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So-called bronchiolization of alveoli was obswved in mice chronically exposed to synthetic smog or CaCrOc dust. 
The epithelial cells lining the affected alveoli were identified by electron microhpy as typical bronchiolar cells. Base- 
ment membrane pores were often found in the bronchiolar walls of exposed mice, laterally connecting the bronchioles 
with adjacent alveoli. In animals exposed to synthetic smog, tbese openings were always occupied by cells resembling 
bronchiolar epithelium. In CaCr04-cxposed animals with bronchiolar epithelial hyperplasia, the pores appeared to have 
devcloped into smaU bronchiolar-alveolar channels with a patent lumen and a length of two to three cell diameters. 
Bronchiolar epithelialization was seen only occasionally in age-matched control animals; openings in the basement 
membrane have not yet been identifled in controls We propose that colonization of alveoli with bronchiolar eells via 
bronchiolar-alveolar pores is one morphogenetic mechanism of alveolar bronchiolization. 

Additional key words: Alveolar metadash, Alveolar eRithclializetion, Basement membrane pores, Synthetic smog, - -  
cSCrO4 dust. 

The various regions of the respiratory tract differ 
markedly in their response to injurious agents. This was 
recently demonstrated in a cytokinetic study performed 
on N02-exposed animals, in which special attention was 
given to the response of the preterminal, terminal, and 
respiratory bronchioles.8 Because of the close anatomical 
relationship between the most distal bronchioles and the 
alveolar ducts and alveoli, the exact origin of epithelial 
changes following injury of this part of the respiratory 
tract is often difficult to determine. A typical example is 
the so-called epithelialization or bronchiolization of al- 
veoli, which can be observed after a variety of insults 
such as respiratory infection,l. a. 9. 11 exposure to chemical 
irritantse. 19 and carcinogens,l5.~ and even circulatory 
disturbances involving the lung.2 Whether the cuboidal 
and often columnar cells lining the alveoli resemble 
typical bronchiolar epithelium in all instances and 
whether the histogenesis of the alveolar "epithelializa- 
tion" is the same in the various pathologic conditions is 
uncertain. 

The study reported here is part of an effort to de- 
termine the effects of different air pollutants on the re- 
spiratory tract of mice.'*-14 Specifically, we have investi- 
gated the morphologic changes occurring in the lower 
respiratory tract as a result of chronic low level injury. 
Since the animals used were germ-free-derived, specific 
pathogen-free mice, we were not faced with the problem 
of intercurrent respiratory infection, which so often com- 
plicates the interpretation of morphologic changes de- 
veloping after inhalation exposure to noxious chemicals. 
Characteristic changes appearing in the small airways and 
alveoli after chronic exposure to synthetic smog and\ 
CaCr04 dust are described. From these observations a 
possible morphogenetic mechanism for the "bronchioliza- 
tion" of alveoli is proposed. 
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MATERIALS AND METHODS 
Germ-free-derived, specific pathogen-free mice of the 

C57BL/6 inbred line were exposed to filtered air, ozon- 
ized gasoline fumes (synthetic smog), or calcium chromate 
dust (CaCrO,) for 51/2 hours a day, 5 days a week. The  
synthetic smog was created by evaporating a straight run, 
unleaded gasoline into a stream of oxygen and ozone, re- 
sulting from the exposure of pure oxygen to ultraviolet 
light. The maximal concentrations maintained were I 
p.p.rn. of ozone and 24 to 30 p.p.m. of gasoline. The mean 
geometric diameter of calcium chromate particulates was 
0.2 p. The dust was dispensed into the inlet air by a 
Wright dust feed at a concentration of 13 mg. per cu. m. 
Details of the exposure facility and conditions have been 
reported previously.'*. 13 Eighteen months after the start 
of the exposure, 15 mice were removed from each cham- 
ber and used for bacteriologic, virologic, and parasitologic 
testing and for histopathologic investigation. Electron 
microscopic studies were performed only on tracheas and 
lungs from animals exposed to either artificial smog or 
filtered air. 

For electron microscopy, mouse lungs were prefixed by 
intratracheal injection of 1.75 per cent Tyrode-buffered 
glutaraldehyde at 4" C. for several weeks. After glutard- 
dehyde fixation. the tissues were washed in phosphate- 
buffered sucrose (PH 7.4) for a period of 1 week at 4" C. 
They were postfixed in phosphate-buffered osmium te- 
troxide (pH 7.4) for 90 minutes and later dehydrated 
and embedded in Epon. Bronchioles were identified on 
I-p thick Epon sections stained with a mixture of methy- 
lene blue and azure 11. Blocks containing the desired 
segments of bronchioles were sectioned for electron micrw 
scopic examination on an LKB Ultrotome 111. Serial sec- 
tions were mounted on grids that had a single 1- by 2-mm. 
opening and were coated with Fonnvar and carbon. This 
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lllor;ed construction of serial montages of the electron 
,&roscopic images of bronchioles after double staining 
+ t h  uranyl acetate and lead citrate. The sections were 

with an HU-I I Hitachi electron microscope.21 

RESULTS 
No consistent abnormalities were detected in the 

trachea and large bronchi of animals exposed to artificial 
sflo :. Upon examination of parafinembedded lung sec- 
tion>, preterminal and terminal bronchioles were re- 
markably conspicuous and irregularly shaped. Closer in- 
spection revealed that these changes were frequently due 
to epithelialization of alveoli lying either alongside the 
bronchioles or at their distal end (Fig. la) rather than 
to hyperplasia of the epithelium within the bronchioles 
themselves. Tlie epithelialization of alveoli was even more 
pronounced in CaCr0,-exposed animals (Fig. lb and c) .  
Th * lining of the large and medium bronchi in the 
latter group of animals sliowed pathologic changes rang- 
ing from epithelial necrosis to marked hyperplasia. Tlie 
histopathologic findings have previously been reported in 
detail.14 

With ordinary hematoxylin- and eosin-stained paraffin 
sections, i t  was difficult to determine whether the cells 
lining the bronchiolized alveoli were hypertrophic type 
11 dveolar cells or whether they resembled broncliiolar 
epithelial cells. However, 1-p sections of Epon-embedded 
material (and ultrathin sections examined with the elec- 
tron microscope, see below) revealed that these cells had 
the same morphologic characteristics as bronchiolar cells 
(Fig. ZQ and b) .  Occasionally, ciliated cells could be identi- 
fied. In  approximately one-third of the lung sections ob- 
tained from numerous animals exposed to CaCrO,, we 
observed openings and small channels in tlie bronchiolar 
walls, laterally connecting small bronchioles with ad- 
jacent alveoli. These channels were usually two to three 
cell rows deep and 1 to 2 p wide and ran through the i n  
creased thickness of the bronchiolar-alveolar wall (Fig. 
lb). However, the possibility of an artifact could not be 
ruled out entirely. 

Numerous serial 1, sections of plastic-embedded lung 
tissue from animals exposed to artificial smog and air 
were examined to determine whether they contained 
bronchioles with openings simiIar to those found in the 
lungs of animals exposed to CaCrO,. (Tissues fixed in 
glutaraldehyde, postfixed in osmium, and embedded in 
Epon are less subject to shrinkage and tearing than are 
Formalin-fixed and paraffin-embedded tissues.) Fifteen 
blocks of Eponembedded lung tissue from different mice 
contained adequate segments of terminal bronchioles to 
warrant further sectioning and investigation. In five in- 
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filtered air, but, so far, we have failed to demonstrate 
bronchioloalveolar pores in these conhol aninlals. In 
order to idedify unequivocaIly the cell type involved and 
to demonstrate more clearly the basement membrane 
pores, we prepared serial ultrathin sections (sectioning 
through the entire region of the pore) from the tissue of 
several animals and examined them under the electron 
microscope. Micrographs of the three most informative 
sections are depicted in Figures 3 to 5. In most instances 
the pores are bordered by capillaries and are wide enough 
to allow the apparent passage of secretory or ciliated 
cells into adjacent alveoli (Figs. 3 to 5). The  basement 
niembranes of alveoli, which are “in communication” 
with the lumen of terminal bronchioles through the 
above mentioned pores, are frequently lined by bronchio- 
lar type secretory cells with ultrastructural characteristics 
identical with those of the secretory cells lining the bron- 
chiolar wall (secretory granules and sparsity of mitochon- 
dria; compare cells on the bronchiolar side with those on 
the alveolar side of the basement membrane in Figs. 3 to 
5). Thus, these cells bear no resemblance to the type I1 
alveolar cells, which are easily identified by their multi- 
vesiculated bodies and osmiophilic lamellated bodies. 
To facilitate description and visualization of a terminal 

bronchiole region in whicli there is an apparent “migra- 
tion” of epithelial cells to alveoli, a three-dimensional re- 
construction of the basement membrane, illustrating its 
pores and associated capillary network, is presented in 
Figure 6. Tlie model shows two bronchioloalveolar open- 
ings and two interalveolar pores in the basement mem- 
brane of the terminal bronchiole and an interalveolar 
septum, respectively. The planes of spaced sections used 
for the reconstruction of this region are indicated by lines 
SI through S5 on the drawing; the electron micrographs 
of three of the five sections (S2, S3, and S4) are pictured 
in succession as Figures 3. 4, and 5. Arrows A, B, and C 
in Figure 6 show possible routes of cell migration or 
intercommunications of the illustrated lumina. In  reality, 
and as shown on the montages (Figs. 3 to 5). the illus- 
trated bronchiolar basement membrane is covered with 
secretory and ciliated epithelial cells, some of which ob- 
struct the pores in the basement membrane through 
which arrows A and B are threaded. The alveolar surfaces 
of the basement membrane are covered by the thin ex- 
tensions oi alveolar epithelial cells or by bronchiolar 
secretory or ciliated cells that have grown into the al- 
veolus, presumably through the bronchiolar-alveolar 
pores (Figs. S to 5) .  These cells are in intimate contact 
with alveolar epithelial cells and are connected to them 
by desmosomes. The space between capillaries is filled 
not only with the homogeneous matrix of the basement 
membrane but also with bundles of reticular fibers and 
the processes, or cell bodies, of fibrocytes. The inner 
surface of the basement membrane of the capillaries 
illustrated on the drawing is covered by the thin ex: 
tension of endothelial cells as shown on the three 
montages of electron micrographs. 

DISCUSSION 
Recent studies have drawn attention to the epithelial 

changes occurring in the peripheral segments of the 
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FIG. 2. Examples of bronchioloa1ve- 
nlar pores and cpitlielializatiorl of alve- 
oli in artificial smogexposed animals 
a5 scen in 1-p sections of Epon-eni- 
bedded material. 01.. Bronchiolar 111- 

men; A L ,  alveolar luiiierl. Note gap in 
basement memhranc (urvows) occupied 
by (a) secretory cell. ( b )  ciliated ccll. 
and (c) alveolar acinar formation of se- 
cretory cells (urnow). Metliylc~ic blue 
stain; Figure Za, ~ 9 5 0 ;  6 ,  X1.100; c. 
x950. 

mducting airways of laboratory animals cxposed to 
ritant gases.‘. 6. * Our own histologic and electron 
icroscopic findings e mate relationship 
:tween the cellular ost peripheral 
onchioles and the a low level 

Bronchiolization of alveoli (Le., lining of alveolar 
walls by cells resembling, but not necessarily identical 
with, bronchial epithclium) occurs in a great variety of 
unrelated pathologic conditions. It can involve large 
parts of lung parenchyma and may or may not be ac- 
companied by interstitial fibrosis or scarring (eg., in- 
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FIC. 3. A montage of electron micrographs illustrating a bron- 
chiolar-alveolar pore of the terminal bronchiole at the S2 level in 
Figure 6. T h e  micrograph show8 pore A delineated by the b k m e n t  
membrane (BM) and capillaries C3 and CQ. A I  Lo A 2  are bronchiolar 
epithelial cells that apparently have migrated through the pore and 

fectious pulmonary adenomatosis in sheep,*. la late stages 
of influenza virus infect i~n,~,  pulmonary adeno- 
matosis, and “bronchiolar adenoma toid lcsions.” develop- 
ing as a result of carcinogen e x p o ~ l ~ e ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ 2 2 ~ * 3 ) .  

are connected to alveolar epithelial cells (AEC) by desmosorna 
(arrows). BL. Bronchiolar lumen; ALI, ALZ, alveolar lumen; RF, 
reticular fiben: CI to C9. capillaries; CC, ciliated cell; orrowlrcad~, 
electron-dense inclusions: ECN, endothelial cell nucleus: SC, sccrc- 
tory cell; ZAP, interalveolar pore: EC. endothelial cell. 

Bronchiolization may, on the other hand, involve only 
a small group of alveoli. as is the case in our own ex- 
periments with chronic low level exposure to artificial 
smog and CaCrO, dust. It should be mentioned that 
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&'IC. 4. A montage of electron micrographs illustrating a bmn- 
iolar-alveolar pore of the terminal bronchiole at the S3 level in 
*re 6. The  section shows pore 13 delineated by baseyent mem- 
me (DM) around a capillary (Cb) and a fibrocytc (FC). A1 to AJ, 
Is that appear to have migrated through pore A (see Fig. 3). are 
re separated by the basement membrane from the epithelium of 
: terminal bronchiole. R7 is a ciliated cell appalently in the process 

extent of the lesion seems to be related to the dose of 
: injurious agent, since observed widespread CaCr04.14 
mchiolization of lung p lowing &Fated 

of migrating from the bronchiolar epithelium to the alveolar lumen 
(ALZ) surface of the basement membrane through pore B, as judged 
from the shape of its nudeus and the cell p r w a  (CP) attachccl to 
the alveolar side of the basement membrane. BI to BJ are secrctory 
cells that have already migrated. EC, Endothelial cell; u ~ o w o s ,  des- 
mosome between migrated and alveolar epithelial cells (AEC): BL.. 
bronchiolar lumelt: CI to C8, capillaries. x6.500. 

intratracheal injection of rather large amounts of 

The histogenesis of bronchiolization of alveoli has 
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PIC. I. A montage illustrating a bronchiolar-alveolar pore qf the 

tcrminal bronchiole at the SI level in Figure 6. The microgtaph 
shows csscntially thc same cells as in Figure 4 but a dillerent\lcvel 
of sectioning. Pore B is bordered by the capillary formed from the 
union of capillarin (CI to C3 and C6) on the left, aiicl by the fibro- 
cyte (FC) on its riglit. R7. a ciliated cell. appears to be migrating 
through the pow. A f  to A4 arc cells which appear to have migratcd 

to Ihc kff of the alveolar septum (AS) via pore A (see Fig. 3) and 
cells U3 10 8 6  which semi to have migrated LO the rig& side of the 
Mptum through pore n. DL. Bronchiolar lumen: ~ r r o w s ,  desmosome 
betwccn migrated and alvcolar epithelial cells (AEC): CP, cell prm 
as; nrvorc~fmcir,  electron-den= inclusions: AI. ] ,  A 1 4  alveolar lu- 
men: EC, endothelial ccll: DM. basement membrane. x6.500. 
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FIG. 6. A three dimensional reconstruction of the basement mem- 
brane of a terminal bronchiole and the adjacent alveolar wall from 
1 mouse exposed to artificial smog. The model illustrates a transpar- 
ent basement membrane with its bronchioloalvmlar pores (arrows 
A and 0). associated capiliary network (GI to C9). and alveolar sep- 

becn a controversial issue for many years: some inves- 
tigators feel that it is a metaplasia (or “transformation”) 
of autochthonous alveolar epithelium.1-*. 16 In most 
cases. however, neither opinion is supported by sufficient 
evidence on either the exact morphologic identity or the 
origin of the abnormal alveolar lining. In our own study, 
a very mild form of alveolar bronchiolization was ob- 
served as a result of chronic low level exposure to air 
contaminants. Histologic and electron microscapic in- 
vestigation of the altered peripheral airways showed epi- 
thelial cells in alveoli morphologically identical vith the 
eyetory and ciliated cells of the adjacent bro chioles. 

ells ate derived from bronchioles and that they reach 
the alveoli through pores, laterally connecting bron- 
chioles and alveoli. I t  is conceivable that  the minute 

Evidence is presented which strongly suggests that ‘t these 

gaps in the bronchiolar-alve S 
arc. a normal feature of the p 1 

turn (AS) with its interalveolar pore (IAP and urrow C). SI to SF 
rcpresent levels of sections used for the reconstruction. S2 to S-l arc 
illustrated in Figures 3 to 5. BL, Bronchiolar lumen: ALI, AL2, 
alveolar lumen. ~ 4 , 4 0 0 .  

rodents, wliich become more conspicuous and easier to 
locate under pathologir conditions. They may be related 
to the much larger open connections between bronchioli 
and alveoli described in rabbits and humans.10 The 
migration of cells through these pores with subsequent 
“colonization” of alveolar walls might also normally 
occur at a very slow rate, since occasional alveolar 
bronchiolization can be seen in aging mice not exposed 
to any obvious injury. It is not clear whether the rather 
conspicuous bronchiolar-alveolar channels in the CaCr0,- 
exposed mice are but an exaggerated form of the small 
p r e s  seen in the smog-exposed animals or whether they 
are a separate morphologic entity. 

It should bc stresscd that we are not implying that 
the same histogenetic mechanism applies to all forms of 
alveolar metaplasia. In other instances, bronchiolar epi- 
thelium may extend distally into the alveoli and alveolar 
ducts, as is suggested by findings such as that presented 
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FIG. 7. Extension of epithelium of terminal bronchiole into alveolus in a rat given repeated intratracheal methylcholanthrene injec!io=. 
BL, Bronchiolar lumen; AL, alveolar lumen. IIernatoxylin and eosin stain; X930. 

in Figure 7, which is taken from a carcinogen-treated rat 
lung,l7 or the metaplasia of lung parenchyma may ac- 
tually be derived from autochthonous alveolar epi- 
thelium. 

Our findings also raise an interesting possibility per- 
tinent to the morphogenesis and pathogenesis of bron- 
chioloalveolar neoplasms. Bronchiolization of alveoli is 
a common sequela of injury affecting lower respiratory 
tract tissues. If such modified alveolar tissues are ex- 
posed to carcinogens, tumors with the morphologic and 
perhaps biologic characteristics of bronchiolar carci- 
nomas could develop. These would topographically be 
of alveolar, but histogenetically of bronchiolar. origin. 
While these considerations are presently rather specula- 
tive, they emphasize the possible role of "cofactors" in 
respiratory carcinogenesis, which may significantly modify 
the target tissues and thereby alter their response to 
carcinogens. 

- 
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