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Mesothelial Cell Proliferation after Instillation of
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The relationship of asbestos deposition in the
lung to subsequent cell proliferation at the pleural
surface is not clear. The present study examines
DNA syntbesis by various pulmonary cells, par-
ticularly those at the pleura after intratracheal
injection of 0.1 mg crocidolite to mice using: 1)
long fibers (>20 u), which are deposited in bron-
chiolar regions and induce fibrosis; 2) short fi-
bers (<1 u), which reach alveoli but do not induce
fibrosis. Mice also received 2 uCi/g tritiated thy-
midine 1 bour before death at intervals to 16
weeks. Short fibers induced only a small increase
in labeling of bronchiolar epithelial and intersti-
tial cells, which subsided by 5 days, when a small
increase in labeled mesotbelial and subpleural
cells was seen. In contrast, long fibers damaged
the bronchiolar epithelium and became incorpo-
rated into connective tissue. During regeneration,
12% of cells were labeled at 3 days and labeling
was greater than controls to 4 weeks. Increased
peribronchiolar labeling of fibroblasts and inter-
stitial macrophbages was seen around long ﬂbérs,
and increased DNA syntbesis by mesothelial and
subpleural cells was found. Up to 2% of mesothe-
lial cells were labeled 1 week after long fibers com-
paredto near zero in controls. No long fibers were
JSound at the pleura. Activation of interstitial mac-
rophages in response to long crocidolite fibers is
associated with fibroblast proliferation. It is now
suggested that mesotbelial cells may also be stim-
ulated by cytokines from activated interstitial
macropbages that diffuse across the interstitium,
without requiring actual fiber translocation to
the pleura. (Am J Patbol 1993, 142:1209-1216)

Deposition of asbestos fibers in the lungs of humans
or experimental animals is associated with the pro-
duction of pulmonary fibrosis, which involves the

small airways. =2 To a lesser extent, cells at or near the
pleural surface are also affected, leading to pleural
fibrosis or mesotheliomas.* The precise mechanism
for activation of cells in the pleural region following
fiber deposition in the air spaces is not known. Direct
injection of fibers to the pleural space is associated
with tumor production,® and a lower incidence has
been found after long-term inhalation or after intratra-
cheal instillation.® Questions remain regarding how
inhaled asbestos fibers can reach the pleura and
whether the quantity is enough to promote a neoplas-
tic response.

Although the mechanisms of neoplasia and repair
may or may not be linked, the initial stages of any
fibrotic or tumorigenic response at the pleural surface
involve cell proliferation. In an earlier brief report, tran-
sient DNA synthesis by mesothelial cells was seen
after one inhalation exposure of rats to chrysotile as-
bestos.” This was a mixed length sample, which al-
lowed fiber deposition throughout the lung. We have
now instilled via the trachea 1) long crocidolite as-
bestos fibers, which are deposited in the airways in-
ducing a fibrotic response, and 2) short fibers of the
same asbestos, which reach the alveoli, where they
are phagocytized without inducing fibrosis.®° The
proliferative responses of various pulmonary cell
types is now examined, in particular to determine
whether either sample induces proliferation of me-
sothelial or subpleural cells and whether this is related
to the location of deposited fibers and to the devel-
opment of fibrosis.

Materials and Methods

Standard UICC crocidolite asbestos was separated
into long and short fibers by sedimentation.®® A
sample of short fibers measured 0.6 y = 0.1 SE,
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with more than 98% of fibers being shorter than 2.5
y. Long fibers had a mean length of 24.4 p £ 0.5,
with 88% longer than 2.5 p. The size distribution
was as follows: 12% at <2.5 y; 17% at 2.5 to 5 ;
31% at 5 to 10 py; 22% at 10 to 20 p; and 18% at
>20 p. Each asbestos sample, at a dose of 0.1 mg
suspended in 0.1 ml sterile water, was instilled in-
tratracheally into 70 male Swiss Webster mice un-
der mild anesthesia. At this dose level, approxi-
mately 108 long fibers or 5 X 10° short fibers were
instilled. The animals, in groups of four, were killed
at days 1, 2, 3, 5, and 7 and at weeks 2, 4, 8, 12,
and 16; each animal received 2 pCi/g tritiated thy-
midine 1 hour before death. Control animals were
injected with 0.1 ml sterile water and were killed at
days 1, 5, and 7 and at weeks 4, 8, and 16. At sac-
rifice, a tracheotomy was performed, and the bron-
chus leading to the right lung was clamped. This
lung was then removed, weighed, and frozen for
biochemical analysis. The left lung was inflated with
0.5 ml of 2% buffered glutaraldehyde, removed,
and processed for embedding in glycol methacry-
late.

Methacrylate sections (0.75 p thick) from three
random blocks per animal were prepared for auto-
radiography. Slides were dipped in Kodak NTB 2
emulsion (diluted 1:1 with distilled water), exposed
in darkness for 2 weeks, developed in D19, and
stained with basic fuchsin. The percentage of [°H]-
thymidine-labeled cells was determined by count-
ing 3000 lung cells per animal, excluding bronchial
epithelial cells. Means and standard error were cal-
culated for each group. The sections were thin
enough to allow identification of pulmonary cell
types, and differential counts of labeled cells were
carried out on 300 labeled cells per animal. The
product of the total labeling percentage and the dif-
ferential labeling percentage gave a radiographic
index for each cell type.

In addition to the overall percentage of labeled
lung cells, more specific counts were made. The la-
beling percentage of bronchial and bronchiolar epi-
thelial cells was calculated after counting 500 of
these cells per animal. The labeling index of me-
sothelial cells was calculated after counting the
number labeled in all mesothelial cells identified in
the three sections per lung. This gave a total of at
least 1000 mesothelial cells per rat, with no appar-
ent difference in total cell number seen in these ran-
dom sections at various times after fiber injection.
The labeling index for subpleural cells was calcu-
lated after counting cells lying between the me-
sothelial lining and the adjacent first alveolar space.
One thousand cells per section were counted and a

mean labeling index * standard error was calcu-
lated for each group. Statistical difference from con-
trol at the same time interval was determined using
Student's t-test.

The right lung of each mouse was homogenized
in water, and biochemical assays were carried out
on duplicate samples. Measurement of total protein
was carried out'® and, as an index of collagen con-
tent, hydroxyproline levels were determined after
hydrolysis with hydrochloric acid.’

Results

Morphology

The sequential morphological changes that occur in
the lung after instilling 0.1 mg long or short asbes-
tos fibers have been described in detail previ-
ously®® and will be summarized here. Deposition of
short fibers induced a brief inflammatory response,
almost all fibers were phagocytized by alveolar
macrophages, and the number in the alveolar cells
declined to normal after 2 weeks. Only a few fibers
reached the interstitium but there was little evidence
of cell injury, no granulomas formed, and no fibrosis
was observed up to 16 weeks.

After instilling the same dose by weight of long fi-
bers, early injury to bronchial and bronchiolar epi-
thelial cells was found at areas of deposition. Fibers
then became incorporated into underlying connec-
tive tissue and, by 1 week, the regenerating epithe-
lium overgrew these areas. No long fibers were
found in the alveoli or in alveolar macrophages.
However, in the peribronchiolar interstitium where
long fibers were exclusively located, giant cells
formed by 2 weeks and later granulomas of mixed
macrophages and fibroblasts were produced (Fig-
ure 1). A detailed description of fiber incorporation
and granuloma formation has been reported previ-
ously.®

In some sections of the lung, the peribronchial or
peribronchiolar interstitium could be traced directly
to the pleural surface with no intervening alveolar
spaces. In the long-fiber group, granulomas con-
taining asbestos were seen in such anatomic loca-
tions, where the reactive interstitial cells are directly
linked to cells in subpleural and mesothelial loca-
tions (Figure 2). In some sections of lung, small foci
of lymphoid tissue were observed at the pleural sur-
face, attached to underlying connective tissue. In
places, a continuous interstitium linked a peribron-
chiolar granuloma to these pleural lymphoid cells
(Figure 3). The granulomas and peribronchiolar in-
terstitium became more fibrotic with time and, al-



though there were some focal areas of subpleural fi-
brosis, no plagues were observed and no

mesotheliomas were found at 16 weeks. Although it
was relatively easy to recognize long fibers of as-
bestos in these plastic sections, as illustrated by
Figure 1, long fibers were never observed in the
pleural wall or in contact with mesothelial cells at
any time.

Figure 1. Lung section 2 weeks after instillation of long asbestos fi-
bers. Beneath the bronchiolar epithelium (B) is a granuloma, com-
posed of macrophages, fibroblasts, and giant cells with many incor-
porated fibers (arrows). Magnification, X 950.

Figure 2. Lung section 4 weeks after instillation of long asbestos fi-
bers. The large peribronchiolar granuloma containing asbestos lies in
the pulmonary interstitium (INT), which connects directly to the
nearby pleural surface (PL). Magnification, X 200.
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Figure 3. Lung section 8 weeks after instillation of long asbestos fi-
bers. The peribronchiolar granuloma (G) lies in an area of intersti-
tium (INT), which connects to the pleura surface (P) and an at-
tached lymphoid follicle (L). Magnification, X 200.
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Figure 4. Hydroxyproline (HYP) content expressed per protein and
per dry weight of right lobe in controls (X), and after long (@) or
short (O) asbestos fibers. *P other groups.

Biochemistry

Total hydroxyproline (HYP) increased with the age
of animal in controls and no difference was found
following the instillation of 0.1 mg of short asbestos
fibers (Figure 4). However, following long fibers, the
ratio of HYP to total protein rose above control val-
ues by 2 weeks and, in the right lobe, total HYP in-
creased significantly from 4 weeks to the end of the
experiment.
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Autoradiography

Short fibers induced only a small change in labeling
of bronchiolar epithelial cells from a control level of
0.2% to 1.7% at 1 day, but the value fell rapidly and
was normal by 5 days (Figure 5). In contrast, after
long fibers, labeling of this epithelial cell type in-
creased to over 12% and, although the value
dropped after 3 days, DNA synthesis was above
normal for 4 weeks (Figures 5 and 6).

The labeling index of all other lung cells aver-
aged 0.3% in control mice. After instilling short fi-
bers, the level rose briefly to about 0.7% at day 3
before falling to normal values by day 5 (Figure 7).
Long fibers produced a more substantial and pro-
longed increase in lung cell labeling. Values
peaked at over 3% of cells labeled at 1 week and
did not return to the control range for 4 weeks (Fig-
ure 7). Following differential counts of labeled cells,
a radiographic index for the various cell types was
calculated. The major change occurred in thymi-
dine uptake by the interstitial cell population (Figure
7). Labeling of these cells increased rapidly after
long fiber instillation, and from the morphology, both
interstitial macrophages and fibroblasts were la-
beled in the first week (Figure 6), whereas fibroblast
labeling predominated subsequently.

The pattern and timing of lung cell labeling
shown in Figure 7 was repeated when counts of la-
beled subpleural cells were made (Figure 8). There
was only a brief, small increase in response to short
fibers, whereas after long fibers, labeling increased
sixfold by 1 week and did not return to normal until
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Figure 5. Percentages of labeled bronchial and bronchiolar (BR) ep-
ithelial cells after long (@) or short (O) asbestos. Control values were
equal to time 0. *P < 0.01, greater than control.

Flgure 6. Autoradiograph 5 days after long fzbers Labeled bronchi-

Labholod

olar epithelial cells (BR) overlie the interstitium co
cells (arrows). These appear to be mixed macrophages and fibro-
blasts. Magnification, X 950.

after 4 weeks. Most of these labeled cells were fi-
broblasts located beneath the mesothelial lining
(Figure 9). When mesothelial cells only were
counted, only a small increase in labeling occurred
at day 5 in the short fiber group (Figure 10). After
long fibers, however, the labeling percentages of
mesothelial cells increased from a near zero control
value to over 2% at 1 week, and did not fall to con-
trol values until week 4 (Figures 10 and 11). In car-
rying out these cell counts, the total pleural surface
in three random sections from each of four mice per
time period was examined at high magnification;
long asbestos fibers were never observed in con-
tact with mesothelial cells or in the subpleural re-
gions.

Discussion

Fibrotic reactions at the pleura are common in peo-
ple who are occupationally exposed to asbestos.
The classical plaque is found in the parietal pleura,
and fibrosis of the visceral pleura also occurs, often
in association with asbestos-related fibrosis of the
lung.? A low incidence of mesothelioma is also as-
sociated with crocidolite exposure.* Although it is
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Figure 7. Top: Percentages of labeled lung cells (excluding BR) after
long (@) or short (O) asbestos fibers. Bottom: Radiograpbic index for
the interstitial cell (INT) population. Total lung cell label percent mul-
tiplied by the percentage of labeled cells identified as interstitial. *P <
0.01, greater than control (time 0).
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Figure 8. Percentages of labeled cells in subpleural locations after
long (@) or short (O) fibers.
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difficult to estimate asbestos content of pleural le-
sions using histological sections, recent tissue anal-
ysis has shown that fibers are present in plaques
and mesotheliomas in humans in approximately the
same concentration as in the lung, when expressed
per gram of tissue.'? In analyzing pleural plaques,
Churg'® has shown that the incidence correlates
with the content of long fibers. This may be impor-
tant, since long fibers are known to be more potent
than short fibers in the induction of pulmonary fibro-
sis.89.14.75 Gimilarly in carcinogenesis, the inci-
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dence of mesotheliomas in animals exposed to as-
bestos is much higher in long-fiber groups, and
these animals also have more advanced pulmonary
fibrosis.®'5 It is generally assumed that fibers be-
come incorporated into lung tissue and somehow
are transported to the pleural surface. Davis and
Jones conclude that a substantial number of fibers
must reach the pleura to induce such a response®
and suggest lymphatic transport as the most likely

‘
Y

»

Figure 9. Autoradiograph of pleural region 5 days after instilling
long fibers. Thymidine-labeled cells are seen in the interstitium be-
neath the pleura (arrow) and at the surface (P). Magnification,
X950.
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Figure 10. Percentages of mesothelial cells labeled up to 16 weeks af-
ter long (@) or short (O) asbestos fibers. *P < 0.01, greater than con-
trol.
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Figure 11. Autoradiograph of pleural region 1 week after long fibers
showing labeled mesotbelial cells (arrows). Magnification, X 950.

route, although no convincing demonstration of
such transport of fibers after inhalation has been
shown.

Whether or not there is any link between the cell-
ular processes inducing fibrosis and neoplasia,
deposition of various forms of asbestos induces a
change in the pattern of cell proliferation at the
pleura. In the present study, we have analyzed thy-
midine incorporation by various lung cell types after
instilling the same dose of long or short crocidolite.
Despite the very much larger number of short fibers
administered, they induced minimal changes in all
cell types examined. At this dose level, short fibers
have been shown previously to be almost all phago-
cytized by alveolar macrophages, and only a few
cross the epithelium.® In the present study, short fi-
bers induced little change in lung cell proliferation
and no fibrosis ensued. In earlier experiments, alve-
olar macrophages were found to secrete a growth
factor for fibroblasts in response to short asbestos,
but it was concluded that such a secretion into the
alveolar space did not cross the epithelium to acti-
vate fibroblasts in the interstitium.'#

Pulmonary fibrosis was induced by the instillation
of long fibers; this was seen morphologically and
confirmed biochemically. The single intratracheal in-
jection allows a precise time zero for cytokinetic
studies, while the deposition of fibers in bronchiolar

and alveolar duct areas is similar to that found after
inhalation.” The subsequent pathological sequence
of peribronchiolar granulomas and fibrosis after in-
tratracheal injection is similar to the small airway
disease seen in humans.?? In the present study, the
reaction was mostly peribronchiolar where long fi-
bers penetrated the injured epithelium. Regenera-
tion was rapid as shown by the high labeling index
of bronchiolar cells, and a similar burst of bronchi-
olar cell proliferation was demonstrated previously
following an inhalation exposure to chrysotile as-
bestos.'® The incorporation of long crocidolite fibers
into the peribronchiolar connective tissue promoted
a macrophagic response in the interstitium. Some of
these cells proliferated and within a few days, giant
cells had formed. Surrounding fibroblasts also
showed increased proliferation as granulomas were
produced.

The pattern of interstitial cell labeling in areas of
long-fiber retention in the first 2 weeks is matched
by the graphs of labeled subpleural cells (mostly fi-
broblasts) and of mesothelial cells. No long fibers
were observed in these anatomic locations and no
cell necrosis was seen, but the DNA synthesis was
increased.

If asbestos fibers reached the mesothelium, they
could cause injury and repair, since direct injection
of crocidolite to the peritoneum induces a prolifera-
tive response of mesothelial cells on the peritoneal
surface.'” However, in the case of asbestos deposi-
tion in the airways, fiber translocation to the pleural
surface may not be essential to provoke cell divi-
sion. In a published abstract, a brief increase in
thymidine-labeled mesothelial cells was found soon
after an inhalation exposure to chrysotile of mixed
length.” The present study, using intratracheal ad-
ministration of crocidolite, contrasts the cellular re-
sponses at the pleural surface to fibers of different
length in terms of cell proliferation and the develop-
ment of fibrosis. Short fibers reached terminal alve-
oli close to the pleural surface, but virtually no
change in pleural or subpleural labeling was seen.
In contrast, long fibers, trapped in peribronchiolar
interstitium, were associated with a rapid pleural
proliferative response. The concomitant increase in
proliferation of fibroblasts in both peribronchiolar
and subpleural locations and in mesothelial cells
may not be coincidental but may represent a multi-
cellular response to cytokine secretion by interstitial
macrophages in response to long asbestos fibers.

Pulmonary macrophages are believed to be key
cells in the secretion of cytokines in the lung. After
activation in various conditions, including asbestos
exposure, macrophage-derived growth factors have



been identified and are usually associated with fi-
broblast growth.'®21 In particular, interstitial mac-
rophages isolated after instilling long fibers to rat
lung secrete a factor(s) that stimulates lung fibro-
blast growth.2" One of the possible macrophage-
derived cytokines is platelet-derived growth factor
(PDGF), which is known to stimulate fibroblast
growth.22 PDGF receptor has also been demon-
strated in rat mesotheliomas induced by asbes-
tos.2® The interstitial macrophage population, acti-
vated by long fibers, may produce PDGF or other
cytokines within the lung interstitium. Such a mole-
cule could activate local fibroblasts but may also
diffuse through the interstitium to reach subpleural
and mesothelial cells. Transfer of a factor from alve-
olar macrophages to mesothelial cells is less likely,
since 1) virtually no mesothelial cell reaction to
short fibers was seen in this study; 2) alveolar mac-
rophages secrete growth factors in response to
short fibers yet no fibrosis is seen in vivo'4; and 3)
in a cell culture system, PDGF does not cross a nor-
mal pulmonary epithelial layer.?* These findings
suggest that an intra-alveolar secretion may not
reach fibroblasts or mesothelial cells.

Changes in proliferation of mesothelial and sub-
pleural cells were confined to the long-fiber group,
yet no asbestos fibers were found in this location at
any time. Although histological examination is not
the ideal method to locate fibers, it should be noted
that at least 1000 mesothelial cells and 3000 under-
lying connective tissue cells were examined at high
power per rat, yet no long fibers were detected at
the pleura, whereas they were readily detected
elsewhere in the same lungs. In subsequent experi-
ments, we have lavaged to pleural cavity and sepa-
rated mesothelial cells by mild collagenase treat-
ment after long-fiber instillation. We have not been
able to find fibers in these cells or in recovered fluid
up to 1 month later, when the proliferative response
at the pleura is over (unpublished observations). In
the present study, pathological changes were con-
fined to the long-fiber group in which asbestos was
readily recognized in peribronchiolar regions. In
some anatomic locations, the peribronchiolar inter-
stitium with a reactive granuloma was close to and
continuous with the subpleural region. Cytokine
transfer via peribronchiolar lymphatics to the pleura
is also possible. In this way, cells at the pleura may
respond to cytokines generated within the intersti-
tium without requiring actual fiber translocation to
that anatomic location. Such general activation by
locally generated cytokines may account for cases
of pleural fibrosis or mesotheliomas in which little or
no asbestos exposure is indicated.
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In conclusion, it has been shown that mesothelial
and subpleural cell proliferation occurs in response
to long crocidolite fibers, and it is suggested that
this proliferative response results from cytokine se-
cretion by interstitial macrophages in response to
these fibers. The fact that extensive pleural fibrosis
or mesotheliomas were not induced in the present
study may be related to the single asbestos expo-
sure, to the dose level, or to the limited observation
period. Although these two different pathological
end points to fiber exposure may involve different
growth factors and molecular pathways, the demon-
stration that a cell proliferative response occurs at
the pleura soon after long-fiber crocidolite deposi-
tion in the airways and its reaction with interstitial
macrophages leads us to speculate that repeated
or prolonged activation of these cells may be in-
volved in the generation of subpleural fibrosis or
mesotheliomas.
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