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Cigarette smoke is known to contain many types of
free radicals, and solutions of smoke tar have been
shown to liberate hydrogen peroxide as well as su-
peroxide radical. To further investigate the relation-
ship ofsmoke exposure and generation of active ox-
ygen species, the authors exposed rat tracheal ex-
plants to varying amounts ofsmokefor 10 minutes
in a humidified chamber After smoke exposure was
completed4 tracheal segments were incubated in a
modification of the ultrastructural cerium chloride
technique that was devised by Briggs et al. to dem-
onstrate hydrogen peroxide production. Smoke dose-
dependent deposition of cerium-containing reaction
product wasfound on the cilia and the apical mem-
branes; with low-dose smoke, the reaction product
appeared as individual dots along the apical surface,
but with greater amounts ofsmoke, heavy linear de-
posits of reaction product werefound along the api-
cal membranes. Smoke produced focal dose-related
cell damage with blebbing of the apical membranes,
loss of cilia, and focal cell necrosis. Catalase pre-
vented both the positive histochemical reaction and
the cell damage; if the catalase was first boiled, its
protective effect was destroyed Similarly, aftersmoke
exposure was completed, tracheal segments were cov-
ered with a solution ofnitroblue tetrazolium to dem-
onstrate production of superoxide anion. A positive
reaction was observed by light microscopy on the
surface of tracheas that was exposed to smoke but
not that exposed to air, the reaction could be pre-
vented by addition ofsuperoxide dismutase. The au-
thors conclude that exposure of tracheal explants to
cigarette smoke in vitro is associated with histochem-
ical evidence of continuing production of both by-

drogen peroxide and superoxide anion at the apical
cell membrane. (AmJ Pathol 1991, 139:573-580)

Cigarette smoke is known to contain many types of free
radicals, and it is believed that free radicals and reactive
chemical species generated by free radicals are impor-
tant in the pathogenesis of smoke-induced lung dis-
ease.'1 Smoke produces a variety of radicals in both the
gas and tar phases,13 and aqueous solutions of smoke
tar generate both superoxide anion and hydrogen per-
oxide.'1 Previous data from our laboratory on the uptake
of asbestos fibers by tracheal epithelial cells in organ
culture have indicated that smoke augments fiber up-
take, and that this effect can be entirely prevented by
scavengers of active oxygen species.69 The fact that the
asbestos is added after the completion of smoke expo-
sure in these experiments suggested that there is ongo-
ing generation of active oxygen species on the tracheal
epithelial surface after smoke exposure, probably as a
result of tar deposition during smoke exposure (see Dis-
cussion).
We used histochemical techniques to detect hydro-

gen peroxide and superoxide anion and showed that the
generation of these two active oxygen species can be
observed on the apical tracheal cell surfaces after ciga-
rette smoke exposure.

Materials and Methods

Tracheal explants were prepared from 200 g female
Sprague-Dawley rats using a modification of the method
of Mossman10 as previously described.'9 The seg-
ments were placed, serosal side down, on Millipore filters
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that were moistened with a small amount of culture me-
dium (Dulbecco's minimal essential medium, Gibco
Products), and then exposed to various amounts of
whole smoke from a commercial nonfilter cigarette for 10
minutes in a humidified chamber at 3T7C. Control ex-
plants were exposed to air in a similar chamber.

For demonstration of hydrogen peroxide production,
the tracheal explants were exposed to 1, 3, or 6 puffs of
smoke; after 10 minutes, they were removed from the
smoke chamber, held for 1 minute in air, and transferred
to a modification of the cerium chloride medium de-
scribed by Briggs et al.11 Briggs et al. were originally
interested in showing production of hydrogen peroxide
by the NADH oxidase located in the cell membranes of
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polymorphonuclear leukocytes, and hence, included
NADH as substrate in the medium. Since we were only
interested in exogenous hydrogen peroxide production,
we omitted NADH from the medium.

Explants were incubated in the cerium chloride me-
dium for 30 minutes; they were then rinsed 4 times with
tris-maleate buffer to remove unreacted cerium, fixed
overnight in 2.5% glutaraldehyde in 0.1M cacodylate
buffer, postfixed in osmium tetroxide, dehydrated in eth-
anol, and embedded in epoxy resin. In some instances,
osmium or lead and uranium counterstains were omitted
to provide better contrast between tissue and reaction
product. Sections were examined in an electron micro-
scope that was equipped with energy dispersive x-ray

Figure 1. Electron micrographs of control
tracheas exposed to air and then incubated
for 30 minutes in the cerium chloride me-
dium of Briggs et al." A: Low-power view.
Note overall good morphologic preservation
but tendency toward separation of cells
along their lateral edges, particularly toward
the basal pole. B: Higher-power view of an-
other area showing apical surfaces ofciliated
and mucous cells. No cerium reaction prod-
uct is present (Glutaraldehyde and osmium
fixation, counterstained with lead citrate and
uranyl acetate; A: x5200; B: x8100).
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spectrometer. The latter was used to confirm the pres-
ence of cerium in the precipitate.

As a negative control, tracheal segments were ex-
posed to air instead of smoke and incubated in the re-
action mixture. To demonstrate the specificity of the re-
action, sets of tracheas were briefly immersed before
smoking in culture medium containing 1300U/ml cata-
lase (Boehringer-Mannheim); alternately, the catalase
was added after smoke exposure to the cerium chloride
medium. Additional explants were incubated with 1 300U/

ml of catalase that had been boiled for 10 minutes to
inactivate the enzyme.

To show the production of superoxide anion,12-14 the
tracheal segments were exposed to six puffs of smoke as
described earlier, removed from the smoke, and held in
air for 1 minute. A drop of a 3 mg/ml solution of nitroblue
tetrazolium (NBT) (Sigma Chemicals) in Hank's balanced
salt solution (Gibco) pH 7.3 was placed on the apical
surface of each segment for 10 minutes. Controls were
run by exposing the segments to air instead of smoke. To
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Figure 2. Electron micrographs of tra-
cheas exposed to one puff of smoke and
then incubatedfor 30 minutes in the ce-
rium cbhoride medium of Briggs et al.lI
A: Lower-power view showing overall
good morphologic preservation butfocal
deposition ofdiscrete grains ofcerium re-
action product on cilia and along the
apical surface. The large grains seen at
left represent the heaviest deposits found
with onepuffofsmoke. B, C: Higb-power
views of the surface of a mucous cell
and ciliated cell sbowing dotlikeparticles
of cerium-containing reaction product.
(Glutaraldebyde and osmium fixation,
no counterstain; A: x 7200; B: x 18,000;
C: x17,000).
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demonstrate specificity, the NBT was added mixed with
60OU/ml superoxide dismutase (SOD) (Sigma Chemi-
cals).

Results

Ultrastructural Changes and Hydrogen
Peroxide Localization

Control (Air-exposed) Explants
Use of the cerium chloride medium resulted in some

degradation of ultrastructure, in particular, separation of
the basal portions of the epithelial cells from each other.
Contrast was also generally low, even with lead citrate
and uranyl acetate staining, and there appeared to be
loss of fine ultrastructural detail. However, the ultrastruc-
tural preservation was adequate for histochemical pur-
poses. No cerium precipitate was found in control sec-
tions (Figure 1).

Smoke-exposed Explants

Smoke-exposed explants showed clearly dose-
dependent deposition of cerium containing precipitate
and dose-dependent damage to the cells. Cerium-
containing precipitate was seen on apical cell surfaces in
amounts that paralleled amount of smoke exposure. With
low doses of smoke, individual grains of precipitate could
be found on and between cilia and on the surface of
mucous cells (Figure 2). With high doses of smoke, the
precipitate, although still focal in overall distribution, ap-
peared as a dense linear band along the cell membranes
and cilia (Figure 3). In some segments that were exposed
to six puffs of smoke, heavy staining of the cell organelles
occurred in what appeared to be disintegrating cells (Fig-
ure 5); it is unclear whether this phenomenon is actually
related to hydrogen peroxide production or is a nonspe-
cific artifact. The morphologic abnormalities consisted
primarily of cell separation, focal membrane blebbing,
loss of cilia, and cell disintegration. Cell damage was rare

Figure 3. Electron micrographs oftracheas exposed to sixpuffs ofsmoke and then incubatedfor 30 minutes in the cerium chloride medium
ofBriggs et al." A and B: Two low-power views of different areas showing marked cell separation, focal cell disintegration (arrows), and
extensive cerium reaction product deposited in a linearfashion along the apical surfaces (Glutaraldebyde and osmium fixation, counter-
stained with lead citrate and uranyl acetate; A, x 6600; B, x 6000). C and D: High-power views showing heaty linear deposition ofcerium
reaction product. Note membrane blebs in both C and D and loss of cilia in D (C: Glutaraldehyde fixation only, no counterstain; D:
Glutaraldebyde and osmium fixation, no counterstain; C, x 15,000; D, x20,000).
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in tracheas exposed to one puff of smoke and was more
severe and more widespread with increasing smoke ex-
posure (Figure 3); however, even with six puffs of smoke,
most of the epithelium was not obviously damaged.

Catalase-treated Explants

Addition of catalase to the incubation medium abol-
ished both the evidence of cell damage and all but min-
imal and focal deposits of cerium precipitate (Figure 4).
Better protection was obtained if the explants were
treated with catalase before smoke exposure rather than
after exposure (i.e., in the latter circumstance the cata-
lase was included in the cerium incubation medium), but

Figure 4. Electron micrograpbs of tracheas
exposed to srx puffs of cigarette smoke and
treated uwith catalaselcerium chloride me-
dium as described in text. A and B: Louw- and
higb-pouwer v'ieuws sbouing cell separation but
no obvious cell damage and no cerium reac-
tion product (Glutaraldebvde and osmium
fixation, counterstained uwith lead citrate and
uranvl acetate; A, x 5500; B, X11,000).

the differences were not marked. If the catalase was first
boiled, both cell damage and cerium precipitate were
seen in a pattern identical to that found with cigarette
smoke alone (Figure 5).

Demonstration of Superoxide Anion

Tracheal segments exposed to smoke and then to the
NBT solution demonstrated deposition of discrete, ap-
parently randomly distributed, blue formazan grains (Fig-
ure 6). Controls exposed to air and segments exposed to
smoke plus superoxide dismutase showed only faint re-
actions (Figure 6).
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Figure 5. Electron micrograph of trachea exposed to six puffs of
cigarette smoke and treated uwith catalase inactivated by, boilingl
cerium chloride medium as described in text. There is niembrane
blebbing and loss ofcytologic detail along u'ith linear heavy, linear
deposition ofreaction product along apical membrane. The cell to
the left is disintegrating and shouws extensive staining that may not
be specific. The overall appearance is essentially, identical to that
seen u'ith six puffs ofsmoke and no catalase (Glutaraldehbde fix-
ation only, no counterstain, X8000).

Discussion

As noted in the Introduction, cigarette smoke contains
and produces a variety of radicals.1- The gas-phase
radicals are believed to be both carbon- and oxygen-
centered species maintained by oxidation of nitric oxide;
compared with the tar phase, gas-phase radicals are

Figure 6. Light micrograph)s of tracheal seg-
ments exposed to smoke for 10 minutes fol-
loued by airfor 1 minute, and then covered
with NBT solution as described in text. Pho-
tographs are taken from above the tracheal
surface by transmitted light and shou, epithe-
lium and underlying blood vessels (except B,
which is a histologic cross-section); shadous at
edges offield are overhanging cune of the
tracheal wall. A diffuse positive reaction (blue
dots offormazan) indicating the presence of
superoxide anion is seen uith smoke eApo-
sure (A); the surface location of the reaction
ic ."nfirm>n! thrrnyvOc in tho hictoloair srrocc

present in lower concentration and are short lived.1' 2 The
tar-phase radicals appear to be quinones held in the tar
matrix; the quinones reduce dioxygen to superoxide an-
ion with subsequent dismutation to hydrogen perox-
ide.1- If transitional metal ions are present, the reactive
hydroxyl radical can also be formed.15 Tar-phase radi-
cals are present in high concentrations and are long
lived;"4 because of the long lifetime (characterized by
Pryor2 as "essentially infinite") of these radicals, the pro-
duction of active oxygen species can continue for re-
markably long periods. Nakayama et al.5 showed that
hydrogen peroxide production could be detected as
much as 24 hours (the longest period they examined)
after an aqueous extract of fresh smoke tar was pre-
pared. In fact their graph shows not only continuing pro-
duction, but slowly increasing concentration of hydrogen
peroxide/ml of solution with increasing time, and their
data imply that hydrogen peroxide production would
continue for much longer periods.

In previous experiments that used a tracheal explant
system, we found that brief exposure of explants to
smoke followed by exposure to amosite asbestos in-
creased fiber uptake compared with exposure to air fol-
lowed by asbestos.b79 In this system, enhanced fiber
uptake was still seen with delays between smoke and
asbestos exposure of 1 minute to 48 hours. Catalase,
superoxide dismutase, and deferoxamine all abolished
the smoke effect in a dose-related fashion. These find-
ings lead us to propose that smoke-enhanced fiber up-
take is mediated by cell damage caused by hydroxyl
radical formed from the superoxide anion and hydrogen
peroxide generated in smoke tar; in this situation the iron
on the surface of the asbestos fiber is believed to serve

op ; ".

section (B). If the NBT is mixed uwith superox-
ide dismutase the positive reaction is abol-
ished (C). Little reaction is seen in a control
(D) in which air exposure is substituted for
smoke exposure. A, C, D, x 50; B, x400.
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as a Fenton catalyst to promote formation of hydroxyl
radical (see16 for a recent review).

One interpretation of the findings just described with
asbestos and smoke is that tar is deposited during
smoke exposure on the apical surface (mucous blanket)
of the tracheal cells, in effect creating a long-term active
oxygen species generator on the cell membrane. The
current experiments were designed to test this latter hy-
pothesis using the much simpler system of smoke with-
out asbestos by directly visualizing the appearance of
both hydrogen peroxide and superoxide anion on the
tracheal cells after smoke exposure had ceased.

A few comments about the histochemical methods
are in order. The hydrogen peroxide method of Briggs et
al.11 makes use of the fact that cerous ions in the pres-
ence of peroxide form cerium perhydroxide, an insoluble
and electron-dense precipitate. The method is not ideal
from the point of view of morphologic preservation. How-
ever, the specificity of the procedure was extensively in-
vestigated by Briggs et al., and Briggs et al. examined in
detail the effect of catalase in this system and carefully
ruled out artificial effects from complexing of catalase
with cerium ions. Thus the abolition of precipitate on
smoke-exposed tracheas by active but not inactive cat-
alase reinforces our belief that the method is visualizing
smoke-related hydrogen peroxide present at the surface
of the tracheal epithelial cells. The clear smoke-dose de-
pendent increases in cerium reaction product also argue
for the specificity of the technique.

The NBT reaction depends on reduction of NBT to
formazan, an insoluble blue precipitate. NBT reduction
has been used as an indicator of the presence of super-
oxide anion, although the reaction is not entirely spe-
cific.12-14 Cigarette smoke (tar) has other reducing sub-
stances1' and thus other species might be causing the
reactions we observe; however, the fact that the reaction
is almost completely abolished in the presence of super-
oxide dismutase suggests that most of the formazan is
produced by effects of superoxide anion.
We are not attempting a detailed morphologic study

of the effects of smoke on rat tracheal epithelial cells in
this article, and the histochemical technique interferes
with structural detail enough to make such a study diffi-
cult; however, the morphologic findings in the smoke-
exposed tracheas are consistent with those known to be
caused by active oxygen species, particularly hydrogen
peroxide. Ciliary damage is not in and of itself distinctive,
but hydrogen peroxide and ozone, as well as cigarette
smoke, have been shown to damage cilia.1718 Mem-
brane blebbing, although hardly specific, is a remarkably
constant finding in many different types of cells exposed
to hydrogen peroxide.19 It has been proposed that, in this
circumstance, blebbing reflects oxidant-induced dam-
age to the cytoskeleton and dissociation of the cytoskel-

eton from the cell membrane.19'20 Cell necrosis is simi-
larly nonspecific but is seen with exposure to both ozone
and hydrogen peroxide.17'19'20

Therefore, in our system, exposure to cigarette smoke
leads to the random deposition of smoke tar on the sur-
face of the tracheal epithelium cells. The tar probably
partially dissolves in or at least is covered by the mucous
blanket, and hence, the situation is functionally equivalent
to that reported after bubbling smoke through water.4'5
We suggest that, effectively, a microscopic reaction
chamber is formed on the apical cell surface, and from
this site, the tar generates active oxygen species that
damage the underlying cells.
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