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The effects of smoke inhalation on alveolar sur-

factant subtypes were examined in mice exposed
for30 minutes to smoke generatedfrom the burn-
ing of a flexible polyurethane foam. At 4 or 12

hours after the exposure, three surfactant pel-
lets, P10, P60, andP100, anda supernatant, Sl00,
wereprepared by sequential centrifugation ofla-

vage fluids at 10,000 g for 30 minutes (PlO),
60,000 gfor 60 minutes (P60), and 100,000 gfor
15 hours (P100 and S100). Phospholipid analysis
and electron microscopy wereperformed on each
fraction. Smoke exposure dramatically altered
the normal distributions ofthesefractions: it sig-
nificantly increased the phospholipid content of
the heavier subtype, Pl0, which is thought to rep-
resent newly secreted surfactant; had no effect on
the intermediateform, P60; and dramatically in-

creased the phospholipid content (approxi-
mately fivefold) of the lighter subtypes, P100
and S100, which are believed to represent cata-
bolic end-products of alveolar surfactant. Only
P100 was structurally altered by the smoke.
These results represent alterations of the nor-
mal metabolic processing of alveolar surfactant.
Whereas the mechanism is yet to be defined, it

seems to involve a smaU but significant increase
in the newly secreted surfactant, as wel as an
excessively high accumulation of the structur-
ally altered catabolic forms of the secreted sur-
factant. (AmJPathol 1994, 145:941-950)

Lung surfactant is a phospholipid-rich material that
lines the mammalian lung where it functions to pro-

mote alveolar stability by decreasing the surface ten-
sion at the air-alveolar interface.1'2 Lung surfactant is
synthesized in the alveolar type 11 cell and stored in
membrane-bound vesicles (lamellar bodies) for ulti-
mate release to the alveoli.1' 2 Once released, the la-
mellar body complex undergoes a series of structural
rearrangements to produce the active monolayer and
to provide a readily available pool for the continuous
replenishment of material forming the monolayer.3
There is considerable evidence to indicate that used
alveolar surfactant constituents are removed from the
alveoli and recycled by the type 11 cell into new la-
mellar bodies.4 In fact, alveolar surfactant can be
separated by techniques involving centrifugation into
a series of subfractions that have been shown to be
in metabolic sequence such that the heavy, easy-to-
sediment subfractions constitute newly secreted ma-
terial, whereas the lighter, difficult to sediment frac-
tions, containing much smaller vesicular structures
represent the used alveolar surfactant constituents.5
Fractions intermediate between the two have also
been identified.

There is considerable evidence to indicate that
many noxious agents and toxic substances cause
derangement, or at least a perturbation of the pul-
monary surfactant system by interruption of each or
any of the processes of biosynthesis,6'7 secretion 8.9

alveolar processing,10-13 or clearance of the used
surfactant from the alveoli.14-16 The processes in-
volving biosynthesis, secretion, and clearance of
surfactant have been somewhat extensively stud-
ied.4 Recent attention has focused on intraalveolar
processing, or metabolism, particularly as it per-
tains to the subtypes fractionated from alveolar la-
vage fluid. There is ample evidence to suggest that
the proportions of these subtypes change, not only
in response to certain physiological stimuli, such as
birth,17 exercise,18 and deep breathing,19 but also

Supported by grants from the Medical Research Council of

Canada and the Nova Scotia Lung Association.

Accepted for publication July 13, 1994.

Address reprint requests to Dr. M. Oulton, Room G703.1, Grace
Maternity Hospital, 5980 University Avenue, Halifax, Nova Scotia,
Canada B3H 4N1.

941



942 Oulton et al
AJP October 1994, Vol. 145, No. 4

in a number of pathological conditions that are
characterized by a dysfunctional surfactant system
and the development of pulmonary edema.7-15,19,20
An improved understanding of the mechanisms
regulating these metabolic processes would have
important implications for the development of sur-
factant treatments to alleviate these problems.
We have been studying a mouse model of lung

injury, induced by exposure to smoke generated
from the combustion of a flexible polyurethane
foam. Lung injury from fire smoke inhalation is a ma-
jor prognostic factor in the survival of victims res-
cued from accidental fires,21'22 and it is a more
common cause of death than burns alone.23 About
80% of all fire-related deaths occur in residential
fires,24 which are commonly started by accidental
contact of lighted cigarettes with sofas or bed mate-
rials containing flexible polyurethane foam.25 The
foam used in our model is of the type used in the
manufacture of upholstered furniture, and mice ex-
posed from smoke to it develop a sublethal pulmo-
nary edema by at least 4 hours after a 30-minute
exposure. We also observed significant effects on
the surfactant system, affecting both the intracellu-
lar (lamellar body) and extracellular surfactant pool,
the most dramatic effect being an almost twofold in-
crease in the phospholipid content of the extracellu-
lar pool.20 We subsequently found that the changes
in the surfactant system were first evident at 4 hours
after the exposure and that they were sustained for
at least 12 hours. As we did not fractionate the la-
vage pool into individual surfactant subtypes in ei-
ther of these studies, we were not able to determine
which step in the surfactant life cycle was altered.
Recently, we developed a fractionation scheme in-
volving differential centrifugation for isolating indi-
vidual alveolar surfactant subtypes in healthy
mice.26 In the present study, we used this fraction-
ation scheme to study the effect of the smoke expo-
sure on the individual subtypes.

Materials and Methods
Random-bred, pathogen-free, Carworth Farms
White, Swiss-Webster male mice, 8 to 9 weeks old,
were housed (five per cage) in a controlled environ-
ment with food and water available ad libitum. The
model used for studying smoke toxicity incorporated
the guidelines of the National Bureau of Stan-
dards27,28 and the National Research Council29 and
was described elsewhere.30'31 Briefly, the fuel was
flexible polyurethane foam, synthesized from toluene

diisocyanate and free of fire retardants and pigments.
It was thermally decomposed, without flaming in a
tube furnace, preheated, and maintained at 400 ± 8
C. Air was made to flow through the furnace and to
carry the diluted smoke into a 20-1 volume exposure
chamber, where the smoke was uniformly dispersed
by an internal fan, and allowed to escape. Nine hun-
dred mg of foam were decomposed, based on the
ratio of 45 mg per of chamber volume. The exposure
duration was 30 minutes. Usually 12 to 13 mice and,
rarely, up to 16 mice were exposed, and in all in-
stances, the body mass of the mice never exceeded
5% of the chamber volume; usually it was less than
3%. Throughout the exposures, the chamber tem-
perature never exceeded 26 C, and the chamber oxy-
gen levels did not fall below 18.5%, ie, there was nei-
ther heat stress nor a significant hypoxic atmosphere.
Although not consistently monitored, chamber hu-
midity occasional rose above 50%, depending on the
ambient humidity. At either 4 or 12 hours after the
exposure the mice were killed by an intraperitoneal
injection of sodium pentobarbital for isolation and
analysis-of alveolar surfactant subtypes. These time
intervals were selected as they represent 1) the ear-
liest time at which changes in unfractionated lavage
fluid phospholipids were observed (4 hours) and 2) a
later time period in the injury for which the changes
seemed to persist (12 hours). Unexposed mice
served as controls.

After killing the mice, their lungs were lavaged with
isotonic saline in 4 x 1.0 ml aliquots as described
previously.6 The lavage washings from two to three
mice were pooled and following a 5-minute centrifu-
gation at 140 g to remove a cellular pellet, surfactant
subfractions were prepared by sequential centrifuga-
tion at 10,000 g for 30 minutes, 60,000 g for 60 min-
utes, and 100,000 g for 15 hours. The resultant sub-
fractions are respectively referred to as P10 (10,000
g pellet), P60 (60,000 g pellet), P100 (100,000 g pel-
let), and S100 (100,000 g supernatant). The cellular
pellet is designated as Pc. The details of this isolation
procedure were described in a previous communi-
cation.26 For comparative purposes, lamellar bodies
were isolated from the postlavage lung tissue using
differential and density gradient centrifugation as de-
scribed previously. 32.33

Aliquots of each lavage fraction and lamellar body
preparation were extracted with chloroform/methanol
(2:1, v/v) for phosphorus analysis using the proce-
dure of Bartlett34 as described previously.29 Indi-
vidual phospholipids were separated by two-
dimensional, thin-layer chromatography, and the
spots were visualized and their phosphorus content
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determined as described elsewhere.33 The disatu-
rated species of phosphatidylcholine (DSPC) was

isolated for analysis as described by Mason et al.35
In some experiments, samples of the alveolar sur-

factant subfractions, P10, P60, and P100 were fixed
in 0.1 mol/L cacodylate buffered 2.5% glutaraldehyde
(pH 7.3) and processed for electron microscopy as

described previously.33 In other experiments, ali-
quots of each alveolar surfactant fraction and lamellar
body preparation were removed for assessment of
surface activity using the pulsating bubble surfac-
tometer as described by Enhorning.36

Statistical comparison of the results were per-

formed using Student's t-test37 or Duncan's New Mul-
tiple Range Test.38 For the Duncan's, a one way analy-
sis of variance was performed prior to the test. The F
value was significant to 5%.

Results
As described elsewhere,30,31 exposed mice mani-
fested labored respirations by the end of the expo-

sures, and this persisted for the entire 12 hours. The
histopathology of the lung31 revealed spotty necrosis
of airway epithelium, mainly in the trachea, and
marked parenchymal vascular congestion, collapse,
and some edema, notably around bronchovascular
trunks. Neutrophil leukocyte infiltration of paren-

chyma was not evident or significant until about 4
hours after exposure, an observation that correlated
with the absolute and relative numbers of neutrophils
counted in bronchoalveolar lavage fluid recovered
from the lungs. On the other hand, there were no in-
creases in macrophage numbers observed by his-
tology, even by 8 and 12 hours after exposure. In fact,
bronchoalveolar lavage showed significant de-
creases in macrophage recoveries. These decreased
recoveries were shown to be mainly related to de-
struction of macrophages after phagocytosis of poly-
meric smoke particles.30'31

Also in agreement with previously reported re-

sults,20 no significant differences were observed in
the mean lung weight (grams wet lung per mouse) in
the individual groups (untreated: 0.231 + 0.027, n =

8; 4 hours after smoke exposure: 0.293 + 0.025, n =

8 and 12 hours after smoke exposure: 0.241 + 0.038,
n = 20; P > 0.05 for each pair by Duncan's Multiple
Range Test). Therefore, where relevant, data are ex-

pressed on the basis of wet lung weight.
The total phospholipid and total DSPC content of

unfractionated lavage fluid is shown in Figure 1A. For
comparative purposes, the results obtained for the
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Figure 1. EfJect of smoke exposure on the total phospholipid (open
bars) and total di.saturatedpphosphatidvlcholin?e (closed bars) conltent
of alveolar lavage fluids (A) and lamellar bodies (B) obtainedfrom
mice. Lamellar bodies were isolated from the postlavaged lung tissue
by, procedures involving differential atnd density gradient cettrifuga-
tion. Each value represents the mean + 1 SDfor tnine (control), eight
(4 houars postexposure), or six ( 12 hours postexposure) determina-
tions.

isolated lamellar bodies are included (Figure 1B). In
agreement with previous findings,20 the total phos-
pholipid content of the alveolar lavage fluid was sig-
nificantly increased by the smoke exposure. This in-
crease, which was almost twofold, was observed at 4
hours postexposure and persisted for 12 hours. Simi-
lar increases were observed in the DSPC content of

o total phospholipid

* total DSPC
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the alveolar lavage fluids. Also in agreement with pre-
vious studies,20 the smoke exposure did not signifi-
cantly alter the total phospholipid content of the la-
mellar body fraction but significantly decreased the
DSPC content of this fraction. This decrease was ob-
served at 4 hours postexposure and persisted for the
12-hour observation period.
The total phospholipid and total DSPC content of

the individual alveolar surfactant subfractions are
shown in Figure 2. For each time period examined,
very small amounts of phospholipid (ie, less than 10%
of the total recoverable lavage phospholipid) were
present in Pc and not enough material was available
in this fraction for DSPC analysis. We therefore ex-
cluded this fraction from the figure. In regard to the
individual surfactant subfractions, it can be seen that
the overall increase in the content of total lavagable
phospholipid observed in the smoke-exposed mice
was reflected by significant increases in each of the
lavage subfractions, except the intermediate pellet
fraction, P60, in which the phospholipid content did
not significantly change following smoke exposure.
Among the subfractions in which the phospholipid
content did increase, the greatest increases seemed
to occur in P100 (which contains the largest amount
of phospholipid in the smoke-exposed group) and
S100 in which the phospholipid content increased
nearly fivefold, ie, from 60.1 ± 25.4 in the unexposed
controls to 291.4 ± 158.5 pg/g lung at 12 hours post-
exposure. This pattern of change was observed at 4
hours postexposure and persisted for up to 12 hours.
Smoke exposure also significantly increased the
DSPC content of the individual lavage subfractions
with the exception of P60. Interestingly, the DSPC

Figure 2. Effect of smoke exposure on the total
phospholipid (open bars) and total disaturated
phosphatidylcholine (closed bars) content of
alveolar surfactant subfractions. Fractions
were prepared by sequential centrifugation of
lavage returns at 10,000 g for 30 minutes
(P10), 60,000 g for 60 minutes (P60), and
100, 000 g for 15 hours (P100-pellet and SQ00-
supernatant) after an initial 5-minute centrifu-
gation at 140 g to remove a cellular pellet, Pc.
Data representation are as for Figure 1. *Sig-
nificantly different from control (P>< 0.01), t
significantly differentfrom 4-hourpostexposure
value (P < 0.05) by Duncan's Multiple Range
Test.

content of this subfraction was significantly de-
creased following the smoke exposure but only after
12 hours.
The effect of smoke exposure on the distribution of

total alveolar surfactant phospholipid over the indi-
vidual subtypes is shown in Table 1. The results are
expressed as relative percent of total alveolar surfac-
tant (PlO + P60 + P100 + S100) present in each
subfraction. The cellular pellet, Pc, comprised less
than 10% of total lavage phospholipid for each study
group and was not included in the calculation. As
shown, smoke exposure significantly altered the dis-
tribution of phospholipid among the subfractions. The
most dramatic changes were in P60, which de-
creased from 30 to 10% of the total alveolar pool, and
P100, which increased almost twofold following the
smoke exposure. As a consequence of these
changes, P60, which comprised the second largest
subfraction in the unexposed mice, constituted a mi-
nor component in the smoke-exposed mice, and
P100, which comprised only 20% of the alveolar sur-
factant in the unexposed mice, represented the major
constituent in the smoke-exposed group. As a per-
cent of total alveolar phospholipid, changes were also
observed in the other two subtypes, such that the rela-
tive proportion of P10 slightly but significantly de-
creased, whereas that of S100 significantly increased
following the smoke exposure. It is also noteworthy
that the pattern of change in the distribution of alveo-
lar surfactant phospholipids was observed as early
as 4 hours after the exposure.

Despite these dramatic changes in the phospho-
lipid content of the alveolar surfactant subfractions,
smoke exposure had very little effect on the overall
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Table 1. Effect ofSmoke Exposure on Distribution oJ Phospholipid over Individual Alveolar Surfactant Subfractions in Mice

Relative percent of total alveolar surfactant phospholipid

Treatment n PlO P60 P100 S100

Control 9 39.4 ± 3.3 31.1 ± 3.9 21.9 ± 4.4 7.7 + 2.8
4 hours postexposure 8 34.9 ± 4.6* 10.3 + 3.Ot 44.6 + 7.1t 10.2 ± 3.7
12 hours postexposure 6 31.0 ± 5.1t 10.4 1l1.2t 41.7 ± 11.2$ 16.6 ± 7.6t§

Mice were killed either 4 or 12 hours after a 30-minute exposure. Alveolar surfactant subfractions, P10, P60, P100, and S100 were pre-
pared as described in the legend to Figure 2.

PC, which contributed less than 10% of total lavage phospholipid for each group, was not included.
* Significantly different from control (P < 0.05); t significantly different from control (P < 0.01); f significantly different from control (P <

0.001), § significantly different from 4-hour postexposure group (P < 0.05) by Duncan's Multiple Range Test.

phospholipid composition of these fractions. Repre-
sentative results are shown for subfractions obtained
from mice killed 12 hours after the exposure (Table 2).
In comparing the compositions of the individual sub-
fractions, only one slight difference was observed
and that was a slight decrease in the relative propor-

tion of phosphatidylcholine (PC) in S100 in compari-
son to P100. These phospholipid profiles are almost
identical to those obtained for untreated controls and
mice examined 4 hours after the exposure (results not
shown but reported in previous publications20). In
agreement with previous reports,20 smoke exposure

had no effect on the overall phospholipid composition
of lamellar bodies. The overall phospholipid profile of
these structures was very similar to those of the al-
veolar surfactant subfractions (results not shown).

Interestingly, however, changes were observed in
the DSPC/PC ratio of some of the alveolar surfactant
subfractions and the lamellar bodies as well (Table 3).
In agreement with previous reports,20 the DSPC/PC
ratio of lamellar bodies progressively and significantly
decreased following the smoke exposure. This de-
crease was observed as early as 4 hours following the
exposure. In the alveolar surfactant subfractions, de-
creases were also observed in the DSPC/PC ratio fol-
lowing smoke exposure, but only in the Pl0 and P60
subfractions and only at 12 hours following the ex-

posure.

In a previous study,26 we demonstrated ultrastruc-
tural differences in P10, P60, and P100 isolated from
normal healthy mice. P10 consisted mainly of large

multilamellated structures typical of newly secreted
surfactant; P100 consisted of small unilamellar
vesicles typical of catabolic forms of secreted sur-

factant, and P60, though less homogeneous than P10
and P100, contained mainly large unilamellar vesicles
with somewhat diffuse membranes. Electron micro-
graphs of these fractions obtained following smoke
exposure are shown in Figure 3. There seemed to be
no loss of structural integrity of the isoforms present
in P10 and P60. In addition to the large multilamel-
lated structures, tubular myelin was also present in
P10. A dramatic finding, however, was the virtual ab-
sence of vesicular structures from P100. This fraction
seemed to consist almost entirely of amorphous ma-

terial with occasional disclike structures appearing in
each field examined. We did not examine the isolated
lamellar bodies by electron microscopy in the present
study as we had done so previously and found no

obvious effects of smoke exposure on the isolated
structures.20

In a previous study,26 we reported that P10, P60,
and isolated lamellar bodies demonstrated surface
activity in that they were able to reduce the surface
tension to less than 10 mN/m when compressed to
minimum bubble radius in a pulsating surfactometer
when examined at concentrations at 5 mg phospho-
lipid/ml. We also reported that P100 did not exhibit
this property. In the present study, only a few samples
from the smoke-exposed mice (4-hour postexposure
group) were available for surface tension studies. We
found that smoke exposure did not seem to alter the

Table 2. Phospbolipid Composition ofAlveolar Lavage Subfractions Obtainedfrom Smoke-Exposed Mice

% of total lipid phosphorus
Fraction n PC PG Pi PS SM PE X

PlO 4 82.2 ± 2.7 10.4 ± 0.6 1.6 ± 1.0 1.7 + 2.1 1.6 ± 0.4 2.5 + 2.4 0.1 ± 0.1
P60 4 84.3 ± 0.8 10.3 ± 0.4 1.4 + 0.7 0.8 + 0.4 0.6 + 0.6 2.3 + 1.0 0.2 ± 0.3
P100 5 83.8 + 1.6a 10.3 ± 1.4 1.6 ± 0.8 0.8 ± 0.8 0.7 ± 0.6 2.4 ± 0.6 0.5 + 1.0
S100 4 79.9 + 2.0* 9.4 ± 0.4 2.0 ± 0.2 1.5 ± 1.3 2.3 ± 2.5 1.8 ± 0.4 3.1 ± 2.1

Mice were killed 12 hours after a 30-minute exposure. Each value represents the mean - 1 SD for the number of determinations shown.
Fractions were prepared as described in the legend to Figure 2. Not enough material was present in Pc for analysis.

Phospholipids include: PC, phosphatidylcholine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingo-
myelin; PE, phosphatidylethanolamine; X, unidentified phospholipid.

* Significantly different from P100 (P < 0.05 by Duncan's Multiple Range Test).
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Table 3. Effect of Smoke Exposure on DSPCIPC Ratios ofLamellar Bodies and Alveolar Surfactant Subfractions

DSPC/PC Ratio

Treatment Lamellar bodies (n) P10 (n) P60 (n) P100 (n) S100 (n)

Control 0.593 ± 0.065 (9) 0.601 + 0.041 (10) 0.583 ± 0.012 (4) 0.582 ± 0.050 (10) 0.592 ± 0.024 (4)
4 hours post- 0.473 ± 0.064* (7) 0.586 ± 0.091 (9) 0.576 ± 0.024 (3) 0.586 ± 0.082 (3) 0.602 ± 0.037 (5)
exposure

12 hours post- 0.434 ± 0.015* (3) 0.497 ±0.101tt (10) 0.484 ± 0.043*§ (5) 0.561 ± 0.053 (5) 0.600 ± 0.066 (5)
exposure

Mice were killed either 4 or 12 hours after a 30-minute exposure. Lamellar bodies were prepared from postlavage tissue as described in
the legend to Figure 1 and alveolar surfactant subfractions, P10, P60, P100, or S100 as described in the legend to Figure 2. Each value rep-
resents the mean + 1 SD for the number of determinations shown.

* Significantly different from control (P < 0.01), t significantly different from control (P < 0.05), t significantly different from 4-hour postexpo-
sure group (P < 0.05), § significantly different from 4-hour postexposure group (P < 0.01) by Duncan's Multiple Range Test.

Figure 3. Electron micrographs of mouse alveolar subfractions P10 (A); P60 (B); P100 (C) prepared 4 hours after a 30-minute exposure to smoke
by sequential centrifugation of lavage returns as described in the legend to Figure 2. Scale bar, 340 nm. Magnification 29,OOOX.

surface properties of these fractions. Lamellar bod-
ies, Pl0, and P60, were capable of reducing the sur-
face tension to 1.0 to 8.8 mN/m, whereas for the P100
fraction, this value ranged from 14.7 to 24.5 mN/m in
individual samples and remained at these high values
for up to at least 20 minutes.

Discussion
In agreement with our previous report,20 we found that
the conditions of smoke exposure described in this
study resulted in an almost twofold increase in the
phospholipid content of the total alveolar surfactant
pool. Elevated pools of alveolar phospholipids have
been shown to result from experimental exposure to
a variety of other injurious agents, including diesel
fuel particles,39 silica dust,15 ozone,1040 and radia-
tion.11 Until recently, however, there have been few
reports on the identification of the particular subfrac-
tion affected.

Using morphometric techniques, Balis et al10
found that ozone exposure in rats resulted in an in-
creased accumulation of the alveolar surfactant sub-
types typical of newly released surfactant, ie, multi-

lamellated structures, and a paucity of the much
smaller unilamellar structures typical of the metabo-
lized or end-product forms of alveolar surfactant. This
result suggests that ozone in some way inhibited the
unwinding of the newly secreted surfactant, which or-
dinarily progresses through the normal metabolic
pathway with delivery of constituents to the active
monolayer, possibly because ozone exposure im-
pairs some of the functions of the major surfactant-
associated protein, SP-A,41 one of which may indeed
be to initiate the metabolic conversion of secreted
surfactant. 13

Similarly Gross,11 in a study of a mouse model of
adult respiratory distress syndrome induced by irra-
diation, found an accumulation of the earlier released
(or secreted) surfactant subtype and a decrease in
the lighter metabolic end-product subtypes. This find-
ing was attributed to an inhibitor, eg, a1-antitrypsin,
which prevents the catalytic conversion of secreted
surfactant to the ultrastructural form, namely tubular
myelin, which is the first produced in the metabolic
sequence. In a previous report from this same
group,42 the metabolic conversion of the alveolar sur-
factant was attributed to a serine proteinase activity,
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a convertase. A role for SP-A, possibly as a substrate
for this convertase, has been implicated in this pro-
cess as well.13

In contrast to the above studies, alveolar injury in
rabbits induced by N-nitrosos-N-methylurethane was
associated with a nearly fivefold increase in the quan-
tity of the lighter surfactant subtypes with a concomi-
tant decrease in the heavier subtype following the in-
jury,12 suggesting accelerated metabolic processing.
An increased accumulation of the lighter subtypes
was also shown to be responsible for the excessive
amounts of alveolar surfactant found in rats exposed
to the anorectic drug, chlorphentermine.16 Though
the end result seems to be the same, these com-
pounds seem to operate through different pathways,
N-nitrosos-N-methylurethane by affecting the actions
of SP-A13 either directly or indirectly by causing type
11 cell necrosis12,13 and chlorphentermine by directly
binding the alveolar surfactant phospholipids. 16
Chlorphentermine seems to have no adverse effects
on the type 11 cell.16

In the present study, we found not only an increase
in the phospholipid content of the heavy, easy-to-
sediment alveolar surfactant subfraction following ex-
posure to smoke, but also a substantial and signifi-
cant increase in the light and final supernatant
subfractions. We did not do metabolic labeling stud-
ies in our mouse model. However, the subfractions
that we describe in this and a previous report on nor-
mal mouse lung21 are very similar to those identified
by Gross and Narine in both normal and injured
mice.' 1,43 These authors have also shown by both in
vivo43 and in vitro44 studies the same metabolic pro-
gression from heavy to light subtype as has been
shown for several other species, in both normal and
pathological states.5121316 It is thus reasonable to
suggest that the increase in Pl0 that we found in this
study may result from increased secretion of surfac-
tant by the type II cell, as has been found on exposure
to a variety of other noxious agents,15'39'40 whereas
the increased accumulation of material in the lighter
subfractions may result from an accelerated conver-
sion to the lighter subtypes and/or a decrease in the
rate of removal of these products. We reported some
preliminary work45 that suggests an accelerated con-
version of P10 to P100 or S100 may, in fact be the
initial response. Further study would be necessary to
confirm these preliminary findings.

Previous studies with our model30'31 showed a sig-
nificant decrease in bronchoalveolar lavage-
recoverable alveolar macrophages following smoke
exposure. Though the alveolar macrophages may not
provide a significant route for trafficking or clearance

of alveolar surfactant components,4'46 it is not unrea-
sonable to speculate that at least a part of the accu-
mulation of surfactant constituents, and in particular
DSPC, that we found in P100 and Si 00 may in fact be
due to the reduced macrophage numbers, which
would eliminate one possible route for clearance of
these constituents under normal circumstances.
Whereas the precise role of alveolar macrophages in
this process is not known, our results consistently
demonstrate that changes in surfactant and alveolar
macrophages are early effects and not secondary to
a later inflammatory reaction. Another possibility to
consider, of course, in explaining the accumulation of
the P100 subfraction, is an interruption of the clear-
ance by type 11 cell. This could result from damage to
the type 11 cell itself or to the alveolar surfactant con-
stituents or to any wide variety of causes. These may
be difficult to delineate because the toxicity of the
smoke from flexible polyurethane foams seems to be
significantly related to thermal breakdown of poly-
meric urethane bonds with release of isocyanates,
highly reactive free radicals.25

In addition to the observed accumulation of phos-
pholipid in P100 and S100, the slowed clearance of
these fractions is suggested in the present study by
the finding that the DSPC/PC ratios of these fractions,
in contrast to those of P10 and P60 and the lamellar
bodies, had not decreased even after 12 hours. This
suggests that P100 and S100 may contain metabo-
lized lamellar bodies that were released before the
smoke insult, whereas P10 and P60 may contain the
more recently released lamellar bodies, ie, those with
a reduced DSPC/PC ratio.

The effects of smoke exposure or the structural in-
tegrity of the isoforms was also of interest. P10 and
P60 seemed to be little affected; in fact, the presence
of tubular myelin in Pl0 indicates that the formation of
this particular isoform may not be perturbed. P100, on
the other hand, lost its vesicular structure. Whether
this is a primary effect of the smoke constituents, or
secondary to some other effect, cannot be deter-
mined from the present study. Whatever the cause,
the structural alteration could be a major contribution
to their failure to be cleared from the alveoli. Smoke
exposure did not affect the surface properties of the
individual subfractions. We did not do a detailed pro-
tein analysis in this study, but we did observe large
amounts of albumin associated with each of the sub-
fractions. This would probably not affect the surface
activity of P10 and/or P60, provided adequate levels
of SP-A, SP-B, and/or SP-C were present.47'48 How it
might affect P100, which in the normal healthy animal
is not surface active, is not known. Given that this



948 Oulton et al
AJP October 1994, Vol. 145, No. 4

fraction accumulates in the smoke-exposed lung,
such that by 12 hours it constitutes nearly 60% of the
total alveolar surfactant phospholipid pool versus
less than 30% for the normal unexposed lung, sug-
gests that this may constitute the major factor con-
tributing to the impairment of lung function associated
with this model.30,31 Further study would be required
to confirm these findings.

Another interesting finding in the present study is
the apparent lack of effect of the smoke exposure on
the quantity of phospholipid in the intermediate sub-
fraction, P60. Recently, Nicholas et a149 reported that
changes in breathing patterns altered subtype dis-
tribution but with essentially no change in a subtype
they designated as PL alv-1. This is a heavy subtype,
obtained by centrifugation at 1,000 g for 25 minutes,
is tubular myelin-enriched, and they suggest that is
the controlled variable in surfactant homeostasis, at
least in their model system. In our study, the heavy
subtype increased in response to smoke exposure,
and it was a more intermediate fraction that was un-
changed. Though the significance of this is not clear,
it does suggest different mechanisms for controlling
surfactant homeostasis in different situations. For our
own purposes, we don't presently know if our P60
fraction constitutes a discrete metabolic intermediate
of alveolar surfactant and if it does, what its precise
role might be. That it contains structures not present
in either P10 or P1 0026 supports the concept of a dis-
crete subfraction; as to a possible role, one can only
speculate at this time. That it occupies an interme-
diate position between the heavy and light isoform
and that it remains relatively unaltered by the smoke
suggest that it may play a regulatory role in controlling
the rate of progression from the heavy to the light sub-
type. Another possibility is that it may in some way
stimulate the secretory process. That the alveolar mi-
lieu, eg, the degree of unsaturation of PC, dramati-
cally affects surfactant secretion has been reported
by several investigators.5052 In the present study, for
example, one might speculate that the decreased
DSPC in P60 might be the trigger that stimulates se-
cretion of more lamellar bodies. If this were so, then
it would ensure that adequate levels of P10 are
present at the alveolar surface. Further study is un-
derway to explore these concepts in more detail.

In summary, exposure of mice to smoke generated
from the combustion of a flexible polyurethane foam
dramatically altered the distribution of the alveolar
surfactant subtypes. These alterations were ob-
served by 4 hours after the exposure and were sus-
tained for at least 12 hours. In contrast to reports on
other models of alveolar injury, in which either the
heaviest or the lightest alveolar surfactant subtype

accumulated at the expense of the other,1012 we
found significant increases in both of these pools, the
more dramatic increase being in the lightest subfrac-
tion, P100. The structural organization of this light
subfraction was also dramatically altered by the
smoke, and this could account for its failure to be
cleared from the alveolar space. An intermediate frac-
tion, designated as P60, seemed to be less affected
by the smoke. These data indicate that the major ef-
fect on the surfactant system in the smoke inhalation
injury is an excessive accumulation of structurally al-
tered light subtype. Whereas increases were also ob-
served in the heavy subtype, the magnitude of in-
crease was not as great as that observed in the light
subtype. Though the mechanisms responsible for
these changes is not known, it seems that the in-
crease in P10 might be due to an increase in surfac-
tant secretion, whereas the increased accumulation
of P100 could be due to decreased clearance by the
alveolar macrophages and/or type 11 cells, which in
turn might be due to damage or destruction of these
cell types and/or the structural alteration of P100 itself.
An accelerated conversion of secreted surfactant to
P100 cannot be discounted, however, as being re-
sponsible for the increase in P100. Whatever the
mechanism, it seems that the surfactant phospholip-
ids, which undergo only minor changes, may play an
insignificant role in the subtype distribution. The sur-
factant proteins, especially SP-A, which plays a major
role in processing of alveolar surfactant, are more
likely candidates. Studies are in progress to further
probe these possibilities. Finally, it is important to note
that differences, not only in the agent that induces the
lung injury, but also the animal model used to study
the response must be considered to elucidate fully
the underlying mechanisms regulating alveolar sur-
factant metabolism in both the normal and diseased
lung.
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