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In a previous study, a high incidence of pulmonary tumors (alveologenic neoplasia in
mouse lung exposed to vinyl chloride at heavy dose (2500 and 6000 ppm) for long durations
(5 and 6 months) was reported (Y. Suzuki, 1978, Environ. Res. 16, 285-301). In the present
study, nonneoplastic effects in mouse lung were investigated by light and electron micros-
copy. As major light microscopic alterations, proliferation and hypertrophy of the terminal
bronchiolar cells, consisting of ciliated and Clara cells. hypersecretion of the epithelial
mucin in the goblet cells of both the bronchial and the proximal bronchiolar epithelium,
hyperplasia of alveolar epithelium, mobilization of alveolar macrophages, and occasional
presence of peribronchial or bronchiolar chronic inflammation, were observed. Electron
microscopically, Clara cells of the terminal bronchiolar epithelium showed proliferation of
the rough and smooth surfaced endoplasmic reticulum and appearance of large and abnor-
mally shaped mitochondria. Similar alterations were found in the ciliated cells. Submicro-
scopic changes of pulmonary alveoli were represented by focal thickening of the basement
membrane, multiple foci of hyperplastic type 11 cell (the precondition of the alveologenic
tumor), active discharge of osmiophilic lamellar bodies from the type Il cell and
phagocytosis of the bodies by macrophages, appearance of cholesterol crystalloids in the
macrophages, degeneration of alveolar septal cells and occasional appearance of a large
nucleus with swelling of the capillary endothelium.

INTRODUCTION

Although the occurrence of the nonneoplastic pulmonary abnormalities among
vinyl chloride polymerization workers has been reported on the basis of chest X
ray (14), pulmonary function (18), and smear cytology (16) of the worker’s
sputum, no histopathological evaluation of the abnormalities has been reported.

It is believed that a relationship between lung cancer and vinyl chloride expo-
sure exists from epidemiological studies (6, 19, 26, 31). A high incidence of pul-
monary tumors in mice exposed to vinyl chloride has been reported by several
investigators (10, 12, 13, 15, 16, 25). However, the nonneoplastic pulmonary
effects of the chemical has not been completely explored.

In our previous study (25), we reported that the alveologenic tumors in the
mouse originated in type II alveolar epithelium and that the hyperplastic type 11
cell was the precursor of the neoplastic cell. It led to an assumption that prior to
appearance of the alveologenic tumor certain pulmonary changes, including pre-
neoplastic alterations, occur in mouse lung exposed to vinyl chloride.

We have, therefore, undertaken detailed light and electron microscopy of the
mouse lung used in the previous study, to characterize the nonneoplastic pulmo-
nary effects of vinyl chloride.

! Supported by Research Grant OH 00681 from the National Institute for Occupational Safety and
Health, U.S. Department of Health, Education and Welfare.

235

0013-9351/80/010235-19$02.00/0
Copyright © 1980 by Academic Press, Inc.
All right of reproduction in any form reserved.



236 YASUNOSUKE SUZUKI

MATERIALS AND METHODS

Twenty-seven CDI Charles River white strain male mice, 4 to 5 weeks old at
first exposure, were used. These animals were divided into three groups. Group I
consisted of six animals exposed to vinyl chloride at 2500 (three mice) and 6000
(three mice) ppm/hr, 5 hr/day, 5 days/week, for S months. They were then kept for
6 days without exposure before sacrifice. Group II included 13 mice exposed at
2500 (seven mice) and 6000 (six mice) ppm for 6 months and were kept for an
additional 2 days for recovery before sacrifice. Group 1II including eight animals
(seven at 2500 ppm and one at 6000 ppm) were exposed to vinyl chloride monomer
for 6 months followed by a 37-day recovery period. The inhalation exposures were
accomplished at the Industrial Bio-Test Laboratory, Northbrook, Illinois.

In addition to the experimental animals, 16 mice (four for group I, four for group
I1, three for group I11, and five which were 12 months old) were used as controls.

Under anesthesia, the mice of both experimental and control groups were sac-
rificed by decapitation. Lungs were examined under a dissecting microscope after
the organs were removed, to determine whether tumors were present.

For light microscopy, the organs were fixed in 10% neutral buffered formalin
and embedded in paraffin after dehydration in alcohol. Five- to six-micrometer
sections were made and stained with hematoxylin—eosin, Masson's trichrome,
Weigert's silver, periodic acid—Schiff's (PAS) with and without digestion by
diastase, elastin, and Van Gieson's picrofuchsin technique. For electron micros-
copy small pieces, smaller than 1 mm®, were taken from both pulmonary tumors
and nonneoplastic pulmonary tissues and were fixed in 19 phosphate-buffered
osmic acid a pH 7.2—7.4 for 2 hr. After alcohol dehydration. the blocks were
embedded in epoxy resin. Ultrathin sections were obtained with a LKB mi-
crotome. The sections were stained with uranyl acetate and lead. A Siemens 101
electron microscope was used for ultrastructural observations.

OBSERVATIONS

Light Microscopy
Bronchi and Bronchioles

As a common finding in the treated animals, proliferation and hypertrophy of

the bronchiolar epithelium were noted. As shown in Fig. 1, the terminal and
respiratory bronchioles of the control mice were relatively simple in structure and
the transitional point (arrows) of the repiratory bronchiole into the alveolus was
easily distinguished. To differentiate the two areas, we found that Masson’s tri-
chrome was a useful stain since the cytoplasm of the bronchiolar cells was stained
an intense brown red. The bronchioles of all the animals treated with vinyl
chloride monomer showed proliferation, and cellular hypertrophy, though the
degree varied among the animals. (Figs. 2 and 3). The proliferated cells were
irregular in arrangement (Figs. 2 and 3). Frequently, hypersecretion of epithelial
mucin in goblet cells of the bronchi as well as the proximal bronchioles was
observed (Fig. 4, arrows). It was noteworthy that those alterations were still found
in the animals of group III. which had a recovery time of 37 days after vinyl
chloride exposure. Chronic inflammatory changes represented by marked lym-
phocyte infiltration into the perivascular and peribronchiolar connective tissue
were seen, particularly in the group III.
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FiGs. 1 to 8. Light micrographs.

FiG. 1. Showing light microscopy of a bronchiolo-alveolar area. Arrows indicate the site of transi-
tion between the respiratory bronchiole and the alveolus. A control mouse. Masson’s trichrome
staining; >420.

Pulmonary Alveolus

The most significant finding was a high incidence of alveologenic tumors in the
treated mice (25). Structural characteristics of the tumor and its histogenesis have
been reported (25). In addition to the neoplasm. multiple foci of hyperplastic
alveolar epithelium (Fig. 5), which were strongly suggestive of being preneoplastic
for alveologenic tumors (24), were frequently observed. Mobilization of alveolar
macrophages in the alveolar space was fairly commonly seen in the three groups
of animals. (Fig. 6). In several cases, foam cells were markedly accumulated in
alveolar spaces (Fig. 7). Two animals in group I1I showed bronchopneumonia-like
changes. As shown in Fig. 8, coexistence of the proliferated bronchioles with
alveologenic tumors (arrow) was frequently observed.
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F16. 2. Proliferated and hypertrophic bronchioles. Besquamated bronchochiolar epithelial areas are
illustrated. Masson's trichrome staining: Group I: 2500 ppm: x420.

Electron Microscopy

Bronchiolar Epithelium

The epithelium of the terminal bronchiole consists of the Clara cell (nonciliated)
and ciliated cells; it lacks mucous producing cells in the mice. Both cell types are
illustrated in Fig. 9 obtained from a control mouse. Clara cells lack typical mi-
crovilli and their apical portion present a dome-like shape (Fig. 9). The smooth-
surfaced endoplasmic reticulum and Golgi complex were well developed.
Mitochondria were generally round in shape and their cristae were few in number
(Fig. 9). Two distinct granules, a bead-like structure (electron dense; the long axis
was 1.6—-0.2 pm) and a round phagolysosomal granule (electron dense or opaque:
0.6 x 0.6 m in size) were observed in the cells. It is noteworthy that the ul-
trastructure of the cell is not identical among animal species and, further different
fixation methods result in different structural appearances of the endoplasmic
reticulum in the cell.
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FiG. 3. Higher magnification of the terminal bronchioles. showing hypertrophy and proliferation.
Masson's trichrome staining: Group 1: 6000 ppm: x670.

The cytoplasm of the ciliated cell was relatively clear and it contained rod-
shaped mitochondria with cristae (Fig. 9). Cilia and microvilli were seen in the cell
surface (Fig. 9). The two distinct granules were also occasionally seen in the cell.

Ultrastructural changes seen in those cell types of the treated mice is described
below.

Clara cells. A low-power view of the proliferated bronchiole is illustrated in Fig.
10. Hypertrophic Clara cells frequently included dark cells rich in rough-surfaced
endoplasmic reticulum and free ribosomes. The cell was usually large and its
shape was occasionally irregular. Deep interdigitation of the lateral cell mem-
branes of two adjacent cells was occasionally observed. Golgi complexes were
well developed, and the two distinct granules described above were increased in
number in the cytoplasm. The dark round granules are shown in Fig. 10. Al-
though smooth-surfaced endoplasmic reticulum of the normal Clara cell was gen-
erally vesicular (with a single osmic acid, fixation as used in this study, though this
cell organoid is cisternal with double fixation by glutar aldehyde and osmic acid),
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F1G. 4. Hypersecretion ot epithelial mucin in bronchial epithelium. Arrows indicate mucinous sub-
stance stained with PAS. Group III: 6000 ppm: x420.

the hypertrophic cells contained various forms of the organoid and the transfor-
mation of the rough surfaced endoplasmic reticulum into smooth-surfaced endo-
plasmic reticulum was easily observed (Fig. 10A). Mitochondria of abnormal
shapes and large size occasionally appeared. Cristae were rather clearly shown in
such abnormal mitochondria (Fig. 10B).

Ciliated cells. These cells were also involved in the proliferated alteration. The
shape of the cells was occasionally irregular. Golgi complexes were sometimes
well developed and phagolysosomal granules as well as round dense granules
frequently appeared in the cytoplasm (Fig. 11). Large round mitochondria in
which cristae were fewer in number were seen. In some ciliated cells, the rough
and smooth surfaced endoplasmic reticulum were markedly developed (Fig. 11).

Pulmonary Alveolus

Although light microscopic observations failed to detect details of damages in
the pulmonary alveolus, various ultrastructural alterations of the alveolar cells
were revealed by electron microscopy.
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Fi1G. 5. Hyperplasia of alveolar epithelium is shown. Hematoxylin—eosin: Group 111: 2500 ppm:
x670.

Alveolar macrophages. Mobilized alveolar macrophages were rich in
phagolysosomal granules, as shown in Fig. 12. Other cell organellae were also well
developed. Basophilic macrophages contained a large number of free ribosomes
as well as the rough-surfaced endoplasmic reticulum, while clear macrophages
were represented by intracytoplasmic osmiophilic lamellar bodies (Fig. 12) which
seemed to be phagocytosed from the alveolar space. Occasionally, cholesterol
crystalloids were found in the macrophages (Fig. 13, arrows).

Tvpe Il cells. As shown in Fig. 14, hyperplastic alveolar epithelium consisted of
type 1l cells, precursors of alveolar epithelium (25). The evolutional process of the
neoplastic transformation has been reported (25). Deformation of the cell shape,
appearance of giant mitochondria with abnormal cristae, retention of large os-
miophilic lamellar bodies, early intracytoplasmic ‘*sequestration.’” and occasional
huge lipid granules were observed. Microvilli of the cell surface were frequently
decreased in number. These alterations were observed in almost all mice exposed
to vinyl chloride. regardless of difference in dose and duration of recovery time.
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F1G. 6. Large clear macrophages (foam cells) as well as small basophilic macrophages are seen in
the alveolar air spaces. Hematoxylin—eosin; Group 111; 2500 ppm: x420.

Tvpe I cell. Swelling of the cytoplasm and appearance of lysosomal granules
were occasionally observed in these cells. Transformation of the type I cells into
the type LI cells was suggested since intermediate cell types between the two were
found on the alveolar lining.

Basement membrane. Focal thickening of the basement membrane was com-
monly seen. (Fig. 15). Sometimes, the thickened basement membrane showed a
fibrillar appearance (‘‘f’: Fig. 16) and contained cell debris (arrows: Fig. 16)
which seemed to be derived from alveolar septal cells.

Alveolar capillary endothelium. In addition to swelling of the cytoplasm,
lysosomal granules and a large nucleus (Fig. 17), segmented or nonsegmented,
were sometimes observed in the alveolar endothelium.

Alveolar septal cells. Hypertrophy (‘*h’’: Fig. 18) and degeneration (arrows:
Fig. 18) of cells were frequent. In some cases, focal reticulosis was observed in the
alveolar septum.
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FiG. 7. Striking accumulation of a large number of foam cells. Hematoxylin—eosin; Group 111; 6000
ppm: x420.

From these light and electron microscopic studies, mouse lungs exposed to
vinyl chloride at 2500 and 6000 ppm for S and 6 months clearly showed nonneo-
plastic pulmonary changes in both bronchiolar and alveolar cells. Since these find-

ings were not detected in control mice, they are considered related to vinyl
chloride.

DISCUSSION

The pulmonary effects of vinyl chloride may be considered from two distinct
aspects, neoplastic and nonneoplastic. The neoplastic pulmonary effect has been
postulated from epidemiological (19, 26, 31) and animal (10, 12, 13, 15, 16, 25)
studies. It is noteworthy, however, that the experimental production of pulmo-
nary tumors by vinyl chloride has only been successful in mice. Unlike human
bronchogenic carcinomas, the pulmonary tumor was derived from alveolar
epithelium (type II alveolar cell, following hyperplasia of the cell). The malignant
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Fi1G. 8. A part of lung tissue represents co-existence of the alveologenic tumor (arrow) with the
proliferated bronchiole. Masson’s trichrome staining: Group I: 6000 ppm; » 170.

nature of the mouse pulmonary tumor (alveologenic tumor) has been disputed,
although production of this tumor has been widely used as a parameter for evalua-
tion on the carcinogenicity of chemical substances (9. 24). A high incidence with
vinyl chloride has been confirmed by some investigators (10, 12, 13, 15, 16, 25)
and may be used as evidence that the chemical is a carcinogen, although other
clear evidence (3, 6, 7, 20, 27) had simultaneously been obtained.
Nonneoplastic pulmonary effects of vinyl chloride has been suggested by ob-
servations among workers in vinyl chloride polymerization plants. This suggestion
was based on data obtained by chest X-ray examinations, pulmonary function
tests, and sputum cytology studies among workers. (i) Lilis and her associates (14)
have found radiologic pulmonary changes, such as linear, reticular, and nodular

Fics. 9 to 18. Electron micrographs.

Fi1G. 9. Showing a part of the terminal bronchiole. Clara cells and ciliated cells are illustrated. A
control mouse. %6700.

FiG. 10. Proliferated bronchiolar epithelium. Group 1: 6000 ppm: ~3300.
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F1G. 10A. Part of the cytoplasm of a Clara cell. Various profiles of the endoplasmic reticulum are
seen.  Group [; 2500 ppm: x21,000.

Fic. 10B. Irregular shaped mitochondria with cristae in the cytoplasm of a Clara cell. Group I: 6000
ppm; x12,600.
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FiG. 12. An alveolar macrophage including phagolysosomes and osmiophilic lamellar bodies. Group
I; 2500 ppm: % 5800.

opacities, in the lower and mid lung fields in a proportion of cases. They found
that the prevalence of pulmonary changes increased with longer duration of expo-
sure and that there was a significant association with peripheral circulatory ab-
normalities. However, pathological evaluation of these changes was not available.
(ii) Miller er al. (18) have examined pulmonary function of 348 workers in a vinyl
chloride polymerization plant. The major finding was diminution of air flow in 200
workers (57.7%). Again, no physicopathological relations were established. (iii)
Maltoni and Lefemine (16) reported cytological studies of sputum in vinyl chloride
and polyvinyl chloride workers. They found a significant increase in cellular
changes of the bronchial epithelium; squamous metaplasia and squamous
dysplasia were common among workers heavily exposed to vinyl chloride
monomer.

Recently, McNamara and McLaughlin (17) have confirmed that a single I-hr
exposure to vinyl chloride in doses of 500 ppm or more induced pneumonitis in
1CR mice and that aggravation of latent pulmonary changes, particularly bron-
chopneumonia, occurred in Fisher 344 rats.

Our present study has shown that CD1 Charles River male mice exposed to
vinyl chloride at a heavy dose (2500 and 6000 ppm), over relatively long term (5

FiG. 11. Two ciliated cells of a terminal bronchiole. Irregular shaped mitochondria. a well de-
veloped Golgi area, round dense granules and phagolysomes are shown. Group 1. 6000 ppm: x9800.



FiG. 13. A part of a macrophage. Two cholesterol crystalloids are shown. Group III: 2500 ppm
27.000.
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Fi1G. 15. Thickened basement membrane of an alveolar capillary. Group I: 6000 ppm: x 15,000.

Fi1G. 16. Cell debris of degenerated alveolar septal cells (arrows) and fibrillar appearance of a
yasement membrane (“f*" with an arrow) are illustrated. Group I: 6000 ppm: :<10.300.
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F1G. 17. A large nucleus in the alveolar capillary endothelium. Group I1: 2500 ppm: X 7900.

and 6 months), obviously showed bronchiolo-alveolar changes. These alterations
were recognized in almost all of the treated animals regardless of difference in
doses (2500 and 6000 ppm), duration of exposure (5 and 6 months), and recovery
time (2, 6, and 37 days).

The types of pulmonary cells which were involved in the structural alterations
varied. It was interesting that the ultrastructural changes seen in Clara cells and to
some extent in the ciliated cells were similar to those of hepatic cells of animals
exposed to vinyl chloride; cellular hypertrophy and proliferation of the endoplas-
mic reticulum were common responses, seen in both the bronchiolar epithelium
and the hepatic cells. The endoplasmic reticulum of the hepatic cell has been
suggested as the site where vinyl chloride is metabolized, to be transformed into a
chemically reactive metabolite which is the ultimate carcinogen (1, 2, 4, §, 21, 22).
Although it has not been shown that lung has the capacity to metabolize the
chemical to produce the carcinogen; if it were so, the bronchiolar cells, particu-
larly Clara cells may provide this mechanism: the cells are normally equipped with
well-developed smooth-surfaced endoplasmic reticulums and the organellae have
shown a proliferative response after mice are exposed to vinyl chloride. Recently,
Kaufman ez al. (11) have reported that Clara cells of mice developed into neo-
plasms which could occur in a malignant form, after transplacental exposure to
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Fic. 18. Showing degenerative alterations of the alveolar septal cells (arrows) and a hypertrophic
septal cell ("*h"" with an arrow). Group I: 60600 ppm: x6300.

ethynitrosurea. However, such a Clara cell tumor was not produced in our mate-
rial.

The fact (32) that vinyl chloride has a tendency to be soluble in lipid substances
suggests that lipid-rich pulmonary cells such as type II cells (rich in osmiophilic
lamellar bodies) and alveolar septal cells (containing lipid granules) may bind to
vinyl chloride. If this assumption is correct, at least some of ultrastructural alter-
ations seen in those cells might resulted from this mechanism. Both type II cells
and Clara cells have been known as surfactant factor-producing cells (23). Hyper-
production of the surfactant factor was suggested, since hyperplasia of those cells
was commonly seen in our material. Osmiophilic lamellar bodies and cholesterol
crystalloids, which were seen in alveolar macrophages, may represent
lipid substances bound to vinyl chloride. They may be removed from lung as
part of the clearance mechanism for vinyl chloride. It is well accepted that mesen-
chymal elements such as bone, connective tissue, and blood vessels are involved
in responses to vinyl chloride in various organs (8, 20, 22, 28). Above all, malig-
nant transformation of the blood capillary endothelium, induction of hemangioen-
dothelioma in liver, and the subcutaneous connective tissue, lung, and adipose
tissue have been well documented (10, 15, 16, 22).
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It is reasonable to assume that the alveolar capillary endothelium and the septal
cell suffered toxic effects by vinyl chloride, since these cells are part of the
mesenchymal elements in lung, sites of uptake and excretion of the chemical and
its metabolites (30, 31).

A dose—response relationship has been suggested in the production of al-
veologenic tumors by vinyl chloride. The same relationship has been seen in
occurrence of alveolitis (mouse) and bronchopneumonia (rats) with the chemical
(19). A delayed appearance of these inflammatory changes after periods of recov-
ery. following exposure to the chemical, has been postulated. A threshold dose for
the induction of the nonneoplastic pulmonary lesions which are reported here has
not been established.
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