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For a study of the evolution of interstitial and intraal-
veolar fibrosis, ultrastructural and immunohistochemi-
cal observations were made of the lungs of 16 cynomol-
gous monkeys given 1 or 2 injections of 10 mg/kg of
paraquat and sacrificed 2 days to 8 weeks later. At 2-3
days, alveolar epithelial cells were denuded in many
areas, and fibronectin was conspicuous in alveolar spaces.
At 1 week, fibroblasts and inflammatory cells were
migrating through gaps in the denuded epithelial base-
ment membranes; Type II cells were regenerating in
some areas. At 3-4 weeks, alveoli developing intraalveo-
lar fibrosis contained many myofibroblasts, collagen
fibrils, and small elastic fibers; fibrotic alveolar walls were
lined by metaplastic squamous cells and bronchiolar ep-
ithelial cells. Spiraling collagen fibrils were found in in-
terstitium but not in alveolar spaces, which suggests that
they were formed from breakdown of collagen. Newly
formed intraalveolar collagen was mainly Type I. At 8

weeks, intraalveolar fibrosis had led to extensive remodel-
ing, with new glandlike alveoli lined by Type II cells;
alveoli without intraalveolar fibrosis had more normal
architecture. Thus, intraalveolar fibrosis in paraquat-
treated lung is mediated by intraalveolar migration of
interstitial cells, through gaps in the epithelial basement
membranes, after epithelial injury. This is followed by
connective tissue synthesis on the luminal side of the ep-
ithelial basement membrane, by differentiation of inter-
stitial cells into myofibroblasts and smooth-muscle cells,
by incorporation of areas of intraalveolar fibrosis into the
interstitium, and by coalescence of alveolar walls. Intraal-
veolar fibrosis is more important than interstitial fibrosis
in the structural remodeling that occurs in paraquat-
treated lung, because it results in obliteration of alveoli,
coalescence of alveolar walls, and loss of functional al-
veolar—capillary units. (Am J Pathol 1985, 118:452-475)

THE INTERSTITIAL LUNG disorders are character-
ized by structural remodeling associated with the depo-
sition of fibrous tissue in the lung. Although this fibro-
sis is classically conceptualized as being interstitial, ie,
caused by deposition of fibrous tissue within the alveo-
lar walls, evaluation of open lung biopsies from patients
with interstitial disease suggests that intraalveolar
fibrosis' and coalescence of alveolar walls** also com-
monly characterize the structural derangements found
in these disorders. Furthermore, the remodeled, fibrotic
alveolar walls frequently become lined by increased
numbers of Type I alveolar epithelial cells and by cu-
boidal or squamous metaplastic cells.2® As these dis-
orders progress to “end-stage” or “honeycomb” lung,
there is very extensive remodeling of alveolar structures.
The sequential steps by which the lung undergoes this
remodeling process are not completely understood. To
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help define the changes that accompany this process,
we have used the herbicide paraquat®=*? to produce both
interstitial and intraalveolar fibrosis in cynomolgous
monkeys. In this communication we describe the results
of sequential examination of the lungs of these animals,
employing histologic and transmission electron micro-
scopic techniques as well as immunohistochemical
methods for the localization of various connective tis-
sue components.
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Figure 1—Three days after paraquat administration (Group l). Histologic section showing hyaline membrane formation (arrowheads) and marked edema
and infiltration with macrophages and neutrophils. (H&E, x 120) Figure 2—Group [. Fluorescence micrograph showing localization of fibronectin
in alveolar lumens and alveolar walls. (Immunofluorescence, x 300) Figure 3—Group |. Parts of two adjacent alveolar walls. Epithelial basement
membranes are denuded, and epithelial cell debris and granular materials are found in the intraalveolar space (asterisks). The interstitial spaces are
edematous and contain capillaries (CAP), elastic fibers (E), and thin, separated bundles of collagen fibrils, some of which have a spiraling structure

(arrowhead). (Kajikawa stain, x 25,000)

Materials and Methods
Animal Model

Adult cynomolgous monkeys (Macaca fascicularis),
weighing approximately 3 kg, were obtained from the
National Institutes of Health primate colony. All
animals were free of respiratory disease by standard clin-
ical and roentgenographic criteria. The experimental
animals were administered paraquat by subcutaneous
injection (10 mg/kg, laboratory reagent grade methyl
viologen, Sigma, St. Louis, MO, suspended in sterile
0.9% saline) at time O and 1 week.

The experimental animals were divided into four
groups. Group I (n=3) consisted of the animals which
died 2 or 3 days after the first injection of paraquat.
The animals in Group II (n=3) were sacrificed 1 week
after a single injection of paraquat. The animals in

Group III (n=3) received two weekly injections of para-
quat and died 3 to 4 weeks after the first injection. The
animals in Group IV (n=3) received two weekly injec-
tions of paraquat and were sacrificed 8 weeks after the
first injection. The control animals (n=4) were given
an equal volume of sterile 0.9% saline at time 0 and
1 week and were sacrificed 8 weeks after the first injec-
tion of saline.

Histologic Evaluation

The lungs were removed en bloc. One of the lobes
were excised immediately without inflation and used
mainly for immunohistochemical studies (see below).
The other lobes were inflated at a pressure of 20 cm
of H,0 and fixed by infusion, via the airways, with a
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solution of 4% paraformaldehyde-1% glutaraldehyde
in phosphate buffer, pH 7.2.13

Selected blocks of tissue were embedded in paraffin
or in glycolmethacrylate. Histologic sections of paraffin-
embedded tissues were stained with hematoxylin and
eosin (H&E), Masson’s trichrome, and Hart’s method
for elastic fibers. Histologic sections of glycolmeth-
acrylate-embedded tissues were stained with hematoxy-
lin-eosin, Giemsa, periodic acid-Schiff (PAS), and
Gomori’s silver impregnation method for reticulin.

Light-Microscopic Immunoperoxidase and
Immunofluorescence Methods for Detection of
Connective-Tissue Components

Unfixed tissue blocks were frozen in dry ice-acetone
and were stored in liquid N,. Frozen sections were cut
at a thickness of 3 y, immersed in acetone for 5 minutes,
and air-dried. These sections were then incubated for
30 minutes at room temperature with rabbit or goat se-
rum (depending on the type of second antibody to be
used for each procedure) at a dilution of 1:20 with
phosphate-buffered saline (PBS), for blocking non-
specific antibody reactions. The sections were then
washed with PBS and were incubated for 30 minutes
at room temperature with a suitable dilution of one of
the following antibodies: rabbit anti-human elastin an-
tibody, rabbit anti-mouse laminin antibody, goat anti-
human fibronectin antibody, goat anti-human Type I
collagen antibody, goat anti-human Type III collagen
antibody, and sheep anti-human collagen Type IV an-
tibody. Anti-elastinsantibody was prepared in rabbits
against human aortic a-elastin .and was found to be
specific for elastin by Ouchterlony testing and by im-
munohistochemical testing (in which the reactivity of
the antibody was completely eliminated by absorption
with purified elastin). Antiserum to human fibronectin
was prepared in goats with fibronectin purified by
affinity chromatography and ion exchange chromatog-
raphy.** The antiserum was monospecific as judged by
immunodiffusion with human serum and ELISA
against other connective-tissue components.

Type I and III collagen were isolated from human
skin following pepsin extraction by salt fractionation.!s
These collagens were then utilized for preparation of
antisera in goats. Affinity-purified antibodies were then
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prepared by adsorption and cross-adsorption of these
antisera on CNBr sepharose linked to Type I and Type
IIT collagen.'® The resulting antibodies were mono-
specific, as demonstrated by ELISA against a variety
of connective tissue components.®

Antisera to murine laminin and Type IV collagen were
raised in sheep. These sera were demonstrated to be
monospecific by ELISA and to cross-react with mon-
key laminin and Type IV collagen by immunohisto-
chemistry.

After washing three times with PBS, the sections were
incubated for 30 minutes at room temperature with ei-
ther peroxidase-labeled anti-rabbit IgG goat IgG (Cap-
pel Laboratories), peroxidase-labeled anti-goat-IgG
rabbit IgG (Sigma Chemical Company), or peroxidase-
labeled anti-sheep-IgG rabbit IgG (Cappel Laborato-
ries), at 1:20 dilution and washed three times with PBS.
The sections were then reacted'” with a solution of 3,3'-
diaminobenzidine and hydrogen peroxide for 5-8
minutes, washed five times with water, counterstained
with methyl green, dehydrated, and mounted. The
stained tissue sections were observed by brightfield,
polarization, and phase contrast microscopy for evalu-
ation of the structure of the alveoli. For the im-
munofluorescence method, fluorescein isothiocyanate-
labeled antibodies (Cappel Laboratories) were used as
second antibodies, and sections were observed with a
fluorescence microscope.

Transmission Electron Microscopic Studies

For transmission electron microscopic study, tissues
were fixed by perfusion with 4% paraformaldehyde and
1% glutaraldehyde in phosphate buffer, pH 7.2,'* cut
into 1-mm cubes, and washed with several changes of
0.1 M phosphate buffer, pH 7.2 The tissues were then
postfixed with 1% OsQ, in Millonig’s phosphate buffer,
dehydrated, and embedded in Epon 812. For direct
correlation with the ultrastructural observations, 1u-
thick sections of tissues embedded in epoxy resin were
stained with alkaline toluidine blue and observed with
a light microscope. Ultrathin sections were stained ei-
ther with uranyl acetate and lead citrate or, for evalua-
tion of elastic fibers, with the tannic acid method of
Kajikawa et al'® and examined with a JEOL 100B elec-
tron microscope.

>

>

Figure 4—One week after paraquat administration (Group Il). Some alveolar spaces are occupied by spindle-shaped fibroblasts, macrophages, and
other inflammatory cells. (H&E, x 220) Figure 5—Group |I. Alveoli are lined by Type Ii cells and contain macrophages in their lumens. (H&E, x 220)
Figure 6 —Group |I. Elastic fibers of alveolar walls are wavy and frayed. (Immunoperoxidase, x 300) Figure 7—Group Il. An alveolus is lined by
Type |l cells which have prominent nucleoli and protrude into the alveolar lumens. Two capillaries (CAP) are present in the interstitium. ( x 6000) Figure
8—Group IlI. Electron micrograph showing spiraling collagen fibrils in the alveolar wall. Note (upper right) the highly irregular cross-sectional shapes
of these fibrils. (Kajikawa stain, x 55,000) Figure 9—Group |I. Elastic fibers in the alveolar wall are frayed and consist of irregularly shaped amorphous
materials (asterisks) and many loosely arranged microfibrils (arrowheads), which in some areas are dissociated from the amorphous materials. (Kajikawa
stain, x 32,000)
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Results
Control Animals

Light-microscopic study of lungs of control animals
showed thin alveolar walls, normally expanded alveo-
lar spaces, and a few intraalveolar macrophages. A few
lymphocytes were found in the peribronchial regions.
Immunohistochemical studies showed laminin and Type
IV collagen to be localized in the regions of the base-
ment membranes of alveolar walls, vessels, and bron-
chioles. Elastin was distributed in the walls of alveoli,
bronchioles, and blood vessels, with a staining pattern
similar to that revealed by Hart’s method for elastic
fibers. The immunohistochemical staining reaction for
fibronectin was only weakly positive and was localized
in the alveolar, bronchiolar, and vascular walls. Type
I and Type III collagen were distributed in alveolar,
bronchiolar, and vascular walls, although a strong reac-
tion for Type I collagen was observed only in peribron-
chial and perivascular areas and at the tips of alveolar
septa.

Transmission electron miscroscopic study showed the
normal arrangement of Type I and Type II epithelial
cells, capillaries, and interstitial connective tissue in the
alveolar walls. The collagen fibrils (60 nm in diameter)
were compactly arranged, and the elastic fibers were as-
sociated with relatively small amounts of microfibrils.
Type 11 epithelial cells usually were located in the thicker
portions of alveolar walls. The cell membranes of Type
II epithelial cells had microvilli in the luminal surfaces
and microfoldings in the basal surfaces. Type II epi-
thelial cells had discontinuous basement membranes,
and interstitial cells had cytoplasmic projections that
extended through the areas of discontinuity in the epi-
thelial basement membrane, establishing contact with
the basal microfoldings of Type II cells. The capillary
and epithelial basement membranes were fused in many
areas, forming a single basement membrane (90 nm in
thickness).

Group I (2 or 3 Days After the First Dose
of Paraquat)

Light-microscopic study of Group I animals showed
marked intraalveolar edema, mild dilation or collapse
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of alveolar lumens, and occasional areas of formation
of hyaline membrane and fibrin deposits (Figure 1).
Numerous neutrophils and macrophages were found in
the alveolar lumens and alveolar septa. In terminal
bronchioles, ciliated and mucous cells were focally
detached from the epithelial lining, which appeared to
be mainly composed of basal cells. Immunohistochem-
ical studies showed no difference in the distribution of
elastin, laminin, and collagen Types I, III, and IV, com-
pared with that in control tissues. On the other hand,
an abundance of fibronectin was found in the alveolar
lumens in the form of membranous or amorphous
structures (Figure 2).

Study by transmission electron microscopy showed
that most epithelial cells had vacuolar degeneration or
were necrotic and had become detached, leaving the ep-
ithelial basement membranes denuded (Figure 3). Epi-
thelial and capillary basement membranes were dis-
sociated in many areas. Capillary endothelial cells
showed mild swelling. Neutrophil accumulations were
observed in some capillary lumens and in alveolar in-
terstitium. The alveolar spaces contained granular pro-
teinaceous materials, cell debris, and fibrin. The alveo-
lar walls were edematous and had thin, separated
bundles of collagen fibrils (20-50 nm in diameter).
These were associated with a small number of spiral-
ing collagen fibrils, which showed a helical or frayed
appearance in longitudinal sections. However, those col-
lagen fibrils which were located in peribronchial and
perivascular areas, where they formed thick bundles,
were less altered.

Group II (1 Week After the First Paraquat
Administration)

One week after the first dose of paraquat, histologic
study of the lungs showed focal intraalveolar accumu-
lations of spindle-shaped fibroblasts, macrophages, and
other inflammatory cells, associated with an early stage
of intraalveolar fibrosis (Figure 4). In other areas there
was no intraalveolar fibrosis, but the alveoli had either
a conspicuous increase in the numbers of Type II epi-
thelial cells or hyaline membrane formation (Figure 5);
both of these changes were found in association with
mild thickening of the alveolar walls. Some alveolar

>

Figure 10—Group Il. Early intraalveolar fibrosis. A fibroblast (F,), which has prominent nucleolus and well-developed rough endoplasmic reticulum, is
found in intraalveolar space. Cell debris, fibrin, and other cells, including a macrophage (M) and a neutrophil (N), also are present in the intraalveolar
space. The epithelial basement membrane is denuded; it is labeled (arrowheads) to indicate the boundary between the alveolar wall and the alveolar
lumen. Cytoplasmic processes attach the intraalveolar fibroblast (F,) to the luminal side of the denuded epithelial basement membrane. Several capillaries
(CAP) and other fibroblasts (F, and F,) are present in the alveolar wall. ( x 5500) Figure 11—Group II. High magnification of part of Figure 10, showing
attachment of dense cytoplasmic plaque of fibroblast (F, in Figure 12) to the luminal surface of the epithelial basement membrane. Fibrin deposits and
collagen fibrils (arrowheads) are adjacent to the fibroblast in the intraalveolar space and are also present within the alveolar wall (bottom). ( x 24,000) Fig-
ure 12—High magnification of the area of Figure 11 showing a collagen fibril in intraalveolar space. (x 53,000)
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spaces showed more dilation, in comparison with previ-
ous stages. Immunohistochemical study showed that
the elastic fibers of alveolar walls were wavy, fuzzy, and
frayed, compared with those of control animals (Fig-
ure 6). Areas of the alveolar walls which were positive
for Type I and Type I1I collagen showed a mild increase
in width. Intraalveolar fibronectin was markedly in-
creased.

Electron-microscopic study confirmed the presence
of increased numbers of Type II epithelial cells in areas
in which there was no intraalveolar fibrosis. These Type
II epithelial cells typically protruded into the alveolar
lumens and had prominent nucleoli (Figure 7). These
epithelial cells had few basal microfoldings, even though
they had increased numbers of microvilli on their lu-
minal and lateral surfaces. Their underlying basement
membranes had few discontinuities; there were few con-
tacts between the basal regions of these Type II cells
and subjacent interstitial cells. The interstitium was
edematous and had many abnormal, spiraling colla-
gen fibrils (80-200 nm in diameter) (Figure 8) and frayed
elastic fibers. The latter consisted of poorly outlined
amorphous materials and many loosely arranged
microfibrils; some microfibril bundles were dissociated
from the amorphous materials (Figure 9). The colla-
gen fibrils forming large bundles in peribronchial and
perivascular regions and the elastic fibers of large ves-
sels were less altered than those in alveolar interstitium.

In some areas of alveolar epithelial denudation, the
intraalveolar spaces contained many elongated fibro-
blasts, which had large nucleoli, well-developed rough
endoplasmic reticulum, and few cytoplasmic filaments
and lysosomes (Figures 10 and 11). These fibroblasts
appeared to have proliferated and become attached to
the luminal surfaces of the epithelial basement mem-
branes and to fibrin deposits (Figure 11). The cytoplas-
mic processes of these fibroblasts had dense plaques
in the areas in which they were attached to the base-
ment membranes. These immature fibroblasts also were
found in the interstitium (Figure 10). In these fibrosing
alveolar spaces, small numbers of fine collagen fibrils
(30 nm in diameter) were adjacent to the proliferating
fibroblasts (Figure 12). The alveolar walls surrounding
these fibroblasts had thin, wavy, frayed, partially dis-
rupted epithelial basement membranes. These changes
were also found, but to a lesser extent, in capillary base-
ment membranes. The latter were not denuded of en-
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dothelium. Occasionally, fibroblasts appeared to be
passing through gaps in the epithelial basement mem-
branes. These fibroblasts were elongated and appeared
to be in the process of becoming attached to the fibrin
in the alveolar lumens (Figure 13). In these cells, the
Golgi zones were relatively well developed and located
closer to the luminal area than to the septal area. Mac-
rophages, neutrophils, eosinophils, and lymphocytes
were found together with fibroblasts in the alveolar
spaces. Some macrophages that had prominent nucleoli
also had come in contact with the luminal surface of
the denuded epithelial basement membrane (Figure 14).
Lymphocytes also appeared to be passing through gaps
in the epithelial basement membrane (Figure 15). In
some alveoli where intraluminal fibroblasts were ac-
cumulating, regenerating alveolar epithelial cells formed
small, glandlike structures (Figure 16). These epithe-
lial cells had prominent rough endoplasmic reticulum
and free ribosomes and a few lamellar bodies. The epi-
thelial cells proliferating on the luminal surfaces of the
fibrin deposits lining and damaged alveolar walls did
not have basement membranes (Figure 17). In areas near
the alveolar ducts, the hyaline membranes, which con-
sisted of cell debris and fibrin, were covered by fibro-
blasts, macrophages, and other types of inflammatory
cells (Figure 18).

Group III (3 to 4 Weeks After the First
Paraquat Administration)

Three to 4 weeks after the first dose of paraquat, the
alveoli showed focal, variably sized areas of intraalveo-
lar and septal fibrosis. Thickened alveolar walls were
infiltrated by inflammatory cells and were lined by hy-
perplastic Type II epithelial cells, cuboidal cells, or cells
undergoing squamous metaplasia. Detailed observa-
tions on the squamous metaplasia will be reported
separately. The animals that had severe intraalveolar
fibrosis showed less Type II epithelial-cell hyperplasia
and much more bronchiolar epithelial hyperplasia and
more squamous-cell metaplasia. This squamous-cell
metaplasia was conspicuous in alveolar ducts associated
with severely fibrotic, obliterated alveoli (Figure 19).
Fibrotic lesions were mainly intraalveolar in location
(Figure 20) and were associated with apparent collapse
of alveoli and coalescence of alveolar walls. Alveoli with
no intraalveolar fibrosis showed emphysematous dila-

>

Figure 13—Group II. Fibroblastic migration into an alveolar luminal space. A fibroblast (F) is passing from the alveolar interstitium (bottom) to the alveolar
lumen (top) through a gap (arrowheads) in the epithelial basement membrane. The Golgi zone of this cell is well developed and is located closer to
the luminal area. Fibrin deposits are present in the alveolar lumen. The epithelial and capillary (CAP) basement membranes are frayed in some areas.

(x 6700)
basement membrane. ( x 7500)

Figure 14 —Group Il. An intraalveolar macrophage is in close contact with the luminal surface (arrowheads) of a denuded alveolar epithelial
Figure 15—Group II. A lymphocyte is passing from the alveolar wall (bottom) to the alveolar lumen (top) through

a gap (small arrowheads) in the epithelial basement membrane (/arge arrowheads), which is frayed, thin, and partially disrupted. ( x 9200)
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Figure 16 —Group II. A small glandlike structure is formed within the lumen of an alveolus by regenerating epithelial cells which have numerous microvilli
on their luminal surfaces. The original alveolar wall, seen at the lower left, contains capillaries (CAP) and collagen fibrils and has a partially denuded
epithelial basement membrane (arrowheads). The remaining portion of the alveolar lumen, shown at the top, contains fibroblasts (F), inflammatory cells,
and fibrin strands. (x 5300) Figure 17—Parts of two regenerating epithelial cells in the glandlike structure shown in Figure 16. One of these cells
is attached to a basement membrane (arrowheads); the other is not attached on its basal surface. Both cells contain many free ribosomes. ( x 11,000) Fig-
ure 18—Group Il. In the area of an alveolar duct, the denuded epithelial basement membrane (arrowheads) is covered by hyaline membrane and a
fibroblast (F); smooth-muscle cells (S) and collagen fibrils are subjacent to the basement membrane. Many inflammatory cells are found in the lumen. ( x 6600)
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Figure 19—Three to 4 weeks after paraquat administration (Group lll). Prominent squamous metaplasia is associated with fibrotic alveoli. (H&E,
x 120) Figure 20—Group lll. Intraalveolar fibrosis (asterisks) is prominent at this stage. (H&E, x 120) Figure 21 —Group Ill. Type | collagen is
demonstrated in areas of intraalveolar fibrosis. The tips of the original alveolar septa (arrowheads) appear to have thicker fibers. (Immunoperoxidase,
x 220) Figure 22—Group |Il. Type lll collagen in areas of intraalveolar fibrosis is much less prominent, compared with the Type | collagen shown
in Figure 21. The tips of the original alveolar septa are indicated by arrowheads. (Immunoperoxidase, x 220) Figure 23 —Group Ill. Fine elastic fibers
(arrowheads) are detected by the immunoperoxidase method in area of intraalveolar fibrosis. ( x 220) Figure 24 —Group lll. Reaction for laminin shows
staining of epithelial and endothelial basement membranes. Areas of discontinuity (arrowheads) probably represent damaged epithelial basement mem-
branes. (Immunoperoxidase, x220)
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tation. Histochemical observations on elastic fibers in
these areas will be reported separately.

Immunohistochemical study showed that the intraal-
veolar fibrotic areas were stained much more intensely
by the anti-Type I than by the anti-Type III collagen an-
tibody (Figures 21 and 22). The staining pattern of al-
veolar walls and areas of intraalveolar fibrosis for
fibronectin was similar to that obtained for Type I col-
lagen. Alveolar exudates in some areas of intraalveo-
lar fibrosis were stained strongly for fibronectin. In some
areas of intraalveolar fibrosis, staining with antielastin
antibody revealed fine fibers (Figure 23), although such
fibers were not demonstrable with the use of Hart’s
method for elastic fibers. Type IV collagen and lami-
nin (Figure 24) showed a discontinuous pattern of stain-
ing of the epithelial basement membranes in regions
of intraalveolar fibrosis. In basement membranes of
other regions, the patterns of staining for Type IV col-
lagen and laminin were similar to those observed in
previous stages.

Electron-microscopic study showed that the alveo-
lar walls in many areas were covered by Type II epithe-
lial cells. In areas of severe intraalveolar fibrosis and
in collapsed alveoli without alveolar epithelial regener-
ation, there was conspicuous metaplasia of cuboidal
or single-layered or stratified squamous epithelial cells
(Figure 25). These epithelial cells sometimes did not
cover completely the original epithelial basement mem-
brane, but they covered many of the discontinuities in
the epithelial basement membranes and sometimes also
the intraluminal mesenchymal cells. Thus, these cells
provided a new epithelial lining for the remodeled struc-
tures. The original alveolar spaces of the collapsed and

coalescent alveoli contained a few myofibroblasts and -

small amounts of collagen fibrils and elastic fibers.
Wavy, discontinuous epithelial basement membranes
were common in these lesions of collapsed alveoli and
intraalveolar fibrosis.

Many of the cells in the areas of intraalveolar fibro-
sis were myofibroblasts.'® These cells had many actin-
like filaments and peripherally located dense bodies in
their cytoplasm, but had no basement membranes
(Figures 25 and 26). Some smooth-muscle cells were also
found; they had many dense bodies in their cytoplasm
and were surrounded by discontinuous basement mem-
branes (Figure 27). These myofibroblasts and smooth-
muscle cells in areas of intraalveolar fibrosis had

€
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cytoplasmic processes associated with dense plaques
which were attached to the luminal surfaces of the epi-
thelial basement membranes.

The collagen fibrils in intraalveolar spaces measured
60 nm in diameter and had a tendency to form bun-
dles. Proteoglycan granules were conspicuous between
loosely arranged collagen fibrils. Small elastic fibers,
which had a high proportion of microfibrils, were found
in association with collagen fibrils in intraalveolar
fibrotic areas (Figure 28). Spiraling collagen fibrils were
conspicuous in alveolar interstitium but were not found
in areas of intraalveolar fibrosis (Figures 29 and 30).
Some macrophages, mast cells, plasma cells, and lym-
phocytes were associated with intraalveolar accumula-
tions of myofibroblasts. In some areas of intraalveolar
fibrosis, large fibroblastlike cells, which appeared to be
phagocytosing collagen fibrils, also were attached to the
luminal side of the epithelial basement membrane
(Figures 31 and 32).

Group IV (8 Weeks After the First Paraquat
Administration)

Evidence of a recovery process was found in 8 weeks
after the first injection of paraquat. Focal and patchy
fibrotic lesions were found within alveolar spaces, in
association with mild bronchiolarization of epithelium
of alveoli and mild lymphoid cell infiltration, especially
in subpleural regions (Figure 33). Squamous metapla-
sia had regressed. Elastic fiber staining confirmed that
the areas of fibrosis consisted of obliterated alveoli with
intraalveolar fibrosis and alveolar collapse and coales-
cence (Figure 34). Glandlike structures lined by cuboi-
dal epithelium were found in these areas. Alveoli with
minimal fibrotic changes showed mild to moderate dila-
tation and still had mildly increased numbers of mac-
rophages in their lumens.

Immunohistochemical study showed that Type I and
Type III collagen were similarly distributed. The pat-
tern of distribution of both collagens in the less fibrotic
alveolar walls was similar to that seen in control
animals. In the areas of fibrosis, including those of in-
traalveolar fibrosis, Type I and Type I1I collagen showed
similar diffuse distribution patterns. Laminin and Type
IV collagen were detected in the basement membranes
of the alveoli, bronchioles, and vessels. Stains for lami-
nin (Figure 35) and Type IV collagen showed that the

Figure 25—Group lIl. A view of a collapsed alveolus, which contains a stellate-shaped myofibroblast (MF,) in its obliterated lumen. This lumen is demarcated
by remnants of denuded epithelial basement membrane. Several capillaries (CAP) associated with collagen fibrils and elastic fibers are clustered around
this collapsed alveolus. At the top, a layer of epithelial cells undergoing squamous metaplasia has lined the lumen of a uncollapsed area of an alveolus.
Note the close apposition of a cytoplasmic process of the myofibroblast (MF,) and the basal portion of an epithelial cell. At bottom right, another myofibroblast
(MF,) is shown. This cell is also located within the alveolar lumen (note the remnants of epithelial basement membrane separating the cell from adjacent
capillaries). This lumen contains collagen fibrils and therefore is a site of intraalveolar fibrosis. (Kajikawa stain, x 8000)
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original alveolar walls were embedded in the fibrotic
lesions; this staining also outlined the capillary and ep-
ithelial basement membrane and showed areas of dis-
continuity in the latter. In fibrotic regions, elastic fibers
in the original areas of the alveolar walls were thinner
and discontinuous, compared with those in control
animals. Intraalveolar spaces had more developed elas-
tic fibers than in previous stages. Elastin was increased
in the tips of alveolar septa in association with hyper-
plasia of smooth-muscle cells in these septa. Fibronec-
tin was detected in the alveolar walls and in fibrotic le-
sions, but the reaction was less intense than in previous
stages.

Electron-microscopic study showed that the less
fibrotic alveolar walls had only a mild increase in the
numbers of Type II epithelial cells. These cells extended
more deeply than normal into the alveolar interstitium.
They had many microfoldings in their basal surfaces,
wide gaps in their basement membranes, and many
cytoplasmic contacts with interstitial cells. Areas of
separation of epithelial and endothelial basement mem-
branes were found in association with increased num-
bers of collagen fibrils (Figure 36). Spiraling collagen
fibrils were conspicuous in the interstitium of alveolar
walls (Figure 37). In this stage, elastic fibers were not
frayed in the less fibrotic alveolar walls, but some of
the amorphous components of the elastic fibers were
associated with small, electron-dense, lamellar, nodu-
lar masses (Figure 38). Energy dispersive X-ray micro-
analysis revealed the presence of calcium in these nod-
ules. The fibrotic lesions involved interstitial and
intraalveolar regions, although in some areas it was
difficult to determine whether these lesions were intraal-
veolar or not, because of the partial absence of epithe-
lial basement membranes. The numbers of Type II al-
veolar epithelial cells were increased to a greater extent
in these fibrotic regions than in less fibrotic alveolar
walls. In these fibrotic areas, many Type II epithelial
cells protruded less into the alveolar lumens, although
they had discontinuous basement membranes and close
contact with the interstitial cells. Within the fibrotic
regions, alveolar epithelial cells occasionally formed
glandlike structures (Figure 39). The epithelial cells
which were attached to the original epithelial basement
membrane in these areas were mainly Type I cells; those
in intraalveolar fibrotic lesions were Type II cells. Many
denuded, wavy, thin, and disrupted epithelial basement
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membranes were embedded in connective tissue in
fibrotic lesions (Figure 40). These lesions corresponded
to collapsed and coalescent alveoli. In areas of intraal-
veolar fibrosis, more elongated myofibroblasts were
found than in previous stages. Also present in these
areas were macrophages having numerous phagosomes,
bundles of collagen fibrils measuring 60 nm in diameter,
and small elastic fibers. In fibrotic regions, spiraling col-
lagen fibrils were found exclusively in areas that cor-
responded to the original alveolar interstitium, and not
in areas of intraalveolar fibrosis. Occasionally, frayed
elastic fibers were found in areas corresponding to the
original alveolar interstitium in fibrotic regions.

Discussion

The observations in the present study extend and
confirm previous morphologic findings on the lungs of
monkeys with paraquat toxicity.2%?* These observations
are similar to those made in other species, includ-
ing mouse,?> guinea pig,?' rat,5°'%2 rabbit,* and
dog.?s They are also consistent with the findings in
humans with paraquat-induced pulmonary fibro-
sis.’-8:11.12.26.27 Both interstitial and intraalveolar fibro-
sis have been described in humans and in experimental
animals with paraquat toxicity. As discussed in detail
below, the present study provides detailed documenta-
tion of the series of ultrastructural changes that lead
to these two types of fibrosis and to remodeling of lung
structures in paraquat toxicity. Analysis of these
changes demonstrates that intraalveolar fibrosis is ex-
tremely important in mediating the process of pulmo-
nary remodeling.

The pulmonary lesions following paraquat intoxica-
tion evolve through two stages: a phase of injury and
a proliferative phase.?® Early events after administra-
tion of paraquat, corresponding to the phase of injury,
consisted of 1) damage to alveolar epithelial cells result-
ing in denudation of epithelial basement membranes;
2) alveolitis, manifested by exudation of inflammatory
cells (especially macrophages and neutrophils), fibrin,
and fibronectin into the alveolar spaces; and 3) altera-
tions in the structure of collagen fibrils, elastic fibers,
and epithelial basement membranes. The structural
changes in extracellular elements of connective tissue
were more severe at 1-4 weeks after paraquat adminis-
tration, at which time proliferative fibroblastic changes

<

Figure 26 —Group lIl. A myofibroblast (MF) in intraalveolar space has peripherally located cytoplasmic dense plaques (arrowheads), is associated with

collagen fibrils (C), and is separated from adjacent capillaries (CAP) by wavy epithelial basement membranes. (x 13,000)

Figure 27 —Group IIl. Smooth-

muscle cells (S) are present in an intraalveolar space and are separated from other smooth-muscle cells, which are located within the alveolar wall,
by wavy basement membrane. Note the fine elastic fibers (arrowheads) and collagen fibrils in the intraaveolar space and larger elastic fibers in the

alveolar wall. (Kajikawa stain, x 13,000)
and many microfibrils. (Kajikawa stain, x 35,000)

Figure 28— Intraalveolar elastic fibers shown in Figure 27 are fine and consist of small amorphous components
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were also prominent. In later stages, the proliferative
changes could be divided into two types, depending on
whether or not intraalveolar fibrosis was present. Al-
veoli without intraalveolar fibrosis were lined by regen-
erating Type II alveolar epithelial cells, and the architec-
ture of such alveoli eventually became more normal.

The intraalveolar migration of interstitial connective
tissue cells, through gaps in the epithelial basement
membranes, was one of the most important events re-
sponsible for the development of intraalveolar fibro-
sis. These changes occurred in alveoli in which regener-
ative changes in alveolar epithelial cells were less
pronounced than was the case in alveoli without intraal-
veolar fibrosis. The cellular migration was followed by
synthesis of extracellular components of connective tis-
sue on the luminal side of the original basement mem-
brane and by differentiation of intralveolar connective
tissue cells into myofibroblasts and smooth-muscle cells.
These changes are shown diagrammatically in Figure 41.

Changes in Alveolar Epithelial Cells

Proliferation of Type II epithelial cells is thought to
be a nonspecific reaction to alveolar epithelial dam-
age.?®?” Such a proliferation of Type II cells was
previously observed in early stages of paraquat toxic-
ity.®-22-2% The proliferating Type II cells observed in the
present study typically protruded into the alveolar lu-
mens. They had large nuclei, prominent nucleoli, con-
spicuous free ribosomes in their cytoplasm, few discon-
tinuities of their basement membranes, and few contacts
between their basal regions and subjacent interstitial
cells. These changes are considered to be characteristic
of rapidly proliferating Type II cells. In contrast to these
cells, the Type II cells in normal lungs and in lungs of
patients with chronic fibrotic lung disorders frequently
have contacts with underlying connective-tissue cells.$
These differences may be related to the severity of the
damage and to the relative rates of proliferation. It has
been suggested that Type II cells proliferate when alve-
olar epithelial-cell damage is only mild or moderate,
and that when this damage is severe the Type II cells
die and are replaced by epithelial cells of bronchiolar
origin.’

Proliferating Type II cells are thought to be progeni-
tors of Type I epithelial cells.?-3! This concept is in ac-
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cord with the observation that in later stages of para-
quat toxicity, Type II cells were less numerous than in
early stages, and Type I epithelial cells were predomi-
nant in less fibrotic regions. In the late stages, Type II
epithelial cells protruded into alveolar spaces to a lesser
extent than in previous stages. They also had more
numerous basal microfoldings, discontinuities in their
basement membranes, and areas of contact with the
underlying connective tissue cells. These changes were
especially prominent in cells which formed glandlike
structures in fibrotic lesions. Smith and Fletcher3? have
emphasized the importance of epithelial-mesenchymal
interactions in organogenesis of developing lung. The
reestablishment of epithelial-mesenchymal interactions
in paraquat-induced fibrotic lesions seemed to corre-
late with recovery from the injury.

Hyperplasia of epithelial cells of bronchiolar
origin®®2¢ and squamous metaplasia were prominent
in severely fibrotic areas that showed little or no regener-
ation of alveolar epithelial cells. Squamous metapla-
sia was conspicuous in alveolar ducts associated with
obliterated alveoli and in alveoli in which Type II epi-
thelial cell hyperplasia was poor or absent, as is often
the case in patients with fibrotic lung disorders.5 The
squamous-cell metaplasia also tended to disappear in
association with the recovery process. Thus, this study
confirms previous observations showing that bronchio-
lar epithelial hyperplasia and squamous metaplasia are
associated with obliteration of alveoli and with poor
regeneration of alveolar epithelial cells.$

Structural Changes in Extracellular Elements of
Connective Tissue

The structural changes found in collagen fibrils, elas-
tic fibers, and epithelial basement membranes were as-
sociated with marked alveolitis; and it seems reason-
able to believe that such changes were caused by
proteolytic enzymes released by the inflammatory cells.
Alveolitis is known to occur in paraquat intoxica-
tion,2-22-23 and the effects of inflammatory cells such
as macrophages and neutrophils have been considered
important in the development of paraquat-induced pul-
monary fibrosis.?¢ The various proteolytic enzymes in
macrophages and neutrophils are able to damage Type
I, I11, and IV collagen and elastin.343*

<

Figure 29—Group lll. The original wall of an alveolus, shown at the /eft and in the center, contains relatively large elastic fibers and many spiraling
collagen fibrils. The latter are found exclusively in alveolar interstitium. The intraalveolar space, shown at the right, contains a smooth-muscle cell (S),
a myofibroblast (MF), and thinner collagen fibrils; this space is separated from the original alveolar wall by a wavy basement membrane. (Kajikawa stain,
x 15,000) Figure 30—High magnification of the spiraling collagen fibrils shown in Figure 29. Note the large diameters and irregular cross-sectional
shapes of these fibrils. (Kajikawa stain, x 35,000) Figure 31—Group lll. Fibroblastlike cell which has engulfed collagen fibrils (arrowheads) is found
in intraalveolar space. Note the capillary (CAP) and pericytelike cell, which are separated from the intraalveolar area by basement membrane. (Kajikawa
stain, x 11,000) Figure 32— High magnification of engulfed collagen fibrils in the fibroblastlike cell shown in Figure 31. (Kajikawa stain, x 31,000)
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Figure 33 —Eight weeks after paraquat administration (Group IV). Focal fibrotic lesion is associated with mild infiltration of lymphoid cells and with small

glandlike structures (arrowheads). (H&E, x 110)

Figure 34—Group IV. Elastic fibers (arrowheads) are embedded in dense fibrous tissue in areas
of obliterated alveoli associated with intraalveolar fibrosis. (Hart's method, x 280)
of the alveolar walls and in areas which are embedded in fibrous connective tissue. (Immunoperoxidase, x 280)

Figure 35—Group IV. Laminin is localized in the basement membranes
Figure 36 —Group IV. Alveolar wall

is lined mainly by Type | alveolar epithelial cells. No intraalveolar fibrosis is present. Spiraling collagen fibrils (arrowheads) are conspicuous in the interstitium.

(Kajikawa stain, x 9600)

Figure 37 —High magnification of the spiraling collagen fibrils shown in Figure 36. (Kajikawa stain, x 70,000)

Figure 38—

Group IV. Amorphous components of elastic fiber are associated with small, electron-dense lamellar nodular masses (arrowheads). ( x 56,000)

Collagen Fibrils

In the early stages of paraquat toxicity, the collagen
fibrils of alveolar septa appeared as thin, separated bun-
dles. Later, twisted, frayed, spiraling collagen fibrils were
found in some areas. Spiraling collagen fibrils have been
described in certain heritable connective-tissue dyspla-
sias, in which the skin is hyperextensible and fragile,*¢
and also in numerous other conditions.’® In the
lung, these fibrils have been observed in pulmonary
fibroleiomyoma,*’ pulmonary lymphangioleiomyoma-

tosis, *® experimentally induced pulmonary emphysema
caused by exposure to NO,,* human emphysema,* and
idiopathic pulmonary fibrosis.*! Two basic mechanisms
can be responsible for the formation of spiraling colla-
gen fibrils: 1) defective synthesis or aggregation of newly
formed collagen and 2) dissociation, disaggregation or
fraying of previously normal fibrils. The latter changes
have been induced by treatment with urea or guani-
dine.*? Similar breakdown of collagen fibrils has been
induced by bacterial collagenase.*
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We consider that partial dissociation or breakdown
of collagen fibrils was responsible for the formation of
the spiraling collagen fibrils found in the present study.
Because newly formed collagen fibrils in intraalveolar
spaces did not show these changes, it seems unlikely
that the spiraling substructure resulted from a defect
in collagen synthesis. It remains to be determined
whether proteolytic enzymes from macrophages or neu-
trophils are capable of directly inducing a spiraling sub-
structure in collagen fibrils.

Elastic Fibers

The elastic fibers in the lung of paraquat-treated
animals appeared frayed and consisted of poorly out-
lined amorphous materials and many loosely arranged
microfibrils; some microfibril bundles were dissociated
from the amorphous materials. Similarly abnormal
elastic fibers have been described in the early stages of
experimental emphysema produced by intratracheal ad-
ministration of elastase**~*¢ and in human emphysema.*°
Emphysematous dilation of alveolar walls has been de-
scribed in paraquat toxicity.”-*’ In the present study, the
extent of damage of the elastic fibers generally cor-
related well with the degree of dilation of the alveolar
spaces. In in vitro studies, similar fraying of elastic fibers
resulted from brief incubation with elastase.*>*° The
frayed elastic fibers observed in the present study are
presumed to be composed of loosely arranged amor-
phous materials, as suggested by a histochemical study
of enzymatic digestion of elastin.*°

In later stages of paraquat toxicity, small calcified
nodular masses appeared between the amorphous com-
ponents of elastic fibers. These calcified nodular masses
probably are consequences of damage to elastic fibers.
In addition, the calcified elastic fibers found in this study
were associated with spiraling collagen fibrils. A simi-
lar association has been reported in pulmonary lym-
phangioleiomyomatosis,*® human emphysema,*® and
other lung diseases, including idiopathic pulmonary
fibrosis (Y. Fukuda, V. J. Ferrans, and R. G. Crystal,
unpublished data). This association can be explained
on the basis of damage caused by lysosomal enzymes
of inflammatory cells on both the elastic fibers and the
collagen fibrils.

Epithelial Basement Membranes

After epithelial cell denudation, epithelial basement
membranes appeared uneven in thickness, frayed, and
partially dissociated and disrupted. Similar but less se-
vere changes were found in capillary basement mem-
branes. Patchy breakdown® or focal absence?® of the
epithelial basement membranes in alveolar walls have
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been observed in paraquat intoxication but have not
been described in detail. In the present study, immuno-
histochemical stains for Type IV collagen and laminin,
which are important components of basement mem-
branes,**-2 demonstrated disruption of epithelial base-
ment membranes in alveoli that had intraalveolar fibro-
sis. This disruption may be caused by hydrolytic
enzymes released from inflammatory cells, because neu-
trophil elastase can damage Type IV collagen.?* This
enzyme also can digest the gingival epithelial basement
membranes in vitro.%?

Denuded basement membranes are thought to serve
as a scaffolding for epithelial cell and endothelial cell
regeneration.®* It is likely that in areas where alveolar
injury is mild, the gaps in the epithelial basement mem-
branes remain small and become covered by regenerat-
ing epithelial cells; thus, if regeneration of epithelial
cells is adequate, intraalveolar fibrosis will not develop.
In contrast, if alveolar injury is severe, the gaps in the
basement membranes are large, are not covered by
growth of regenerating epithelial cells, and become the
sites of penetration of connective-tissue cells into the
alveolar luminal spaces. In some instances, the regener-
ating epithelial cells grow over a layer of fibrinous exu-
date deposited upon the luminal surface of the epithe-
lial basement membrane, and for this reason they do
not establish contact with a preexisting basement mem-
brane. This leads to reduplication of the basement mem-
brane, with the old basement membrane usually appear-
ing wavy and convoluted.

Recruitment, Activation, and Migration of
Connective-Tissue Cells

Intraalveolar fibrosis is one of the characteristic
pathologic findings in paraquat intoxication,8-0-12-23.25-27
In agreement with these previous findings, we observed
activated fibroblasts in the areas of interstitial and in-
traalveolar fibrosis in paraquat pulmonary toxicity.
These observations indicate that the intraalveolar fibro-
sis is mediated by fibroblasts which originate from the
alveolar walls and migrate through the gaps of the epi-
thelial basement membranes into alveolar lumina. A
similar mechanism is of importance in the pathogene-
sis of the intraalveolar lesions that are frequently found
in hypersensitivity pneumonitis.5-%¢

The fibroblasts migrating into the intraalveolar spaces
had well-developed Golgi zones, which were located
closer to the lumens than to the alveolar septal areas.
The location of the Golgi zone has been thought to in-
dicate the direction of movement of fibroblasts®!; there-
fore, this observation supports the concept that these
fibroblasts were migrating toward the alveolar lumens.
Such fibroblasts became attached to the luminal sur-
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face of the epithelial basement membrane by means of
cytoplasmic processes having dense plaques. Such
plaques resembled the peripherally located cytoplasmic
dense bodies that are normally present in the myofibro-
blastlike interstitial cells (Kapanci cells)!® of alveolar
septa at sites in which these cells come into close con-
tact with the septal or abluminal surface of the alveo-
lar epithelial basement membrane. These attachment
plaques are not typical of ordinary fibroblasts but are
in keeping with the tendency of these cells to differenti-
ate into myofibroblasts and smooth-muscle cells simi-
lar to those normally present in alveolar septa. The
markers of this differentiation are decreased amounts
of rough-surfaced endoplasmic reticulum, increased
numbers of actinlike filaments and peripherally located
dense bodies, and newly formed basement mem-
branes.'® This differentiation can be regarded as part
of an attempt to recreate the architecture of the alveo-
lar septal wall, but on the “wrong” side of the base-
ment membrane.

Bronchoalveolar lavage fluid from paraquat-exposed
animals has been reported to contain increased amounts
of fibronectin.? Alveolar macrophages from these
animals produce increased amounts of fibronectin and
spontaneously release a growth factor for fibroblasts.
Normal alveolar macrophages exposed to paraquat in
vitro can be induced to release this growth factor.2®
Fibronectin itself serves both as a chemoattractant and
a growth factor for fibroblasts.*® Thus, factors released
from the macrophages in the alveolitis induced by para-
quat probably are responsible for the recruitment and
migration of the fibroblasts which mediate the devel-
opment of pulmonary fibrosis.

Production of Connective-Tissue Components in
Intraalveolar Spaces

The prominent extracellular components of connec-
tive tissue within alveolar spaces in paraquat-induced
toxicity were collagen fibrils and elastic fibers. Pro-
teoglycans were also prominent in the early stages but
subsequently decreased in amount. The elastic fibers
in intraalveolar spaces were fine and were easily detected
by immunohistochemical methods and by electron mi-
croscopy.®® In association with the appearance of elas-
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tic fibers, the connective tissue cells which had migrated
into alveolar spaces became differentiated into myo-
fibroblasts and smooth-muscle cells. A similar asso-
ciation between elastogenesis and differentiation of
connective-tissue cells in the direction of smooth-muscle
cells occurs in the primordia of alveolar septa in de-
veloping fetal lung.*® The mechanisms controlling this
type of differentiation remain unknown. As discussed
above, the collagen fibrils within alveolar spaces were
morphologically normal, in contrast to the spiraling col-
lagen fibrils that were found exclusively in alveolar
septa, and were considered to result from damage to
preexisting fibrils. The alveolar walls also had increased
numbers of normal collagen fibrils, which were pre-
sumed to be newly synthesized as part of the process
of interstitial fibrosis. Immunohistochemical studies
showed that the newly formed intraalveolar collagen
was more intensely stained by antibody to Type I colla-
gen than by antibody to Type III collagen. It is very
difficult to judge the relative amounts of two different
types of collagen on the basis of immunofluorescence
observations; however, biochemical studies of pulmo-
nary fibrosis in humans and experimental animals have
demonstrated an increase in the ratio of Type I to Type
III collagen.*'-** Immunohistochemical studies of hu-
man fibrotic lungs also have shown a marked increase
in Type I collagen and a marked reduction in Type III
collagen in thickened septa.®* These findings are con-
sistent with the observation that cultured fetal lung
fibroblasts synthesize much more Type I than Type II1
collagen.®s

Remodeling of Alveolar Structures in Paraquat Lung

Intraalveolar fibrosis appears to be more important
than interstitial fibrosis in mediating structural remodel-
ing of the lung. Interstitial fibrosis, strictly limited to
alveolar interstitium, will result only in thickening of
alveolar septa. In contrast, intraalveolar fibrosis results
in obliteration of alveoli and coalescence of alveolar
walls, changes which correlate with loss of functional
alveolar-capillary units. Several steps appear necessary
for the remodeling of lung tissue in paraquat toxicity:
1) denudation and formation of gaps in the epithelial
basement membranes; 2) a low rate, or absence, of al-

Figure 39—Group IV. A glandlike structure with a very narrow lumen is formed by alveolar epithelial cells within an area of fibrosis. The cells on one
side of this structure are mainly Type | epithelial cells; those on the other side are Type Il cells. Many cytoplasmic contacts are found between interstitial
cells (IN) and the basal portions of Type Il epithelial cells. The area at the lower right of the glandlike structure contains fibrous connective tissue and
capillaries (CAP); this area probably represents a thickened alveolar septum. The area at the upper left of the glandlike structure probably represents
a region of intraalveolar fibrosis (compare with the earlier stage of formation shown in Figure 16). Note the wavy original epithelial basement membrane
(arrowheads), which is covered by the thin cytoplasm of interstitial cells ( x 6000) Figure 40—Group IV. A capillary is associated with denuded, thin,
and discontinuous basement membranes and with dense fibrous tissue. Two areas (asterisks) which contain thin cytoplasmic processes and are demarcated
by partially disrupted basement membranes probably correspond to previous lumens of alveoli that have collapsed. (Compare with Figure 25.) Collagen
fibrils ana elastic fibers aow surround these areas completely. (x 22,000)
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Figure 41— Diagram of structural remodeling of alveoli in paraquat toxicity. A—Control. Thin alveolar walls are lined by Type | and Type Il epithelial
cells. The basement membranes of the epithelial cells are fused with those of capillaries. Interstitial cells make contact with Type Il epithelial cells through
gaps in the epithelial basement membranes. B—Group | (2 or 3 days after paraquat administration). Many epithelial cells are detached and epithe-
lial basement membranes are denuded in many areas. Interstitial edema results in focal dissociation of epithelial and endothelial basement membranes.
C—Group Il (1 week after paraquat administration). Some alveolar spaces having disrupted epithelial basement membranes are invaded by activated
fibroblasts, which penetrate through the basement membranes. In these areas, some regenerated Type Il epithelial cells form a glandlike structure.
A few newly formed collagen fibrils are found in the intraalveolar space adjacent to fibroblasts. Spiraling collagen fibrils and frayed elastic fibers are
conspicuous in the interstitium. D—Group |li (3 or 4 weeks after paraquat administration). Some alveolar spaces contain myofibroblasts, smooth-
muscle cells, bundles of normal collagen fibrils, and small elastic fibers. Epithelial basement membranes in these areas are more frayed and disrupted.
Alveoli not showing intraalveolar fibrosis are (right) covered by increased numbers of Type Il cells. Spiraling collagen fibrils and frayed elastic fibers
are exclusively found in the interstitium of alveolar walls. E—Group IV (8 weeks after paraquat administration). Epithelial basement membranes in
areas of intraalveolar fibrosis are more disrupted. Alveolar epithelial cells form glandlike structures embedded in fibrous tissue. Cells that are attached
to the original epithelial basement membranes are mainly Type | cells; most of those in intraalveolar fibrotic lesions are Type Il cells. Alveoli not showing
intraalveolar fibrosis (right) are covered by Type | and Type Il cells, and their structure is returning to normal.
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veolar epithelial cell regeneration; 3) recruitment, acti-
vation, and migration of connective-tissue cells into al-
veolar lumens; 4) settlement of migrating connective-
tissue cells with formation of cytoplasmic attachments
to the luminal side of the epithelial basement mem-
brane; 5) production of extracellular elements of con-
nective tissue, so that the alveolar space is partially or
completely incorporated into the interstitium and the
apposed alveolar walls of the collapsed alveoli undergo
fusion or coalescence; and 6) relining of the remaining
portions of the alveolar space by epithelial cells, which
often are of bronchiolar origin and show squamous
metaplasia.

In this study, detailed evaluation of the topography
of the denuded epithelial basement membranes was very
helpful in understanding the process of structural
remodeling. This evaluation was simplified by the fact
that endothelial cells and their basement membranes
showed very few alterations in the paraquat model, thus
avoiding a major source of confusion in identification
of the origin of the denuded basement membranes.

Remodeling associated with recovery from the injury
was evident in the late stages of paraquat toxicity, as
demonstrated by the following findings: 1) Some con-
nective tissue cells in areas of intraalveolar fibrosis en-
gulfed collagen fibrils, a change interpreted as indica-
tive of lysis of collagen fibrils.®¢-¢® 2) Alveolar walls in
areas not involved by intraalveolar fibrosis often showed
nearly normal architecture. 3) In comparison with previ-
ous stages, the connective tissue components were de-
creased in amount and were compactly arranged; and
myofibroblasts were decreased in size; however, the le-
sions of intraalveolar fibrosis associated with obliter-
ated alveoli appeared to be irreversible.

The remodeling and inflammatory changes in the hu-
man fibrotic lung disorders, especially in idiopathic pul-
monary fibrosis, are continuous or occur in repeated
episodes, and for this reason they simultaneously show
destructive and healing changes. Although morphologic
changes in these disorders are more complex and more
variable from one area to another than those observed
in paraquat-treated lung, the concepts of pulmonary
remodeling derived from this study may help in under-
standing the structural derangements in human fibrotic
lung disorders.
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