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Summary.—Pulmonary oedema has been experimentally induced in rats using
either an intraperitoneal injection of alpha-naphthyl thiourea (ANTU) or by
variation of atmospheric oxygen content. For the first time an electron micro-
scopic study of the development of ANTU-induced lung ocedema has been made.
At 2 hours blebbing and scalloping of éndothelial cells and interstitial oedema
were observed, each showing increasing severity with increase of dose—3, 10
and 50 mg/kg doses. By 6 hours, in the 50 mg/kg treated animals, epithelial
damage was also apparent. No alteration in mean alveolar size or in the distri-
bution of alveolar lining cells was found. The breathing rate of the rats was
slowed for the first 3 hours and then increased well above normal levels.
Hyperoxic conditions (99-1009, O, at 1 atm/pressure) produced interstitial
oedema by 6 hours, followed at 24 hours by both endothelial and epithelial
damage. Hypoxic conditions (7-109%, O, at 1 atm/pressure) did not produce
these effects. Both hyperoxic and hypoxic conditions were associated with. a
significant increase in the mean alveolar size, an apparent decrease in number
of Type III pneumonocytes and in the macrophages when related to alveolar cell
number, while the counts of Types I and II pneumonocytes remained within the
normal range . :

HuMAN pulmonary oedema has many causes, acting in a variety of ways.
Although it is not always posmble to correlate them closely with clinical mani-
festations, several different ““ models”’ can be studied experimentally, one of the
most widely investigated being that produced by alpha-naphthylthlourea (ANTU)
(Latta, 1947; Hesse and Loosli, 1949; Richter, 1952). -

Recently, with the light microscope, Bohm (1966) compared the effect of arange
of agents causing pulmonary oedema and showed that ANTU gave rise to a
relatively less severe oedema than the other agents, in that the treated animals
survived for more than 8 hours. Using intravenous colloidal carbon as a marker,
he considered that in ANTU-induced oedema the fluid escape was from the
venules; that either after intraperitoneal m]ectlon of ammonium sulphate or
intracisternal injection of thrombin and fibrinogen in saline or India ink, the oedema
fluid came from the capillaries; and that after adrenaline administration leakage
occurred from both venules and capillaries. Teplitz (1968) used the electron
microscope to trace with ferritin and saccharated iron oxide (administered
intravenously) the fluid leakage after ANTU administration: in contradiction to
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Bohm’s report (1966) of a venular leak, he considered that the protein leaked from
the capillaries.

Other substances capable of producing oedema experimentally include alloxan
(Cottrell et al., 1967), anthrax toxin (Dalldorfetal., 1969), acid solutions (Alexander,
1968) and ammonium sulphate (Hayes and Shiga, 1970).

Using the electron microscope, hyperoxic conditions have also been reported to
cause pulmonary interstitial oedema (Kistler, Caldwell and Weibel, 1967; Kapanci
et al.. 1969; Adamson, et al,. 1970). Kistler, Caldwell and Weibel (1967) reported
that 98-59%, oxygen for 48 hours was necessary before any structural alteration
was detected in rat lung; Kapanci et al. (1969) repeated these experiments with
monkey lung and also reported no detectable change before 48 hours’ exposure.
However, recently in the dog lung, Coalson, Beller and Greenfield (1971) reported
ultrastructural changes by one hour.

The purpose of this study was to examine with the electron microscope the
development of lung changes occurring after ANTU administration and high
(99-1009%,) and low (7-109;,) concentrations of oxygen at one atmosphere, paying
particular attention to the interstitial space, endothelium and epithelium. Three
doses of ANTU (3, 10 and 50 mg/kg) were given to see if there was a dose-related
effect. The morphological changes, mean alveolar size, type of alveolar cells
present and their relative proportions in all three experiments were compared.
In the ANTU-treated rats the breathing rates were also noted; this was not done
for the oxygen groups since, when in the compression chambers. the animals
could not be clearly seen.

MATERIAL AND METHODS
ANTU

The effect of increasing the dose of ANTU was investigated using three levels—3, 10 or
50 mg/kg: this was suspended in olive oil and the concentration adjusted so that each animal
received between 1-0 and 1:2 ml, injected intraperitoneally, using a size 18 needle (Richter,
1952). Control animals were treated with either olive oil or saline.

The animals were male, 70-day-old, S.P.F. rats (Carworth Europe) and weighed between
350 and 500 g. Three experiments with ANTU were carried out, each on separate occasions.
In the first experiment, 8 rats were used, 2 for each of the three different doses of ANTU--3,
10 and 50 mg/kg. They were killed 1-12 hours after injection. From these results it was
decided that a dosage of 50 mg/kg most consistently gave pronounced oedema and so this
dose was given to 8 of the 12 rats in each of the two subsequent experiments, these animals
being killed between 2 and 9 hours later, the remaining rats serving as controls. On a
separate occasion 9 additional animals were used to compare the effect on the breathing rate
of olive oil and saline. The results from these experiments were combined, giving a total of
41 animals for analysis (Table I).

The animals were anaesthetized by intraperitoneal injection of 2 ml of Veterinary
* Nembutal ”’ (pentobarbitone sodium). The chest was opened, the trachea, lungs and heart
removed and their weights recorded. The lungs were distended with 29 glutaraldehyde in
cacodylate buffer pH 7-2 at a pressure of 23 cm H,0 and the volume of fluid used was recorded ;
the volume of each lung was then measured separately by fluid displacement.

For electron microscopy the left lung was used in Experiments I and II, and the right
lower lobe in ITI; the right lower lobe was used for light microscopy and processed as described
below.

Variation in atmospheric oxygen pressure (hyperoxia and hypoxia)

Four experiments were carried out at the Royal Naval Physiological Laboratories,
Gosport, two under conditions of low oxygen concentration (7 and 109,) and two at increased
levels (90-969, and 99-1009), each concentration for 6 and 24 hous. The percentage
of carbon dioxide in the chambers was monitored at intervals and was always less than 0-19;.
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TABLE I.—ANTU Dose and Animal Survival Time—all Four
Experiments Combined
Number Dose ANTU Survival

of animals (mg/kg) ~ time (h)
1 . 3 . 1
1 3 . 2
1 10 . 6
1 10 . 93*
2 50 . 2
2 50 3
2 50 . 4
5 . 50 . 6
1 . 50 . 63*
2 . 50 73*
1 50 8
2 50 9*
1 50 12

22

8 controls received olive oil alone
3 controls received saline alone

+
+ .
+ 8 controls received no treatment

41 animals in all

* These animals died; the remainder were killed by intraperitoneal injection of ‘‘ Nembutal >.

TaBLE I1.—O, and CO, Concentrations and Duration of Exposure

No. of Duration of
rats exposure
Experiment used % O2 %CO2 (h)
HYPOXIA
I . 3 . 10 . <0-2 . 6
II 3 7 . <0-1 . 24
HYPEROXIA
III . 3 . 90-96 . <0-2 . 6
v . 3 . 99-100 . <0-1 . 24

The 18 rats used were from the same source as above, weighing between 215 and 275 g (45-50
days old).

Experiments were carried out on two separate occasions, I with IIT and II with IV
(Table II); on each occasion 3 control animals were used. In these experiments the left lung
was used for electron microscopy, the right for light microscopy. Lung and heart weight
and volume were not obtained.

Preparation of tissue

Lungs were fixed for microscopy as above. Tissue for electron microscopy was taken
from the mid-region of the left lung just below the hilum. Blocks for light microscopy were
processed through graded alcohols, chloroform and embedded in wax. Sections were cut at
4 pm and stained with haematoxylin and eosin.

Blocks for electron microscopy, each 1 mm3, were cut from the lung after fixation at room
temperature for one hour. These blocks were then fixed for a further hour, transferred to
cacodylate buffer at 4° overnight, post-fixed in 1%, osmium tetroxide in cacodylate buffer at
room temperature for one hour, washed, dehydrated and embedded in Araldite. Using glass
knives and an LKB Ultratome III, pale gold sections were cut; these were stained with
either Karnovsky’s lead hydroxide (1961) or uranyl acetate followed by Reynold’s lead citrate
(1963) and examined with an AEI EM6B.
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Quantification of results

Using the light microscope (X 25 objective and X 8 eyepiece) the alveolar number and
size were assessed, by estimating from 10 fields the mean number of alveoli per microscopic
field, and then the student’s ¢-test was applied.

With the electron microscope the alveolar size was assessed by counting the number of
alveolar walls transected by the grid bars demarcating the same two sides of each of 20
squares. Twenty squares were counted from each of three different sections from each animal.
In these same squares macrophages and all of the three types of cell whose nucleus contributed
to the alveolar lining were identified and counted, the mean estimated and the ¢-test applied.

: RESULTS
ANTU

Within a few hours of any injection, the animals huddled in the corner of the
cage. The animals that had received only 3 mg/kg of ANTU did not show any
other ill effects, those receiving 10 mg/kg had difficulty in breathing after 2-3 hours
and those which had 50 mg/kg after only 30-40 minutes. In the last group the
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" F1a. 1.—Breathing rate of animals shows an initial fall during the first hour in the ANTU-
treated animals followed by a rise between 3—7 hours after injection; after olive oil or saline
injection a milder fall was seen.
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feet. and mucous membranes became blue, the coat ruffled and, rather later, weak-
ness of the limbs was apparent.

Breathing rates

The control rats breathed approximately 110 times/min when awake and active
and at a slightly slower rate, 95-100 times/min, when still or asleep. For the
first hour after administration of 50 mg/kg of ANTU the average breathing rate
of the animals fell to 73/min (Fig. 1); this persisted for the next 2 hours, the rate
then rising steadily over the next 4 hours to reach 140-145/min. The breathing
rate of the rats that received olive oil remained in the normal range for only one
hour and then fell to 86/min for 2 hours before returning to normal. A similar
fall and recovery to the normal level was seen in the animals treated with saline.
The olive oil and saline control animals huddled in the corner of the cage for at
least the first hour after injection, as did the ANTU-treated animals during the
whole experiment. It seemed that the injection contributed to the initial fall in
respiratory rate but in the ANTU-treated animals this fall was more pronounced
and occurred sooner.

One opening the chest, it was only those animals that had received 50 mg/kg
of ANTU that showed mottling of the lungs and this only after 3 hours: by 4
hours, the lungs appeared blue and pleural effusions were present. An increase in
weight of the trachea and lungs on removal from the body was looked for only in
the 50 mg/kg of ANTU animals; the control lungs weighed 2-5 g and the lungs
from animals 2 hours after injection weighed 4 g.

Light microscopy

Lungs from the animals injected with only olive oil appeared similar to the
normal. The lungs of the animals injected with 3 mg/kg of ANTU showed no
abnormality after one hour, but by 2 hours there was a little eosinophilic oedema
fluid around blood vessels and occasionally in alveoli. After 10 mg/kg of ANTU
the lungs were similar but with an increased amount of eosinophilic material in the
alveoli, including those along the pleural edge. Two hours after 50 mg/kg of
ANTU large amounts of oedema fluid were found around the blood vessels but
little eosinophilic material appeared in alveoli. By 6 hours there were white blood
cells and more eosinophilic material in the alveolar spaces and the pleura was
swollen. No significant alteration in mean alveolar size was found, nor did the
electron microscope studies reveal any increase in mean alveolar size or any
significant variation in number and type of cell contributing to the alveolar lining.

Ultrastructure

The ultrastructure of the alveolar wall in the olive oil injected rats was similar
to the normal (Low, 1953; Kistler et al., 1967; Meyrick and Reid, 1968, 1970).

3 mg/kg.—By 2 hours there were the first oedematous changes, with blebbing
of the endothelium in many of the capillaries, and an increase of pinocytic activity
was seen in the remaining areas of normal endothelium. A little oedema fluid
was found outside the basement membrane within the interstitium. The alveolar
lining cells and macrophages appeared normal.

10 mg/kg.—The interstitial oedema was increased and there was material in
the alveoli. The endothelial blebbing was more marked and appeared to be one
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of two types depending on the overall thickness of the endothelium. When the
endothelium was thin, localized blebbing was seen (Fig. 2); when it was thicker
the appearance was of scallops; both types were seen in each animal (Fig. 3).
If a pericyte was associated with a blood vessel, this appeared to remain in con-
tact with the basement membrane; the oedema fluid separated the endothelium
but not the pericyte from the basement membrane (Fig. 3). The alveolar lining
cells appeared normal save that there were a few swollen Type I pneumonocytes
(Fig. 3) but this appearance has also been noted in occasional control animals.
The majority of macrophages contained foamy vacuoles.

50 mg/kg.—By 2 hours the interstitial oedema and endothelial blebbing and
scalloping were very marked. The higher the dose of ANTU administered, the
more pronounced the effect. The interstitial fibroblasts showed an increase in
rough endoplasmic reticulum and platelets within capillaries were rounder than
in the normal lung.

At 6 hours the lungs were similar but most of the endothelial damage was of the
thicker, scalloped type. Some of the capillaries were collapsed due to (i) swelling
and lifting of endothelium, (ii) migration of white cells into the interstitial space
associated with compression of capillaries or (iii) platelet aggregations within
vessels. The alveolar oedema fluid increased in amount and included fibrin.
Ingestion of this material by macrophages could be seen (Fig. 4). Granulocytes
could be seen escaping from lung capillaries (Fig. 5).

While some Type I pneumonocytes appeared normal, others were electron

EXPLANATION OF PLATES

Fi1a. 2.—10 mg/kg ANTU.; Capillary in an alveolar wall showing blebbing (*) of endothelium
(end). The cytoplasmic extensions of the Type I pneumonocyte (I) appear pale and
swollen. There is oedema fluid in the interstitial space (int). Type III pneumonocyte (III).
Pericyte (p). Alveolus (alv). Glut + 0sO,. x 7,500.

Fie. 3.—10 mg/kg ANTU. Capillary showing both blebbing (*) and scalloping («) of endothe-
lium. Fluid is seen between endothelium and basement membrane (b.m.). The pericyte
(p) remains in contact with the basement membrane. Fluid in interstitial space (int).
Alveolus (alv). Glut + 0sO,. X 5600.

F16. 4.—50 mg/kg ANTU. Ingestion of intra-alveolar fibrin (f) by an alveolar macrophage
(mae). Alveolus (alv). Glut + 0sO,. X 5600.

Fi1a. 5.—50 mg/kg ANTU. A granulocyte (gr) escaping from a capillary (cap), situated between
endothelium (end) and the broken basement membrane (bm) of the capillary. A process
from a pericyte is seen. Type I pneumonocyte (I). Glut + O0sO,. Xx 8,450.

Fi1ec. 6.—50 mg/kg ANTU. An electron dense Type I pneumonocyte (I). The Type I pneu-
monocyte on the other side of the alveolar wall is normal in appearance. Alveolus (alv).
Glut + 0s0,. x 8,450.

F1a. 7.—50 mg/kg ANTU. A Type III pneumonocyte showing disorganized microvilli (mv)
(cf. Fig. 2), and numerous fibrils (fi), many in cross-section. Oedema fluid is seen in the
interstitial space (int). Alveolus (alv). Glut 4+ 0sO,. X 8,450.

Fi1c. 8.—50 mg/kg ANTU. Alveolar wall showing irregularly shaped platelets (pl) within a
capillary. The endothelium (end) appears very thin. There is fibrin (f) in the alveoli (alv).
Type II pneumonocyte (II). Glut + 0sO,. x 5600.

Fie. 9.—50 mg/kg ANTU. Deposition of fibrin (f) on base area of alveolar wall where the
epithelial lining has disappeared. Alveolus (alv). Capillary (cap). Glut + 0sO,.
X 8,450.

F1e. 10.—Hyperoxia. The endothelium (end) remains in contact with the capillary basement
membrane (bm). Thereis fluid in the interstitial space (int). Alveolus (alv). Glut + 0sO,.
X 9,000. X

Fic. 11.—Hyperoxia. A collapsed capillary (cap) with electron dense endothelium. Alveolus
(alv). Fibroblast (fib). Interstitial oedema (int). Collagen (co). Glut + 0sO,. x 3700.

F16. 12.—Hypoxia. Type III pneumonocyte illustrating reduction in its alveolar surface and
few microvilli (mv) restricted by Type I pneumonocyte (I). Alveolus (alv). Glut + 0sO,.
X 5400.
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dense and looked necrotic (Fig. 6). The Type II pneumonocytes contained
fewer osmiophilic bodies than usual: the Type III pneumonocytes (Meyrick and
Reid, 1968) had disorganized microvilli and contained vesicles in the supra-
nuclear region where many fibrils were congregated (Fig. 7).

By 9 hours, areas of endothelium appeared electron dense and the lumen of
many capillaries contained mainly irregularly shaped platelets (Fig. 8). Occasion-
ally the alveolar surface was devoid of epithelial lining cells and fibrin had deposited
over bare areas (Fig. 9); the remaining Type I pneumonocytes were pale and
swollen. The Type II pneumonocytes contained dilated rough endoplasmic
reticulum and the Type III pneumonocytes were still disorganized. Macro-
phages, lymphocytes and polymorphonuclear leucocytes were all found within
the alveolar space. In summary, ANTU-induced oedema produces at 2 hours
both endothelial damage and interstitial oedema, and at 6 hours epithelial damage.
There was no alteration in alveolar size.

Variation in atmospheric oxygen content (hyperoxia and hypoxia)

All the animals in the experiments survived save 2, one from Experiment I1
and the other from Experiment IV; the former died after 4 hours in hypoxic
conditions, the latter when the chamber returned to normal atmospheric air;
these 2 animals were not used for electron microscopy. Microscopically the ani-
mals under hypoxic conditions retained a normal colour and on opening the chest
the lungs appeared normal save for haemorrhagic foci 0-5-1-0 mm in diameter in
the lung of the one that died. The animals under hyperoxic conditions appeared
slightly blue and those in Experiment III had limb weakness. On opening the
chest the lungs were blue.

Light microscopy

After 6 hours under hyperoxic conditions, the lungs appeared normal but after
24 hours the lungs appeared similar to those of the ANTU-treated rats in that
there was eosinophilic oedema fluid around the large blood vessels and in alveoli.
In one animal eosinophilic material was found in subpleural alveoli. In the
hypoxic group even after 24 hours the lungs appeared normal. In both the hyper-
oxic and hypoxic animal lungs a significant increase in mean alveolar size was
found with the light microscope (Table III, P = < 0-01). With the electron
microscope the alveoli were also shown to be larger, but only in the hyperoxic
animals did the result achieve significance at the 59, level (Table II1, P = < 0-05).

TABLE III.—Comparison Between Effects of Hypoxia and Hyperoxia
(Mean Values)

Control Hypoxia Hyperoxia
Light microscope
Alveoli/field . . . . 107-9 . 93-9 . 91-9
(P=<0-01) (P=<0-01)
Electron microscope
Distance/alveolar intersection . 65-4 . 70-5 . 85-3
(P=<0-9) (P=<0-05)
% Type III pneumonocytes . . 50 . 1-5 . 1-2
(P=<0-8) (P=<0-05)
% ratio macrophages . . . 152 . 10-3 . 9-9

(P=<0-05) (P=<0-05)
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Ultrastructure

The lungs after 6 hours of high oxygen concentration showed no endothelial
lifting but interstitial oedema seemed to cause the endothelial cells to encroach
on the capillary lumen (Fig. 10). Types I, II and III pneumonocytes and macro-
phages all appeared normal. After 24 hours some capillaries were empty, the
damaged endothelial cells were in apposition, although the interstitial swelling
was, if anything, less perhaps because the fluid had now escaped into the alveolar
space. Some Type II pneumonocytes appeared more electron dense than normal
(Fig. 11). The Type III pneumonocytes were normal in appearance save that the
microvilli seemed fewer, most of the cell being now covered by cytoplasm from an
adjacent Type I pneumonocyte and therefore with a smaller free alveolar surface
area (Fig. 12). It is possible that the whole cell could be covered by cytoplasm
from Type I pneumonocytes leading to the reduced number of Type III pneu-
monocytes counted. Type II pneumonocytes showed no recognizable changes.
Proteinaceous material was seen in alveoli.

In the hypoxic group abnormality was seen only after 24 hours, this being in
the Type III pneumonocytes, similar to that in the hyperoxic group. One animal
lung also had a few pale swollen Type I pneumonocytes.

Quantification of alveolar cells.—The mean number of type I and type II
pneumonocytes was within the normal range in both the hypoxic and hyperoxic
rats but after 24 hours a decrease in the number of Type I1I pneumonocytes was
found in both groups, significant at the 5%, level only in the hyperoxic group (Table
III). In both groups a significant reduction was found in the number of alveolar
macrophages relating to alveolar cell number at 24 hours (Table I1I, P = < 0-05).

It is therefore apparent that hyperoxia is capable of causing pulmonary oedema
at 6 hours before the morphological changes in the endothelium or epithelium
seen by 24 hours are apparent. Hypoxia, however, did not cause these changes.
Both hypoxia and hyperoxia of 24-hour duration led to enlarged alveoli and
reduction of Type III pneumonocytes, perhaps only because their identification
was difficult due to loss of their microvilli; the number of macrophages was also
reduced.

DISCUSSION

By 2 hours, pulmonary oedema had been produced with the three doses of
ANTU investigated (3, 10 and 50 mg/kg) and a dose-related effect on severity
was seen. With 3 mg/kg, the only dose studied at one hour, the lung looked
normal; therefore at least with the sublethal dose oedema was not immediately
apparent. With the light microscope, at the end of 2 hours and after each dose,
oedema was seen first around blood vessels with connective tissue sheaths; only
later did fluid accumulate in the alveolar space. Examination with the electron
microscope, however, revealed that by 2 hours alveolar wall, or interstitial,
oedema was already apparent as well as endothelial lifting and blebbing. Epi-
thelial damage was apparent at the end of 6 hours only in the animals given
50 mg/kg. Thus it seems that in ANTU-induced oedema endothelial damage and
interstitial oedema are already present when only perivascular oedema is seen in
the light microscope.

Staub, Nagano and Pearce (1967) have reported that in pulmonary oedema
fluid first accumulated in perivascular spaces. The findings here suggest that
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oedema develops by leakage through damaged endothelial cells of the intra-
alveolar blood vessels with the excess fluid draining to the perivascular spaces
and, with the light microscope, being first apparent there. It is only when leakage
through the endothelium is so great that this drainage route is overwhelmed, that
fluid accumulates within the aolveolar wall and increases its thickness. Oedema
of the alveolar space was apparent 2 hours before epithelial damage was seen in the
animals given 50 mg/kg; this had become apparent between 4 and 6 hours. Again
leakage through the cell, this time epithelial, was apparent before there was any
morphological change in the cell. Whether the epithelial damage arises from the
accumulation of oedema or from a delayed effect of the ANTU is not clear, but the
fact of the delay seems to favour the former. In this study it has not been possible
to distinguish between venules and capillaries, although Bohm (1966) using the
light microscope claimed that with a colloidal suspension of carbon black he
detected a venular leak, and Teplitz (1968) using the electron microscope and
ferritin and saccharated iron oxide as a tracer, reported a capillary one.

High oxygen concentrations (99-100%,) are important because of their clinical
use. They have been shown to cause pulmonary oedema earlier than has been
reported in recent experiments. With the light microscope the lung appeared
normal after 6 hours, but electron microscopy showed intra-alveolar wall oedema
with no detectable damage of endothelial or epithelial cells. Increased passage of
fluid through the alveolar capillary wall had evidently occurred before damage
was apparent morphologically and was not yet sufficient to cause a detectable
increase in the size of the perivascular space, a change disclosed with the light
microscope after 24 hours. At this time both endothelial and epithelial damage
was seen with the electron microscope and there was also leakage into the alveolar
space.

Other studies have not reported a change until 48 hours. Kistler et al. (1967)
examined the lungs of 44-50 day old rats at 6, 24, 48 and 72 hours’ exposure to
98:59%, O, at one atmosphere and found no morphological changes before 48 hours,
when interstitial oedema and endothelial damage was noted. Later Kapanci et al.
(1969) reported endothelial damage at 4 days in monkeys’ lungs exposed to similar
conditions. Bowden, Adamson and Wyatt (1968) exposed mice to 909, O, at one
atmosphere for 1, 2, 10 and 14 days and also found no morphological change before
48 hours. In a later study (Adamson et al., 1970), details of the time of appearance
of endothelial and epithelial damage were not given. In 1971, Coalson et al.
reported both endothelial and epithelial damage in dogs after only one hour of
exposure to 100%, oxygen administered by a ventilator. From our studies it
seems that with the oedema induced by ANTU as well as by high levels of oxygen,
the endothelial cell is the susceptible one, being the site of the earliest damage.

Although hypoxia is known clinically to produce pulmonary oedema in animals,
no evidence of interstitial oedema or endothelial or epithelial damage was found
with light or electron microscopy in these experiments, perhaps because the hypoxic
conditions (7 or 109, O, at one atmosphere) was not severe enough or the duration
too short. The animals appeared distressed initially, but adjusted to the condi-
tions in a short time. Schulz (1959) reported endothelial blebbing by 90 min at
5000 m (this content of oxygen is approximately equal to 10-119%, O, at one atmo-
sphere), but these results could be attributed to the reduction in atmospheric
pressure. Reidbord and Spitz (1966) showed endothelial vacuolization after
25 min in an enclosed chamber, but since no control of CO, was made, its increase
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could be responsible, since Schaefer, Avery and Bensch (1964) reported alveolar
oedema and an increase in lung weight in guinea-pigs exposed to 159, CO, for
one hour at 1 atm. The more extreme damage reported by Kisch (1965) was not
encountered.

A significant increase in alveolar size was found in both oxygen groups.
Oedema itself does not cause this change since the animals given ANTU were
similar to the normal. Since oedema reduces surfactant activity and causes a
rise in surface tension (Adamson et al., 1970), reduced alveolar size would be
expected. It seems likely, therefore, that these animals were breathing at
increased lung volumes during the experiment so that some change in the tissue
of the alveolar wall had occurred. If bronchoconstriction were part of the res-
ponse to abnormal oxygen levels (Milic-Emili and Ruff, 1971), this could explain
these changes. In man, bronchial spasm has been reported (Greene, 1965) and
increase in resistance to airflow (Sharp et al., 1958) but there seems to be a species
difference since in dogs (Cook et al., 1959) and guinea-pigs (Rech and Borison,
1962) it was not evident. Such a mechanism in the rat would explain our findings.
It is also of interest that in 1934, Prinzmetal produced * emphysema *’ in rats by
giving them low oxygen levels to breathe.

The effect reported here was in adult animals and is different from the effect
on the growing lung. Burri and Weibel (1971) reported that when rats are
exposed to hypoxic and hyperoxic conditions from the 23rd to the 44th day of life,
the lung volumes increase and decrease respectively.

The change in alveolar size seems to be not necessarily part of the changes seen
in oedema, nor is the decrease in number of macrophages and Type III pneu-
monocytes, since none of these was seen in the ANTU-induced oedema. The
Type III pneumonocytes in the animals given ANTU did, however, show an
increase in fibrils and had irregular microvilli at their apical edge; an increase in
vesicles was also seen in some cells. Since in some cases the fibrils, especially
within the microvilli, appear as microtubules, it may be that these cells are con-
cerned with the fluid balance within the alveoli. An increase in fibrils was also
seen in brush cells in airways. A significant decrease in number of Type III
pneumonocytes was found only in both oxygen groups. Electron microscopic
examination suggests that the decrease in number of Type III cells may be apparent
rather than real and may be caused by disappearance of microvilli and extension
of the cytoplasmic covering from an adjacent Type I pneumonocyte over the apical
alveolar surface of the Type III cell. This suggests that normal oxygen levels
are necessary for the normal functioning of this cell.

The reason for the decrease in macrophages is not clear, It may only reflect the
increase in alveolar size, a normal number of macrophages being distributed
through an increased volume.

The pattern of breathing, bradypnoea followed by tachypnoea, needs further
analysis. The slow breathing was not expected, but may be caused by a reflex
action in the airways or an accentuation of shock. From the clinical picture of
oedema, the rapid breathing would be expected and may arise from stimulation
of Type J receptors in the alveolar wall (Paintal, 1970; Meyrick and Reid, 1971);
the reason for its delay is not clear.
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