset, X1,000). (B) Hybridization with
antisense G3PDH mRNA reveals generalized, homogeneous expression from all cells in a fibroproliferative lesion. (C) Control hybridization of a
fibroproliferative lesion with sense G3PDH mRNA. (D) Hybridization with antisense u-PA mRNA under epiluminescent conditions. Signal appears

as green dots.

murine lungs. The fibrinolytic components present in whole
lung protein extracts and tissue sections were characterized by
direct and reverse fibrin autography. Standard fibrin autography
gels were run on four separate occasions, and in each instance
the u-PA (M, = 45 kD) lytic zone was absent in bleomycin-
injured lungs. The t-PA (M, = 70 kD) lytic zone was also
consistently reduced at 4 and 21 d but approached that of saline-
instilled animals at 8 and 14 d after bleomycin (Fig. 2 A). The
identity of these zones as t-PA and u-PA was verified by their
selective inhibition with t-PA antibodies (10 ug/ml) and ami-
loride, respectively, in the overlay gel (data not shown). Panel
B shows that lung PAI-1 activity was dramatically increased in
bleomycin injured lungs over the entire 21-d period tested (Fig.
2 B, lane 2). This inhibitor comigrated with murine PAI-1 from
phorbol myristate acetate—stimulated 3T3 cells (Fig. 2 B, lane
3) (33).

When frozen lung tissue sections from animals exposed to
saline were incubated under fibrin gels, fibrinolytic activity was
detected over vascular structures (Fig. 3, A and B). These struc-
tures were identified based on their immediate peribronchial
location, relative size, and their positive staining with antibodies
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to vWF (data not shown). The vascular proteolytic activity is
related to t-PA since it is selectively inhibited by antibodies
against this molecule (Fig. 3 C). Furthermore, t-PA antigen
colocalized immunohistochemically to vWF-positive endothe-
lial cells within these structures (data not shown). No u-PA
activity was detected by the basic gel overlay method. This lack
of u-PA activity could be due to the ability of the thrombin in
the overlay gel to irreversibly inactivate single chain u-PA (45).
We therefore repeated the experiments using fibrin gels that
were incubated before use with a fivefold molar excess of hiru-
din, an active site inhibitor of thrombin. Using this approach,
we were now able to detect generalized lung parenchymal fi-
brinolytic activity (i.e., dark areas; Fig. 3 E) that was not obvi-
ous in the absence of hirudin. This activity was not affected by
antibodies to t-PA but was inhibited by amiloride (Fig. 3 F).
The sensitivity of this PA activity to small amounts of thrombin,
and its selective inhibition with amiloride, suggest that this
parenchymal proteolytic activity results from the presence of
single chain u-PA (scu-PA). Lesional PA or PAI-1 activity
could not be assessed due to the low level of resolution of
this technique for parenchymal scu-PA, and the presence of
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Figure 6. Quantitative localization of TF, UK, and PAI-1 mRNA ex-
pressing cells. Lung tissue was hybridized with specific probes and
tabulated as described in Methods. The percent (mean+SD) of = 500
cells/tissue area/probe expressing = 5 grains per nucleus is plotted on
the ordinate. Open bars represent u-PA mRNA, hatched bars represent
TF mRNA, and solid bars represent PAI-1 mRNA. On the abscissa,
SALINE refers to saline-instilled control; B8D and B2W refer to bleo-
mycin-instilled 8 and 14 d lungs, respectively; NL refers to histologically
normal lung while LES refers to histologically lesional areas of lung.
* P < 0.01 as compared with saline controls, *P < 0.01 as compared
with normal areas from the same tissue.

uncharacterized intravascular inhibitors. To quantitate and de-
termine the localization of these molecules in relation to lesional
tissue in bleomycin-injured lungs, Northern blotting and in situ
hybridization for these molecules were performed (see below).

Induction of fibrinolytic and procoagulant mRNA species
by bleomycin. The time course of bleomycin-related induction
of lung PAI-1, TF, u-PA, and t-PA mRNAs were determined
by Northern blot analysis of whole lung RNA. The steady state
levels of each of these specific mRNAs increased by 4 d after
bleomycin lung injury, peaked at 8—14 d, when compared to
the saline-instilled lungs, and declined towards baseline by 21
d after IT bleomycin (Table I). However, the induction of TF
and PAI-1 mRNAs was quantitatively greater than that observed
for the PAs. The total RNA content of these tissues also in-
creased threefold during the same time, indicating that the abso-
lute increase in the mRNAs for TF and PAI-1 was ~ 15-fold.
Neither the intensity of the signals for the specific mRNAs nor
the total pulmonary RNA content varied in the saline-instilled
mice over this time frame (Table I).

Analysis of lung tissue by in situ hybridization. To determine
the cellular origin and localization of the induced mRNAs rela-
tive to lesional areas, in situ hybridization was performed on
lung tissue from saline and bleomycin-exposed animals. Bleo-
mycin lung injury resulted in a strong increase in the proportion
of TF mRNA expressing cells in both normal and alveolitis
areas at 8 d (8.6*2.6% [ for saline control] vs 26+3.5% [bleo-
mycin normal areas] and 34.8+1.5% [bleomycin alveolitis
areas]; P < 0.0001) (Fig. 4 and 6). During the fibroprolifera-
tive phase (14 d after bleomycin), the proportion of TF mRNA
expressing cells increased only within the lesional areas (to
28+4.9% of cells positive; P < 0.0001) over that of saline-
instilled controls (Figs. 4 and 6). TF mRNA expression was
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also noted in the major bronchial epithelial cell layer in normal
and bleomycin-injured lungs (data not shown).

In contrast, PAI-1-expressing cells were induced relative
to saline controls, but specifically within involved areas of lung
at both the alveolitis phase (2.9+0.8% cells positive from saline
vs 19.6+2.5% cells positive in alveolitis areas; P < 0.01) and
at the fibroproliferative lesional phase (53+20% cells positive
within lesion; P < 0.0001 vs saline) (Fig. 5 A; Fig. 6). In
contrast to the focal induction of PAI-1 mRNA in specific le-
sional cells, a constitutively expressed mRNA (i.e., G3PDH)
did not localize to specific cells or within the fibroproliferative
lesions in injured lungs (Fig. 5 B). Sense transcript controls
from the same tissue that were hybridized in parallel failed
to generate a hybridization signal (Fig. 5 C). u-PA mRNA
expressing cells also were increased within fibroproliferative
lesions (1.0+0.5% cells positive from saline vs 29.5+6% cells
positive in lesion; P < 0.0001) but only during the fibroprolif-
erative phase at 14 d after bleomycin injury (Fig. 5 D;
Fig. 6).

Intermediate filament expression of fibroproliferative le-
sional cells. The distribution of various intermediate filament
expressing cells within fibroproliferative lesions was deter-
mined in an attempt to identify the lesional cells expressing TF,
PAI-1, and u-PA mRNAs. Consistent with observations in the
rat (46), > 90% of the fibroproliferative lesional cells ex-
pressed vimentin, while a fraction of those cells coexpressed
BM-8 (i.e., macrophages) (Fig. 7, A and D). Both desmin, a
smooth muscle cell marker, and cytokeratin, an epithelial cell
marker, were absent from the interior of the fibroproliferative
lesions (Fig. 7, B and C). Desmin-expressing cells were present
only in vascular and bronchial wall smooth muscle cells, while
cytokeratin was detected only at the periphery of lesions in
alveolar epithelial lining cells (Fig. 7, B and C). Cytokeratin
expression codistributed with cuboidal cells in alveolar septal
junctions expressing high levels of TF mRNA (> 50 grains/
nucleus), supporting their type II epithelial identity. However,
the 34% of lesional cells expressing TF mRNA must be a sec-
ond, cytokeratin negative cell type, probably macrophages. The
high level PAI-1 expressing cells codistributed with vimentin in
cells with large nuclei and indistinct borders strongly supporting
their fibroblastic origin. The high level u-PA mRNA expressing
cells codistributed with BM-8 and were commonly found within
the air space in cells with round eccentric nuclei, consistent
with previous reports of u-PA expression in monocytoid-macro-
phagic cells (47, 48) (Fig. 5 D).

Discussion

This study compares the expression of TF and components of
the fibrinolytic system with the deposition of fibrin during the
course of bleomycin-induced lung injury and repair in mice.
Based on previous studies showing loss of vascular integrity in
bleomycin lung injury (5), it is assumed that the fibrin itself is
derived from coagulation of plasma fibrinogen as it traverses
the blood-air interface. As TF accounts for the major fraction
of normal and bleomycin-inducible alveolar fluid procoagulant
activity (17, 18, 26, 49-52), it is highly likely that TF initiates
alveolar coagulation of the plasma-derived fibrinogen. How-
ever, until recently, the sites of TF production in many tissues,
including lung, have remained unknown.

Chronic injury—induced induction of lung parenchymal cell
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Figure 7. Intermediate filament staining of fibroproliferative lesions. Lung tissue was frozen in inflation and processed immunohistochemically with
the indicated primary antibodies as described in Methods. Reddish-brown color indicates positivity (X400). f, fibroproliferative lesion. (A)

Antivimentin marks cells of mesenchymal cell lineage. (B) Antidesmin marks cells of smooth muscle lineage. Note positive cells in vascular and
bronchial walls (filled arrows). (C) Anticytokeratin marks selected cells of epithelial lineage at periphery of lesion (filled arrows). (D) Anti-BM8

marks selected cells of macrophage lineage (filled arrows).

TF mRNA in vivo is a novel finding. Our quantitative analysis
of the TF mRNA distribution revealed an increase in TF mRNA
expressing cells in fibrin-rich alveolitis areas and in fibrin-rich
fibroproliferative lesions (Fig. 1) over that of saline-instilled
controls, and over that of histologically normal areas from the
same tissue section (Figs. 4 and 6). The observed increase in
the percentage of TF positive cells in the fibrin-rich alveolitis
regions grossly underestimates their relative lesional upregula-
tion (four to fivefold), as the cell density of these regions
increased (2.5-fold) due to lesional infiltration with TF negative
neutrophils (Fig. 6). Taken together with the whole lung TF
mRNA data (Table I), we conclude that TF mRNA was induced
preceding and coincident with the deposition of alveolar and
lesional fibrin in parenchymal cells from areas within and imme-
diately adjacent to extravascular fibrin deposits.

Lesional TF mRNA producing cells codistribute with BM-
8 in areas that are devoid of cytokeratin thus supporting a mac-
rophage origin. However, the morphology of perilesional TF
mRNA expressing cells will not allow for distinction between
macrophages and type II alveolar epithelial cells (Figs. 4 and
7). In our hands, epithelial cell TF mRNA expression was
demonstrable in bronchial epithelium, and other investigators
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have observed TF production in type II alveolar epithelial cell
lysates and in baboon lung tissue (46, 53, 54). However, un-
equivocal confirmation of cell identities will await either double
labeling or mRNA hybridization at the electron microscope
level. Irrespective of the cell type, our key observation is the
colocalization of TF mRNA expressing cells within fibrin-rich
areas of alveolitis and fibroproliferative lesions. Lesional cell
up-regulation of TF mRNA may be an important mechanism
whereby local control is exerted over fibrin deposition.
Theoretically, the procoagulant action of lesional TF would
support additional fibrin accumulation, if associated with local
inhibition of the fibrinolytic system due to increased lesional
PAI-1. As noted for TF mRNA, the actual PAI-1 mRNA cell
concentration within alveolitis areas (i.e., 8 d) is severalfold
above that based on the quantitation of the percentage of posi-
tive lesional cells (Fig. 6). The whole lung and tissue overlay
PA/PAI-1 activity assays suggest a PAI-1-dependent suppres-
sion of u-PA parenchymal activity despite the in situ hybridiza-
tion findings of lesional up-regulation of both u-PA and PAI-1
mRNAs during the fibroproliferative phase (i.e., 14 d). To-
gether with the Northern blot findings, these in situ and activity
observations colocalize excess PAI-1 activity and PAI-1 mRNA



expressing cells to sites of fibrin accumulation within areas of
alveolitis (i.e., 8 d) and fibroproliferative lesions (i.e., 14 d).
The apparent up-regulation of u-PA mRNA within fibroprolif-
erative lesions is indicative of a tight regulation of lesional
proteolysis on a pericellular level in vivo. Although analysis of
whole lung extracts by fibrin autography is a crude measure of
pericellular proteolysis, the coordinated increase in PAI-1 activ-
ity (Fig. 2 B), and suppression of u-PA activity (Fig. 2 A)
together with the apparent predominance of the relatively inac-
tive single chain u-PA form suggests that the balance of the
lesional plasminogen activator activity is inhibitory. These
findings strongly support the idea that cells within the fibropro-
liferative lesions regulate their local fibrinolytic environment,
and is consistent with our hypothesis that fibroblast-derived
PAI-1 contributes to matrix fibrin persistance in the fibroprolif-
erative lesions.

Although PAI-1 mRNA expression was induced in lesions,
the possibility that plasma-derived PAI-1 contributes to the ob-
served increase in total lung PAI-1 cannot be excluded. This is
most relevant in the first week after injury when whole lung
PAI-1 activity increased concomitant with submaximal in-
creases in lung PAI-1 mRNA. However, exhaustive washing of
minced tissue was performed to ensure removal of circulating
plasma from the tissue before analysis, and neither PAI-1 pro-
tein or PAI-1 mRNA were detected in pulmonary vascular endo-
thelial cells, thus supporting a critical role for locally produced
PAI-1 and u-PA in the total PA and PAI-1 activities detected.

Prior studies suggest that airspace granulation tissue is a
precursor to alveolar fibrosis (1, 2, 55). Fibrin itself, as well
as its soluble cleavage products are capable of modulating im-
portant processes that contribute to the formation of granulation
tissue including mesenchymal cell adhesion and proliferation
(9-12). Since the distribution of fibrin seen in the bleomycin
model parallels that of the putative site(s) of fibroblast prolifer-
ation and matrix deposition, a plausible argument can be made
that the formation of the lesions may, in part, be a result of the
effects of the persistence of extravascular fibrin. The factor(s)
that modulate extravascular fibrin turnover may thereby affect
the ultimate extent of fibrosis after lung injury. The lesional
regulation of TF and PAI-1 synthesis or activity (56) may be
one such modulatory mechanism. The inhibition of plasmin-
mediated enzymatic degradation of matrix fibrin and matrix
glycoproteins, and plasmin-mediated activation of procollagen-
ase and TGFg (57, 58) all are additional postulated mechanisms
whereby inhibition of plasminogen activation by PAI-1 can alter
fibrinous matrix remodeling (33, 59, 60). Recent in vivo work
has underscored the importance of TGFS for the pathogenesis
of pulmonary fibrosis by demonstrating its potent matrix secre-
tagogue activity in lung fibroblasts and by the ameliorating
effect of neutralizing antibodies on bleomycin-induced pulmo-
nary fibrosis (42, 61-66). Alternatively, lesional PAI-1 may
act as a feedback loop negative regulator of TGFfS activity, as
has been suggested in vitro (58). Future work will be directed
towards defining the role of lesional fibroblast PAI-1 in the
deposition and turnover of extracellular matrix after lung injury.

In conclusion, our analysis of bleomycin-injured murine
lungs demonstrates a suppression of u-PA activity, a lesional
upregulation of TF, u-PA, and PAI-1 mRNAs and the lesional
deposition of fibrin. These data suggest that bleomycin injury
results in a lesional hypercoagulable, hypofibrinolytic state
which contributes to the initiation and maintenance of extravas-
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cular fibrin. Based on our data and current concepts of tissue
repair, we propose that a PAI-1-mediated decrease in lesional
fibrinolytic activity contributes to the outcome of tissue remod-
eling after bleomycin-induced lung injury in mice.
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