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Rabbits were exposed to 100% oxygen or to air at one
atmosphere. No alterations were observed in the lung
of rabbits breathing air for up to 66 hours or 100% oxy-
gen for 24 hours; after 48 hours, inflammatory cells,
chiefly neutrophils, were located in the interstitium of
the lung. By 66 hours of oxygen, the number of inflam-
matory cells in the interstitial space was greater than at
48 hours. At 72 hours, alveolar space in focal areas of
the lung was filled with edema fluid containing a light-
ly flocculent material, and more densely staining fibrin.
In experiments for the study of alveolar permeability,
cytochrome C was instilled through the tracheobron-
chial tree into alveoli and demonstrated ultracytochem-
ically by its peroxidase activity. No electron-opaque
reaction product was observed in control rabbits or in
those breathing oxygen for 24 hours, indicating that
the tracer did not leave the alveolar space. However,
after 48 hours of the breathing of 100% oxygen, elec-

tron-opaque reaction product was localized to the basal
lamina of alveolar capillaries in focal areas, whereas in
other alveolar capillaries there was no reaction product
in the basal lamina. Vesicles filled with reaction pro-
duct were observed in Type 1 pneumocytes and in al-
veolar capillary endothelial cells within capillary loops
having increased electron density in the basal lamina.
After 66 hours of the breathing of 100% oxygen, vir-
tually all alveolar capillaries showed electron-opaque
reaction product in the basal lamina and in vesicles
within Type 1 cells and capillary endothelial cells. In-
creased permeability of Type 1 pneumocytes appears as
an early manifestation of oxygen-induced changes in
the lung preceding pulmonary edema. The presence of
numerous inflammatory cells in the interstitium and in
alveolar capillaries may play some part in the patho-
genesis of the oxygen-induced increase in alveolar per-
meability. (Am J Pathol 1981, 102:1-9)

PROLONGED EXPOSURE to 100% oxygen at one
atmosphere (1 ATA) is toxic to mammalian species! 3
and eventually causes death from respiratory fail-
ure.’»4 The most common pathologic findings are
alveolar and interstitial edema, atelectasis, presence
of fibrin in the alveolar space, and loss of integrity of
the blood-gas barrier.!3:5 Oxygen-induced altera-
tions in the ultrastructure of the lung which precede
alveolar and interstitial edema have not been well
characterized nor have alterations in structure been
correlated directly with the physiological effects of
oxygen exposure on the cardiorespiratory system.
We have recently showné:? that the alveolar epithe-
lium of rabbits exposed to 100% oxygen for 48 hours
became permeable to cytochrome C, a small lipid in-
soluble molecule (mol wt = 12,523; r ~ 17 A) to
which it is normally impermeable.8 Exposure to oxy-
gen for 66 hours resulted in a further increase in the

permeability to this molecule and also allowed bovine
albumin (mol wt = 68,000; r ~ 35 A) to move across
the alveolar epithelium.é Furthermore, these changes
appeared before the onset of interstitial and alveolar
edema and the development of systemic hypoxemia.

The purpose of this study was twofold: first, we
wanted to determine whether or not we could estab-
lish the existence of morphologic and ultrastructural
changes in the lungs of rabbits exposed to 100% oxy-
gen for 24, 48, 66, and 72 hours that might explain
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the changes observed in alveolar permeability. Sec-
ond, we utilized an ultracytochemical technique to
demonstrate the pathway followed by cytochrome C
instilled intraalveolarly as it crossed the blood-gas
barrier in animals exposed to oxygen for 24, 48, and
66 hours.

Materials and Methods

New Zealand white rabbits, weighing between 3.5
and 4.5 kg, were quarantined for 1 week. They were
then placed in a clear Plexiglas chamber with a metal
roof, which permitted freedom of movement, waste
removal, and administration of food and water with-
out contamination of the environment. The chamber
was flushed with air at 8 I/min~!, which kept the CO,
concentration under 0.1% and the temperature be-
tween 21 and 22 C. After 48 hours, if the animal was
drinking and eating, had normal fecal and urine out-
put, and was free of symptoms of respiratory dis-
tress, it was randomly assigned to either a control or
an experimental group; 3 animals were studied in
each group. Control animals continued to breathe air
for an additional 66 hours; the experimental animals
were exposed to 100% O, for 24, 48, or 66 hours.
Animals were then removed from the chamber and
breathed either air (control) or 100% O, through a
plastic bag placed around their heads; rabbits were
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anesthetized with 30 mg of Ketamine (Ketalar,
Parke, Davis & Co., Detroit, Mich) and 20 mg
Sparine (Wyeth Laboratories, Philadelphia, Pa). The
trachea was then exposed, a transverse incision
made, and two cannulas were inserted: an endo-
tracheal tube (2.5 mm ID was advanced to the level
of the carina and connected to a source of 100% O,
and a flexible plastic tube (10 mm ID) was wedged into
a peripheral bronchus isolating its subtending air
space. Two ligatures passed around the trachea main-
tained a tight seal. The wedged cannula was clamped
so that the subtended lung segment collapsed when
the oxygen was absorbed. Isotonic saline (8-10 ml)
containing 18.6 mg to 24.4 mg horse heart cyto-
chrome C (Sigma Chemical Co., St. Louis, Mo) were
infused through this wedged catheter. To ensure that
the fluid remained in the gas-exchanging space of the
lung, 5 ml of gas was added to the wedged cannula
after instillation of the tracer. The tracer was allowed
to remain in place for 30 minutes. During that time
the animals were breathing spontaneously. At the
end of these periods, 5000 units of heparin were ad-
ministered intravenously. The chest was opened and
a cannula was inserted into the pulmonary artery; the
lungs were then perfused with a Harvard Peristaltic
Pump initially with 100-150 ml of 0.9% heparinized
saline to remove blood cells, followed by 900 ml of
fixative (2.5% purified glutaraldehyde and 2% para-

Figure 1—Lung from a rabbit
that breathed 100% oxygen
for 48 hours. A neutrophil (N)
and collagen (CO) are ob-
served in the interstitial
space. Type 1 pneumocytes
(arrows) border the alveolar
space (AS). (Uranyl acetate
and lead citrate, x 12,500)
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Figure 2—Lung from a rabbit
that breathed 100% oxygen
for 72 hours. An eosinophil
(E) is present in the intersti-
tial space, and a neutrophil
(N) is seen in a capillary.
Amorphous material (M) with
a light density and electron-
opaque fibrin (F) occupies
the alveolar space (AS). Type
1 pneumocytes (arrows).
(Uranyl acetate and lead
citrate, x 10,000)

formaldehyde in 0.1 M cacodylate) (pH 7.2). The
flow rate was kept at 150-200 ml/min™! at a pressure
of 20 cm H,0 as measured with a P23AC Statham
pressure transducer and a 2-channel Grass polygraph
throughout the perfusion; the left atrium was slit to
provide an outflow track.

At the end of the perfusion, the lobe containing cy-
tochrome C was identified, and tissue from this lobe
as well as from other lobes without cytochrome C
were immersed in fixative for an additional hour at
room temperature. Tissues were washed in 0.1 M
cacodylate buffer (pH 7.6), processed according to
techniques for demonstration of peroxidase activity
of cytochrome C,* !¢ dehydrated in a graded series of
ethanol followed by propylene oxide, and embedded
in Epon 812-Araldite.!!

The following procedure was followed for the
demonstration of cytochrome C. After washing the
tissue in several changes of 0.1 M cacodylate buffer
(pH 7.6) for 30 minutes, 30-u-thick sections were cut
on a Smith-Farquhar TC-2 tissue chopper (Ivan Sor-
vall Inc., Newtown, Conn). Peroxidase activity was
demonstrated by the method of Karnovsky and
Rice.?:19 Sections were infiltrated with 3, 3’-diamino-
benzidine (DAB, Sigma Chemical Co., St. Louis,
Mo) in 0.1 M cacodylate buffer for 3 hours and then
incubated with 0.001 M H,0, and 5 mg DAB in
citrate buffer (pH 3.9, 0.05 M) for 10-30 minutes at
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37 C. After rinsing in 0.1 M cacodylate buffer (pH
7.6), the tissue was postfixed in 1% osmium tetroxide
in 0.1 M cacodylate buffer and processed for electron
microscopy as described above. Controls for the ul-
tracytochemical procedure included omission of the
substrate (H,O,) or capture reagent (DAB). Sections
of lung without cytochrome C were also incubated in
complete medium as an additional control. To elimi-
nate the possibility that oxidation of DAB and subse-
quent binding influenced our results, DAB was oxi-
dized in sunlight!%.!2 and sections incubated in
medium with the oxidized DAB.

Rabbits breathing 100% oxygen for 24, 48, 66, and
72 hours were anesthetized, and pieces of lung were
fixed by immersion in 3% glutaraldehyde buffered to
pH 7.4 with 0.1 M phosphate. Tissues were postfixed
in 1% osmium tetroxide in 0.1 M phosphate buffer
(pH 7.2) and processed for electron microscopy as
described above.

Sections were cut with glass knives on a Porter-
Blum MT-1 ultramicrotome and examined unstained
or stained with uranyl acetate!? and lead citrate!4
with a Siemens 101 electron microscope.

Results
Morphology — Controls

The ultrastructure of lung tissue from control rab-
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Figures 3 and 4—Lung of a control rabbit that breathed air for 66 hours. Electron-opaque reaction product is confined to the alveolar space
(AS), and no product is observed along the alveolar basement membrane between Type 1 pneumocytes and the capillary endothelium. Capil-
laries (C) are devoid of red blood cells. Absence of electron-opaque reaction product is confirmed at higher magnification (Figure 4). A portion
of a neutrophil (N) is observed within the capillary lumen of Figure 4. (Unstained section reacted for peroxidase activity of cytochrome C.)

(Figure 3, x 6720; Figure 4, x 10,200)

bits breathing air was identical to that described in
the literature!s.'6 and will not be reviewed here inas-
much as micrographs from our experimental groups
document the basic structure of the lung and the ade-
quacy of fixation. No inflammatory cells were ob-
served by electron microscopy within the intersti-
tium, although neutrophils, eosinophils, and lymph-
ocytes were identified in alveolar capillaries. The al-
veolar epithelium and capillary endothelium were in-
tact.

24-66 Hours of Hyperoxia

The lung tissue of rabbits breathing 100% oxygen
for 24 hours resembled closely that of control ani-
mals. After breathing 100% oxygen for 48 hours, in-
flammatory cells, predominantly neutrophils, were
observed in alveolar capillaries as well as in the inter-
stitium of the lung (Figure 1), and the number of in-
flammatory cells increased by 66 hours. At all peri-
ods Type 1 cells lined the alveolar space, and no dis-
continuity or breakdown of adjacent cells was pre-
sent. No edema was observed in the interstitial space
or in the alveolar space. Endothelial cells of the al-

veolar capillaries were identical to those in control
animals.

72 Hours of Hyperoxia

By 72 hours, focal areas of the lung were red and
atelectactic upon gross examination. Morphologic al-
terations were more severe at 72 hours than at earlier
periods. In addition to numerous neutrophils and an
occasional eosinophil in the interstitium, focal alveoli
were filled with a homogeneous, occasionally slightly
flocculent electron-opaque material. Some of these
alveoli also contained an especially electron-opaque,
stringy material similar to fibrin (Figure 2). The epi-
thelium and endothelium of the lung were intact,
even in alveoli showing pulmonary edema.

Cytochrome C Tracer Studies

When introduced through the tracheobronchial
tree into alveoli, cytochrome C was identified in the
right lower lobe of the lung by its pink-red color in
contrast to the whitish areas of lung from which
blood had been removed by perfusion fixation.
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No reaction was present in controls for the ultracy-
tochemical reaction in which substrate or DAB was
omitted; in areas of the lung without tracer incubated
in complete medium, red blood cells, when present,
and granules within neutrophils and eosinophils, ex-
cept the central crystalline structure, showed a posi-
tive reaction for endogenous peroxidase activity. In
order to rule out the possibility that some of the elec-
tron-opaque reaction product represented nonspeci-
fic binding of oxidized DAB sections of lung contain-
ing no cytochrome C were incubated with the
medium containing DAB oxidized by sunlight.10,12
No nonspecific binding of electron-opaque reaction
product to the sections was observed.

Rabbits Breathing Air

In control animals breathing air, electron-opaque
reaction product was present in the alveolar space
and in focal deposits located on the external surface
of Type 1 alveolar cells (Figure 3). No reaction pro-
duct was localized to the basal lamina (Figure 4),
capillary endothelium, interstitium of the lung, or
Type 2 alveolar cells.
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Rabbits Breathing 100% Oxygen

As in controls, reaction product in the lung of rab-
bits breathing 100% oxygen for 24 hours was con-
fined to the alveolar space, and no electron-opaque
product was seen in the basal lamina or in vesicles
within Type 1 cells (Figures 5 and 6). After 48 hours
of breathing 100% oxygen, electron-opaque reaction
product was localized to the basal lamina outside the
alveolar space of capillary loops in focal areas
(Figures 7 and 8). Vesicles in Type 1 pneumocytes
and in the endothelial cell of the capillary contained
electron-opaque reaction product. Other adjacent
vesicles in capillary endothelial cells were nonreactive
for peroxidase activity. Also at 48 hours in other
alveolar capillary loops, no reaction product was
seen in vesicles of Type 1 cells, in endothelial cells, or
within the basal lamina (Figures 9 and 10). By 66
hours, reaction product was also observed (in a linear
distribution) along the basal lamina of virtually all
capillary loops throughout the lung (Figure 11).
Reaction product was observed in vesicles within
Type 1 cells and in capillary endothelial cells (Figures
12-14). Electron-opaque reaction product was seen
penetrating part of the way into junctions between

Figures 5 and 6—Lung of a rabbit exposed to 100% oxygen for 24 hours. Electron-opaque reaction product is confined to the alveolar space
(AS) as seen at low (Figure 5) and high (Figure 6) magnification. Basal lamina (arrow); Type 2 pneumocytes (P); capillary lumen (C). (Unstained
sections reacted for peroxidase activity of cytochrome C.) (Figure 5, x 8400; Figure 6, x 2400)
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Figures 7-10—Lung of a rabbit that breathed oxygen for 48
hours. In Figures 7 and 8, electron-opaque reaction product is
present in the basal lamina (arrows) and within vesicles of Type 1
pneumocytes (7) and capillary endothelial cells (2) (Figure 7). In
Figure 8, electron-opaque reaction product is observed within
the alveolar space (AS). In Figures 9 and 10, although reaction
product is located in the alveolar space (AS), no reaction product
is present in basal lamina. An eosinophil (E) whose crystalline
core has no reactivity for peroxidase under the conditions used
in our study is observed in the interstitial space (Figure 9).
Capillary lumen (C). (Unstained sections reacted for peroxidase
activity of cytochrome C.) (Figure 7, x 26,400; Figure 8, x 22,400;
Figure 9, x 6480; Figure 10, x 9600)




Vol. 102 « No. 1

endothelial cells, but it did not extend to the luminal
side of the capillary (Figure 13).

Discussion

Our control studies indicate normal lung structure
both by light- and electron-microscopic examination
and the confinement of the intraalveolarly instilled
cytochrome C in the alveolar space. These results are
in agreement with a number of morphologic and phy-
siologic studies. Schneeberger® has shown that the
Type 1 alveolar cells are impermeable to intravenous-
ly injected cytochrome C. Apparently this molecyle is
too large (mol wt = 12,523 daltons, r ~ 17 A) to
cross the intercellular junctions. Tracer, however, was
observed in the basal lamina and capillary junctions,
indicating that the normal capillary endothelium is
permeable to this tracer. Taylor et al,!? utilizing the
technique of the osmotic transient, demonstrated
that the equivalent pore radius of the alveolar epithe-
lium was ~ 10 A, while that of the capillary endo-
thelium was ~ 80 A. The “pores” are the pathways
through which lipid-insoluble molecules move and
are thought to be located in the intracellular junc-
tions. Finally, in a recent study, Matalon et alé in-
stilled !25I-cytochrome C in the alveolar space of rab-
bits, using the same technique, and showed that the
concentration of this tracer when corrected for the
absorption of fluid remained unchanged for a period
of 60 minutes. Furthermore, the area of the lung con-
taining the fluid looked normal (ie, no perivascular
edema and no interstitial inflammatory cells) con-
firming previous observations of Gorin et al'8 that
the introduction of small amount of isoosmotic
saline in the alveolar space does not alter the perme-
ability characteristics of the blood-gas barrier.

After 48 hours of oxygen breathing, cytochrome C
gains access to the basal lamina beneath Type 1 cells,
suggesting that these cells became permeable to the
tracer as a result of the exposure. These results agree
well with the findings of Matalone et al,® who were
able to detect in rabbits exposed to 100% oxygen for
48 hours radioactively labeled cytochrome C in the
arterial blood ~ 20 minutes after its placement in the
alveolar space. Furthermore, they clearly demon-
strate that the tracer crosses the alveolar barrier in-
stead of entering the blood via an alternate pathway,
ie, the bronchial circulation.

Morphologic ultracytochemical localization to
focal alveolar capillary loops after 48 hours of
breathing 100% oxygen suggests that not all alveoli
develop altered permeability simultaneously. The
precise explanation for a variability in susceptibility
in oxygen is not known, although the absence of
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Figure 11—Lung from a rabbit that breathed 100% oxygen for 66
hours. Electron-opaque reaction product is present within the alveo-
lar space (AS) and in the basal lamina (arrows). Capillary lumen (L).

(Unstained section reacted for peroxidase activity of cytochrome C.)
(% 7500)

reaction product in the basal lamina of some alveolar
capillary loops is undoubtedly not attributable to an
artifact of lack of DAB penetration inasmuch as cy-
tochrome C was demonstrable in the alveolar space
bordering the capillaries; furthermore, the tracer
gained access to the basal lamina of adjacent capil-
lary loops. After 66 hours of oxygen exposure, elec-
tron-opaque reaction product penetrated Type 1
alveolar cells uniformly throughout the lung.
Despite the obvious increases in permeability, the
structure of the alveolar epithelium remained intact.
The appearance of vesicles containing electron-
opaque reaction product in the Type 1 cells of oxy-
gen-treated rabbits and their absence in rabbits
breathing air strongly suggests that these vesicles play
an important role and are perhaps primarily respon-
sible for the increased permeability. Vesicular trans-
port has been advocated to explain the transport of
large proteins like IgG, IgA, and perhaps albumin,
which have been demonstrated in secretions of the
lower respiratory tract.!®:2° An increase in the
number of vesicles within Type 1 pneumocytes and
endothelial cells of alveolar capillaries occurs in
edema associated with increased hydrostatic micro-
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Figures 12-14—Lung from a rabbit exposed to 100% oxygen for 66 hours. In all 3 sections, electron-opaque reaction product is present in the
basal lamina (arrows). In Figure 12, electron-opaque reaction product is present within vesicles of a Type 1 pneumocyte (7) and in the capillary
endothelium (2). In Figure 13, electron-opaque reaction product extends part of the way through the junction between 2 capillary endothelial
cells. In Figure 14, electron-opaque reaction product is observed in Type 1 cells (7) and in a portion of cellular junction (3). Capillary lumen (L).
(Figures 12-14 reacted for peroxidase activity of cytochrome C.) (Figure 12, unstained, x 24,000; Figure 13, uranyl acetate and lead citrate,

x 60,000; Figure 14, uranyl acetate and lead citrate, x 35,000)

vascular pressure or with decreased albumin concen-
tration.2!

Comparison of our results with those of others is
complicated by the different response of species to
oxygen. Kistler et als reported that the thickness of
the pulmonary interstitial space of rats increased by a
factor of 2 after 48-hour exposure to oxygen and by a
factor of 4 after ~ 72 hours. It is interesting to note
that even after 72 hours in oxygen the alveolar epithe-
lium appeared normal. The apparent discrepancy be-
tween our results and theirs may be explained by the
shorter survival time of rats exposed to 100% oxy-
gen.! It could be that their rats were at a terminal
phase.

The pathogenesis of the altered permeability is un-
clear, although breathing 100% oxygen exerts toxic
effects on the lung by several mechanisms.!:22,23 The
presence of inflammatory cells in an extravascular
location as well as increased numbers of these cells in
capillary loops may well play some role in the patho-
genesis of the toxicity and pathologic changes
through release of permeability mediators.24-26 In
fact, Sacks et al2¢ have attributed endothelial cell in-
jury in the lung to release of oxygen radicals by acti-
vated intravascular granulocytes.

10.
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