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Tumor necrosis factor (TNF)-a and transforming
growth factor (TGF)-b mRNA and protein expres-
sion and the degree of fibroproliferative response
to inhaled asbestos fibers are clearly reduced in the
129 inbred mouse strain as compared with typical
fibrogenesis observed in the C57BL/6 inbred strain.
The C57BL/6 mice showed prominent lesions at
bronchiolar-alveolar duct (BAD) junctions where
asbestos fibers deposit and responding macro-
phages accumulate. The 129 mice , however , were
generally indistinguishable from controls even
though the numbers of asbestos fibers deposited in
the lungs of all exposed animals were the same.
Quantitative morphometry of H&E-stained lung sec-
tions comparing the C57BL/6 and 129 mice showed
significantly less mean cross-sectional area of the
BAD junctions in the 129 animals , apparent at both
48 hours and 4 weeks after exposure. In addition,
fewer macrophages had accumulated at these sites
in the 129 mice. Nuclear bromodeoxyuridine immu-
nostaining demonstrated that the number of prolif-
erating cells at first alveolar duct bifurcations and
in adjacent terminal bronchioles was significantly
reduced in the 129 strain compared with C57BL/6
mice at 48 hours after exposure (P < 0.01). TNF-a
and TGF-b1 gene expression, as measured by in situ
hybridization, was reduced in the 129 mice at 48
hours after exposure , and expression of TNF-a and
TGF-b1 protein, as measured by immunohistochem-
istry , was similarly reduced or absent in the 129
animals. We postulate that the protection afforded
the 129 mice is related to reduction of growth factor
expression by the bronchiolar-alveolar epithelium
and lung macrophages. (Am J Pathol 1999,
154:853–862)

Inhalation of asbestos fibers causes interstitial pulmonary
fibrosis in both man and experimental animals.1 Common
features of this disease are epithelial and interstitial cell
hyperplasia and extracellular matrix deposition.2,3 These
features are associated with varying degrees of acute
and chronic inflammation. The increased connective tis-
sue is known to cause a stiff lung and shortness of breath
in millions of individuals worldwide.2,3 Despite a fairly
complete understanding of the clinical and pathological
features of the disease process, there are no effective
therapeutic approaches because it is not clear how this
fibroproliferative process is mediated at the biochemical
and molecular levels.

Experimental evidence is mounting to support the view
that peptide growth factors elaborated at sites of lung
injury mediate the cell proliferation and matrix production
that are hallmarks of pulmonary fibrosis.4 For example,
instillation of platelet-derived growth factor (PDGF)
causes airway fibrosis in rats5; both isoforms of PDGF are
up-regulated rapidly in response to a brief asbestos ex-
posure6; transforming growth factor (TGF)-b is up-regu-
lated at sites of fiber deposition in rats,7 and antibodies
against tumor necrosis factor (TNF)-a block the develop-
ment of silicosis.8 These growth factors are among a
large array of cytokines that have been demonstrated as
products of lung cells under a variety of conditions.9 A
major problem facing investigators today is to establish
which of these many factors is playing a role in disease
development.

We use well characterized murine models of asbestos-
induced lung fibrosis to test the hypothesis that growth
factors such as PDGF, TGF-a, TGF-b1, and TNF-a are
involved in the evolution of early fibroproliferative lesions
at the sites of asbestos fiber deposition.10–13 As trans-
genic technology is increasingly applied to investigations
of this nature,14–19 it becomes important to understand
the basis for variations manifested among commonly
used inbred mouse strains. In the work presented here,
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we have compared the fibroproliferative process and
growth factor expression consequent to inhaled asbestos
fibers in two strains of mice used routinely in making
transgenic and knockout model systems. We demon-
strate here that compared with C57BL/6 mice, the 129
strain exhibits 1) reduced growth factor expression and
cell proliferation at sites of fiber deposition and 2) failure
to develop fibrogenic lesions at these same sites. These
findings support the postulate that certain peptide growth
factors contribute to fibroproliferative lung disease, and
investigators using the 129 strain in studies of fibrogenic
pulmonary disease should be cautious when interpreting
their results.

Materials and Methods

Animals, Exposure, and Tissue Preparation

Specific-pathogen-free 6-week-old male C57BL/6 and
129 mice (Jackson Laboratories, Bar Harbor, ME) weigh-
ing 25 to 30 g were exposed to room air for 5 hours in
exposure chambers or to an aerosol of chrysotile asbes-
tos (;10 mg/m3 respirable mass) in a 39-L inner alumi-
num chamber containing the exposure atmosphere
within a 1.5-m3 stainless steel Rochester outer chamber.
Asbestos aerosol was generated from California chryso-
tile20 and passed through a vertical elutriator to allow only
particles less than 10 mm aerodynamic equivalent diam-
eter to enter the chamber. Mice were exposed via the
nose only. Dust concentrations in the exposure chamber
were measured by sampling onto 37-mm PVC membrane
filters placed in unused animal ports followed by gravi-
metric analysis of the samples. Five animals per group
were sacrificed at 0 hour, 48 hours, 1 week, 2 weeks, and
4 weeks after the exposure by intraperitoneal injection of
tribromoethanol at 200 mg/kg of body weight followed by
exsanguination through the renal artery. Eight hours be-
fore sacrifice, each animal received an intraperitoneal
injection of 59-bromodeoxyuridine (BrdU) in PBS at 40
mg/kg of body weight. Lungs were perfused through the
trachea with 10% neutral buffered formalin (Sigma Chem-
ical Co., St. Louis, MO) at a pressure of 15 to 20 cm H2O
for 30 minutes. After perfusion, the trachea was clamped
and the lungs were removed from the chest cavity and
placed in fresh fixative for 16 hours at 4°C. After fixation,
the lungs were embedded in paraffin and 5-mm-thick
sections were cut onto positively charged slides (Super-
frostR, CMS, Houston, TX) for immunohistochemistry and in
situ hybridization. Small intestine was excised from each
animal and similarly fixed as a positive control for BrdU
immunostaining.

Morphometry

Hematoxylin and eosin (H&E)-stained sections from ex-
posed and control animals from the 48-hour and 4-week
time points were prepared, and the identity of each was
masked. The slides were then reordered randomly and
renumbered before measurements were made. Bifurca-
tion area was measured using an Olympus microscope

with a video camera interfacing with a PC using V150
imaging software.21 The total area of each of five first
alveolar duct bifurcations was measured as previously
described.7 The base of the bifurcation was defined to be
delineated by the first lateral alveolar wall to transect the
axis of the bifurcation. The resulting measurements from
each animal were averaged to give a mean bifurcation
size per animal.

Fiber Counts

Lung samples were ashed for 4 hours in an LTA plasma
asher. After ashing, samples were washed from the ash-
ing boats into glass vials with 20 ml of filtered bleach.
Samples were incubated overnight in filtered bleach be-
fore being neutralized with sodium bisulfide and resus-
pended by sonication. The resulting solution was then
filtered onto a 25-mm, 0.2-mm, mixed cellulose ester filter
(SKC, Eighty Four, PA), and the filter was then dried in a
desiccator for a minimum of 2 days. Sections of the filters
were then placed on glass slides and cleared with ace-
tone vapor before being coverslipped. Individual fibers
were counted under phase contrast light microscopy
according to National Institute of Occupational Safety
and Health method 7400.22

Macrophage Counts at Duct Bifurcations

One H&E-stained histological section randomly selected
from each animal was used to count by light microscopy
alveolar macrophages that had migrated to first alveolar
duct bifurcations. An average of six bifurcations were
counted per animal. The mean numbers of cells/bifurca-
tion were then calculated and recorded in StatView 4.02
(Abacus Concepts, Berkeley, CA) and analyzed by anal-
ysis of variance.

Immunohistochemistry

Immunohistochemistry for TGF-b1 and TNF-a protein was
performed using the immunoperoxidase technique as
previously described.23 For TGF-b1 immunohistochemis-
try, the Santa Cruz rabbit polyclonal anti-TGF-b1 antibody
(catalog item SC-146) was used at a final concentration
of 0.1 mg/ml. For TNF-a immunohistochemistry, a protein-
A-purified rabbit polyclonal anti-TNF-a antiserum (the
generous gift of Dr. Steve Kunkel) was used at a dilution
of 1:2000.

BrdU immunohistochemistry using a mouse monoclo-
nal anti-BrdU antibody at a dilution of 1:100 (Beckton
Dickinson, San Jose, CA) was as described with the
following modifications. Instead of PBS, 0.05% Tween 20
in PBS (PBST) was used in all cases where PBS was
called for. After deparaffinization and rehydration, sec-
tions were incubated in 2 N HCl for 20 minutes followed
by two washes of 5 minutes each in PBST. After washing,
sections were incubated for 6 minutes in 0.05 mol/L Tris-
Cl, pH 7.8/0.01% Trypsin/0.1% CaCl2 at 37°C, followed
by PBST washes. The secondary antibody was biotinyl-
ated goat anti-mouse IgG. Negative controls included
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replacing the primary antibody with an equal concentra-
tion of normal mouse IgG and incubation of tissue sec-
tions from animals that had not received a BrdU injection
before sacrifice.

Quantitative Analysis of Cell Proliferation

One BrdU-stained histological section from each animal
was prepared as described above. An average of six
fields per animal was analyzed as previously de-
scribed.24 The percentage of positive cells/section was
then calculated and recorded in StatView 4.02 (Abacus
Concepts) and analyzed by analysis of variance.

In Situ Hybridization

Probe Preparation

The in situ hybridization method used to detect TGF-b1

and TNF-a mRNA has been described in detail else-
where.23 For TGF-b1, control sense, or antisense cRNA
probe was transcribed from a pGEM vector containing an
;0.9-kb SmaI fragment of TGF-b1 consisting of nucleo-
tides 421 through 1395 of the murine cDNA. This region
contains 764 bp of the amino-terminal glycopeptide (pre-
cursor) region and 210 bp of the mature region and was
a generous gift of Dr. Harold L. Moses (Vanderbilt Uni-
versity School of Medicine, Nashville, TN).25 For TNF-a, a
control sense or antisense cRNA probe was transcribed
from a pGEM3 vector containing an ;1.1-kb PstI-EcoRI
fragment of murine TNF-a cDNA (GenBank M13049), a
generous gift of Dr. B. Beutler. Linearized plasmids were
used for in vitro transcription of digoxigenin-11-UTP-la-
beled antisense and control sense riboprobes using T7
and SP6 polymerase, respectively (Genius 4 RNA label-
ing kit, Boehringer Mannheim Corp., Indianapolis, IN).

Hybridization

Hybridization in 4X SSC/50% formamide at 43°C, post-
hybridization washes, and RNAse A digestion were car-
ried out as previously described.23 Positive hybridization
was detected using alkaline-phosphatase-conjugated
anti-digoxigenin Fab fragments followed by colorimetric
development with NBT/BCIP as described by the manu-
facturer (Boehringer Mannheim).

Results

Histopathology and Morphometry

Mice from two inbred strains (C57BL/6 and SJL) and their
F1 hybrid (B6SJLF1) all developed typical fibroprolifera-
tive lesions consequent to asbestos exposure (not
shown). The 129 strain failed to develop lung lesions as
assessed by qualitative histopathology. Here we report
that the 129 inbred strain is resistant to the development
of asbestos-induced lung lesions. We compared the re-
sponse of 129 mice with that of C57BL/6 mice, which
develop lesions typical of those observed in other animal
models (Figure 1).23,24 One of the key features of an early
asbestos-induced fibroproliferative process is an en-

largement of bronchiolar-alveolar duct (BAD) regions due
to selective deposition of asbestos fibers at this anatom-
ical region.13 Our initial observation was that the 129
mice consistently exhibited reduced lesions compared
with those observed in the C57BL/6 mice at BAD junc-
tions as early as 48 hours after exposure (Figure 1, C and
D). These differences persisted through 4 weeks, the last
time point considered in our experiments.

As shown in Figure 1E, sections from the 48-hour and
4-week time points after exposure were evaluated by
video image analysis for bifurcation area measurement.
C57BL/6 mice from both of these time points exhibited a
mean bifurcation size significantly increased over con-
trols. In contrast, the mean bifurcation size of the ex-
posed 129 animals was elevated at the 48-hour time point
but not at 4 weeks after exposure. Additionally, mean
bifurcation area in exposed 129 mice was significantly
less than that of exposed C57BL/6 mice at the time points
examined.

Cell Proliferation

Because the mean lesion size in the 129 mice was sig-
nificantly less in comparison with the C57BL/6 animals,
we investigated whether cell proliferation at BADs and
associated terminal bronchioles correlated with these
findings. Cells stained positively for BrdU incorporation
were counted at BADs and at terminal bronchioles.24,26

These results are shown in Figure 2. At BAD junctions
(Figure 2A), the percentage of BrdU-labeled cells at 48
hours in the C57BL/6 mice was increased significantly
over the percentage in unexposed mice and in the lungs
from 129 mice (P , 0.01 for both). Although the percent-
age of BrdU-stained cells at BAD junctions in sections
from the 129 mice did achieve a significant increase (P ,
0.05) over controls, this increase was significantly less
(P , 0.05) than that observed for the C57BL/6 over
controls. At 1 week after exposure, the percentage of
BrdU-labeled cells in the exposed C57BL/6 lung sections
remained significantly elevated (P , 0.01) over unex-
posed controls. By this time point, the percentage of
labeled cells at BAD junctions in 129 mice had returned
to control levels.

In adjacent terminal bronchioles (Figure 2B), we ob-
served similar increased proliferation at 48 hours after
exposure in the C57BL/6 animals. This increase was
again significantly greater than that observed in the 129
mice (P , 0.01). The increase in the percentage of la-
beled cells in C57BL/6 mice persisted through 1 week
after the exposure and remained significantly elevated
over controls (P , 0.05). As with the BAD region, by 1
week after exposure, the percentage of BrdU-labeled
cells in the 129 mice had returned to control levels.

Fiber Deposition in the Lung

Critical to the comparisons made above is a demonstra-
tion that the numbers of fibers deposited in the lungs of
both C57BL/6 and 129 mice were not different. Therefore,
the accessory lobe of the right lung of each animal was
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reserved after sacrifice for fiber counts in two separate
experiments. Each lung sample was ashed and the fibers
transferred to a filter for counting by phase contrast light
microscopy. The numbers of fibers deposited in the lungs
of animals of each strain were the same (Figure 3). Ad-
ditionally, over time, both strains exhibited similar rates of
fiber clearance (Figure 3). We also have shown by scan-
ning electron microscopy that the pattern of initial fiber
deposition in the lungs of the 129 mice (Figure 4) at BAD
junctions is essentially the same as has been previously
reported in other rodent model systems.13

Macrophage Counts

Morphometric analysis and cell counting data (Figures
1E and 2, A and B) clearly demonstrate a difference in
mean lesion cross-sectional area between the two inbred
mouse strains. One known contribution to this increased
bifurcation area after a brief asbestos exposure is an
overall increase in the number of macrophages present
at these sites.10,13,27 Figures 1 and 4 clearly demonstrate
that in C57BL/6 and 129 mice, macrophages are at-
tracted to sites of fiber deposition. Thus, we asked
whether there is a difference in the number of macro-
phages attracted to first alveolar duct bifurcations 48
hours after asbestos exposure in the two mouse strains.
Alveolar macrophages that could be clearly identified by
light microscopy associated with duct bifurcations were
counted. Figure 5 shows that the mean numbers of mac-
rophages attracted to first alveolar duct bifurcations in
the asbestos-exposed 129 animals were elevated ;2.5
times over controls, whereas the mean numbers of mac-
rophages attracted to bifurcations in the asbestos-ex-
posed C57BL/6 animals were ;5 times that of controls.
The increased response of the macrophages in C57BL/6
mice is significantly elevated (P , 0.05) over that of the
129 animals.

TNF-a Gene and Protein Expression

Because TNF-a appears to be a key mediator in pulmo-
nary fibrogenesis, we examined the expression pattern of
this pleiotropic cytokine at the sites of initial injury (Figure
6). In both the exposed C57BL/6 and 129 mice, expres-
sion of TNF-a mRNA appears to be increased over un-

Figure 1. Histology of control and exposed lung from C57BL/6 and 129 inbred mice. A: Normal tissue from unexposed C57BL/6 animals shows no lesions and
rare macrophages. TB, terminal bronchiole; AD, alveolar duct. B: Normal tissue from unexposed 129 animals is indistinguishable from unexposed C57BL/6
animals. C: A typical bronchiolar-alveolar duct lesion (arrowheads) and first alveolar duct (AD) bifurcation lesion (enlarged in inset) seen 48 hours after a 5-hour
asbestos exposure in a C57BL/6 mouse. Alveolar (arrow) and interstitial macrophages have accumulated around and within these fibrotic lesions. D: Typical
normal appearance of first alveolar duct bifurcation region (arrowheads) from a 129 animal 48 hours after exposure. Magnification bars, 20 mm. E: Morphometric
analysis comparing exposed and control tissue sections from C57BL/6 and 129 animals at 48 hours and 4 weeks after a single 5-hour exposure. The data are means
and standard errors of bifurcation area in square microns. Asterisks indicate degree of statistical significance: *significantly elevated over exposed 129 mice and
unexposed controls, P , 0.01; **significantly elevated over unexposed controls, P , 0.01; ***significantly elevated over unexposed controls and exposed 129 mice,
P , 0.05.

Figure 2. BrdU labeling in alveolar duct bifurcations and terminal bronchi-
oles. The single, 5-hour exposure to asbestos induced significant increases in
the numbers of cells that stain positively for incorporated BrdU in C57BL/6
lung sections at both first alveolar duct bifurcations (A) and at terminal
bronchioles (B) at both 48 hours and 1 week after exposure. The data are
means and standard errors of positively stained cells counted in five animals
from each group. Asterisks indicate degree of statistical significance: *signif-
icantly elevated over exposed 129 mice and controls, P , 0.01; **significantly
elevated over unexposed controls, P , 0.05; ***significantly elevated over
unexposed controls, P , 0.01.

Figure 3. Fiber deposition in the lung. The number of fibers initially depos-
ited in the accessory lobe of the right lung of C57BL/6 and 129 animals is not
different. The rate of clearance of fibers from the lungs of the two strains of
mice over time is similar.
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exposed controls immediately after the exposure (Figure
6, C and D). This increase is confined to the epithelium of
the terminal bronchioles and apparently precedes the
up-regulation of TNF-a protein. By 48 hours after expo-
sure in the C57BL/6 lung sections (Figure 6E), TNF-a
mRNA expression is clearly abundant at BAD junctions
as well as in adjacent terminal bronchioles. In contrast,
129 mice (Figure 6F) exhibited a pattern of expression
similar to that observed immediately after the exposure
and confined to the epithelium of the terminal bronchi-
oles. These sections frequently exhibited little positive
signal outside of the bronchiolar epithelial compartment,
with the exception of an occasional alveolar macro-
phage. By 1 week after exposure, the expression pattern
of TNF-a mRNA returned to background levels (not
shown) comparable to unexposed animals (Figure 6A).

As stated above, the expression of TNF-a mRNA pre-
cedes protein expression. Although there is clear hybrid-
ization signal for TNF-a mRNA in the epithelium of the
terminal bronchioles at the time point immediately after
the exposure, there is not yet any detectable protein
expression (not shown). By 48 hours after exposure, how-
ever, there is prominent TNF-a protein expressed at BAD
junctions in the exposed C57BL/6 mice (Figure 6G) as
identified by immunohistochemistry. There is little appar-
ent up-regulation of TNF-a in the 129 mice (Figure 6H) at
these same sites, and expression generally is absent. As
with gene expression, TNF-a protein expression returns
to background levels by 1 week after exposure (not
shown). The level of protein expression in the 129 mice

never exceeded the minimal levels achieved at 48 hours
after exposure (not shown).

TGF-b1 Gene and Protein Expression

Based on our previous findings in rats7 and mice (J.-Y.
Liu, unpublished data), after asbestos exposure we ex-
pected to see TGF-b1 gene expression up-regulated at
sites of fiber deposition in the C57BL/6 mice by in situ
hybridization.25 At 48 hours after exposure, there was a
robust signal for TGF-b1 mRNA (Figure 7A) at BADs and
in adjacent terminal bronchioles when compared with
control animals. In contrast, the 129 mice (Figure 7B)
showed essentially no increase in TGF-b1 expression at
these sites at any time after the exposure. By 1 week after
exposure, TGF-b1 mRNA levels in the C57BL/6 animals
returned to background levels, similar to unexposed an-
imals (not shown).

To confirm that gene expression was translated to
protein production, we performed immunohistochemistry
for TGF-b1. Figure 7C shows TGF-b1 protein clearly
present at BADs and in adjacent terminal bronchioles in
the C57BL/6 animals 48 hours after the initial exposure. In
contrast, the 129 mice exhibit essentially no TGF-b1 stain-
ing in the bronchiolar regions and little at the duct bifur-
cations (Figure 7D). These results closely follow the
mRNA expression pattern demonstrated by in situ hybrid-
ization. As with the gene expression, TGF-b1 protein ex-
pression returned to background levels in the C57BL/6
mice by 1 week after exposure, and expression in the 129

Figure 5. Macrophage numbers at first alveolar duct bifurcations in lung
sections from exposed and control C57BL/6 and 129 animals at 48 hours after
exposure. The data are means and standard errors of macrophage numbers
counted by light microscopy. Asterisks indicate degree of statistical signifi-
cance: *significantly elevated over exposed 129 mice and unexposed con-
trols, P , 0.01; **significantly elevated over controls, P , 0.01.

Figure 6. Light micrographs of TNF-a gene expression as detected by non-isotopic in situ hybridization (A to F) and protein expression as detected by
immunohistochemistry (G and H). A: Unexposed C57BL/6 shows no positive hybridization signal and histology is normal. B: Exposed C57BL/6 section (serial section,
compare with E) hybridized with control sense probe for TNF-a shows no positive hybridization signal. C: 129 animals immediately after the exposure begin to
show signal in the epithelium of the terminal bronchioles, but this is reduced compared with C57BL/6 animals (compare with D). D: Immediately after the 5-hour
exposure there is some positive signal in the epithelium of the terminal bronchioles (arrows) of C57BL/6 animals. E: At 48 hours after exposure in C57BL/6 animals
there is clear hybridization signal for TNF-a evident in responding macrophages (arrows) and bronchiolar epithelial cells (arrowheads). The bronchiolar-alveolar
duct lesion is enlarged (inset). F: 129 animals exhibiting a reduced fibroproliferative response 48 hours after an asbestos exposure (see Figure 2) also exhibit
reduced TNF-a expression (arrows) at sites of fiber deposition. G: TNF-a protein is expressed 48 hours after the initial exposure in C57BL/6 animals at first alveolar
duct bifurcations (enlarged in inset) and in terminal bronchioles similar to gene expression observed in E. H: TNF-a protein expression in 129 animals 48 hours
after exposure is largely absent. Magnification bars, 20 mm. TB, terminal bronchiole; AD, alveolar duct.

Figure 4. Fiber deposition pattern in 129 mouse lung, shown by scanning
electron micrograph of asbestos fibers (arrowheads) deposited at a first
bronchiolar-alveolar duct bifurcation in a 129 animal. The fibers have at-
tracted a few alveolar macrophages (arrows) as described previously in
rats.10 This pattern of fiber deposition is the same as that observed in other
animal models studied.10–13 Original magnification, 15003.
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mice remained at background levels at all time points
after exposure.

Discussion

The results of the present study show that the 129 inbred
mouse strain is resistant to the early fibrogenic effects of
inhaled asbestos fibers. This is interesting for three prom-
inent reasons. 1) The 129 strain commonly is used as a
background for preparing knockout animals, and 2) the
129 strain exhibits reduced cell proliferation and reduced
TNF-a and TGF-b1 expression, supporting the view that
these potent growth factors play a role in the develop-
ment of fibroproliferative lung lesions. In addition, 3) the

129 inbred mouse strain represents a model that can be
used to study the genes that control interstitial fibrogenesis.

The 129 mouse strain has been used extensively to
develop knockout animals.28,29 To our knowledge, this
strain has not been tested previously in regard to its
pulmonary responses to inhaled fibrogenic particles. This
is an important concept for those interested in the mech-
anisms through which inhaled toxic particles cause lung
injury, and these animals could open opportunities to
understand the genetic basis for the apparent protected
phenotype observed. Here, we have shown that the 129
strain fails to develop a fibroproliferative response to a
dose of asbestos fibers that we know causes fibrogenic
lesions in several strains of mice24,30 and rats.7,27 Thus,

Figure 7. Light micrographs of TGF-b gene expression as detected by nonisotopic in situ hybridization (A and B) and protein expression as detected by
immunohistochemistry (C and D). A: At 48 hours after the exposure, TGF-b message is strongly up-regulated at first alveolar duct bifurcations (inset) and in
responding macrophages (arrows) in C57BL/6 animals. Sense control hybridization (not shown) completely ablates this signal. B: 129 animals fail to express
significant levels of TGF-b mRNA at 48 hours after exposure. C: TGF-b protein expression is up-regulated at first alveolar duct bifurcations (enlarged in inset)
48 hours after exposure in a pattern similar to that seen in A. D: A 3100 magnification of a histologically normal first alveolar duct bifurcation from a 129 animal
48 hours after exposure demonstrates the absence of significant TGF-b protein expression. Magnification bars, 20 mm. TB, terminal bronchiole; AD, alveolar duct.
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we have begun to test our hypothesis that reduced ex-
pression of one or more peptide growth factors is funda-
mental to the apparent protection from an asbestos-
induced fibroproliferative response in the 129 mouse strain.

A major problem confronting investigators interested in
growth factor biology is the multitude of highly active
cytokines known to be elaborated by lung cells.4 Conse-
quent to injury, many of these are up-regulated,6,7,23

suggesting an important role in disease development.
Previously, we carried out a series of studies focused on
three of the factors thought to participate in the develop-
ment of fibroproliferative lung disease. These are the
isoforms of PDGF,6 TGF-a,23 and TGF-b1.7 These factors
are of interest because 1) PDGF is the most potent mes-
enchymal cell mitogen yet described,31 2) TGF-a is a
powerful mitogen for epithelial cells,32 and 3) TGF-b1 is
known as a clear inducer of extracellular matrix proteins
by mesenchymal cells.33 TGF-b1 generally blocks cell
proliferation, but under certain circumstances, TGF-b1

has been demonstrated to be mitogenic for some cell
types in vitro.34,35 We showed in asbestos-exposed rats
that these growth factor genes and their concomitant
proteins are up-regulated significantly within hours after
exposure,6,7,23 and expression is limited to the anatomi-
cal sites of asbestos deposition and lung injury,6,7,23 ie,
the bronchiolar-alveolar duct (BAD) junctions. BAD junc-
tions are sites of initial injury consequent to exposure to
a number of inhaled agents, including asbestos13 and
silica,36 and these anatomical regions are commonly
used as focal points of study after exposure to toxic
materials.37

In addition to the factors discussed above, there is
compelling evidence that TNF-a plays a critical role in
fibroproliferative lung disease.8,14,38 We have supported
this finding by demonstrating here that markedly lower
TNF-a expression in the lung correlates with a reduced
fibroproliferative response (Figure 6). With this informa-
tion and the knowledge that TNF-a apparently can func-
tion as an activator of expression of other growth factors,
such as TGF-b,38,39 we postulate that TNF-a acts as a
central mediator in controlling the development of inter-
stitial lung fibrosis (see further discussion of this point
below). Also, inasmuch as the numbers of macrophages
responding to asbestos exposure are fewer in the 129
mice (Figure 5), a proven source of TNF-a would be
reduced. Alveolar macrophages have been shown to
produce TNF-a in our mouse model,40 and TGF-b is a
known product of lung macrophages.33,34 The mecha-
nisms controlling reduced macrophage migration and
how concomitant reduction in growth factor release might
affect lesion development in the 129 mice remain un-
known at this time.

If these selected growth factors discussed above have
any role in fibrogenic lung disease, it would follow that
animals exhibiting a reduced fibroproliferative reaction
might have less expression of such factors. However, a
significant question in interpretation remains; specifically,
is a given factor reduced because it is intrinsically genet-
ically programmed as such, or is it reduced because
there is less of a lesion developing for some other reason,
with fewer cells available for growth factor expression?

The comparison we present between the C57BL/6 and
129 strains could shed some light on this important issue.
First, gene expression and proliferative rates in the epi-
thelial cells lining the most distal terminal bronchioles
clearly were different between the strains after asbestos
exposure (Figures 2, 5, and 6), yet these well defined
regions of lung exhibited little apparent anatomical differ-
ence throughout the experiment, suggesting the genetic
explanation noted above. Furthermore, our studies on
knockout mice lacking both the 55- and 75-kd receptors
for TNF-a show that these animals also are protected
from the fibrogenic effects of inhaled asbestos.40 Even
though the levels of TNF-a expression are up-regulated
after exposure in these knockout mice, there is a clear
lack of a typical fibroproliferative response to asbestos,
similar to that shown here for the 129 strain. In addition,
the protected knockout mice exhibit reduced expression
of PDGF, TGF-a, and TGF-b1,40 suggesting that TNF-a
plays a central role in the activation of other growth
factors as discussed above. This is consistent with the
findings of Piguet et al8 who showed that TNF-a is nec-
essary for silica- and bleomycin-induced fibrosis to de-
velop. Perhaps the reduced expression of TNF-a exhib-
ited by the 129 mice studied here is key to the protected
phenotype. Accordingly, recent experiments with primary
mouse lung fibroblasts cultured from the C57BL/6 and
129 inbred strains suggest further that TNF-a may indeed
be important in the protected phenotype observed in the
129 inbred strain. Our preliminary data show that TNF-a
up-regulates production of pro-a1 (I) collagen mRNA in
primary mouse lung fibroblasts from the C57BL/6 inbred
strain.41 TNF-a is much less effective in up-regulating this
gene in the primary MLFs from the 129 inbred strain.
Additional data from these ongoing experiments indicate
that primary MLFs from the 129 strain exhibit reduced
proliferative capacity in response to both serum and
PDGF.41 Such studies culturing mesenchymal cells
should prove highly valuable in understanding the mech-
anisms controlling protection of the 129 mouse strain.

Thus, we have shown that the 129 mouse strain fails to
develop fibroproliferative lesions consequent to asbestos
exposure. These mice exhibit a significantly reduced per-
centage of dividing cells and fewer macrophages accu-
mulating within the first 2 days after exposure, and this
results in essentially normal lungs through the 1-month
period studied. These animals have reduced expression
of TNF-a and TGF-b1 mRNA, and little TNF-a or TGF-b1

protein is detected at the sites of initial lung injury. The
dose and clearance rate of asbestos fibers in these ani-
mals were the same as that in the C57BL/6 strain. We
suggest that the reduced growth factor expression plays
some role in the lack of disease development, and our
ongoing experiments are designed to test this postulate.
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