Ultrastructural Pulmonary Changes Induced by
Intravenously Administered 3-Methylindole in Goats
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Transmission electron microscopy was used to characterize early pulmonary lesions in
goats after a 2-hour intravenous infusion of 0.04 g 3-methylindole (3MI) per kilogram
body weight. Groups of 2 or 3 goats were euthanized at 0.5, 2, 4, 8, and 24 hours after the
beginning of the infusion. Changes in lung ultrastructure were compared to noninfused
and carrier-infused (propylene glycol) controls. By 0.5 hour, mitochondria and intra-
cellular vesicles were swollen in capillary endothelial, alveolar, and nonciliated bronchio-
lar epithelial cells. Morphologic changes were most severe in the alveolar Type 1 and non-
ciliated bronchiolar epithelial cells. Interalveolar septums were swollen at 0.5 hour, and
interstitial edema was severe at 2 hours. Denuded alveolar epithelial basement mem-
branes were also observed at 2 hours, and some endothelial cells appeared dark and ne-
crotic. Endothelial cells appeared normal after 2 hours. By 4 hours, the remaining intact
alveolar Type 1 cells contained larger and more prominent clusters of smooth endo-
plasmic reticulum, compared with controls. Morphologic changes in alveolar Type 1 and
nonciliated bronchiolar epithelial cells became progressively more severe during the 24-
hour experiment. These findings demonstrate that 3MI induces a rapid cytotoxic effect
primarily on alveolar Type 1 and nonciliated bronchiolar epithelial cells. Proliferation of
smooth endoplasmic reticulum in these cells suggests involvement of the mixed function
oxidase system in 3MI-induced pneumotoxicity. (Am J Pathol 1980, 99:551-560)

3-METHYLINDOLE (3MI) is a bacterial metabolite of trypto-

phan that has been shown to cause acute pulmonary edema and inter-
stitial emphysema in ruminants within 1-4 days following oral or intra-
venous 3MI administration.? Clinical signs of respiratory distress, such as
tachypnea and dyspnea, are evident within several hours after an oral
dose. Changes seen by light microscopy appear to be limited to the lung
and include thickened alveolar septums, foci of hemorrhage, alveolar
edema, interstitial emphysema, and hyaline membrane formation. Hyper-
trophy and hyperplasia of alveolar epithelial cells occur from 2 to 4 days
after dosing.'”® Ultrastructural pulmonary lesions have been observed 4
hours after an oral dose of 3MI and involve primarily alveolar and non-
ciliated bronchiolar epithelial cells.® The time sequence of events is
shorter and more reproducible following intravenous administration of
3MI, compared with oral dosing.”®

There is ample evidence that 3MI can alter the structure and cause dis-
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ruption of biologic membranes and that these effects are related to its
lipophilic properties.>'' Even though these direct effects could conceiv-
ably cause lung damage, the primary mechanism by which 3MI exerts its
pneumotoxic effect is through metabolism by the mixed function oxidase
(MFO) system to reactive intermediates.'*'® A similar mechanism has
been suggested for a variety of pneumotoxic chemicals such as 3-sub-
stituted furans,"*"'” and bromobenzene.'®

Many of the pathologic changes associated with 3MI-induced lung
damage are related to secondary effects and progressive deterioration of
lung tissue. Early morphologic changes that may be associated with bio-
chemical effects of 3MI on lung cells have not been reported. The objec-
tive of this study was to characterize the early ultrastructural changes in
lung cells associated with intravenous infusion of 3MI. These results are
an essential part of our long-term goal to elucidate the sequence of bio-
chemical and morphologic events associated with 3MI-induced pulmo-
nary disease.

Materials and Methods

Fourteen yearling wether goats were infused with 3MI (Sigma Chemical Co., St. Louis,
Mo) dissolved in propylene glycol (PG) (0.1 g 3MI/ml PG) through an indwelling jugular
catheter. Eleven goats received a total dose of 0.04 g 3MI/kg body weight over a 2-hour
period. All time designations are reported as the time after the beginning of the infusion.
Groups of 3 goats were euthanized with sodium pentobarbital at 2 and 4 hours, and groups
of 2 goats were euthanized at 8 and 24 hours. An additional group of 3 goats euthanized at
0.5 hour had received only a fourth of the total dose (0.01 g 3MI/kg body weight). One
goat, scheduled to be euthanized at 8 hours, died of acute pulmonary disease at 6 hours.
One control goat was euthanized at each interval of 0.5, 2, 8, and 24 hours after PG in-
fusion (0.36 ml/kg body weight), and 2 control goats were euthanized without any in-
fusion. Lungs were removed from the thoracic cavity within 3-5 minutes after euthanasia.
Lung samples for transmission electron microscopy (TEM) were cut from the mid-dorsal
area, mid-lateral edge, and caudal tip of the right caudal lobe. Other lobes were not exam-
ined. Cubes (1 cu mm) were fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer (pH =
7.3) for 4 hours. Samples were rinsed in buffer, postfixed for 1.5 hour in 1% osmium tetrox-
ide, dehydrated in ethanol, and embedded in Epon (Miller-Stephenson Chemical Co., Inc.
Danbury, Conn). Thin sections were stained with uranyl acetate and lead citrate, and ex-
amined with a Hitachi Model 125-E transmission electron microscope.

Results
Control Goats

Infusion of the PG carrier did not result in significant ultrastructural
changes in the lungs of the goat. At the gross level the lungs appeared
morphologically normal in all control goats. Type 1 cells in control goats
formed a smooth attenuated layer resting on an intact basement mem-
brane. The Type 1 cell cytoplasm was electron-lucent and contained
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small vesicles, occasional mitochondria, and small clusters of smooth
endoplasmic reticulum (SER). An interalveolar septum from a PG-infused
control goat at 24 hours is shown in Figure 1. Capillary endothelial cell
junctions and nonciliated bronchiolar epithelial cells were similar in the
PG-infused and noninfused control goats.

Capillary and Interstitial Lesions

By 0.5 hour after beginning the 3MI infusion, capillary endothelial
damage was indicated by the presence of swollen mitochondria and en-
larged cytoplasmic vesicles (Figure 2). Some endothelial cell junctions ap-
peared loose or slightly widened (10-15 nm), indicating possible damage
to these areas and less restricted communication between the capillary lu-
men and septal interstitial spaces (Figure 3).

At 2 hours, interalveolar septums were dilated, and electron-dense
endothelial cells lined part or all of many capillaries (Figure 4). Intra-
cellular vesicles appeared more numerous in these electron-dense cells
than in controls, and some damaged cells were separated by gaps of ap-
proximately 25 nm (Figure 4, inset). Endothelial cytoplasmic blebs or
areas of separation from the basal lamina were evident at 2 hours (Figure
5). Only an occasional swollen organelle or vacuole was observed in endo-
thelial cells at 4 hours, and by 8 hours the cells appeared normal.

Alveolar Type 1 and Type 2 Cell Lesions

Obvious ultrastructural lesions observed at 0.5 hour were swollen vesi-
cles (presumably enlarged profiles of SER) and mitochondria within the
alveolar Type 1 epithelial cells. These changes were similar to those seen
at 2 hours, shown in Figure 5. By 2 hours, increased swelling of inter-
alveolar septums was noted, and some alveolar spaces were edematous, as
indicated by the flocculent electron-dense debris in the alveoli, similar in
density to that seen in capillaries (Figure 4). Severe edematous dilation of
interalveolar septums at 2 hours apparently caused separation of some al-
veolar epithelial cells from the basement membrane. By 4 hours, areas of
denuded alveolar basal lamina were more numerous (Figure 6), and clus-
ters of SER were seen more frequently in Type 1 cells of 3MI-infused
goats than in controls (Figure 7). By 8 and 24 hours, Type 1 cells appeared
extremely swollen. Large clusters of SER were often the only distinguish-
able intercellular organelles observed (Figure 8). Alveolar spaces ap-
peared to contain increased concentrations of proteinaceous debris, and
numerous alveolar macrophages were observed.

Some Type 2 cells contained slightly swollen mitochondria (Figure 6),
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and only mild cytoplasmic swelling was evident in these cells at 2 and 4
hours. At later periods, the Type 2 cells appeared normal.

Bronchiolar Lesions

The most severe changes in the bronchiolar epithelium occurred in the
nonciliated cells. Compared with controls (Figure 9), the nonciliated epi-
thelial cells of goats infused with 3MI for only 0.5 hour contained many
cytoplasmic vacuoles, swollen mitochondria, perinuclear space, and elec-
tron-dense bodies associated with cytotoxicity (Figure 10). These cellular
changes were present before there was evidence of peribronchiolar or al-
veolar edema. These lesions were progressive, and sloughing of bronchio-
lar epithelial cells was apparent after 2-4 hours. Less severe ultrastruc-
tural changes were present in the ciliated epithelial cells, and later these
cells appeared normal.

Discussion

The most striking ultrastructural change observed within 0.5 hour after
beginning the 3MI infusion was progressive degeneration of alveolar Type
1 and nonciliated bronchiolar epithelial cells. The early endothelial cell
changes induced by 3MI are apparently reversible, since they were not
seen after 2 hours in this study or after oral administration of 3MI in a
previous experiment.® The remission of ultrastructural changes in endo-
thelial cells corresponded to the end of 3MI infusion at 2 hours, and it is
possible that these changes may result from direct effects of 3SMI on endo-
thelial cells. Less severe changes in other lung cell types emphasize the se-
lective effects of 3MI.

The severity of interstitial and alveolar edema increased with time
throughout the experiment. Interstitial edema observed at 0.5 hour pre-
ceded the onset of significant alveolar edema, suggesting an increase in
capillary permeability and/or changes in pulmonary lymphatic drain-
age." Alveolar edema developed as a prominent feature after 2 hours and
occurred in conjunction with severe interstitial edema and alveolar Type
1 cell damage.

Cytotoxicity in alveolar Type 1 and nonciliated bronchiolar epithelial
cells is most likely related to the metabolism of 3MI by the MFO system
in these cells. We have previously shown that induction of the MFO sys-
tem with phenobarbital increases the severity of 3MI-induced lung injury
and that lung injury is prevented by piperonyl butoxide, an inhibitor of
the MFO system.'? In addition, the formation of highly reactive inter-
mediates that covalently bind to cellular macromolecules during the
course of 3MI metabolism by lung microsomes is probably responsible for
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pneumotoxicity.'® The SER is known to contain the MFO enzymes, and a
variety of substrates lead to proliferation of SER and induction of the
MFO system.” The known involvement of the MFO system in pneumo-
toxicity, coupled with the proliferation of SER in alveolar Type 1 and
nonciliated bronchiolar epithelial cells observed in this and a previous
study ® suggest a relationship between MFO metabolism in these cells and
the cytotoxicity of 3MI.

The observations from this study are consistent with the following in-
terpretation of the sequence of major events associated with 3MI-induced
lung injury. Exposure of the lung to 3MI in the blood may have direct ef-
fects on capillary endothelia and alter the characteristics of the per-
meability of these cells, which may contribute to the interstitial edema
observed within 0.5 hour after exposure to 3MI. Since 3MI is highly lipo-
philic, it can penetrate cellular membranes and enter lung cells. Metabo-
lism of 3MI by the MFO system in alveolar Type 1 and nonciliated
bronchiolar cells results in the formation of reactive metabolite(s), which
initiate cytotoxic effects within 0.5 hour, and these effects become pro-
gressively more severe, resulting in acute injury to these cells. As the al-
veolar epithelial barrier is thus weakened, the alveoli are flooded with
edema fluid. It is clear from previous studies that hyperplasia of alveolar
Type 2 pneumocytes and bronchiolar epithelial cells occurs within 2-3
days to replenish these epithelial cell populations.*2"??

References

1. Carlson JR, Dickinson EO, Yokoyama MT, Bradley BJ: Pulmonary edema and em-
physema in cattle after intraruminal and intravenous administration of 3-methylin-
dole. Am J Vet Res 1975, 36:1341-1347

2. Dickinson EO, Yokoyama MT, Carlson JR, Bradley BJ: Induction of pulmonary
edema and emphysema in goats by intraruminal administration of 3-methylindole.
Am J Vet Res 1976, 37:667-672

3. Breeze RG, Pirie HM, Dawson CO, Selman IE, Wiseman A: The pathology of res-
piratory diseases of adult cattle in Britain. Folia Vet Lat 1975, 5:95-128

4. Pirie HM, Breeze RG, Selman IE, Wiseman A: Indole-acetic acid, 3-methylindole
and Type 2 pneumonocyte hyperplasia in a proliferative alveolitis of cattle. Vet Rec
1976, 98:259-260

5. Dickinson EO: The effects of tryptophan on bovine lungs. Doctoral thesis, Wash-
ington State University, Pullman, Washington, 1970

6. Huang TW, Carlson JR, Bray TM, Bradley B]: 3-Methylindole-induced pulmonary
injury in goats. Am J Pathol 1977, 87:647-666

7. Bradley BJ, Carlson JR, Dickinson EO: Light and scanning electron microscopic
observations of goat lungs following 3-methylindole infusion, Proceedings of the 16th
Hanford Biology Symposium, Pulmonary Macrophage and Epithelial Cells. Energy
Research and Development Administration Symposium Series 43, 1977, pp 590-602

8. Bradley BJ: Electron and light microscopy of lungs and body distribution of car-
bon-14-3-methylindole in experimentally induced pulmonary edema and emphy-



556

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

21.
22.

BRADLEY AND CARLSON American Journal
of Pathology

sema in goats. Doctoral thesis, Washington State University, Pullman, Washington,
1977

Bray TM, Magnuson JA, Carlson JR: Nuclear magnetic resonance studies of leci-
thin-skatole interaction. J Biol Chem 1974, 249:914-918

Bray TM, Sandberg HE, Carlson JR: An EPR study of structural perturbations in-
duced by 3-methylindole in the protein and lipid regions of erythrocyte membranes.
Biochim Biophys Acta 1975, 382:534-541

Bray TM, Carlson JR: The effects of 3-methylindole on hemolysis, transport of
22Na* and ATPase activities of bovine erythrocytes. Proc Soc Exp Biol Med 1975,
148:875-879

Bray TM, Carlson JR: The role of mixed function oxidase in 3-methylindole-in-
duced acute pulmonary edema in goats. Am J Vet Res 1979, 40:1268-1272

Bray TM, Carlson JR: Covalent binding of 3-methylindole metabolites in goat lung
microsomal preparations. Fed Proc 1979, 38:1329

Boyd MR: Role of metabolic activation in the pathogenesis of chemically induced
pulmonary disease: Mechanism of action of the lung-toxic furan, 4-ipomeanol. Envi-
ron Health Perspect 1976, 16:127-138

Boyd MR, Statham CN, Franklin RB, Mitchell JR: Pulmonary bronchiolar alkyla-
tion and necrosis by 3-methylfuran, a naturally occurring potential atmospheric con-
taminant. Nature 1978, 272:270-271

Sasame HA, Gillette JR, Boyd MR: Effects of anti-NAPDH-cytochrome ¢ reductase
and anti-cytocrome bs antibodies on the hepatic and pulmonary microsomal metabo-
lism and covalent binding of the pulmonary toxin 4-ipomeanol. Biochem Biophys Res
Commun 1978, 84:389-395

Guengerich FP:  Studies on the activation of a model furan compound toxicity and
covalent binding of 2-(N-ethyl-carbamoylhydroxymethyl) furan. Biochem Pharm
1977, 26:1909-1915

Reid WD, Ilett KF, Glick JM, Krishna G: Metabolism and binding of aromatic hy-
drocarbons in the lung: Relationship to experimental bronchiolar necrosis. Am Rev
Resp Dis 1973, 107:539-551

Hurley JV: Current views on the mechanisms of pulmonary oedema. J Pathol 1977,
125:59-79

Stidubli W, Hess R, Weibel ER: Correlated morphometric and biochemical studies
on the liver cell. II. Effects of phenobarbital on rat hepatocytes. ] Cell Biol 1969,
42:92-112

Breeze RG, Pirie HM, Selman IE, Wiseman A: Fog fever in cattle: Cytology of the
hyperplastic alveolar epithelium. ] Comp Pathol 1975, 85:147-156

Witschi H, C6té MG: Biochemical pathology of lung damage produced by chem-
icals. Fed Proc 1976, 35:89-94



iy

Figure 1—Lung parenchma of a propylene-glycol-infused control goat. Erythrocytes (E ) are shown within
a capillary. A normal endothelial mitochondrion (M) and cell junction (arrow) are evident. Both Type 1
(T1) and Type 2 (T2) cells line the alveolar spaces (A ). (X19,500) Figure 2—Swollen mitochondria
(M) in the capillary endothelia at 0.5 hour after the beginning of the 3Ml-infusion. The endothelial cell junc-
tion (arrow ) appears intact. (xX24,000) Figure 3—By 0.5 hour, some endothelial cell junctions (ar-
row ) lack the electron density normally present. Swollen intracellular vesicles (v ) are present in both adja-
cent endothelial cells. Edematous interstitial area (IS ) surrounds the capillary. (X37,500) Figure 4—
Some endothelial cells appear severely damaged by 2 hours, as evidenced by their electron density and
occasional gaps (arrow ). Inset is an enlargement of an electron-dense endothelial cell gap. (X23,100) In-
terstitial spaces (IS ) are edematous. Type 1 cells lining edematous alveolar spaces (A ) contain nhumerous
swollen vesicles (v). (X 6,300)



Figure 5—Endothelial blebs or separations from the underlying basement membrane are evident at 2
hours in some interalveolar septal capillaries. The endothelial cell is abnormally electron-dense (arrow ).
Note the numerous swollen vesicles (v) in the Type 1 cell lining the alveolus (A). (X8400) Figure
Edematous space separates alveolar Type 1 epithelial cells (arrows) from underlying basement membrane
by 4 hours after the beginning of the 3MI infusion. A Type 2 (T2) cell contains slightly swollen mito-
chondria (arrowhead). Only a small alveolar space (A) remains. (X9000) Figure 7—Enlarged areas of
smooth endoplasmic reticulum (ser) are evident in alveolar Type 1 epithelial cells as early as 4 hours after
the start of 3MI infusion. Note the dilated intracellular vesicles (v) also present. Adjacent alveolar space
(A) contains electron-dense material indicating the presence of edema. (x36,500) Figure 8—By 8
hours, some Type 1 cells appear severely dilated, with only enlarged clusters of smooth endoplasmic retic-
ulum (ser) remaining as distinguishable cytoplasmic structures. Note that the dense, proteinaceous mate-
rial in the alveolar space (A) is similar in electron density to that in the capillary (Cap). (X 16,500)



Figure 9—Control goat terminal bronchiole epithelium showing morphologically normal nonciliated cells (N)
and a more oblique segment for a ciliated (C) epithelial cell. (x 6000) Figure 10—By 0.5 hour, 3Ml in-
fusion resulted in severe cytoplasmic damage to nonciliated cells, as evidenced by numerous dilated vesi-
cles (v). Less severe changes were present in the ciliated cells (C). (x5600)
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