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Inbaled asbestos causes progressive interstitial
lung disease. The authors bave performed a series
of studies to elucidate early pathogenetic events at
sites of fiber deposition in asbestos-exposed rats.
This study reports that a single 5-bour exposure to
chrysotile asbestos induces significant increases in
incorporation of tritiated thymidine (*HTdR) into
nuclei of epitbelial and interstitial cells of broncbhi-
olar-alveolar regions. No cell populations in air-
exposed or carbonyl iron-exposed control animals
exhibited more than 1% labeling at any point in
time. Immediately after the 5-bour asbestos expo-
sure, incorporation was normal. By 19 bours after
exposure there was a significant increase in incor-
poration of ’HTdR, particularly by Type Il epitbelial
cells of the first alveolar duct bifurcations. The
greatest increase in degree of incorporation (up to
18-fold) was observed 24 bours after exposure, and
increased percentages of >HTdR-labeled cells were
maintained through the 48 bours postexposure pe-
riod. Normal labeling was present by 8 days after
exposure, and this level remained through the 1-
month period studied. This apparent mitogenic re-
sponse correlates with increased numbers of bron-
chiolar-alveolar epithelial and interstitial cells
demonstrated by ultrastructural morpbhometry in
correlative studies. The authors speculate that the
incorporation of >HTdR could be induced by the di-
rect effects of inbaled fibers or by mitogenic factors
released from macrophbages attracted to the inbaled
asbestos. (Am J Pathol 1989, 134:133-140)

Inhalation of asbestos fibers results in progressive intersti-
tial pulmonary fibrosis in humans' and experimental ani-
mals.'-3 To establish the pathogenesis of this disease at
the cellular level, we have developed an animal model
wherein rats exhibit epithelial and interstitial alterations

within 48 hours after a 1-hour exposure to chrysotile as-
bestos.*® Anatomically, the initial lesion is confined to the
alveolar duct bifurcations where the inhaled fibers were
deposited originally®® and where alveolar macrophages
accumulated through the first 48 hours after expo-
sure.>"-° The lesion is characterized (48 hours after expo-
sure) by increased numbers of alveolar and interstitial
macrophages, increased volume and numbers of Type |
and Type |l epithelial cells, and an increased volume of
the whole bifurcation region.® Through the 1-month period
after exposure, the epithelial components appear to re-
turn to normal, but the interstitial compartment remains
significantly enlarged in volume due to increased num-
bers of fibroblasts and a prominent non-cellular (mostly
collagenous) matrix.®

This model of asbestos-induced fibrogenesis allows
identification of the target cells on which inhaled fibers
are deposited as well as the cells that respond initially by
migration and phagocytosis. Alveolar and interstitial mac-
rophages are migrating cells that actively phagocytize in-
haled particles.3>® In addition, the alveolar epithe-
lium33191" and interstitial fibroblasts''® actively take up
the inhaled particles. The nature and progression of the
interstitial lesion is very likely due to the initial asbestos-
induced cellular responses that occurred during the early
48 hours postexposure period. Chang et al,® as described
briefly above, documented the morphometric alterations
that occur, but there are no data indicating which of the
cell types incorporate thymidine into DNA during this pe-
riod of complex cellular responses. This information is es-
sential in establishing a more complete understanding of
the pathogenesis of the lesion and in making decisions
about which cells to separate from the lung for further
study in vitro. For example, if one postulates that a macro-
phage-derived factor is playing a mechanistic role in inter-
stitial cell proliferation and matrix production during the
fibrogenic response,'*" it will be necessary to learn as
much as possible about the responses of the various cell
types in vivo. Thus, air-exposed, iron-exposed, and as-
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bestos-exposed rats were injected with tritiated thymidine
before they were killed at a wide range of times after expo-
sure. Here we report that in the lungs of rats exposed to
asbestos for 5 hours there is a striking increase in tritiated
thymidine incorporation into nuclei of bronchiolar-alveolar
duct epithelial and interstitial cells through the initial 19-
48 hours after exposure.

Materials and Methods

Male CD (SD)BR rats (Charles River) 8 weeks old were
exposed (5 rats per group) to room air (sham), to an aero-
sol of carbonyl iron spheres (30 mg/sq m) or to an aerosol
of chrysotile asbestos (10 mg/sq m respirable mass) for
5 hours in open cages as previously described.*”® After
recovery periods of 0, 19, 24, 33, and 48 hours and 1, 2,
and 4 weeks after inhalation, tritiated thymidine (*HTdR)
(2 uCi/g) was administered intraperitoneally to the particle
and sham-exposed rats. The animals were killed 4 hours
after administration of the ®HTdR by injection of 1 ml Na
pentabarbitol (50 mg/ml) intraperitoneally. Animals then
were perfused through the vasculature (by the pulmonary
artery) with fixative (1% glutaraldehyde, 1% paraformalde-
hyde in 0.1 M Na cacodylate containing 5 mM CaCl,) at
23 cm H,0 pressure for 5 minutes. The whole lungs were
removed from the chest and immersed in fixative over-
night as described previously.*”

After tissues were fixed at least overnight, slices (2 X 5
X 10 mm) were taken at right angles to each mainstem
bronchus from both right and left lungs and postfixed with
0.5% OsQ, in veronal acetate buffer. The slices were em-
bedded in soft Epox 812* and polymerized at 60 C for 15
hours. These plastic blocks were softened on a warming
tray at 40 C, and slices 0.5 mm thick were cut parallel
to the large tissue face with a double-edged razor blade.
Bright light reflected from the surface of the cut block face
clearly revealed the orientation of the lung tissue. A termi-
nal bronchiole with its attached alveolar ducts, including
the bifurcation between the ducts, was selected under a
dissecting microscope and cut out of the warmed plastic
block. Two terminal bronchiole-alveolar duct regions per
animal were selected for a total of 10 anatomic units per
treatment group. The selected tissue was glued onto a
BEEM blank with epoxy glue as described previously.*
For light microscopic autoradiography, 0.6 x sections
were cut with a diamond knife on a MT5000 microtome
(DuPont, Wilmington, DE), and from the first two blocks
sectioned at each time point, a thin section for electron
microscopy was cut adjacent to the thick section taken
for autoradiography. The thin sections were mounted on
slotted grids (0.2 X 1 mm), stained with uranyl acetate
and lead citrate, and photographed with a JEOL 100CX
electron microscope. The autoradiography thick sections
were placed on glass slides, coated with liford L4 emul-

sion, exposed for 3 weeks, developed with D-19 (Kodak,
Rochester, NY), and stained with toluidine blue. For each
treatment group, labeled nuclei (6 or more grains over a
nucleus) were counted by light microscopy at X100 mag-
nification in the epithelium and interstitium of 4 anatomic
units of the terminal bronchiole-alveolar duct regions: 1)
terminal bronchiole, 2) alveolar duct walls between the
terminal bronchiole and first alveolar duct bifurcation, 3)
first alveolar duct bifurcation, and 4) ducts distal to the
bifurcation (Figures 1 and 2).

Data were analyzed by Wilcoxon's Rank Sum test'® for
analysis of variance of the ranks of nonparametric values.
Statistical significance was reached at a level of P < 0.05.

Results
Unexposed and Iron-Exposed Animals

Rats exposed only to room air (sham control) had occa-
sional pulmonary cells which incorporated tritiated thymi-
dine (*HTdR, Figure 3). At no point in time during the
course of the experiment did tissues from control animals
show more than 1% labeled cells in any anatomic com-
partment (Figures 1-3). The same findings have been re-
ported in other studies. %%

The iron-exposed animals inhaled large numbers of
small spheres, many of which were deposited on epithe-
lial cells of the alveolar duct bifurcations (Figure 4). Previ-
ous studies have shown that this dose of particles is
sufficient to cause macrophages to accumulate on the
bifurcation surfaces.® To establish whether or not uptake
of ®HTdR was stimulated by nonfibrogenic iron spheres,
we counted over 2000 epithelial cells and almost 1000
interstitial cells in the four designated anatomic regions
(see Methods, Figures 1 and 2) between 18 hours and 2
weeks after exposure. In no animal, at any anatomic loca-
tion or point in time, did more than 1% of the cells exhibit
labeled nuclei. Furthermore, studies ongoing in our labo-
ratory have shown that macrophages accumulated by 48
hours after exposure, but 1 month after exposure to the
carbonyl iron spheres, no alterations could be detected
by ultrastructural morphometry at alveolar duct bifur-
cations (unpublished observation).

Asbestos-Exposed Animals

Increased incorporation of 3HTdR was first observed 19
hours after exposure and continued through the 2-day pe-
riod (Figure 3). By 24 hours after exposure, and through
the 33 and 48 hour time periods, 100% of the terminal
bronchioles and 75-80% of the duct bifurcations exhib-
ited at least one labeled epithelial or interstitial cell (data
not shown). Ten anatomic units were analyzed at each
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Figure 1a. Light micrograph (33 bours after 5-bour asbestos exposure) of the four anatomic regions in which cells were counted for
autoradiography. A terminal broncbiole (TB) leads into the alveolar duct region (AD) which splits at the first alveolar duct bifurca-
tion (rectangle). This bifurcation is enlarged in (b) to show labeled cells. A portion of the TB (rectangle) is enlarged in c. b:
First alveolar duct bifurcation enlarged from Figure la. Two interstitial cells (arrowheads) and two Type II epithelial cells (arrows )
bave been labeled with >HTdR. The two interstitial cells (boxes 1 and 2) are enlarged by electron microscopy in Figure 2. c:
Portion of the TB demarcated in Figure 1a. At least 10 cells (. arrowbeads) in this segment of the TB bave incorporated HTdR. A
cluster of macrophbages (M) being cleared from the airway lumen is observed.

time point to establish the percentages of the various cells
labeled (Figure 3). There was no evidence of increased
incorporation of *HTdR by any cell type immediately after
the 5-hour exposure to asbestos (Figure 3). The epithelial
cells of the first alveolar duct bifurcations were the first to
show a clear response, and by 1 day after exposure,
these cells exhibited an 18-fold increase over control lev-
els (Figure 3). By 2 days after exposure, both the epithelial
and interstitial compartments were returing to normal
percentages of labeling, and normal levels were main-
tained through the remainder of the 30-day period studied
(Figure 3).

The largest increase in *HTdR uptake was observed in
the alveolar epithelial cells of first alveolar duct bifur-
cations (Figures 1 and 3). Here, and in the proximal alveo-
lar ducts, the predominant epithelial cell type that incorpo-
rated ®*HTdR was the Type Il cell. Figure 1 illustrates sev-
eral cell types that obviously exhibit nuclei labeled with
SHTdR. At least one of these clearly is a type Il cell that
is recessed in the alveolar wall and contains numerous
vesicles. The electron micrograph (Figure 2b) of the tip
of this bifurcation shows that numerous asbestos fibers
remain within and on the alveolar epithelium at this period

33 hours after exposure. By this time, fibers have been
translocated to the interstitium as well (see below).5°

Significant percentages of interstitial cells also incor-
porated *HTdR. Because it was difficult to be sure that the
labeled cells were indeed interstitial, 22 cells identified by
light microscopy as *HTdR-labeled interstitial cells were
thin-sectioned for further study by electron microscopy.
All of these cells proved to be interstitial, but they appar-
ently were undifferentiated. Thus, it was not possible to
determine the precise identity of each cell type. Two of
the labeled interstitial cells are illustrated by light micros-
copy in Figure 1b and by electron microscopy in Figure
2. They appear to be monocyte or macrophagelike, and
one contains asbestos fibers in a phagolysosomallike
structure (Figure 2a).

Epithelial cells of the terminal bronchioles also exhib-
ited significant increases in incorporation of 3HTdR (Fig-
ures 1 and 3). Nonciliated Claralike cells appeared to be
the only epithelial cell type labeled (Figure 1a). Inasmuch
as labeling of airway cells in normal animals is so low
(<1%), the high percentages of labeled Clara cells in the
asbestos-exposed animals were striking. In addition, inter-
stitial fibroblastlike cells of the airway submucosa clearly
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Figure 2a, b. Electron micrographs of portions of the first alveolar duct bifurcation illustrated in Figures la and b. The labeled
interstitial cells (# 1 and #2) are macrophagelike and are surrounded by fibroblasts (F) and myofibroblasts (MF). One of the labeled
cells (# 1) bas phagocytized asbestos fibrils (arrowbead). Note the abundance of asbestos fibers (arrows) on and within the alveolar
epitbelium (b) (see reference 10 for further details on epithelial uptake of fibers).

were labeled (Figure 5), but the precise nature of this cell
type was not ascertained.

Asbestos-induced accumulations of macrophages in
alveolar spaces and airways were identified (Figure 1 and
2) at 19, 24, 33, and 48 hours after exposure.”® No incor-
poration of 3HTdR into nuclei was detected in 1500 of
these macrophages observed in 20 animals.

Alveolar ducts distal to the first bifurcation (Figure 1)
also were studied, but there were no significant increases
in uptake of 3HTdR by any cells of the distal ducts (data
not shown).

EPITHELIUM

Discussion

In previous studies, we have shown that a brief exposure
to chrysotile asbestos induces cellular alterations and a
progressive interstitial lesion at the first alveolar duct bi-
furcations where the fibers were deposited originally.*® In
attempting to understand the pathogenesis of this lesion,
the present study demonstrates that a single 5-hour as-
bestos exposure causes increased percentages of both
epithelial and interstitial cells of the bronchiolar-alveolar
regions to incorporate tritiated thymidine by 19 hours after

Figure 3. The percentages of each cell type
labeled with >HTdR. Note the dramatic in-
crease in labeled epithelial and interstitial
cells between 19 and 33 hours after expo-
sure. Statistical comparisons vs. sham-ex-
posed animals; Wilcoxon’s Rank Sum
Test™: a: P < 005 b: P < 0.005
c: P < 0.0005 d: NS.
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Figure 4a. Scanning electron micrograph of the surface of a first alveolar duct bifurcation in the lung of a rat exposed to carbonyl
iron spheres (arrowbeads) for 5 bours. Immediately after exposure, numerous spheres are observed on the Type I epithelium. The
alveolar duct (AD) and adjacent alveolar spaces are evident. The lungs of iron-exposed animals exhibited no increase in 3HTdR

incorporation by any cell types.

exposure (Figures 1-5). This finding is in accordance with
our recent morphometric studies on asbestos-exposed
rats.® In that study, we showed that 48 hours after a single
1-hour asbestos exposure, epithelial cells of the first alve-
olar duct bifurcations were significantly increased in vol-
ume and number. One month after the exposure, the epi-
thelial alterations had largely returned to normal, but there
was an increased volume and number of myofibroblasts,
fibroblasts, and interstitial macrophages as well as an in-
crease in noncellular interstitial matrix, mostly collagen.®
In addition, the entire bifurcation region was increased in
volume. Interestingly enough, lung tissue sectioned ran-
domly from distal regions of alveolar ducts showed no
alterations in any anatomic compartment.® This coincides
with our finding here of no increases in uptake of thymi-
dine in the distal lung parenchyma. Because the earliest
asbestos-associated lesion in the bronchiolar-alveolar re-
gion of the rat lung is characterized by increased numbers
of epithelial and interstitial cells,® it seems likely that the
lesion is initiated through a fiber-induced mitogenic effect.
This effect appears to correlate well with the time-related
events of fiber translocation and macrophage accumula-
tion. Inhaled asbestos fibers can be found in type | epithe-
lial cytoplasm 4 minutes after a 1 hour exposure.'® Numer-
ous fibers are located in or on this epithelium over the
ensuing 4 days (Figure 2),'® and this is precisely the pe-
riod when increased numbers of Type | and Type |l cells
are apparent by morphometry,® presumably due to cell
proliferation and transition from Type Il to Type | alveolar
cell phenotype. Furthermore, asbestos fibers reach the
lung interstitium by 48 hours after exposure.>'® As re-
ported here (Figure 3), increased ®HTdR incorporation
was noted in the alveolar epithelial compartment by 19
hours after exposure, but this response was initiated sev-
eral hours earlier than our first observation was made.
Thymidine incorporation by interstitial cells of the bifurca-

b: Backscattered electron image of the same field shown in a. The distribution and number of
iron spheres is bighlighted by this technique (see references 4 and 9).

tion appears to lag by 4-5 hours (Figure 3), and this is
consistent with the timing of fiber deposition and subse-
quent translocation as just discussed. Complement-de-
pendent macrophage accumulation also occurs in this
same time frame,® and this potentially important phenom:-
enon will be discussed below.

The mechanism through which an asbestos-induced
mitogenic response might be mediated is unknown. Two
possibilities seem to be reasonable based on what we
know about the pathogenesis of the lesion. First, it is clear
that inhaled asbestos fibers are deposited at all levels of
the respiratory tract.?' It is conceivable that the fibers that
are distributed initially on epithelial membranes (Figure 2)°
and are then taken into the cytoplasm of Type | alveolar
epithelial cells' could directly provoke a mitogenic re-
sponse in this epithelial cell population. We have pre-
sented no direct evidence in this paper that the epithelial

%
-

Figure 5. Light micrograph of terminal broncbhiole with labele.
Claralike airway (arrow) and fibroblastlike interstitial cells
(arrowhbeads).
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cells actually have divided and have not just incorporated
thymidine into DNA. The morphometric data on this le-
sion, however,® clearly showed increased numbers of
Type | and Type Il cell at the alveolar duct bifurcations.
Compared with unexposed controls, the type | cells were
smaller in average volume while the Type Il cells were en-
larged. This suggests that there were increased numbers
of cells in stages of transition from Type Il to Type | mor-
phology and allows one to speculate that a true mitogenic
response has occurred in the alveolar epithelium. Interest-
ingly, the morphometric studies showed that this epithe-
lium returned to normal by 1-month after exposure, at
which time clearance of asbestos fibers and macro-
phages from the alveolar surfaces had occurred.® Even
though Type |l cells very rarely take up fibers, it is the re-
sponse of the Type | cells that can dictate a proliferative
response in Type Il cells. This has been shown clearly in
inhalation studies where injury to Type | cells by
oxygen?2 or NO,® results in a mitogenic response by
Type |l cells. The fact that the Type | cells take up asbes-
tos fibers and rapidly become thicker,® along with the de-
velopment of a small but significant leak of serum proteins
into the lung,® support the notion that the inhaled asbes-
tos could induce a mitogenic effect through direct (per-
haps membrane) interactions with alveolar epithelial cells.
Marsh and Mossman? showed that uptake of fibrous min-
erals (including asbestos) by airway epithelial cells in vitro
induced ornithine decarboxylase (ODC) activity and in-
creased incorporation of HTdR. ODC is a tightly regu-
lated enzyme that is increased when cells respond to
growth promoting stimuli. The investigators concluded
that asbestiform minerals have direct effects on airway
epithelial cells, causing, among other responses,?* ODC
production and cell proliferation. Direct effects on the ter-
minal bronchiolar epithelium seem to be less likely to oc-
cur in vivo, yet these cells exhibited a highly significant
increase in incorporation of *HTdR. Bronchiolar cells have
not been shown to phagocytize asbestos fibers in vivo,
and they are covered by a layer of secreted proteins, lip-
ids, and carbohydrates. Not only would this layer protect
the cell surfaces, but it also carries inhaled particles
quickly (cm/min) along the airway surfaces.? In compari-
son, alveolar particles are known to move relatively slowly
(clearance measured in hours and days). %

A second possibility to be considered as a source of
the mitogenic. stimulus is the population of pulmonary
macrophages that responds to the inhaled fibers.*>7€ An
as-yet unidentified alveolar macrophage-derived factor
has been shown to induce tritiated thymidine incorpora-
tion by Type Il epithelial cells in vitro,? and transforming
growth factor-a, which shares a 42% homology with epi-
dermal growth factor, recently has been demonstrated
to be a product of activated human alveolar macro-
phages.?” Furthermore, macrophage-derived growth fac-
tors for mesenchymal cells have been clearly demon-

strated.' '8 Because increased numbers of pulmonary
macrophages accumulate in the bronchiolar-alveolar re-
gions and phagocytize the inhaled fibers during the 24-
48 hour postexposure period,”® it is conceivable that
these cells secrete mitogenic factors that induce the epi-
thelial and interstitial cells to incorporate tritiated thymidine
during proliferation. Although this hypothesis remains to
be proven, the anatomic distribution of alveolar and inter-
stitial macrophages appears to be appropriate to satisfy
the relationships required of the various cell types.® In ad-
dition, we have shown in ongoing studies using alveo-
lar'®'® and interstitial'” macrophages that asbestos and
other particles stimulate the production of a pulmo-
nary macrophage-derived homologue of platelet-derived
growth factor (PDGF) that is mitogenic for rat lung fibro-
blasts in vitro. The data presented in the present paper
suggest that we must begin our search for growth factor
production in vivo within the first few hours after initiation
of the exposure regimen. At this juncture in our studies, it
is not possible to know just when the macrophages begin
to produce the putative mitogenic factors, how long they
might continue to secrete them, and whether or not fibro-
blasts and epithelial cells respond in vivo as they have
been shown to do in vitro.

Interestingly enough, Adamson and Bowden'' showed
that instilled asbestos induced fibrosis in mice and was
associated with increased incorporation of *HTdR by
macrophages as well as by epithelial and interstitial cells
of the bronchiolar and alveolar walls. It is clear that asbes-
tos fibers cause an early significant incorporation of
3HTdR by a variety of pulmonary cells. The fact that a
lesion persists at the alveolar duct bifurcations for at least
1 month after exposure® suggests that the asbestos fibers
that have been translocated to the interstitium continue to
exert some influence upon the fibroblasts and/or macro-
phages which inhabit this compartment. As discussed
above, the mechanism is not at all clear, but the timing
of the apparent mitogenic response soon after exposure,
followed by production of collagen, suggests that a
“‘competence” and/or “'progression’’ signal''*'7 could
induce the initial response presented as *HTdR incorpora-
tion in this paper (Figure 3). The continued increase in
cell number and extracellular matrix production could be
stimulated by additional macrophage-derived growth fac-
tors such as transforming growth factor-8 (TGF,z)® and
interleukin-1 (IL-1).% It also is interesting to note that sev-
eral of the macrophage-derived growth factors, including
PDGF,® TGFg, and IL-1, are chemotactic for macro-
phages and fibroblasts. This could account at least in part
for the increase in cell numbers observed at sites of as-
bestos deposition and macrophage accumulation.

The epithelial cell types labeled in our study were rela-
tively easy to identify, ie, Clara cells of the terminal bron-
chioles and Type Il cells at the alveolar level. This is consis-
tent with an extensive body of literature showing that



these two cell types provide the stem cell populations for
their respective anatomic locations.3'-3 But the nature of
dividing interstitial cells is more difficult to ascertain. It has
been shown clearly that 2-3% of resident alveolar macro-
phages have the capacity to divide in the lung under nor-
mal circumstances.®*3 The numbers of dividing macro-
phages appear to increase in animals treated with oxidant
gas® and instilled carbon particles.¥” A segment of this
dividing population of macrophages is found in the lung
interstitium as well."' Because interstitial fibroblasts also
are incorporating 3HTdR, it is difficult to be sure, even by
electron microscopy, which cell type is labeled and has
been counted. Indeed, the original studies of Evans and
Bils® showed that 13% of ®*HTdR-labeled cells in normal
alveolar walls were unidentified interstitial cells. Our data
suggest that both macrophagelike and fibroblastlike inter-
stitial cells have incorporated *HTdR, and this is consis-
tent with the morphometric data.® It is interesting to note
that both cell types phagocytize inhaled asbestos fibers
that have been translocated to the interstitium and remain
for months after exposure.'?' Further studies using im-
munohistochemistry and a radiolabel over an extended
period will be necessary to trace the dividing interstitial
population as the cell types differentiate and thus can be
identified. It is conceivable that there is a population of
undifferentiated interstitial cells that responds rapidly to
lung injury and provides a resident stem cell population.

In conclusion, we have shown that a single brief expo-
sure to chrysotile asbestos causes a significant increase
in incorporation of *HTdR by epithelial and interstitial cells
of bronchiolar-alveolar regions in the lungs of rats ex-
posed to asbestos fibers, but not to air or iron spheres.
The time-course of 3HTdR incorporation coincides with
the progression of epithelial and interstitial lesions at sites
of fiber deposition.> The mechanisms controlling the de-
velopment of the lesion are not clear, although it seems
conceivable that direct fiber-induced cell injury and/or mi-
togenic factors secreted by populations of pulmonary
macrophages could cause cell proliferation in the appro-
priate anatomic locations. Further studies to test these
hypotheses are ongoing.

References

1. Selikoff IJ, Lee DH: Asbestos and Disease. New York, Aca-
demic Press, 1978

2. Wagner JC, Berry G, Skidmore JW, Timbrell V: The effects
of the inhalation of asbestos in rats. Br J Cancer 1974, 29:
252-269

3. Pinkerton KE, Pratt PC, Brody AR, Crapo JD: Fiber localiza-
tion and its relationship to lung reactions in rats after chronic
exposure to chrysotile asbestos. Am J Pathol 1984, 117:
484-493

4. Warheit DB, Chang LY, Hill LH, Hook GE, Crapo JD, Brody
AR: Pulmonary macrophage accumulation and asbestos-in-

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

3HTdR Incorporation After Asbestos Exposure 139
AJP January 1989, Vol. 134, No. 1

duced lesions at sites of fiber deposition. Am Rev Respir Dis
1984, 129:301-310

. Chang LY, Hill LH, Brody AR, Crapo JD: Acute and progres-

sive tissue responses at the sites of fiber deposition in rat
lungs after a 1 hour exposure to chrysotile asbestos. Am J
Pathol, 1988, 131:156-170

. Brody AR, Roe MW: Deposition pattern of inorganic particles

at the alveolar level in the lungs of rats and mice. Am Rev
Respir Dis 1983, 128:724-729

. Warheit DB, George G, Hill LH, Snyderman R, Brody AR:

Inhaled asbestos activates a complement-dependent che-
moattractant for macrophages. Lab Invest 1985, 52:505-
514

. Warheit DB, Hill LH, George G, Brody AR: Time course of

chemotactic factor generation and the corresponding mac-
rophage response to asbestos inhalation. Am Rev Respir
Dis 1986, 134:128-133

. Warheit DB, Overby LH, Brody AR: Pulmonary macrophages

are attracted to inhaled particles on alveolar surfaces. Exp
Lung Res 1988, 14:51-66

Brody AR, Hill LH, Adkins B, O'Connor R: Chrysotile asbes-
tos inhalation in rats: Deposition pattern and reaction of alve-
olar epithelium and pulmonary macrophages. Am Rev Re-
spir Dis 1981, 123:670-679

Adamson IYR, Bowden DH: Crocidolite-induced pulmonary
fibrosis in mice; cytokinetic and biochemical studies. Am J
Pathol 1986, 122:261-267

Brody AR, Hill LR: Interstitial accumulation of inhaled chryso-
tile asbestos fibers and consequent formation of microcalci-
fications. Am J Pathol 1982, 109:107-114

Roggli V, Brody AR: Changes in numbers and dimensions
of chrysotile asbestos fibers in lungs of rats following short-
term exposure. Exp Lung Res 1984, 7:133-147

Bitterman PB, Rennard SI, Hunninghake CW, Crystal RG:
Human alveolar macrophage derived growth factor for fi-
broblasts. Regulation and partial characterization. J Clin In-
vest 1982, 70:806-822

Kumar RK, Bennett RA, Brody AR: Rat alveolar macro-
phages produce a homologue of platelet-derived growth
factor. FASEB J 1988, 2:2272-2277

Bauman MD, Jetten AM, Brody AR: Biological and biochemi-
cal characterization of macrophage-derived growth factor
for rat lung fibroblasts. Chest 1987, 9:155-156

Bennett RA, George M, Overby LH, Kumar RK, Brody AR:
Interstitial pulmonary macrophages produce a platelet-de-
rived growth factor homologue which stimulates rat lung fi-
broblast proliferation in vitro. Lab Invest (In Press)

Lehmann EL: Nonparametrics: Statistical Methods Based on
Ranks. San Francisco, Holden-Day, 1975

Kauffman SL: Cell proliferation in the mammalian lung. Int
Rev Exp Pathol 1980, 22:131-191

Shami SG, Evans MJ, Martinez LA: Type Il cell proliferation
related to migration of inflammatory cells into the lung. Exp
Mol Pathol 1986, 44:344-352

Morgan A, Evans JC, Evans RJ, Hounam RF, Holmes A,
Doyle S: Studies on the deposition of inhaled fibrous material
in the respiratory tract of the rat and its subsequent clear-
ance using radioactive tracer techniques. Il. Deposition of
UICC standard reference samples of asbestos. Environ Res
1975, 10:196-207



140 Brody and Overby
AJP January 1989, Vol. 134, No. 1

22.

23.

24.

25.

26.

27.

28.

29.

32.

Tryka AF, Witschi H, Gosslee DG, McArthur AH, Clapp NK:
Patterns of cell proliferation during recovery from oxygen in-
jury. Am Rev Respir Dis 1986, 133:1055-1059

Crapo JD, Barry BE, Chang L, Mercer RR: Alterations in lung
structure caused by inhalation of oxidants. J Toxicol & Envi-
ron Hith 1984, 13:301-321

Marsh JP, Mossman BT: Mechanisms of induction of orni-
thine decarboxylase activity in tracheal epithelial cells by
asbestiform minerals. Cancer Res 1988, 48:709-714
Lippmann M, Yeates DB, Albert RE: Deposition, retention
and clearance of inhaled particles. Br J Ind Med 1980, 37:
337-362

Leslie CL, McCormick-Shannon K, Cook JL, Mason RJ:
Macrophages stimulate DNA synthesis in rat alveolar Type |l
cells. Am Rev Respir Dis 1986, 132:1246-1252

Madtes DK, Raines EW, Sakariassen KS, Assoian RK, Sporn
MB, Bell Gl, Ross R: Induction of transforming growth factor
in activated human alveolar macrophages. Cell 1988, 53:
285-293

Ross R, Raines EW, Bowen-Pope DF: The biology of plate-
let-derived growth factor. Cell 1986, 46:155-169

Assoian RK, Fleurdelys BE, Stevenson HC, Miller PJ, Madtes
DK, Raines EW, Ross R, Sporn MB: Expression and secre-
tion of type beta transforming growth factor by activated hu-
man macrophages. Proc Natl Acad Sci 1987, 84:6020-6024

. Dinarello CA: Interleukin-1. Rev Infect Dis 1984, 6:51-95
31.

Evans MJ, Cabral LJ, Stephens RJ, Freeman G: Transforma-
tion of alveolar Type ll cells to Type | cells following exposure
to NO,. Exp Mol Pathol 1975, 22:142-150

Evans MJ, Cabral-Anderson LJ, Freeman G: Role of the
Clara cell in renewal of the bronchiolar epithelium. Lab Invest
1978, 38:648-655

33.

35.

36.

37.

38.

Brody AR, Hook GER, Cameron GS, Jetten AM, Butterick
CJ, Nettesheim P: The differentiation capacity of Clara cells
isolated from the lungs of rabbits. Lab Invest 1987, 57:219-
228

. Sawyer RT: The ontogeny of pulmonary alveolar macro-

phages in parabiotic mice. J Leuk Biol 1986, 40:347-354
Shellito J, Esparza C, Armstrong C: Maintenance of the nor-
mal rat alveolar macrophage cell population. Amer Rev Resp
Dis 1987, 135:78-82

Evans MJ, Cabral LJ, Stephens RJ, Freeman G: Cell division
of alveolar macrophages in rat lung following exposure to
NO,. Am J Pathol 1973, 70:199-208

Bowden DH, Adamson IYR: Alveolar macrophage response
to carbon in monocyte-depleted mice. Am Rev Resp Dis
1982, 126:708-711

Evans MJ, Bils RF: Identification of cells labeled with tritiated
thymidine in the pulmonary alveolar walls of the mouse. Am
Rev Resp Dis 1969, 100:372-378

Acknowledgment

The authors are grateful for the ongoing collaboration of the
NIEHS Inhalation Toxicology Program operated by Northrop Ser-
vices, Inc., under contract by the National Toxicology Program
(contract #No1-ES-4-5044). They thank Dr. Walter Piegorsch, Di-
vision of Biometry and Risk Assessment, NIEHS, for consulta-
tions on statistical analysis and Helena Bonner for preparation of
the manuscript.



