
American Journal of Pathology, Vol. 138, No. 4, April 1991
Copyright © American Association of Pathologists

Ozone Stress Initiates Acute Perturbations
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To identify the early changes of surfactant secretion
in response to acute oxidant stress, the authors eval-
uated morphometrically centriacinar type II cells
and lavagefluid surfactantforms obtained immedi-
ately after exposure ofadult rats to 3ppm ozonefor
1, 2, 4, or8 hours. In this modez the rat lung develops
progressive alveolar edema with significant eleva-
tion of lavagefluidproteins at 2 to 8 hours ofexpo-
sure. Ultrastructural changes in type II cells at I and
2 hours included enhanced lamellar body (LB) fu-
sion with significant increase in the compound and
vacuolated LB compartment& Parallel changes of la-
vage fluid surfactant membranes included a sus-
tained4 twofold increase in the proportion of loosely
coiled multilamellar structures at I to 8 hours, with
reciprocal decrease in theproportion of tubular my-
elin from control value of56% to 34%. The propor-
tion of densely coiled LB-like forms in lavage fluid
increased significantly at 4 and 8 hours, whereas the
proportions of unilamellar structures remained un-
changed The results indicate that ozone-induced al-
veolar injury initiates time-dependent defects in the
organization ofstored and secreted surfactant mem-
branes. The acute ozone stress inhibits unfolding of
secreted lamellar body membranes as well as their
organization into tubular myelin; thereby perturb-
ing theproportions ofextracellular surfactant mem-
branes that are availablefor adsorption onto the sur-
face filmW (AmJPathol 1991, 138:847-857)

compartmented organelle of the type 11 cell, which incor-
porates basic components of both secretory pathways
and endosomal-Iysosomal systems.' At the onset of
their secretion, the LB surfactant membranes become
loosely coiled,1011 an event that apparently heralds the
unwinding of secreted surfactant membranes. After exo-
cytosis into the hypophase of the alveolar lining layer, the
unfolding surfactant membranes are organized into tubu-
lar myelin and other morphologically distinct surfactant
forms.12-16 There is evidence that the structural organi-
zation and spreading of surfactant membranes involves
calcium-dependent reactions with active participation of
surfactant-associated proteins, and possibly phospho-
lipid transfer proteins and serine proteinases.17-20 Tubu-
lar myelin has been found to be associated with optimal
adsorption for natural surfactant.21 During the respiratory
cycle, membranes from the tubular myelin, and conceiv-
ably from other surfactant forms, are believed to spread
rapidly onto the alveolar air-liquid interface, where they
form a monomolecular surface film composed predomi-
nantly of dipalmitoylphosphatidylcholine (DPPC), the pri-
mary functional constituent of surfactant. The above sce-
nario serves as a framework to investigate the sequential
interrelationships, mechanisms, and significance of
changes involving stored and secreted surfactant mem-
branes in response to oxidative and other types of alve-
olar injury.

Our previous studies have defined an injury-and-
repair model induced by acute ozone stress.all22 Using
this model, we have obtained evidence that acute oxida-
tive injury results in seemingly defective exocytosis and
spreading of surfactant membranes; deficiency of a 14-
kd LB protein, recently identified as lysozyme3; deple-
tion of selected LB hydrolases; and persistent elevation in
the cholesterol of stored surfactant; followed by progres-
sive increase in both intracellular and extracellular surfac-
tant pools. The present study provides persuasive evi-
dence that acute ozone-induced perturbations of surfac-
tant homeostasis are first manifested by the development

The alveolar type II cell is uniquely specialized to produce
and secrete the lipid-protein complex of lung
surfactant.1 .2 It is well recognized that the surfactant lipids
are stored in the form of densely coiled membranous
structures within the lamellar body (LB), a multifunctional,
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of structural changes in stored and secreted surfactant
membranes, leading to precipitous and sustained defi-
ciency in extracellular tubular myelin.

Materials and Methods

Animal Model

Rats used for these studies were adult, specific pathogen
free, male Fischer 344, and weighed 270 + 10 g. The rats
were obtained from Charles River Breeders (Kingston,
NY), shipped in filtered crates, housed in cages with filter
tops, and acclimated for at least 1 week before use with
free access to food and water. Rats were exposed to
ozone for 1, 2, 4, or 8 hours in a specially designed lucite
exposure chamber.24 Control rats were exposed to fil-
tered room air. Ozone was generated by passing 100%
oxygen through an ozone generator (OREC Model
03V1 -0, Ozone Research and Equipment Company,
Phoenix, AZ). The ozone was mixed with compressed air
to produce 3.0 + 0.2 ppm ozone concentration. The total
gas flow was maintained at 120 I/min to produce approx-
imately 1 air exchange per minute. The ozone concen-
tration within the chamber was continuously monitored
with a Mast Model 727-3 ozone monitor (Mast Develop-
ment Co., Davenport, IA) connected to a stripchart re-
corder. At the end of the ozone exposure, the animals
were anesthetized with an intraperitoneal injection of so-
dium pentobarbital (50 mg/kg) and killed by exsanguina-
tion by severing the abdominal aorta.

Preparation of Lungs and Lavage Fluid for
Morphologic Studies

For studies of type 11 cells, the lungs from 15 rats, three
rats per groups, were processed as described
previously.11 Briefly, the lungs were fixed in situ by intra-
tracheal instillation of prewarmed (37°C) 2.5% buffered
glutaraldehyde, volume displacement of total and left
lung determined, and the left lung sliced, postfixed with
reduced 1% osmium tetroxide, stained en bloc with buff-
ered 1.5% uranyl acetate, and embedded in 'EM bed
812' (Electron Microscopy Sciences, Ft. Washington,
PA). This technique insures excellent preservation of
lamellar bodies and extracellular surfactant forms.11

For preparation of lavage fluid, an incision was made
in the necks of 15 rats (three rats per group) under gen-
eral anesthesia, the trachea exposed, a cannula inserted
into the trachea, and the chest and the abdomen were
opened to facilitate exsanguination. Approximately 10 ml
of Hank's balanced salt solution (HBSS) at 37°C was in-
stilled intratracheally and immediately withdrawn from the
lung. The returned lavage was combined with an equal

amount of 5% glutaraldehyde, also at 3TC, to make a
final concentration of 2.5% HBSS-buffered glutaralde-
hyde. The fixed lavage was kept at 370C for 4 hours,
stored at 40C overnight, then aliquoted into 1.5-ml mi-
crofuge tubes and centrifuged at 7200g for 10 minutes.
The supernatants were discarded and the pellets
washed in buffer. Care was taken not to disrupt the pel-
lets after the initial centrifugation. After postfixation with
buffered 1% osmium tetroxide reduced with 1.5% potas-
sium ferricyanide, the pellets were en b/oc stained with
1.5% uranyl acetate, pH 6.3, washed in saline, dehy-
drated with a graded series of acetone, and embedded
in 'EM bed-812.'

Lung Tissue and Surfactant Membrane
Morphometric Measurements

Ultrastructural morphometry of alveolar type 11 epithelial
cells was performed as previously described.11 Briefly,
two 3-mm2 square blocks were selected randomly from
the centriacinar region of the left lung for semithin tolu-
idine-blue-stained sections and thin sections for EM.
Random profiles of type 11 cells were photographed at
5700x magnification, printed, and enlarged to 1 6,500x,
and the areas of type 11 cells and their organelles were
measured by the point counting method using a multi-
purpose test grid system. Volume density of lamellar bod-
ies was determined by the formula Vv = Pi/PT, where Pi
= points of a randomly placed grid that hit the lamellar
bodies and PT = total points of the grid that hit the cell.

For morphometric studies of lavage fluid surfactant
membranes, 9 to 12 blocks of pelleted material were ob-
tained from each rat. Five blocks per rat, for each time
period (control, 1, 2, 4, and 8 hours), were randomly se-
lected and ultrathin sections cut for evaluation in the elec-
tron microscope. Three random electron micrographs
were taken per block of cell-free regions at 4500 x and
printed at 15,000 x. A total of 15 pictures for each rat and
45 pictures for each period were used for the morpho-
metric evaluation of surfactant membranes. A simple
square lattice test grid was employed to quantitate the
surfactant membranes, which were classified into the fol-
lowing subtypes: 1) LB-like form-circular, densely
coiled multilamellar body, similar to lamellar body but de-
void of limiting membrane; 2) multilamellar structure-
consists of multiple, loosely coiled lamellae that are ar-
ranged in various configurations; 3) tubular myelin-
characteristic organization with a lattice pattern; and 4)
unilamellar structure-lamellae arranged singly in various
configurations. Point counts were summed for each sur-
factant membrane subtype over all the photos taken for
each rat, and the percentage of each subtype analyzed
was calculated.
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Lavage Protein

Total protein concentrations in lavage fluids were mea-

sured by a modification of the Lowry method that ensures
solubilization of surfactant lipids and proteins.25

Statistical Analysis

The data were all analyzed using a one-way analysis of
variance (ANOVA). Duncan's multiple range test (MRT)
was used to look for differences among groups when an

F value, determined by ANOVA, was significant (P <
0.05). To satisfy the assumption of homogeneity of vari-
ances when using ANOVA, the Burr-Foster Q-test was

used. When the variances were found to be heteroge-
neous, the log transformation was applied to the data,
and the ANOVA and Duncan's MRT rerun on the trans-
formed data. Statistical analysis was accomplished using
a microcomputer and 'SPSS/PC +' V-3.1 software
(SPSS, Inc., Chicago, IL).

Results

Lavage Fluid Protein

Increasing duration of ozone exposure resulted in pro-

gressive accumulation of plasma proteins in lavage fluid
(Table 1). A significant elevation in protein values was first
noted at 2 hours of exposure. The concentration of pro-

teins in lavage fluid increased 6 times and 20 times at 4
and 8 hours of exposure, respectively.

General Morphologic Observations

Fixation of lavage fluid before centrifugation resulted in
superior preservation of suspended surfactant forms.
With this method, surfactant membranes in lavage fluid
retained the configuration of alveolar surfactant forms,
which were observed in lungs fixed by the airways (Fig-

ure 1; compare with Figure 2). Furthermore this method
enabled identification and quantitation of all formed ele-
ments present in lavage fluid, thereby avoiding biases
that are inherent to various fractionation procedures.

Tubular myelin from control lungs was the predomi-
nant extracellular form in both lavage fluid and alveolar
spaces. Additional surfactant forms included unilamellar
structures, loosely coiled multilamellar structures, and
LB-like forms (Figures 1a, 2a). In ozone-exposed rats,
both lavage fluid and the alveolar spaces showed prom-
inent accumulation of multilamellar structures at the ex-

pense of tubular myelin. These changes appeared as
early as after 1 hour of exposure to 3 ppm ozone (Figures
1 b, 2b). In addition, there was a striking increase in the
proportion of LB-like forms at 4 and 8 hours (Figures 1 c,
d, and 2c, d), often in association with fibrin deposits
(Figure 2d). Similar alterations of surfactant membranes
were observed at the air-liquid interfaces of trapped air
bubbles that were often found within edematous alveoli
(Figure 3).

Ultrastructural changes of type 11 cells included the
presence of partially vacuolated areas within the lamellar
bodies, which were frequently fused and often contained
eddylike cores. These changes were observed most fre-
quently during the first 2 hours of ozone exposure (Figure
4), and were accompanied by accumulations of secreted
LB-like forms in seemingly distended alveolar pouches
(Figure 5). It is of interest that the secreted LB-forms at 4
hours often contained eddylike cores, apparently as a

reflection of ozone-induced exocytosis. The alveolar
pouches were located in alveolar corners beneath over-
hanging type I epithelial cells, and they were inconspic-
uous in control lungs.

Morphometric Analyses

Time-dependent changes were found in lamellar bodies
of ozone-exposed type 11 cells (Table 2). Although the
volume density of lamellar bodies did not change (Figure
6), the area of total LB compartment decreased signifi-
cantly from control values of 9.8 to 8.4, 6.8, and 7.5 (all

Table 1. Concentration ofProtein in Lavage Fluidfrom Control Rats and Rats Exposed to 3 ppm Ozone

Duration of ozone exposure (hours)

Control 1 2 4 8

n = 22 n = 5 n = 5 n = 5 n = 8

Protein (,ug/ml) 71.7 97.7 124.6* 452.Ot 1612.14
(61-85) (85-113) (92-168) (360-567) (1315-1997)

Values expressed as means with 95% confidence intervals shown in parenthesis. Duncan's Multiple Range test was used to test for
significant differences at P < 0.05. n = number of rats.

* Significantly different from control.
t Significantly different from control, 1 hour and 2 hours.
t Significantly different from control, 1, 2, and 4 hours.
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Figure 1. Representative electron micrographs oflavagefluid surfactant membranesfrom control rats (A) and rats eposed to 3ppm ozone
for 1 hour (B), 4hours (C), and 8hours (D). TM, tubular myelin; MS, multilamellar structures; US, unilamellar structures; LBf, LB-likeforms.
Quantitative changes ofsurfactant membranes are given in Table 2 (x 11,500).
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Figure 2. Alveolar spacesfrom control rats (A) and rats exposed to ozonefor 1 hour (B), 4 hours (C), and 8 hours (D). The proportions
and ultrastructuralfeatures ofextracellular suafactant formns are similar to those observed in lavagefluid at corresponding time points. A
alveolar space; C, capillary lumen; LB, lamellar body; LBf, LB-likeform; MS, multilamellar structure; TM, tubular myelin; US, unilamellar
structure; F, fibrin (x 7000).
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Figure 3. Edematous alveolusffrom a rat exposed to ozonefor 4 hours. The air-liquid interface ofa trapped air bubble (A) shows apartiallv
disrupted surfacefilm (SF). The aheolar hypophase (H) contains granularprecipitate ofedemafluid, andfocal accumulation ofsurfactant
membranes, primarily LB-likeforms (LBf) and multilamellar structures (MS), with no tubular mnyelin present. C, capillary lumen (x 25,000).
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Figure 4. TypeII cellfrom rat exposed to ozonefor 1 hour. Some lamellar bodies (LB) arefused (at arrows), contain eddylike core structures,
and are partially vacuolated N, nucleus of type II cell; A, alveolar space; C, capillary lumen (x 10,000).
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Figure 5. Alveolar pouch beneath type I epithelium (I) from rat
exposed to ozonefor 1 hour. Thepouch isfilled with LB-likeforms
(LBf), often containing eddYlike core structures. A, alveolar space;

N, nucleus of type II cell; C, capillary lumen (x 12,000).

expressed in square microns) at 2, 4, and 8 hours, re-

spectively. A persistent decrease was also noted in the
electron-dense multivesicular bodies (MVB), whereas the
electron-lucent MVB did not change in response to
ozone stress. By contrast, both vacuolated and com-

pound LB compartments increased more than twice the
normal values at 1 to 2 hours, with return to control range

after longer periods of exposure.
In ozone-exposed rats, the lavage fluid showed more

than a twofold increase in the proportion of multilamellar
structures, from control value of 15% to more than 30% at
1 to 8 hours of exposure (Table 3). Conversely, the pro-

portions of tubular myelin showed a sustained decrease
from control value of 56% to 34%, 38%, 34%, and 31% at
1, 2, 4, and 8 hours' ozone exposure, respectively. Sig-
nificant increases (17% and 19%; control value 10%) in
LB-like forms were found at 4 and 8 hours, but the pro-

portions of unilamellar structures did not change with in-
creasing duration of ozone exposure.

Discussion

The results of this study indicate that acute, oxidative
stress to the alveoli rapidly initiates striking alterations in
both stored and secreted surfactant membranes. In re-

sponse to 3 ppm ozone exposure for 1 to 2 hours, the
lamellar bodies demonstrate eddylike transformations of
their membranes, as well as significant expansion of the
vacuolated and compound LB compartments. These
findings confirm earlier suggestion11 that initial effects of
ozone stress involve enhanced fusion of lamellar bodies
with accelerate mobilization of surfactant membranes
through the intercommunicating LB compartments.
These events are apparently linked to augmented emp-
tying of lamellar bodies into the alveoli, as evidenced by
the early accumulation of LB-like forms in alveolar
pouches, followed by a measurable reduction in the area
of the total LB compartments at 2 to 8 hours of exposure.
In spite of the above effects on the storage and secretion
of surfactant membranes, the ozone stress does not
acutely alter the content and composition of surfactant
phosphatidylcholine in either lavage fluid or isolated
lamellar bodies.22 This is not surprising, in view of the
remarkable ability of type 11 cells to maintain surfactant
homeostasis through multiple mechanisms including en-
docytosis and reuse of surfactant constituents.2i28

Significant perturbations of the lung surfactant have
been reported to occur in experimental models involving
prolonged exposure of animals to oxidative stress.2933
As shown by the data presented, however, the structural
organization, rather than biochemical composition, of the
extracellular surfactant membranes is highly sensitive to
acute oxidant injury. These data enabled us to identity
two major, time-dependent defects in the organization of
extracellular surfactant. The earliest defect is character-
ized by intra-alveolar accumulation of loosely coiled mul-
tilamellar structures at the expense of tubular myelin, with
unilamellar structures unchanged. This lesion is main-
tained throughout the period of 1 to 8 hours' ozone ex-
posure. The second defect consists of progressive ac-
cumulation of LB-like forms at 4 to 8 hours after exposure.
As reported previously,11 the progressive accumulation
of LB-like forms in alveolar spaces persists during the
reparative stage of ozone-induced diffuse alveolar dam-
age (DAD), in association with abnormal exocytosis of
densely coiled, rather than loosely coiled, lamellar bod-
ies.

It should be noted that the earliest defect, ie, reduction
of tubular myelin with reciprocal elevation of multilamellar
structures, is already established before manifested pul-
monary edema. Therefore, the mechanism of this surfac-
tant alteration is not directly connected to transudated
plasma proteins, which have been found to effect various
types of biophysical surfactant inactivation.-343 It is con-
ceivable, however, that transudated proteins play a role
in the progressive accumulation of the densely coiled LB-
like forms in edematous alveoli, during the exudative/
reparative stages of ozone-mediated DAD.

It is relevant that abundant intra-alveolar accumulation
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Table 2. Morphometric Estimates of Type II Cellsfrom the Centriacinar Lung Regions in Rats Exposed to 3 ppm Ozone
Duration of ozone exposure (hours)

Control 1 2 4 8

n = 176 n = 73 n = 77 n = 75 n = 232
[59] [24] [26] [25] [77]

Cell 59.8 54.7 54.2 53.9 55.7
(2.14) (3.43) (3.29) (2.98) (2.11)

Cytoplasm 44.0 43.4 42.5 40.0 41.7
(1.64) (2.66) (2.56) (2.11) (1.57)

Nucleus 15.8 11.36 11.68 13.96 14.0
(1.08) (1.58) (1.37) (1.37) (1.03)

Mitochondria 5.09 4.95 4.88 4.53 5.49
(0.25) (0.38) (0.36) (0.33) (0.24)

Total LB§ compartment 9.80 9.15 8.39* 6.80*t 7.46*
(0.53) (1.05) (1.02) (0.61) (0.42)

Vacuolated LB compartment 0.81 1.94* 2.24* 1.31t 1.33t
(0.15) (0.41) (0.32) (0.23) (0.17)

Compound LB compartment 0.96 2.24* 2.59* 0.95tt 0.99tt
(0.20) (0.45) (0.59) (0.25) (0.15)

Electron-dense MVBI" 0.23 0.11* 0.10* 0.08* 0.10*
(0.03) (0.03) (0.03) (0.03) (0.02)

Electron-lucent MVB 0.25 0.52 0.33 0.27 0.25
(0.03) (0.28) (0.05) (0. 1 0) (0.03)

Values are expressed in square microns.
Values are means with SEM shown in parenthesis. Duncan's Multiple Range test was used to test for significant differences at P < 0.05.

n = number of type 11 cell profiles measured from a total of three rats per group. [] = average number of cell profiles measured per rat.
* Significantly different from control.
t Significantly different from 1 hour.
t Significantly different from 2 hour.
§ Lamellar body.
11 Multivesicular body.

of LB-like forms, in association with prominent lamellar
bodies in type 11 cells, was first described in newborn
lungs with hyaline membrane disease (HMD) at the re-
parative stage.39 Furthermore recent studies have docu-
mented the virtual absence of tubular myelin (with abun-
dant lamellar bodies) in HMD, suggestive of an abnor-
mality in the conversion of lamellar bodies to tubular
myelin.40 There is also evidence that in HMD type 11 cells
are deficient in SP-A41'42 and SP-B or SP-C.41 It has been
proposed that the lack of tubular myelin in HMD is due to
deficiency of surfactant-associated proteins.41 This con-
cept is consistent with in vitro studies demonstrating that
structures similar to tubular myelin can be reconstituted
from synthetic lipids and surfactant-associated pro-
teins.43

It is of interest that the proportions of surfactant sub-
types change in response to physiologic events, such as
hyperpnea, which also promote significant increase in
alveolar surfactant.4445 In these conditions, surfactant
homeostasis is apparently achieved by maintaining con-
stant or increased levels of the tubular myelin-rich
fraction.45 It should be emphasized, however, that at
present there is little information about the in vivo regula-
tion of extracellular surfactant forms.

It is known that in vitro formation of tubular myelin is
dependent on calcium ions, surfactant-associated pro-
teins, and possibly phospholipid transfer proteins.17 043

There is also evidence that serine proteinase activity is

required for the in vitro conversion of tubular myelin to a
Ivesicular' surfactant form, which may represent 'spent'
surfactant.1946These vesicular forms are composed of
unilamellar membranes and they may represent compo-
nents of unilamellar structures that we found in both la-
vage fluid and alveoli. Because the proportion of these
structures did not change in response to ozone expo-
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Figure 6. Morphometric estimates of lamellar body volume den-
sities. Ozone exposure does not significantly influence the volume
dezsity oftotal lamellar body compartment. Standard error ofthe
mean s shown in parenthesis above bar.

a- I



Ozone Effects on Surfactant Membranes 855
AJP pil 1991, Vol. 138, No. 4

Table 3. Morphometric Analysis ofLavage Fluid Sufactant Membranes in Rats with Increasing Duration of
3 ppm Ozone

Duration of ozone exposure (hours)

Control 1 2 4 8

n=3 n=3 n=3 n=3 n=3
Tubular myelin 55.7 33.9* 38.1* 34.1* 30.5*

(3.3) (4.4) (1.6) (1.5) (0.7)
Multilamellar structures 14.6 30.3* 33.9* 37.3* 33.0*

(2.3) (3.7) (0.9) (1.0) (5.3)
LBt-like forms 9.5 11.5 15.1 17.1* 18.9*t

(2.6) (2.6) (1.7) (1.0) (0.8)
Unilamellar structures 20.2 24.4 13.0 11.5 17.6

(6.8) (10. 1) (2.0) (1.7) (5.5)

Values expressed as mean percentage with SEM shown in parenthesis. Duncan's Multiple Range test was used to test for significant
differences at P < 0.05. n = number of rats.

* Significantly different from control.
t Significantly different from 1 hour.
t Lamellar body.

sure, it is unlikely that alterations in serine proteinase ac-
tivity affected the ozone-mediated perturbations of sur-
factant membranes. In this respect, our results are con-
sistent with the concept that acute oxidative injury
selectively depletes important, functional components of
lung surfactant, which promote spreading and organiza-
tion of surfactant membranes.

A large body of data indicate that oxidant lung injury is
primarily the outcome of an imbalance between the gen-
eration of free radicals and the antioxidant defenses.47
There is also evidence that free-radical mechanisms are
responsible, at least in part, for the ozone-induced oxida-
tion of proteins and polyunsaturated fatty acids.48 It is
plausible, therefore, that the ozone stress initiates through
various mechanisms the accumulation of radicals within
the alveolar hypophase, thereby inactivating proteins in-
volved in the extracellular organization of surfactant. It is
also conceivable that endocytosis by type 11 cells of ex-
tracellular surfactant, containing toxic oxidation products,
results in amplification of injury within stored surfactant by
initiating depletion of oxidant-sensitive lamellar body pro-
teins, such as lysozyme and selected hydrolases.8'22'23

By identifying ozone-induced sequential defects in
stored and secreted surfactant membranes, this study
has provided new information concerning the morpho-
genesis of important processes, supporting the following
scenario. In normal type 11 cells, stored surfactant mem-
branes begin to unwind during exocytosis, and the se-
creted membranes are preferentially organized into tubu-
lar myelin, which is believed to be the primary source for
membranes spread onto the surface film. The acute
ozone stress apparently inhibits the unfolding of the rap-
idly secreted lamellar body membranes, as well as their
extracellular organization into tubular myelin. Under these
circumstances, the alveolar air-liquid interface is prefer-
entially receiving membranes from multilamellar struc-
tures and LB-like forms, which are not expected to

spread on the surface film as efficiently as tubular myelin.
The above concept clearly underscores the need for
novel in vivo approaches to study the regulation of extra-
cellular surfactant forms during the development and
progression of alveolar injury.

References

1. Dobbs LG: Pulmonary surfactant. Annu Rev Med 1989,
40:431-446

2. Hawgood S, Clements JA: Pulmonary surfactant and its ap-
proproteins. J Clin Invest 1990, 86:1-6

3. Hook GER, Gilmore LB: Hydrolases of pulmonary lysos-
omes and lamellar bodies. J Biol Chem 1982, 257:9211-
9220

4. Williams MC: Endocytosis in alveolar type 11 cells: Effect of
charge and size of tracers. Proc Natl Acad Sci USA 1984,
81:6054-6058

5. Balis JU, Paterson JF, Paciga JE, Haller EM, Shelley SA:
Distribution and subcellular localization of surfactant-
associated glycoproteins in human lung. Lab Invest 1985,
52:657-669

6. Walker SR, Williams MC, Benson B: Immunocytochemical
localization of the major surfactant apoproteins in type 11
cells, Clara cells and alveolar macrophages of rat lung. J
Histochem Cytochem 1986, 34:1137-48

7. Chander A, Johnson RG, Reicherter J, Fisher AB: Lung
lamellar bodies maintain an acidic intemal pH. J Biol Chem
1986, 261:6126-6131

8. Glew RH, Basu A, Shelley SA, Paterson JF, Montgomery
MR, Balis JU: Sequential changes of lamellar body hydro-
lases during ozone-induced alveolar injury and repair. Am J
Pathol 1989, 134:1143-1150

9. Kalina M, Socher R: Internalization of pulmonary surfactant
into lamellar bodies of cultured rat pulmonary type 11 cells. J
Histochem Cytochem 1990, 38:483-492

10. Ryan US, Ryan JW, Smith DS: Alveolar type 11 cells: Studies



856 Balis et al
AJP pil 1991, Vol. 138, No. 4

on the mode of release of lamellar bodies. Tissue Cell 1975,
7:587-599

11. Balis JU, Paterson JF, Haller EM, Shelley SA, Montgomery
MR: Ozone-induced lamellar body responses in a rat model
for alveolar injury and repair. Am J Pathol 1988, 132:330-
344

12. Williams MC: Conversion of lamellar body membranes into
tubular myelin in alveoli of fetal rat lungs. J Cell Biol 1977,
72:260-277

13. Sanderson RJ, Vatter AE: A mode of formation of tubular
myelin from lamellar bodies in the lung. J Cell Biol 1977,
74:1027-1031

14. Manabe T: Freeze-fracture study of alveolar lining layer in
adult rat lungs. J Ultrastruct Res 1979, 69:86-97

15. Sanders PL, Hassett RJ, Vatter A: Isolation of lung lamellar
bodies and their conversion to tubular myelin figures in vitro.
Anat Rec 1980,198:485-501

16. Magoon MW, Wright JR, Baritussio A, Williams MC, Goerke
J, Clements JA: Subfractionation of lung surfactant. Implica-
tions for metabolism and surface activity. Biochim Biophys
Acta 1983, 750:18-31

17. Haagsman HP, Hawgood S, Sargeant T, Buckley D, White
RT, Drickamer K, Benson BJ: The major lung surfactant pro-
tein, SP 28-36 is a calcium-dependent, carbohydrate-
binding protein. J Biol Chem 1987, 262:13877-13880

18. Lumb RH, Benson BJ, Clements JA: Transfer of phospho-
lipids by a protein fraction obtained from canine pulmonary
lavage. Biochim Biophys Acta 1988, 963:549-552

19. Gross NJ, Schultz RM: Serine proteinase requirement for the
extracellular metabolism of pulmonary surfactant. Biochim
Biophys Acta 1990, 1044:222-230

20. Eckenhoff RG: Perinatal changes in lung surfactant calcium
measured in situ. J Clin Invest 1989, 84:1295-1301

21. Notter RH, Penney DP, Finkelstein JN, Shapiro DL: Adsorp-
tion of natural lung surfactant and phospholipid extracts re-
lated to tubular myelin formation. Pediatr Res 1986, 20:97-
101

22. Shelley SA, Paciga JE, Paterson JF, Balis JU: Ozone-
induced alterations of lamellar body lipid and protein during
alveolar injury and repair. Lipids 1989, 24:769-774

23. Shelley SA, Paciga JE, Balis JU: Lysozyme is an ozone-
sensitive component of rat lung lamellar body. J Cell Biol
1990, 111:53a

24. Montgomery MR, Anderson RE, Mortenson GA: A compact,
versatile inhalation exposure chamber for small animal stud-
ies. Lab Anim Sci 1976, 26:461-464

25. Markwell MA, Haas SM, Tolbert NE, Bieber LL: Protein de-
termination in membrane and lipoprotein samples: Manual
and automated procedures. Methods Enzymol 1981,
72:296-303

26. Hallman M, Epstein BL, Gluck L: Analysis of labeling and
clearance of lung surfactant phospholipids in rabbit. Evi-
dence of bidirectional surfactant flux between lamellar bod-
ies and alveolar lavage. J Clin Invest 1981, 68:742-751

27. Jacobs HC, Ikegarni M, Jobe AH, Berry DO, Jones 5: Reu-

tilization of surfactant phosphatidylcholine in adult rabbits.
Biochim Biophys Acta 1985, 837:77-84

28. Young SL, Wright JR, Clements JA: Cellular uptake and pro-
cessing of surfactant lipids and apoprotein SP-A by rat lung.
J Appl Physiol 1989, 66:1336-1342

29. Gross NJ, Smith DM: Impaired surfactant phospholipid me-
tabolism in hyperoxic mouse lungs. J AppI Physiol 1981,
51:1198-1203

30. Young SL, Crapo JD, Kremers SA, Brumley SA: Pulmonary
surfactant lipid production in oxygen-exposed rat lung. Lab
Invest 1982, 46:570-576

31. Holm BA, Notter RH, Siegel J, Matalon S: Pulmonary phys-
iological and surfactant changes during injury and recovery
from hyperoxia. J AppI Physiol 1985, 59:1402-1409

32. Matalon S, Holm BA, Notter RH: Mitigation of pulmonary
hyperoxic injury by administration of exogenous surfactant.
J Appl Physiol 1987, 62:765-761

33. King RJ, Coalson JJ, Seidenfeld JJ, Anzuetto AR, Smith D,
Peters JI: 02 and pneumonia-induced lung injury: II. Prop-
erties of pulmonary surfactant. J Appl Physiol 1989, 67:357-
365

34. Taylor FB, Abrams ME: Effect of surface active lipoprotein
on clotting and fibrinolysis, and of fibrinogen on surface ten-
sion of surface active lipoprotein. Am J Med 1966, 40:346-
350

35. Balis JU, Shelley SA, McCue MJ, Rappaport ES: Mecha-
nisms of damage to the lung surfactant system. Ultrastruc-
ture and quantitation of normal and in vitro inactivated lung
surfactant. Exp Mol Pathol 1971, 14:243-262

36. Holm BA, Notter R, Finkelstein JN: Surface property
changes from interactions of albumin with natural lung sur-
factant and extracted lung lipids. Chem Phys Lipids 1985,
38:287-298

37. Seeger W, Stohr G, Wolf HRD, Heuhof H: Alteration of sur-
factant function due to protein leakage: Special interaction
with fibrin monomer. J AppI Physiol 1985, 58:326-338

38. Keough KMW, Parsons CS, Tweeddale MG: Interactions
between plasma proteins and pulmonary surfactant-
pulsating bubble studies. Can J Physiol Pharmacol 1989,
67:663-668

39. Balis JU, Delivonia M, Conen PE: Maturation of postnatal
human lung and the idiopathic respiratory distress syn-
drome. Lab Invest 1966, 15:530-546

40. de Mello DE, Chi ER, Doo E, Lagunoff D: Absence of tubular
myelin in lungs of infants dying with hyaline membrane dis-
ease. Am J Pathol 1987,127:131-139

41. deMello DE, Phelps DS, Patel G, Floros J, Lagunoff D: Ex-
pression of the 35kDa and low molecular weight surfactant-
associated proteins in the lungs of infants dying with respi-
ratory distress syndrome. Am J Pathol 1989, 134:1285-
1293

42. Margraf LR, Paciga JE, Balis JU: Surfactant-associated gly-
coproteins accumulate in alveolar cells and secretions dur-
ing reparative stage of hyaline membrane disease. Hum
Pathol 1990, 21:392-396



Ozone Effects on Surfactant Membranes 857
AJP Apnil 1991, Vol. 138, No. 4

43. Suzuki Y, Fujita Y, Kogishi K: Reconstruction of tubular my-
elin from synthetic lipids and proteins associated with pig
pulmonary surfactant. Am Rev Respir 1989, 140:75-81

44. Nicholas TE, Power JHT, Barr HA: The pulmonary conse-
quences of a deep breath. Respir Physiol 1982, 49:315-324

45. Power JHT, Barr HA, Jones MA, Nicholas TE: Changes in
surfactant pools after a physiological increase in alveolar
surfactant. J AppI Physiol 1987, 63:1902-1911

46. Gross NJ, Marine KR: Surfactant subtypes in mice: Charac-
terization and quantitation. J Appl Physiol 1989, 66:342,349

47. Forman HJ: Oxidant radical production and lung injury, Ox-
ygen Radicals: Systemic Events and Disease Processes.
Edited by DK Das, WB Essman. Karger Basel 1990, 3:71-
96

48. Menzel DB: Ozone: An overview of its toxicity in man and
animals. J Toxicol Environ Health 1984, 13:183-204


