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Prolonged exposure to oxygen at partial pressures greater than that in normal
ambient air is accompanied by toxic effects which become progressively more
severe as inspired Py, and duration of exposure are increased (17, 24, 26, 31-33,
47, 125, 135, 137, 172, 173, 196, 225, 284, 286, 422, 464). Although there is wide
variation in susceptibility, no living cell can be expected to be completely im-
mune to the toxic effects of oxygen (284). The most generally recognized adverse
effects of oxygen upon specific organ systems include: pulmonary damage termi-
nating in hypoxemia, acidosis and death (47, 105, 117, 169, 245, 265, 385, 417,
455, 459); central convulsions, permanent paralysis and death (17, 19, 24, 47,
66, 131, 138, 219, 249, 252, 284, 319, 449, 464, 493, 496); ocular toxicity (53,
360) producing visual field contraction (55, 536, 537), retinal damage (54, 184,
329, 361) and blindness (10, 11, 384); and other effects such as testicular damage
(173, 369, 487) and erythrocyte hemolysis (229, 264, 339, 422). The speed of
onset and rate of progression of toxic effects in specific tissues and organs de-
pend upon local variables such as blood (oxygen) supply, tissue metabolic rate
and susceptibility of the involved cells to oxygen poisoning. However, con-
tinued exposure of any animal to a toxic inspired Po, will produce progressive
cellular damage and death in one organ system after another until the process is
stopped by pulmonary damage or death of the animal.

Because the lungs are exposed to oxygen tensions higher than those in any
other vital organ, it is not surprising that pulmonary oxygen toxicity is one of
the principal factors limiting the safe and effective use of oxygen at increased
pressures (24, 131, 284, 464). During oxygen breathing within a range of partial
pressures at least as wide as 0.75 to 2.0 atm, the lung is the first vital organ to
be severely affected by oxygen poisoning (47, 100, 114, 116, 120, 134, 161, 367,
405). Although the central nervous system appears to be affected first when
oxygen is breathed at partial pressures of 2.8 atm or higher (138, 533), pulmonary
toxicity undoubtedly occurs concurrently with the development of central ner-
vous system (CNS) intoxication and often contributes to the death of animals
exposed at the higher pressures (37, 39, 44, 250, 252, 255, 258, 261, 377, 494,
526). Continued exposure to toxic oxygen tensions causes progressive impair-
ment of pulmonary function until oxygen uptake is impaired so severely that
the increased inspired Po, necessary to sustain life in itself produces further
damage to the lung. The occurrence of such a severe degree of pulmonary damage
thus initiates a vicious cycle which can only end in death by oxygen poisoning.

In contrast to those toxic effects of oxygen which are ultimately fatal, there
are non-toxic physiological effects which also occur during exposure to oxygen
at increased partial pressures. Physiological effects of oxygen may be distin-
guished from the toxic effects by several characteristics. The most important
of these is that the physiological effects do not endanger life and do not impose
serious limitations upon the use of oxygen at increased pressures. Physiological
effects are also usually characterized by a rapid onset, which is essentially con-
current with rise in Po, of the area affected, as well as a prompt and complete
reversal, which coincides with return to a normal Po,. On the other hand, toxic
effects upon pulmonary function become evident only after passage of a period
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of time, the duration of which is inversely proportional to the inspired Po,
(114, 115, 175, 250, 480, 481), and complete recovery from the reversible effects
of pulmonary oxygen poisoning may require as long as several weeks (47, 100).
Physiological effects of oxygen upon pulmonary function and respiratory control
have been discussed in several recent reviews (283, 284, 287) and will be men-
tioned in this review only to distinguish them from the effects of pulmonary
oxygen toxicity.

The detailed information contained on the following pages was obtained from
individual papers related directly or indirectly to the subject of pulmonary
oxygen toxicity. Summaries at the end of the lengthy descriptions of pathology
and the mechanisms of pulmonary oxygen toxicity indicate which of the many
findings the authors regard as particularly well established or significant.

TOXIC EFFECTS OF OXYGEN UPON THE LUNG

Pulmonary oxygen toxicity, a progressive process which destroys cells in the
lung, is ultimately fatal if exposure to increased oxygen pressure continues and
can be stopped only by reduction of the inspired Po, to a non-toxic level. The
absence of demonstrable pathological changes within any specific group of cells
in lungs that are damaged by pulmonary oxygen poisoning should not be in-
terpreted as evidence that these cells are immune to the toxic effects of oxygen.
Adverse effects can be expected to appear eventually, and the order of their
appearance in different types of cells depends upon the relative susceptibilities of
the cells to oxygen poisoning. It is conceivable that the sequence of toxic effects
in various cell types may also vary at different levels of Py, and under the in-
fluence of factors which can modify the rate of development of overall pulmonary
oxygen poisoning.

The same general principles that pertain to morphological and structural
changes in the oxygen-poisoned lung can similarly be applied to the consequences
of these changes in terms of pulmonary function. Continued exposure to a
toxic level of inspired Po, and the resulting derangement of cellular metabolism
throughout the lung can be expected to cause progressive impairment of one
aspect of pulmonary function after another until the lung is no longer able to
sustain an adequate gas exchange with the blood.

Pulmonary pathology

Pathological effects of pulmonary oxygen toxicity summarized by Bean in
an early review (24) include: atelectasis, consolidation, edema, fibrin formation,
congestion, inflammation, arteriolar thickening and hyalinization, bronchitis and
alveolar cell hypertrophy, hyperplasia, degeneration and desquamation.

Although these findings have been generally confirmed (108, 205, 230, 261,
263, 273, 357, 358, 367, 375, 376, 395, 397, 415-417, 455, 494, 521), there are
many inconsistencies in the numerous descriptions of pulmonary pathology
found in various animal species after prolonged exposure to increased oxygen
partial pressures. Some of these inconsistencies can be explained by differences
in species, strain and individual susceptibility of experimental animals to pul-



TABLE 1A

Pulmonary ozygen lolerance in animals exposed to 0.9-1.0 atm of ozxygen

Survival Time
Species Num- | pge | Weight Pavial Refer-
Pressure Mean Range
mo g alm hr hr
Drosophila —* —_ — 1.0 168 144-192 159
Frog 2 — — | 0.90-0.98| Survived|>1176, 1632 | 151
Frog 4 — 49 0.98-1.0 | Survived|>1248 72
Turtle 2 | Adult — 0.90-1.0 | Survived| >240, 552 151
Turtle 5 | Young| — | 0.97-0.99| Survived| >504 151
Chicken 36 (0.5-1.75 — | 0.98-1.0 — >672 514
Chicken 19 8-24 — 0.96-1.0 247 120-384 512
Quail 30 1.5+ — [0.981.0 3361 — 513
Mouse 44 — — 0.97-1.0 120t 96-384 531
Mouse 20 2-2.5 |25 0.99-1.0 — 120-192 504
Mouse (ST/J1) 10 46 — | 0.90-0.95 77 9§ 310
Mouse (A}) 10 46 — | 0.90-0.95 97 12§ 310
Mouse (SJL/Jt) 10 4-6 — 10.90-0.95 82 6§ 310
Mouse (P/J3) 7 4-6 — 1 0.90-0.95 86 18§ 310
Mouse (129/J%) 9 4-6 — | 0.90-0.95] 94 12§ 310
Mouse 20 — 24.2 0.97 91.5¢% 68-? 121
Mouse (germ-free) 14 | Adult — 10.98-1.0 97.7 91-115 530
Mouse (conventional) | 44 | Adult — 10.98-1.0 146.2 96-384 530
Mouse 25 —_ — 0.95-0.99 1261 72-201 511
Mouse 347 — 20 1.0 111.3 1.4) 176
Mouse 8 | Adult — ]0.96-1.0 120 96-192 512
Mouse 40 — — 0.92 306t 137->360 | 319
Mouse 45 1-2 — 1.0 —_ 96->192 | 428
Rat — — |120 0.94-1.0 56 — 35
Rat — — 160-220| 0.98 134.4 38.4§ 155
Rat — — (120 0.95-1.0 63.8 1.3| 454
Rat — — 120 0.95-1.0 57 0.5 454
Rat 10 — (200 0.93-1.0 — 48-120 171
Rat 10 —  [150-250 0.90-0.91| >240 — 432
Rat 34 —_ —_ 0.98-1.0 118 20.4§ 191
Rat 7 —  {250-350 0.90-0.95 64.4 59-70 126
Rat 50 — — ] 0.96-0.98, 72t — 501
Rat (germ-free) 8 —  |200 0.98-1.0 81.4 73-91 530
Rat (conventional) 23 — — 10.98-1.0 — 70->120 | 530
Rat 60 2-7 — 10.95-0.99 60t 45->77 511
Rat — — — 1.0 71 — 452
Rat — — — 1.0 57 — 452
Rat 20 4-6 — | 0.99-1.0 90 72-144 20
Rat — | Young| — 1.0 >528 — 384
Rat 110 — — 0.92 — 336->360 | 319
Rat — 5 — 1 0.90-0.95 — 45-76 208
Rat 10 — 110 0.90-0.98, — 40->70 42
Rat 6 — — 0.97 — 71->110 47
Rat 44 —  |255-576 0.96 — 59->192 | 132

* —Information not given.

t Lethal time required for death of 50%, of the animals.
1 Mouse strains used.

§ Standard deviation.

|| Standard error.
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Survival Time

Species Nb“e':" Age Weight %:}r'g:‘l‘ Reference
Pressure | M |
| Mean | Range
mo g atm i hr | hr
Guinea pig 11 —* 300-800 0.95-1.0 66.7 ; 7.58 444
Guinea pig 10 — — 0.95-0.98 | 49 35-56 90
Guinea pig — — — 0.91-0.98 — 96-144 230
Guinea pig 5 — 200-250 0.98 75 — 3
Guinea pig 5 — 200-250 0.98 96 — 3
Guinea pig 40 — 250 1.0 94 44-218 12
Guinea pig 23 Newborn 76-131 0.96-1.0 | 108 32-149 364
Guinea pig 10 3 — 0.95-0.99 | 79t 62-100 511
Guinea pig 8 — — 0.92 118t ! 109-230 319
Guinea pig 4 — — 0.97 — 71->133 | 47
Rabbit 30 — 1420 1.0 75.8 | 11.7§ 211, 119
Rabbit 9 — - 0.98-1.0 70.7 | 21.8§ 191
Rabbit — — — 1.0 — 45-50 227
Rabbit 4 6 — 0.99-1.0 84 72-94 7
Cat 9 — — 0.98-1.0 83.3 | 22.3§ 191
Dog 7 — — 0.98 67 61-79 99
Dog — — 10,000-15,000 | 0.95-0.98 | 54.6 | 32-83 455
Dog 5 Young — 0.950.99 | 74t 47-149 511
Dog 8 — — 0.92 119¢% 78-264 319
Dog 10 — 6,800-13,600 | 0.95-1.0 39 6-94 375
Dog — — — 0.99-1.0 60 — 374
Dog 3 — — 0.98-1.0 87 62-116 20
Monkey 4 — 3,060-6,010 | 0.98-0.99 | 390 144-528 416
Monkey 5 - 2,700-6,600 | 0.96-0.98 | — 64->336 | 415
Monkey 18 — 3,480 0.98-0.99 | — | 48->312| 265
Monkey 6 — 1,810-2,380 | 0.94-0.95! — | 96->336 | 417
Monkey 12 — 400-620 0.94-0.95 | — :192->336 | 417
Monkey 10 — — 0.90-0.95 | — | 144->480 | 164
Monkey 2 | Young adult! — 0.95-0.99 | 183 | 150-216 | 511
Monkey 4 — — 0.92 — 1 336->360 | 319
Baboon 7 — 2,4104,000 | 0.94-0.95 | = | 144->168 | 417

* —Information not given.
t Lethal time required for death of 509, of the animals.
§ Standard deviation.

monary oxygen poisoning (24, 47, 108, 118, 121, 165, 220, 234, 263, 310, 319,
368, 413, 414, 417, 538). The magnitude of this variation in susceptibility is
illustrated by the extreme range of average survival times for animals exposed
to about 1.0 atm of O,, ranging from 39 to more than 1600 hr (table 1). Vari-
ations in the susceptibility and in the pathological responses of different animals
to pulmonary oxygen toxicity are particularly obvious when pulmonary lesions
are compared after uniform durations of exposure to oxygen instead of after
production of equivalent degrees of poisoning. The pathological changes of
pulmonary oxygen intoxication are also dependent upon the age of the experi-
mental animal. Immature animals are more resistant than older animals to
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oxygen toxicity, and this appears to be due to a delayed onset of toxic effects
rather than an increased tolerance to them (24, 86, 151, 177, 188, 280, 384,
399, 413, 456, 457, 463, 483, 514, 519).

Post-mortem changes in animals that have died during prolonged exposure
to oxygen are also an important potential cause of the apparently diverse effects
reported concerning the pathology of pulmonary oxygen poisoning (144, 145).
Mice that were killed and autopsied immediately after a 48-hr exposure to about
1.0 atm of O; had no significant pulmonary changes. However, autopsy of simi-
larly exposed mice after a 3-hr post-mortem delay revealed gross atelectasis
and consolidation, decreased lung volume and histological evidence of edema,
congestion and prominent intra-alveolar hemorrhage. Such post-mortem changes
are explained in part by the observation that respiratory failure precedes cardiac
arrest in the terminal stages of oxygen poisoning (251, 252, 377, 494). The
absence of inert gas in the lungs then allows alveolar collapse to occur as oxygen,
water vapor and carbon dioxide are absorbed.

Another possible cause of variability in the pathological effects of pulmonary
oxygen toxicity is that the changes produced are partially dependent upon the
oxygen partial pressure to which the animals are exposed. Prolonged oxygen
breathing at an ambient pressure of 1.0 atm is accompanied by progressive pul-
monary damage that terminates in acidosis and fatal hypoxemia which pre-
vents continued exposure of the brain to high Py, (47, 265, 374, 375, 417, 455,
476). However, during exposure to several atmospheres of oxygen, central ner-
vous system oxygen toxicity may induce lethal effects before lung damage be-
comes severe enough to produce fatal hypoxemia (247a, 449). Thus the degree
of pulmonary pathology is much worse in animals dying in 5.0 atm of O, than
in those dying in 8.0 atm of O, (78) and, even during oxygen breathing at 5.0
atm, tissue oxygen tensions in rabbits remain above normal until death occurs
(47, 397).

Pathological changes produced by exposure of animals to toxic oxygen partial
pressures below 1.0 atm may also be varied (132, 278, 456, 457). In these ex-
posures, fatal hypoxemia may not occur or survival time may be sufficiently
prolonged to permit the development of changes which secondarily increase
tolerance to pulmonary oxygen poisoning (see Acquired Resistance to Pulmonary
Oxygen Toxicity, page 73).

Atelectasis. The presence of alveolar atelectasis is a common finding in animals
that have been fatally poisoned by oxygen (24, 47, 108, 132, 266, 267, 358, 387,
459, 464, 494, 521). Penrod (387) obtained evidence which suggests that the
gross pathological changes induced in pulmonary oxygen toxicity are due in
large part to atelectasis. The atelectasis that normally occurred during exposure
of guinea pigs to 4.0 atm of O, was largely prevented by brief applications of
positive intratracheal pressure at 30-min intervals. In addition, the pathological
appearance of oxygen-poisoned lungs appeared to be extensively reversed by
inflation with air. In rats exposed to 5.0 atm of O, however, post-mortem in-
flation did not refill some congested areas even when inflating pressures were
great enough to rupture the lung, and edema fluid was not expelled (494). Further-
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more, radiological studies indicated that significant atelectasis is not a primary
event, but appears only when the lungs are severely damaged.

Dickerson (132) observed that pulmonary edema and pleural effusion pre-
ceded atelectasis during the development of pulmonary oxygen poisoning in
rats and concluded that the atelectasis was primarily due to alveolar compression
by the effused fluid. Other investigators who have studied the sequence of patho-
logical changes in pulmonary oxygen poisoning have also found that edema and
other manifestations of pulmonary damage appear before the onset of a sig-
nificant degree of atelectasis (263, 265, 272, 273). However, interpretation of
these results is complicated by the fact that preparation of the lungs included
perfusion under positive pressure (420 cm H;0) with glutaraldehyde.

When the inert gas is washed out of the lungs during oxygen breathing, any
source of airway obstruction will result in alveolar collapse because pulmonary
capillary blood will completely absorb the oxygen, carbon dioxide and water
vapor contained in alveoli distal to the obstruction (123, 130, 406, 412). The
rate of collapse of obstructed alveoli is inversely proportional to the ambient
pressure (412) since fewer oxygen molecules are contained in the alveoli at lower
ambient pressure while metabolic consumption of oxygen is not altered under
these conditions. Thus, aviators breathing pure oxvgen at reduced ambient
pressure are particularly susceptible to absorptional atelectasis and often ex-
perience it when airway obstruction oceurs during exposure to sustained accel-
eration and increased gravity forces (4, 21, 201, 296, 305, 535). Regional hypo-
ventilation, emphysema and other pulmonary conditions which cause air trapping
also predispose the individual to absorptional atelectasis during oxygen breathing
(143, 486).

The increased susceptibility to alveolar atelectasis during oxygen breathing
can explain many of the inconsistencies regarding the role of atelectasis in the
development of pulmonary oxygen intoxication. The occurrence of atelectasis in
oxygen-poisoned lungs may be a primary effect related to chemical action of
oxygen upon alveolar surfactant (see Role of Pulmonary Surfactant, page 93),
a secondary effect of airway obstruction caused by pulmonary edema and
pleural effusions (132), or it may originate from a combination of both effects.
When pulmonary oxygen poisoning is produced by exposure to pure oxygen,
the observed occurrence of atelectasis in conjunction with other manifestations
of pulmonary damage does not permit differentiation between the two potential
mechanisms. However, the interpretation that atelectasis is predominantly
caused by physical rather than chemical effects of oxygen is favored by the ob-
servation that atelectasis is much less extensive after a fatal exposure to a mix-
ture of oxygen and inert gas than it is after a similar exposure to the same partial
pressure of pure oxygen (322, 521).

Pulmonary edema. One of the most common pathologic manifestations of
pulmonary oxygen toxicity is the development of pulmonary edema, which
first appears as a widening of interstitial spaces and progresses, in the most se-
vere cases, to form massive pleural effusions (la, 42, 132, 263, 265-267, 356a,
374, 375, 397, 454, 455, 459, 511, 521). In guinea pigs exposed to 0.9-1.0 atm
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of O, a progressive increase in lung weight began after about 48 hr of exposure
and continued until the ratio of lung weight to body weight was almost tripled
in animals that survived for about 120 hr (167, 230). The increase in lung weight
was attributed principally to an extravascular, interstitial accumulation of
water, sodium and plasma proteins (3) since the cellular mass of pulmonary
parenchyma, as estimated by total lung tissue content of potassium (3) or in-
soluble protein nitrogen (230), did not appear to be increased significantly.
Monkeys breathing 96 to 98 % O. at 1.0 atm also have a progressive increase in
lung weight starting at about the 2nd day (415). During exposure of rats to 5.0
atm of O,, lung weight began to increase after 30 to 60 min and almost doubled
after 60 to 90 min of exposure (494).

Jamieson and van den Brenk (255) found that the fluid accumulated in the
lungs of rats poisoned by exposure to 5.0 atm of O, was 42% whole blood, 20 %
cell-free plasma and 38% protein-free fluid. Other studies have shown intra-
alveolar hemorrhage after exposure to several atmospheres of oxygen (37, 494),
but lung hemoglobin content was not increased after fatal exposure to 0.9-1.0
atm of O, (230). These results suggest that the pulmonary capillaries are more
severely damaged by exposure to oxygen at increased ambient pressures than
they are by much longer periods of oxygen breathing at 1.0 atm.

The chemical composition of fluid from pleural effusions has been studied in
rats (132, 418) and guinea pigs (9) after prolonged exposure to 0.86-1.0 atm of
0,. Comparison of the concentrations of organic and inorganic components in
pleural fluid and serum suggest that the pleural effusions caused by pulmonary
oxygen toxicity consist largely of dilute serum with variable contributions from
cellular destruction and autolysis.

The mechanism of edema formation in pulmonary oxygen poisoning is most
generally conceived to be due to an increase in the permeability of pulmonary
capillaries, and histological evidence of capillary damage in oxygen-poisoned
lungs supports this proposed mechanism (1a, 79, 94, 108, 263, 272, 273, 275,
321, 328, 356a, 357, 367, 376, 395, 419, 432, 494, 501, 532, 534). In addition,
other workers (291, 522-524) found that the development of pulmonary edema
in rats and dogs exposed to 3.0-4.0 atm of O, was accompanied by a sustained
increase in systemic blood pressure. On the basis of this observation, they con-
cluded that systemic hypertension was the principal mechanism of pulmonary
edema in oxygen poisoning. However, hyperoxia does not consistently cause
systemic hypertension (24, 55, 56, 448). Furthermore, sustained elevation of
central venous pressure by intravenous infusion in dogs breathing O or air at
1.0 atm caused pulmonary edema to develop more rapidly and after a smaller
volume of infusion in the O,-breathing dogs than in the air-breathing dogs (344).
These results indicate that systemic hypertension, when present, may contribute
to the development of edema in pulmonary oxygen poisoning, but that it is
not the principal mechanism.

As an alternative mechanism, Makléri et al. (326) have suggested that hyper-
capnia is involved in the pathogenesis of pulmonary edema in oxygen intoxica-
tion. However, their own results in rats do not support this conclusion because
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they show an increase in the ratio of lung weight to body weight before the
carbon-dioxide concentrations of brain, liver and muscle tissues are significantly
affected.

Pulmonary hyaline membranes. In the lungs of animals poisoned by exposure
to 0.7-1.0 atm of O., many investigators have observed wide homogeneous
strands of fibrinous material lining the walls of terminal bronchioles, alveolar
ducts, atria and alveoli (1a, 6, 64, 90, 92, 108, 126, 310, 317, 356a, 397, 399,
421, 491). These strands of fibrinous material are called “hyaline membranes,”
and their morphology, localization and staining properties are very similar to
those of membranes found in the lungs of premature infants who die from hyaline
membrane disease (64, 90). Pulmonary hyaline membranes produced by ex-
posure of small animals to oxygen have frequently been used as an experimental
model of this disease (6, 64, 90, 92, 126, 317, 421). Formation of hyaline mem-
branes during exposure to oxygen is enhanced by administration of ACTH,
cortisone, atropine, heparin, pilocarpine and aerosols of hyaluronidase, trypsin
or amniotic fluid (6, 90, 92, 166, 316). However, aerosols of fresh amniotic fluid
or thromboplastin had no influence upon hyaline membrane formation in guinea
pigs exposed to about 0.81 atm of O, (90). In the latter study, the effect of
amniotic fluid may have been masked by a high susceptibility to oxygen alone
as manifested by a 75 % incidence of hyaline membranes. Membrane formation
appears to be partially inhibited by administration of a thiol compound [S-(2-
aminothyl)-isothiouronium bromide hydrobromide], an antifibrinolytic agent
(epsilon-aminocaproic acid) and aerosols of “wetting agents” such as Alevaire
and ethyl alcohol (6, 90, 166).

The tendency to form pulmonary hyaline membranes in response to oxygen
poisoning is variable among different animal species and even among different
strains of the same species (165, 310). Rats do not develop hyaline membranes as
readily as do guinea pigs and rabbits. Fatal exposure to oxygen at 0.90 to 1.2 atm
produced hyaline membranes in adult mice (1a, 165, 310, 399), but not in new-
borns (228, 366, 399). However, exposure to 3.0 atm of O, produced hyaline
membranes in newborn mice who had a prolonged survival time (243), and new-
born rats and guinea pigs developed membranes during toxic exposures to about
1.0 atm of O, (89, 126).

Although the incidence of development of hyaline membranes did not correlate
with survival time among different strains of mice exposed to oxygen (165, 310),
the incidence and severity of hyaline membrane development within a single
strain of mice did increase with longer duration of exposure (310, 399). Con-
versely, in mice exposed to 0.90 atm of O., a marked reduction in the average
survival time by elevation of ambient temperature from 23°C to 32°C was as-
sociated with an expected decrease in occurrence of hyaline membranes (310).
The lower incidence of hyaline membrane formation with shorter exposure dura-
tions, even when fatal pulmonary oxygen poisoning is produced, may explain the
infrequent observation of pulmonary hyaline membranes in animals exposed to
oxygen pressures higher than 1.0 atm.

The pathogenesis of hyaline membrane formation in oxygen poisoning or in
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any other condition is not accurately known, but proposed mechanisms or con-
tributing factors include the following: increased capillary permeability and local
cellular destruction in the lungs, leading to exudation and formation of a fibrin
meshwork incorporating blood proteins and tissue debris (1a, 6, 64, 90, 92, 309,
491); and deficiency of fibrinolytic activity within the lungs (309, 396). Neither
of these mechanisms has been established conclusively, but the histological ob-
servations of pulmonary capillary and parenchymal damage in oxygen poisoning
(1a, 79, 94, 108, 263, 272, 273, 275, 321, 328, 356a, 357, 367, 376, 395, 419, 432,
494, 501, 532, 534) support the roles of increased capillary permeability and cellu-
lar exudation.

The observation that development of hyaline membranes in guinea pigs ex-
posed to 0.98 atm of O, was preceded by significant decreases in total and free
profibrinolysin and fibrinolytic inhibitor is consistent with deficient fibrinolysis as
a mechanism of hyaline membrane formation (396). Significant decreases in blood
clotting time and platelet count were also found in men who breathed oxygen at
1.0 atm for 1 hr (354). The tendency of guinea pigs and rabbits to develop hyaline
membranes more readily than do rats has been ascribed to the presence of a
higher level of plasminogen-activator activity in rat lungs (310). However, the
plasminogen-activator content of lung tissue did not differ significantly in mouse
strains who showed wide variation in the incidence of hyaline membranes pro-
duced by oxygen poisoning (310). Furthermore, the development of hyaline
membranes in guinea pigs exposed to 1.0-1.2 atm of O, was enhanced by ad-
ministration of heparin, an anticoagulant, and partially inhibited by administra-
tion of epsilon-aminocaproic acid, an antifibrinolytic agent (166). The incon-
sistency of these findings suggests that, although deficient fibrinolysis may con-
tribute to the formation of hyaline membranes, it does not appear to be the
dominant mechanism.

Mechanical factors may also contribute to the development of hyaline mem-
branes in oxygen-poisoned lungs. Ciliary activity of rabbit tracheal epithelium,
measured by an in vitro technique, was definitely reduced or absent after the rab-
bits were exposed to 0.70-0.80 atm of O, until the onset of symptoms (65). It was
suggested that a similar depression of ciliary transport in bronchi and bronchioles
would favor retention in the lung of material contributing to the formation of
hyaline membranes. Measurements in intact, anesthetized animals have shown
that the flow rate of tracheal mucus was reduced in cats (300), but not in dogs
(320) after breathing O, at 1.0 atm for 10 to 20 min. Ciliary activity in tracheal
mucosa from rabbits was normal after 60 min of exposure in vifro to 1.0 atm of
O (124). However, failure to observe decreased ciliary activity in some species
after oxygen exposures which are too brief to produce detectable toxic changes in
other areas of the lung is not inconsistent with a role of impaired ciliary transport
in the genesis of hyaline membranes.

It has also been suggested that extra-uterine respiration is an important factor
in the formation of pulmonary hyaline membranes (90, 166, 438-440). This sug-
gestion is based largely upon the observations that hyaline membranes have not
been found in human stillborn infants (126, 166), or in stillborn guinea pigs whose
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mothers die from pulmonary oxygen poisoning even when prominent hyaline
membranes are found in the mothers (89, 126). In accord with these observations,
Shanklin (438, 440) has proposed that a major element in the pathogenesis of
hyaline membrane disease is the failure of postnatal adaptation to the significant
elevation of oxygen tension which occurs in the pulmonary alveoli at birth.

Pulmonary vascular changes Adverse effects of increased oxygen pressures upon
the pulmonary vasculature have been demonstrated repeatedly in experimental
animals. Observations of interstitial and perivascular edema and intra-alveolar
hemorrhage indicate that vascular permeability is increased in pulmonary oxygen
poisoning (24, 59, 79, 84, 108, 132, 243, 265, 367, 456, 494, 511). Toxic effects
upon the pulmonary capillary endothelium in the form of cytoplasmic changes,
endothelial swelling and, in some cases, fragmentation of alveolar walls have been
found in the lungs of mice (1a, 79, 108), rats (272, 273, 275, 357, 376, 395, 419,
432, 501, 532), rabbits (328), dogs (321, 534), goats (356a) and monkeys (263)
after prolonged exposure to O. at 0.90 to 1.0 atm. In rats exposed for 72 hr to 0.99
atm of O, about half of the pulmonary capillaries were destroyed, and morpho-
metric measurements showed that capillary volume and endothelial surface area
were reduced to about half of the control values (272, 273, 275). Total endothelial
cell volume in the pulmonary capillaries of monkeys was decreased to one-third
of the normal volume after a 12-day exposure to 0.98-0.99 atm of O, (263). These
results may be at least partly explained by the observation that the division rate
of pulmonary capillary endothelial cells was profoundly decreased in mice after
exposure to about 1.0 atm of O, for 1 to 4 days (148). The division rate of mam-
malian cells in tissue culture was also reduced by prolonged exposure to 0.40-
1.0 atm of O, (88, 370, 426).

Other pulmonary vascular changes found in experimental animals after pro-
longed exposure to toxic oxygen pressures include: thickening and hyalinization
of the walls of pulmonary arteries and arterioles with marked narrowing of vessel
lumens and ultimate thrombosis of some arterioles (59, 278, 456, 511); formation
and condensation of fibrous tissue outside the media of the arterial wall and
thickening of the elastic tissue and smooth muscle layers (59); marked vaso-
constriction of pulmonary arteries, arterioles and venules (521); erosion of the
vessel media and merging of media with adventitia (278); and necrosis of the
pulmonary veins (511). In order to explain the simultaneous existence of arterial
wall erosion and hypertrophy in the lungs of rats exposed for 30 days to about
0.70 atm of O, , Kydd (278) suggested that the hypertrophy represented a reac-
tion of the vessel wall to an initial erosion produced by oxygen toxicity. Erosion
appeared to be the dominant process at the time the rats were sacrificed.

In agreement with the histological results, pulmonary hypertension (59, 83,
84, 117), increased pulmonary vascular resistance (83, 84), right heart hyper-
trophy (83, 84) and dilatation (59, 266, 267) have been observed in rats, rabbits
and dogs after prolonged exposure to 0.80-2.0 atm of O, . By creating a surgical
anastomosis between the left subclavian artery and the left upper lobe pulmonary
artery in dogs, Liddle and Fyler (307, 308) demonstrated that perfusion of the
pulmonary vasculature with normally oxygenated systemic blood for 3 months
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caused moderate to severe pulmonary vascular disease manifested by advanced
medial hypertrophy and intimal proliferation. The effects of increased blood flow
and pressure on the pulmonary circulation were not responsible for the observed
vascular disease, because the pathologic changes were not caused by a previous
3-month exposure of the same dogs to 10 % oxygen (307).

Mitochondrial changes in the lung. In what appears to be the first application of
electronmicroscopy to the study of pulmonary oxygen poisoning, Schulz (433)
found swelling and vacuolization of alveolar epithelial mitochondria in rats that
breathed oxygen at 1.0 atm for 8 hr. However, a similar study in rats that were
exposed to oxygen at 1.0 atm for 38 hr or at 3.0 atm for 8 hr showed many large
vacuolated inclusions in close proximity to completely intact mitochondria with
no evidence of intermediate stages (484). On the basis of these results, Treciokas
(484) concluded that both his findings and those of Schulz were normal and did
not indicate mitochondrial damage. Alveolar cell mitochondria were not damaged
in mice and only occasional swelling of mitochondria was found in severely
poisoned rats after exposure to 0.95-1.0 atm of O, for as long as 3 to 6 days (108,
272, 273, 275). Mice that died during a 7-day exposure to 0.90 atm of O, had a
similar absence of mitochondrial changes, but swelling and polymorphism were
observed in the type II alveolar cell mitochondria of the survivors (1a).

In agreement with the studies cited above, little evidence of mitochondrial
damage was found in the type II alveolar epithelial cells of rats after 48 hr of O,
breathing at 1.0 atm (419). However, exposure to 0.85 atm of O, , which the rats
tolerated for 7 days with no obvious signs of distress or gross pulmonary path-
ology, produced definite pleomorphism, elongation and other mitochondrial
changes. When these rats were subsequently exposed to 1.0 atm of O, , initial
signs of mitochondrial degeneration were followed within 2 or 3 days by exag-
geration of the previous changes. Continued exposure to pure oxygen for 7 days
produced a 5- to 6-fold increase in mitochondrial volume, while evidence of
mitochondrial degeneration was found after 3 weeks of exposure (532). Swollen
mitochondria with loss of matrix density were found in endothelial cells within
2 to 3 days and in type I alveolar epithelial cells after 10 to 14 days of oxygen
breathing. Exposure of normal or ‘“adapted” rats to 3.0 atm of O, for up to 6 hr
produced clearly degenerative changes, such as loss of matrical density, swelling
and rupture of the mitochondria (419). This observation was confirmed by other
workers (357) who found mitochondrial swelling and vacuolization in the alveolar
cells of rats exposed to 3.0 or 4.0 atm of O, for 2 to 6 hr.

The mitochondrial changes found in oxygen-poisoned lungs by many workers
are non-specific and often rather subtle. Most of the inconsistencies in these
observations probably can be attributed to technical difficulties encountered in
the demonstration of such changes and the related problem of interpretation of
the results. However, prolonged exposure of rats to a level of hyperoxia which did
not produce acute oxygen poisoning appeared to cause definite mitochondrial
alterations which could not be attributed to technical artifacts (419). Further-
more, these mitochondria were apparently conditioned to respond in an unusual
way during a subsequent exposure to a more toxic level of hyperoxia. Explanation
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of these interesting results may shed some light upon the mechanisms of pul-
monary oxygen toxicity (see Acquired Resistance to Pulmonary Oxygen Toxicity,
page 73).

Sequence of pathological changes. Studies of pulmonary oxygen poisoning in
normal man have been necessarily limited to the early and reversible stages of
this progressive and ultimately fatal toxicity. In contrast to this, the pathological
manifestations of severe oxygen poisoning have usually been studied in animals
who have died, or are near death, from the toxic effects of oxygen. In order to
relate the effects of oxygen upon pulmonary function in man to the pathological
changes found in experimental animals, it is necessary to identify the initial
structural and morphological effects of oxygen poisoning in the animal lungs.
Information relating to these early toxic effects in animals has been obtained by
investigators who have studied lung structure and morphology at various stages
throughout the development of oxygen poisoning (108, 263, 266, 272, 273, 275,
494).

Qualitative studies of the pathological changes found at progressive stages of
pulmonary oxygen poisoning have been performed in rabbits (266) and mice (108)
exposed to 0.80-1.0 atm of O, . After 1 day in the oxygen environment, the lungs
of the rabbits were essentially normal, but 2 days of exposure produced a variable
degree of pulmonary pathology ranging from no involvement to early, fibrinous
bronchopneumonia with marked congestion and edema. Fibrinous bronchopneu-
monia, which was characterized by degeneration and desquamation of alveolar
epithelium, bronchial inflammation and fibrinous exudation into the alveoli, was
an almost constant finding after 3 days and was little changed after 5 to 7 days of
exposure. In the mice, 3 days of oxygen breathing produced mild capillary stasis
and slight exudation into the alveoli. Perivascular and peribronchial edema ap-
peared after 3 to 4 days of exposure. These changes were accentuated after 5 to 6
days at which point some of the mice died. Epithelial and endothelial swelling,
alveolar cell destruction, collapse and dilatation of capillaries, intra-alveolar hemor-
rhage and hyaline membranes were also found in severely poisoned lungs. Both
studies showed marked variability in different individuals and even in different
areas of the same lung (108, 266).

A much more rapidly developing sequence of pathological changes is observed
in rats exposed to 5.0 atm of O, , with patchy congestion and dilatation of alveolar
capillaries being detectable within 20 min (494). After 40 to 60 min, the alveoli
contained fibrinous, hemorrhagic exudate and their walls were edematous and
swollen. In the terminal stages of lung damage produced by 60 to 90 min of ex-
posure, there was marked interstitial edema as well as perivascular and peri-
bronchial edematous cuffing. ‘

The stereologic and morphologic techniques employed by Weibel and his
associates (263, 272, 273, 275, 506, 509) have provided excellent, quantitative
descriptions of the time course of pathological changes during the development
of pulmonary oxygen poisoning. Because of their importance to the understanding
of the dynamic progression of pulmonary oxygen intoxication and the conse-
quently increasing impairment of normal pulmonary function, these studies have
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been reviewed in great detail. In rats exposed to 0.99 atm of O, for 6, 24, 48 and
72 hr, Kistler et al. (272, 273, 275) detected the first abnormalities after 48 hr of
exposure. At this time the rats showed varying degrees of dyspnea upon return to
room air. The lung surface was mottled and small quantities of pleural exudate
were present. Electronmicroscopic findings included interstitial edema, occasional
leucocytic infiltration and occasional early destruction of capillary endothelial
cells.

When returned to room air after 72 hr of exposure, the rats were severely
dyspneic, gaspingand cyanotic. Somerats died after a few minutes of air breathing.
Mottling of the lung surface was striking, and large quantities of partly hemor-
rhagic pleural exudate were found. Electronmicroscopy revealed that the inter-
stitial edema was largely replaced by leucocytes, thrombocytes, other cells,
cellular fragments and fibrin strands. Capillary endothelial cells were extensively
destroyed and were completely absent in places. Capillary lumens contained dis-
torted and fragmented erythrocytes. Alveolar epithelial cells were little changed
morphologically, but there was an apparent hyperplasia during the period be-
tween 48 to 72 hr of exposure. Occasional swelling of alveolar cell mitochondria
was noted in the terminal stages.

Results of stereologic measurements complemented the morphologic findings
(fig. 1). Average thickness of the interstitial space was doubled after 48 hr and
tripled after 72 hr of exposure. Average thicknesses of alveolar epithelium and
capillary endothelium were normal up to 48 hr. After 72 hr, thickness of the
epithelium was increased by 50 % and that of the endothelium was decreased to
60 % of the control value. The change in alveolar epithelium was attributed to
cellular hyperplasia, and the endothelial change was due to capillary destruction.
Total thickness of the air-blood tissue barrier and estimated resistance to diffusion
were both increased slightly after 48 hr and doubled after 72 hr of exposure.
Capillary volume and surface area were constant up to 48 hr and decreased to
less than half their original values after 72 hr. Total alveolar surface area was not
significantly changed but about 65 % of the alveolar air space was obliterated by
edema. Estimated diffusing capacity of the air-blood tissue barrier was decreased
to about 80 % of the control value after 48 hr and to about 25% after 72 hr of
exposure. When corrected for obliteration of alveolar space by edema, estimated
diffusing capacity after 72 hr was decreased to about 9 % of the normal value.

Kapanci et al. (263) have used similar stereologic and morphologic techniques
to study the rate of development of pulmonary oxygen poisoning in monkeys
exposed to 0.98-0.99 atm of O, for 2, 4, 7 and 12 days (fig. 2). After 2 days of
exposure, capillary endothelial cells often had clear cytoplasm and appeared to
be slightly swollen, but total endothelial volume was not increased. Although
there were a few foci of interstitial edema, total thickness of the interstitium was
not changed.

After 4 days of oxygen breathing, the alveolar walls were severely damaged and
at least 90% of the membranous (type I) pneumocytes were destroyed. The
basement membrane wasdenuded and covered with fibrin strands. Total epithelial
volume and mean epithelial thickness were reduced, respectively, to one-third
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F1a. 1. Effect of pulmonary oxygen poisoning on the alveolar-capillary tissue barrier in
the rat. Points on the graph represent average morphometric measurements of the mean
thicknesses of the alveolar epithelium, interstitial space and pulmonary capillary endo-
thelium in rats exposed to 0.99 atm of Os for 6, 24, 48 and 72 hr. N indicates the number
of rats included in each average. Estimated resistance to diffusion was roughly propor-
tional to the total thickness of the alveolar-capillary tissue barrier. [After Kistler et al.
(272, 273, 275).]
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Fia. 2. Effect of pulmonary oxygen poisoning on the alveolar-capillary tissue barrier in
the monkey. Points on the graph represent average morphometric measurements obtained
in monkeys exposed to 0.98-0.99 atm of Os for 2, 4, 7 and 12 days. The stipled areas indicate
the relative proportions of type I and II alveolar epithelial cells (membranous and granular
pneumocytes, respectively). All other details are the same as those described for Figure 1.
[After Kapanci et al. (263).]
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and one-half of the control values. In contrast to the widespread destruction of
membranous pneumocytes, the relative volume of granular (type II) pneumo-
cytes was increased by a factor of 2.5. Endothelial cells were swollen and showed
cytoplasmic changes. Total endothelial volume and mean endothelial thickness
were increased. About 40 % of the total interstitial volume was edematous tis-
sue. The combination of epithelial destruction, interstitial edema and endothe-
lial swelling produced a slight increase in total thickness of the air-blood tissue
barrier.

In the lungs of monkeys exposed for 7 days, about 80 % of the alveolar septa
were lined by a continuous layer of granular pneumocytes which now constituted
95% of the alveolar epithelium as compared to 15% in the control ani-
mals. Total epithelial volume and average epithelial thickness were increased
by 30% and almost 300 %, respectively. Destruction of endothelial cells was
indicated by the reduction of the total volume of endothelium per unit
volume of tissue to one-half the control value. Total capillary volume and
surface area were not changed because some of the remaining vessels were
dilated. The mean thickness of the interstitium was increased by 80 %, and it
contained edema fluid, hemorrhagic foci, fibroblasts and leucocytes. Total thick-
ness of the air-blood tissue barrier and the estimated resistance to diffusion
were both approximately doubled.

The proliferative changes were even more accentuated after 12 days of oxygen
breathing. All alveolar septa were lined by a continuous layer of granular pneumo-
cytes which now constituted 100% of the alveolar epithelium. The estimated
increase in the volume of granular pneumocytes alone was approximately 22-fold,
and there was almost a 7-fold increase in mean epithelial thickness. Massive
destruction of endothelial cells reduced the relative volume of endothelium to one-
third the control value, but capillary volume and surface area were still un-
changed. Average thickness of the interstitium was increased by a factor of 2.5,
and half of the total interstitial volume was occupied by cells. Compared to
shorter exposure durations, the volume of collagen fibers in the interstitium was
increased, while that of edema fluid appeared to be reduced. Average thickness of
the total air-blood tissue barrier and the estimated diffusion resistance were three
to four times their respective control values.

Although extensive destruction of pulmonary capillary endothelium was pro-
duced in both rats (272, 273, 275) and monkeys (263) by prolonged exposure to
about 1.0 atm of O, , total capillary volume and surface area were decreased in
the rat, but not in the monkey. Another notable difference between the responses
of these two species to pulmonary oxygen toxicity was the relative integrity of
alveolar epithelium in the rat as compared to the destruction of type I and the
proliferation of type II epithelial cells in the monkey. Kapanci et al. (263) have
attributed the differences between their results and those of Kistler et al. (272,
273, 275) at least partially to the following:

1) The rat, as studied by Kistler et al., was more susceptible to oxygen
toxicity than the monkey. Most of the rats died or were in a terminal state
after 72 hr of exposure, whereas many of the monkeys survived for almost 2
weeks.
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2) The pulmonary pathology found in the rats after 6 to 72 hr of exposure
was related to only the initial phases of lung reaction. This comment would be
valid with reference to repair processes, but not necessarily with reference to
destructive processes, because the rats did develop fatal pulmonary oxygen
poisoning within the period of study. ,

3) Since the biologic time constants or rates of development of pulmonary
oxygen intoxication were different in the intact rat and monkey, they may also
be different for the individual tissues within the lungs of the two species.

The principles proposed by Kapanci et al. (263) offer a plausible explanation of
the apparent contradictions in many studies of pulmonary oxygen poisoning.
Studies in the monkey have shown that there are two distinct phases in the
pathological effects of pulmonary oxygen toxicity (263, 265, 415, 417). One is an
acute exudative phase which is characterized by edema, hemorrhage, swelling
and destruction of capillary endothelial cells and destruction of type I alveolar
epithelial cells. The other is a subacute proliferative phase which consists of
interstitial fibrosis, proliferation of type II alveolar epithelial cells and at least
partial resolution of previously formed alveolar exudate. Although the time course
and intensity of these responses varied among different species of monkeys (417),
the proliferative phase was prominent only when the animals could survive the
acute exudative phase either because of an inherent resistance to pulmonary
oxygen toxicity (121, 164, 417, 511) or a reduced severity of the acute phase
related to exposure to a lower oxygen partial pressure (415). Proliferative changes
were minimal in rats that died or were near death after a 3-day exposure to 0.99
atm of O, (272, 273, 275), but they were more obvious in rats that survived a
10-day exposure to 0.92 atm of O, (432). Typical manifestations of the acute
exudative phase of pathology were present in rats that died on the 4th day of
exposure to 0.84 atm ot O; , while proliferation of alveolar epithelium and resolu-
tion of alveolar exudate were found in the animals that survived the acute illness
and remained in the oxygen atmosphere (456, 457). Fatal exposure to 1.0 atm of
O, caused thickening of the alveolar septa and altered the structure of alveolar
epithelium in “preconditioned” rats whose survival times were prolonged by
previous, intermittent exposures to oxygen, but not in normally susceptible rats
(501). However, the observation that proliferative changes were minimal or
absent in mice after exposure to 0.9-1.0 atm of O, for as long as 14 days (1a, 79,
108, 148) suggests that the subacute proliferative phase of pulmonary reaction
to oxygen toxicity is not prominent in some animal species.

Reversibility of pathological changes during recovery from pulmonary oxzygen
potsoning. When monkeys that developed pulmonary oxygen poisoning during
exposure to 0.78-1.0 atm of O, were removed from the toxic environment and
allowed to recover, changes typical of the acute exudative phase of pathology
resolved completely, but proliferative changes left residual scarring (263, 265,
415). Kapanci et al. (263) employed quantitative stereologic and morphologic
techniques to study the lungs of two monkeys that were exposed to 0.98-0.99
atm of O, for 8 and 13 days, and then allowed to recover in room air for 56 and
84 days, respectively. After the recovery period, both monkeys were clinically
normal, and lung structure was remarkably restored to an almost normal appear-
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ance. Arterial blood Po, and Pco, were normal in the monkey who had an 84-day
recovery preceded by a 13-day exposure (265). Nevertheless, structural and
morphometric abnormalities were detectable in the lungs of both monkeys.

After 8 days of exposure and 56 days of recovery in the first monkey, the alveo-
lar septa contained focal lesions which were characterized by increased numbers
of fibroblasts and collagen fibers associated with some residual accumulations of
edema fluid. The alveoli were again lined with normal membranous pneumocytes,
but the proportion of granular pneumocytes was 30 % greater than in the pre-
exposure control lungs. Total interstitial volume was still increased, and 20 % of
the interstitial tissue appeared to be edematous. Although the endothelium was
completely normal, capillary volume and surface area may have been slightly
increased. Average thickness of the total air-blood tissue barrier was increased
slightly, but estimated resistance to diffusion was normal.

In the monkey that was exposed for 13 days and allowed to recover for 84 days,
the alveolar septa contained large scars which represented about 7 % of the total
alveolar tissue. Capillaries were found on both sides of the septal scar tissue.
Average thickness of the interstitium was increased by about 50 %, and collagen
fibers constituted 66 % of the total interstitial volume. Estimated resistance to
diffusion was about 38 % greater than the control value due to the increased
thickness of the air-blood tissue barrier. Capillary volume was almost doubled,
and capillary surface area was increased by about 25 %. The calculated diffusing
capacity of the air-blood barrier was almost normal which suggested that the
increased capillary surface area and volume compensated for the decrease in dif-
fusion conductance. The occurrence of these capillary changes during recovery
from pulmonary oxygen poisoning in the monkey was particularly interesting
because capillary proliferation has been observed in human patients who died
after receiving prolonged oxygen therapy (401, 402).

A remarkable capacity for reversal of the pathological changes caused by
pulmonary oxygen toxicity has also been observed in smaller animals (1a, 6, 90,
228, 419). These reversible effects included hyaline membranes (6, 90) and mito-
chondrial alterations (1a, 419), as well as acute exudative changes. However,
hypertrophy and hyperplasia of alveolar cells (456) and reduced tolerance to
acute hypoxia (2) persisted for 33 and 13 days, respectively, after multi-day
exposures of rats to 0.84-0.89 atm of O,. The latter results are consistent with
observations in the monkey (263, 265, 415) that proliferative changes may require
several weeks for resolution or may cause permanent scarring of the lung.

Pathology of pulmonary oxygen poisoning in man. Pathological changes caused
by pulmonary oxygen toxicity as observed in experimental animals have also
been found in the lungs of human patients who have died after prolonged oxygen
therapy. In patients who were ventilated for several days with 90 to 100 % O. at
1 atm, Nash et al. (356) observed two overlapping phases of pathology which
they thought represented an early exudative phase followed by a later prolifera-
tive phase. The exudative phase consisted of congestion, alveolar edema, intra-
alveolar hemorrhage, fibrinous exudate, prominent hyaline membranes and only
a sparse chronic inflammatory component. The proliferative phase was char-
acterized by marked thickening of alveolar and interlobular septa by a combina-
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tion of edema and fibroblastic proliferation, early fibrosis, prominent alveolar
cell hyperplasia and a variable component of exudative changes. Several of these
alterations resembled features of the acute exudative and subacute proliferative
phases of pathology that accompanied the development of pulmonary oxygen
poisoning in the monkey (263, 265, 415, 417).

Many other investigators have observed similar pathological changes in human
lungs after prolonged exposure to increased partial pressures of oxygen (22a, 82,
105-107, 169, 170, 202, 209, 245, 318, 341, 401403, 461). In some cases these
observations have been associated with marked increases in the alveolar-arterial
P,, difference (82, 105, 106, 169, 209, 245, 318). Pulmonary function returned to
normal in one patient within 15 weeks after toxic oxygen therapy exposures were
stopped (245) and greatly improved in another patient when the inspired oxygen
concentration was gradually reduced to normal over a period of 9 days (82).
Continued exposure to toxic oxygen tensions, which was done in order to treat a
terminal anaerobic infection in one individual (169) and to assist ventilation in
another who had traumatic chest injuries (105), led to a progressive deterioration
of pulmonary function and an ultimately fatal outcome. The lungs of these two
patients had pathological changes that are commonly produced by pulmonary
oxygen toxicity in experimental animals.

The pathology of pulmonary oxygen poisoning has also been observed in new-
born infants after prolonged oxygen therapy for hyaline membrane disease (226,
362, 363, 424). In a comprehensive study of 32 infants with respiratory distress
syndrome, Northway et al. (362, 363) found that exposure to 0.80-1.0 atm of O,
for more than 150 hr caused chronic lung disease which appeared to consist of
oxygen-induced damage to mucosal, alveolar and vascular tissues superimposed
upon prolongation of the healing phase of the original syndrome. Continued
epithelial necrosis, metaplasia, basement-membrane thickening, atelectasis and
failure of alveoli to regenerate mature epithelia were detectable 1 to 2 days after
the start of oxygen therapy and were thought to be precursors of chronic lung
disease. Departure from the usual healing phase of respiratory distress syndrome
was clearly apparent at 10 to 20 days of age, at which time alveolar epithelial
injury persisted along with widespread metaplasia and hyperplasia of the bron-
chial and bronchiolar mucosa. There was marked mucous secretion, interstitial
edema, focal thickening of the basement membrane, and coalescence of emphy-
sematous alveoli with atelectasis of surrounding alveoli. In the five infants who
died after receiving more than 150 hr of oxygen therapy, prominent pathological
findings were interstitial thickening, pulmonary arteriolar lesions and marked
cardiomegaly with right ventricular hypertrophy.

Westgate et al. (516) also suggested that the chronic pulmonary abnormalities
seen in survivors of hyaline membrane disease were caused chiefly by prolonged
exposure to increased partial pressures of oxygen. This suggestion was based
upon the similarity of chest roentgenograms in survivors of hyaline membrane
disease and in children who had received oxygen therapy for other reasons. In a
series of 83 newborn infants who died from a variety of causes, pulmonary hemor-
rhage was associated with the use of oxygen therapy, particularly in premature
infants (447). The incidence of pulmonary hemorrhage was highest in those in-



56 CLARK AND LAMBERTSEN

fants who received oxygen therapy continuously from birth to death, but the
first 6 hr of life appeared to be the period in which the infants most readily de-
veloped this abnormality. Increased susceptibility to oxygen poisoning during
the first few hours of life has also been observed in newborn mice (243), and pos-
sible causes of this phenomenon will be discussed later (see Inherent Resistance
to Pulmonary Oxygen Toxicity, page 77).

Summary of pathological effects. The pathological response of the lung to oxygen
toxicity can be differentiated into two overlapping phases of progressive deteriora-
tion. The first is an acute exudative phase which consists of interstitial and
alveolar edema, intra-alveolar hemorrhage, fibrinous exudate, hyaline mem-
branes, swelling and destruction of capillary endothelial cells and destruction of
type I alveolar epithelial cells. The other is a subacute proliferative phase which
is characterized by interstitial fibrosis, fibroblastic proliferation, hyperplasia of
type II alveolar epithelial cells and at least partial resolution of earlier exudative
changes. The individual components of each phase are not always found concur-
rently. Their presence and relative prominence are at least partially dependent
upon variables such as the level of inspired Po, , exposure duration, species
susceptibility to pulmonary oxygen toxicity and probably species differencesin the
reactivity of pulmonary tissues.

Swelling and destruction of pulmonary capillary endothelial cells along with
interstitial and perivascular edema are the first toxic effects which are detectable
during the development of pulmonary oxygen poisoning. The subsequent pro-
gression in severity of these acute changes is often accompanied by the formation
of hyaline membranes consisting of a fibrinous meshwork of plasma proteins and
cellular debris. Alveolar atelectasis is a variable component of pulmonary oxygen
poisoning which appears to be caused predominantly by the physical conse-
quences of inert gas removal from the lungs and may be enhanced by decreased
surface activity of the alveolar lining material.

Pathological changes which are similar oridentical to those caused by pulmonary
oxygen toxicity in experimental animals are also found in the lungs of human
patients who die after prolonged oxygen therapy. Although such alterations are
not specific for pulmonary oxygen poisoning, the clinical course of these patients
in conjunction with the known susceptibility of man to oxygen toxicity leave no
reason to doubt that the observed pathological changes are in fact caused by
pulmonary oxygen toxicity. In experimental animals and presumably also in man,
recovery from pulmonary oxygen intoxication is accompanied by complete resolu-
tion of changes typical of the acute exudative phase of pathology. When exposure
to hyperoxia is sufficiently prolonged for the development of prominent prolifera-
tive changes, however, recovery from these pathological effects is greatly delayed
and incomplete resolution may leave permanent residual scarring of the lung.

Effects upon pulmonary function

Pulmonary oxygen poisoning is characterized by an insidious onset followed
by a progressive increase in severity that eventually leads to severe hypoxemia
and death. Effects upon pulmonary function become more marked in parallel
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with the increasing severity of oxygen poisoning. When studies are carried out in
animals exposed continuously to a toxic inspired Py, , severe functional derange-
ments should be expected as death approaches. Observations made in these
terminal studies do not relate quantitatively to studies in man during the early,
more reversible stages of pulmonary oxygen poisoning. Direct comparisons be-
tween functional effects in man and animals therefore require comparisons in the
same degree of toxic exposure.

Pulmonary mechanics. Change in the elastic properties of the lung is an early
manifestation of oxygen toxicity in man. Dynamic lung compliance was decreased
by about 15 % in subjects who breathed O, at 2.0 atm for 6 to 11 hr (161) and by
about double this amount in others breathing O, at 0.98 atm for 30 to 48 hr (100).
Decreased lung compliance has also been observed in dogs (247a, 385, 455), rab-
bits (421) and rats (52, 87) after prolonged exposure to 0.79-2.0 atm of O, . In
normal men, breathing oxygen at rest, particularly at a low lung volume, can be
accompanied by a reduction in lung compliance which is caused by absorptional
atelectasis, rather than chemical toxicity of oxygen, and is rapidly reversible
upon deep inspiration (96-98).

Possible mechanisms for the reduction in lung compliance during oxygen poi-
soning include atelectasis, pulmonary edema and congestion, asymmetrical
narrowing of the airways, decrease in alveolar surfactant and change in retractile
properties of pulmonary tissue elastic elements. Atelectasis, pulmonary edema
and vascular congestion have been ruled out as probable causes of decreased
compliance in early pulmonary oxygen poisoning in man (116, 161, 405). No
evidence for or against the other possible mechanisms was found. The reduction
in lung compliance observed in rats after exposure to 0.98-1.0 atm of O, for 60 to
66 hr was considered to be caused by a decrease in surfactant with a small con-
tribution from increase in tissue rigidity (52). Development of severe pulmonary
intoxication in dogs breathing oxygen at either 1.0 or 2.0 atm was accompanied
by marked decreases in both lung compliance and surfactant activity (247a). The
pathological changes found in the later stages of pulmonary oxygen poisoning in
animals (3, 167, 230, 255, 261, 266, 267, 273, 397, 459, 494) and man (103, 169,
356, 363) suggest that many or all of the changes in the lung may ultimately
contribute to decreased compliance.

Early but prominent pulmonary oxygen intoxication in man exposed to oxygen
at 2.0 atm is not associated with marked increases in airway resistance or total
pulmonary resistance (161). These observations are consistent with the absence of
significant changes in expiratory flow rate in the same subjects (115, 116) and in
men exposed to 0.98 atm of O, (100). It is nevertheless probable that continued
exposure to a toxic Py, would eventually produce prominent airway obstruction
secondary to edema formation or other mechanisms.

Lung volumes. Decrease in vital capacity has been produced by exposure of
normal men to oxygen partial pressures ranging from 0.75 to 2.0 atm (47, 100,
115, 116, 120, 134, 367). Reduction of vital capacity is usually progressive
throughout the oxygen exposure and can be described accurately by the early
part of a dose-response curve (100, 114, 116, 367). Moreover, after prolonged
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exposure to 2.0 atm of O, , vital capacity continued to decrease in several sub-
jects for the first few hours after oxygen breathing was stopped (115, 116). This
indicates that the consequences of oxygen poisoning progressed in severity beyond
the time of the exposure to the direct toxic process. Recovery of vital capacity
was not immediate. It usually occurred within 2 to 3 days after the oxygen
exposure (100, 115, 116, 367), but occasionally required several weeks (47, 100).
Vital capacity returned to normal even after reductions as great as 40 % of the
control volume (47, 100, 115, 116).

Measurements of other lung volumes after prolonged oxygen breathing at 2.0
atm (115, 116) showed that reduction of vital capacity in pulmonary oxygen
poisoning is related to a decrease in the inspiratory capacity. Inspiratory capacity
was restricted by decrease in total lung volume and probably also by an increase
in the functional residual capacity. Impairment of inspiratory function in early
pulmonary oxygen poisoning was also indicated by significant decreases in the 1-
sec forced inspired volume, the percent of the total forced inspired volume which
could be inspired in 1 sec and the maximum mid-inspiratory flow. The equivalent
expiratory volumes in the same subjects were not significantly affected (115, 116),
and percent of the total forced expired volume which could be expired in 1 sec
was not changed after a toxic exposure to 0.98 atm of O, (100).

Possible mechanisms for reduction of vital capacity in pulmonary oxygen
intoxication include chest pain, atelectasis, pulmonary edema, decreased lung
compliance and decreased force of inspiration. Decreased compliance probably
contributed to reduction of vital capacity in the initial stages of pulmonary
oxygen poisoning, but lung compliance changes in most subjects after toxic
exposures to 0.98 and 2.0 atm of O, were too small to entirely account for the
observed decreases in vital capacity (100, 116, 161). A decreased force of inspira-
tion may have been partly responsible for reduction of vital capacity at 2.0 atm
of O, (161). Chest pain did not appear to contribute significantly to reduction of
vital capacity or inspiratory force in well-motivated subjects (116, 161), and de-
crease in vital capacity has been observed repeatedly in the absence of symptoms
(47, 100, 116, 120). Although atelectasis and pulmonary edema probably are not
responsible for reduction of vital capacity in early pulmonary oxygen poisoning
(116, 161, 405), they would be expected to become prominent and contribute to
this alteration in the later stages of toxic progression.

Pulmonary gas exchange. Breathing oxygen at increased partial pressures can
influence the carbon monoxide diffusing capacity of the lung by two different
mechanisms. An initial physiological response, which is probably caused by
competition between carbon monoxide and oxygen for binding sites on the hemo-
globin molecule, results in a decrease in CO diffusing capacity that is progressive
with increase in alveolar Po, from 100 mm Hg to at least 3200 mm Hg (355, 423).
With continued exposure to toxic partial pressures of oxygen, a pathological re-
sponse is superimposed upon the initial physiological response (100, 405). Ex-
posures of normal men to 0.98 atm of O, for 30 to 74 hr and 2.0 atm of O, for 6 to
11 hr produced average decreases in CO diffusing capacity of 19 and 16 %, re-
spectively (100, 405). A significant decrease in diffusing capacity for CO has been
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reported after O, breathing at about 1.0 atm for 3 hr (147), but this observation
could not be confirmed after subsequent exposures to the same inspired Po, for
3 and 6 hr (95, 420). Exposure of normal subjects to 3.0 atm of O, for 2 hr also
failed to produce a significant decrease in CO diffusing capacity (420). The
available evidence therefore indicates that pulmonary diffusing capacity is
adversely affected only after several hours of exposure to a toxic inspired Po, .
The impression that considerable time is required for the development of this
pathological effect is supported by the observation that the decrease in CO
diffusing capacity was greater 11 to 20 hr after the end of a prolonged exposure
to 2.0 atm of O, than it was within 6 hr after cessation of the exposures (405).

The reduction of diffusing capacity in pulmonary oxygen poisoning could be
caused by atelectasis, lengthening of the diffusion path across the alveolar-
capillary tissue barrier, uneven ventilation-diffusion relationships, decrease in
pulmonary capillary blood flow and alterations of the pulmonary vasculature.
There was no evidence that atelectasis or uneven ventilation contributed to the
decrease in CO diffusing capacity observed after a toxic exposure to 2.0 atm of O,
(405). The same subjects had no significant changes in pulmonary parenchymal
tissue volume or capillary blood flow, but they did have a 30 % decrease in pul-
monary capillary blood volume which could have accounted for the change in
diffusing capacity.

Measurements of pulmonary capillary blood volume and diffusing capacity of
the pulmonary membrane revealed apparent contradictions between results
obtained after prolonged exposures to 0.98 and 2.0 atm of O, (100, 405). After
the 0.98 atm exposure, membrane diffusing capacity was decreased by 35% and
capillary blood volume was not changed, while the 2.0 atm exposure resulted in
a 30 % decrease in the latter with no significant change in the former. Technical
differences make the results of the two experiments not strictly comparable with
each other (405). It is also entirely conceivable that the nature of the initial
pathological changes responsible for reduction of diffusing capacity in early
pulmonary oxygen poisoning may vary at different levels of inspired P, .
Certainly there are abundant indications of forms of structural damage by oxygen
which should lead to gross disturbance in transpulmonary diffusion.

Morphologic and morphometric studies in oxygen-poisoned rats and monkeys
have shown interstitial edema, increase in thickness of the alveolar epithelium
and pulmonary capillary destruction (263, 272, 273, 275). Decreases in capillary
volume and surface area occurred in the rat, but not in the monkey. These changes
could contribute individually and collectively to decrease in pulmonary diffusing
capacity. Most or all of these changes would be expected to appear eventually in
man during the development of severe pulmonary oxygen poisoning, but it is
possible that the order in which they occur may vary at different levels of Po, .
Therefore, it is conceivable that interstitial edema and increase in thickness of the
alveolar membrane could appear initially during prolonged exposures to a rela-
tively low Po, , while severe vasoconstriction and capillary destruction could
occur first during exposure to very high, more acutely toxic levels of Po, . Such
variation in the order of appearance of pathological changes at different levels of
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Po, could account for what appears to be lack of agreement in the measurements
of membrane diffusing capacity and capillary blood volume obtained during the
development of pulmonary oxygen poisoning at 0.98 and 2.0 atm. Valuable in-
formation relating to this possibility could be obtained by application of the
quantitative techniques employed by Weibel et al. (263, 506, 509) to a study of
the rate of development of structural changes in the lungs during exposure of
monkeys to 2.0 atm of O, .

Although fatal hypoxemia is the ultimate outcome of the limitation of gas
exchange in severe pulmonary oxygen poisoning, there is much evidence that
marked impairment of arterial oxygenation in the lungs at rest is not one of the
earliest events to occur during exposure to a toxic inspired Po, (15, 117, 129, 385,
417, 455, 458, 499). The development of early pulmonary oxygen poisoning in
man is not accompanied by a prominent increase in the alveolar-arterial oxygen
difference at rest (100, 116), but the pulmonary diffusing capacity may be suf-
ficiently limited to cause a small reduction in arterial P,, during exercise (100).
Some animal studies have indicated that a progressive impairment of arterial
oxygenation starts relatively early during the development of pulmonary oxygen
poisoning (47, 302, 328, 356a, 374, 375, 476). However, these results could be ex-
plained on the basis of unusual susceptibility of the animal species involved
(table 1 and fig. 3) or the occurrence of absorptional atelectasis during oxygen
breathing, particularly in anesthetized animals (96, 98, 116, 130, 385). The oc-
currence of marked impairment of arterial oxygenation in severe stages of
pulmonary oxygen poisoning has been well established in animals (47, 117,
265, 356a, 385, 417, 455, 459) and in man (82, 105, 106, 169, 209, 245, 318).

Control of respiration. Direct toxic effects of oxygen upon the respiratory
control mechanisms have not been studied. The physiological and rapidly re-
versible effects of hyperoxia upon control of ventilation include respiratory stimu-
lation (283, 291, 295) and a simultaneous, but less prominent, respiratory de-
pression (128, 139, 283, 284, 290, 311). Since these effects are concurrent and
continuous, they tend to mask each other (283, 284, 290). The respiratory stimu-
lation appears to be caused by the rise in brain Pco, and acidity (291, 292) that
results from diminished reduction of hemoglobin in the brain capillaries when
increased amounts of oxygen are supplied in physical solution (24, 190). The
depressant influences upon respiration are manifested by an abrupt decrease in
ventilation after the sudden administration of oxygen (128, 129, 283, 284) and
by a decreased ventilatory response to inspired carbon dioxide (284, 290, 311).
These depressant effects are related partly to removal of chemoreceptor activity
(128, 218, 311) but appear to involve other, unidentified mechanisms as well
(283, 284, 290).

The prolonged administration of oxygen at increased pressures appears to
have little influence upon control of respiration over and above the initial,
physiological effects (56, 120, 367). Increased respiratory rate and decreased
tidal volume have been observed in normal subjects during toxic exposures to
0.95 and 2.0 atm of O, (96, 98, 116, 134). These changes caused a progressive
increase in respiratory minute volume with an associated respiratory alkalosis



PULMONARY OXYGEN TOXICITY 61

during exposure to 0.95 atm of O; for 42 to 110 hr (134). In all cases, the venti-
latory alterations were preceded and accompanied by severe symptoms of
tracheobronchial irritation which were exaggerated by inspiration and were
probably responsible for the observed respiratory stimulation.

Decrease in respiratory frequency occurs in small animals during prolonged
exposure to oxygen partial pressures of 1.0 atm or less (71, 132, 512, 514). As-
sociated with labored breathing, frequency of respiration in guinea pigs (71)
and rats (132) was reduced progressively from a normal value of about 100 to
as low as 27 breaths per minute during oxygen exposure. Jamieson and Cass (251,
252) have found increased work of breathing in oxygen-poisoned rats, as evi-
denced by a prominent increase of diaphragmatic activity in conjunction with a
progressive reduction in tracheal gas flow in the presence of lung damage. De-
crease in respiratory frequency also occurs in chicks in the absence of detectable
signs of severe pulmonary pathology (514). The anatomical uniqueness of the
avian lung and the lack of information describing the physiological effects of
oxygen upon respiratory control in birds prevent interpretation of this finding.

Symptoms and signs of pulmonary oxygen poisoning

The signs of pulmonary oxygen poisoning observed in animals are those of
progressive respiratory insufficiency culminating in severe asphyxia and death
(64, 73, 108, 167, 191, 347, 375, 397, 459, 464). The signs are similar in different
species, but times of onset and rates of development are variable. In animals
breathing about 1.0 atm of O, the first observed abnormality is usually rest-
lessness, followed by lethargy, anorexia and sometimes vomiting. Dyspnea
becomes apparent and progressively more intense. Terminal stages are char-
acterized by cyanosis, labored or gasping respiration and frothy or bloody
sputum.

When animals are exposed to oxygen at partial pressures above 3.0 atm,
development of the sequence of signs described above is interrupted by the
occurrence of convulsions or other manifestations of CNS oxygen toxicity (24, 47,
397, 464). Total apnea of several minutes duration may occur, after which respi-
ration may become very irregular (24). Central nervous system oxygen intoxi-
cation may kill the animal before lung damage becomes severe enough to pro-
duce fatal hypoxemia (47, 78, 117, 397, 449). Jamieson and Cass have shown that
the cause of respiratory failure in animals breathing oxygen at high pressure may
be either peripheral or central (251, 252). Which predominates will depend upon
the total oxygen pressure.

The overt effects of pulmonary oxygen toxicity that occur in man during the
early stages of pulmonary involvement resemble those seen in animals. Human
studies have the obvious advantage that sensations can be described and the
observations of the investigator can be confirmed and considerably amplified
by the observations of the subject. Symptoms of pulmonary oxygen poisoning
have been produced in men breathing oxygen at partial pressures ranging from
about 0.75 to 2.0 atm (47, 100, 115, 116, 120, 134, 367). Studies of oxygen toxicity
in normal man at partial pressures above 2.0 atm have not been continued long
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enough to permit description of the development of pulmonary symptoms
(56, 78, 138, 533).

The symptoms of pulmonary oxygen poisoning which are observed in man
appear to be those of a tracheobronchitis which originates in the area of the
carina and spreads throughout the tracheobronchial tree (47, 100, 115, 116,
120, 134, 367). Beginning as a mild irritation which is accentuated by inspira-
tion and occasionally induces a cough, the tracheal symptoms progressively
become more intense and continuous until each inspiration is painful and cough-
ing is uncontrollable. Pulmonary symptoms have first appeared after 6, 4 and
3 hr of oxygen breathing at partial pressures of 0.83, 1.0 and 2.0 atm, respectively
(56, 116, 120, 367). Severity of symptoms in most subjects rapidly diminishes
within the first few hours of the post-exposure period and the sensations of pul-
monary irritation completely disappear over the following 1 to 3 days. Dyspnea
at rest is produced by severe exposures (47, 115, 116, 134, 136) and dyspnea on
exertion continues for the first few days of the post-exposure period (100, 116,
367).

Physical findings. After the production of early pulmonary oxygen poisoning
in otherwise normal subjects, physical examination of the chest has shown
significant abnormalities in only a few isolated instances (100, 120, 367). These,
all following prolonged exposures at oxygen pressures of 0.83 to 0.95 atm, in-
clude bubbling rales, hyperemia and swelling of the nasal mucous membranes
and fever (47, 48, 100, 134, 136).

The inadvertent production of a severe degree of pulmonary oxygen poisoning
in a group of five patients who received prolonged oxygen therapy for respiratory
insufficiency was associated with definitely abnormal physical findings (245).
Evidence of alveolar atelectasis was found in four patients and all five had
tenacious tracheal secretions which required frequent aspiration. Auscultatory
findings, which were bilateral and more prominent over the lower lung fields,
included coarse rales, rhonchi and bronchial breath sounds. Rectal temperatures
usually ranged from 37.8°C to 38.9°C, but lower values were obtained during
the course of oxygen therapy. The copious tracheal secretions gradually decreased
in quantity within 5 to 10 days after the inspired Po, was lowered to 0.35-0.45
atm. Definite association of these abnormalities with pulmonary oxygen intoxi-
cation was complicated in three patients by the presence of bacterial pneumonia
which was superimposed upon pulmonary emphysema in one patient and was
followed by development of a lung abscess in another. However, the clinical
signs of pneumonia had resolved in two of the patients at the time that oxygen
poisoning was suspected.

Radvological changes. Radiological abnormalities have been demonstrated in
human patients who developed subjective and objective manifestations of
progressive pulmonary insufficiency during prolonged oxygen therapy or who
later died and showed the pathological changes of pulmonary oxygen poisoning
(204, 82, 105, 245, 259, 341). The lesions appeared as diffuse, bilateral pulmonary
densities which were irregular in shape and varied from 0.2 to 2 em in width.
Continued exposure to oxygen was accompanied by extension and coalescence
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of the infiltrates until, in the most severe cases, almost the entire lung was
densely opacified bilaterally. When the inspired Po, was lowered below 0.85
atm, clearing of the infiltrates could be detected within 5 to 9 days and was
complete within 23 to 46 days (245). Time of onset of the radiological changes
varied with the inspired Po, and exposure conditions. In one group of patients
abnormalities were not detected before at least 60 to 70 hr of continuous ad-
ministration of 90 to 100% O. at 1.0 atm (259), while roentgenographic changes
were found after as little as 20 hr of pure oxygen breathing in patients with ir-
reversible brain damage (20a). In normal subjects, however, chest roentgeno-
grams were unchanged after exposure to 0.90-1.0 atm of O; for as long as 110
hr, with the possible exception of a small pleural effusion in one subject after 90
hr of oxygen breathing (48, 100, 120, 136). This discrepancy probably can be
accounted for by pre-existent lung disease, inadequate ventilation and other
factors present in patients who must receive oxygen therapy.

A characteristic evolution of radiological changes during prolonged exposure
to increased oxygen partial pressures has also been observed in newborn infants
with respiratory distress syndrome (362, 363, 424, 516), as well as in rats and
guinea pigs (16, 364). In the human infants the reticulogranular densities nor-
mally seen on the chest roentgenogram in this disease did not disappear within
the usual 10 days and sometimes persisted for several weeks. Early progression
of the densities to nearly total opacification of both lungs was usually accom-
panied by death of the infant or was a precursor of chronic lung disease in the
survivors. The appearance of scattered, small, radiolucent areas after 10 days of
age correlated well with the circumscribed groups of emphysematous alveoli
found in the infants that died at this time.

TOLERANCE TO PULMONARY OXYGEN TOXICITY

Determination of pulmonary oxygen tolerance in an animal or a man requires
information describing the rate of development of pulmonary oxygen poisoning
throughout the toxic range of inspired Po,. This relationship between inspired
Po, and the duration of exposure necessary to produce toxic effects has been
studied by many investigators. Although many of these experiments are not
directly concerned with tolerance to pulmonary oxygen toxicity, they demon-
strate general principles which can be applied to all forms of oxygen tolerance.
Indices of toxicity used in the various studies have included: 50 % inactivation of
respiration of rat brain slices (131); conduction block in isolated cat nerve (131,
393); development of convulsions in mice (334, 398, 404), rats (378), rabbits
(227, 404) and cats (404); hemolysis in mice (195); death in protozoa (519),
Drosophila (156, 157, 159, 519), mice (131, 175, 334, 480), rats (250, 481) and
rabbits (227); and the onset of pulmonary and CNS symptoms in men (131, 515).
All workers have found that the oxygen pressure-exposure duration relationship
for a particular toxic effect has the general form of a rectangular hyperbola, with
a progressive increase in the rate of development of oxygen intoxication as in-
spired Po, is elevated. Actually, it is not surprising that similar relationships are
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found for such a variety of effects, because oxygen toxicity affects individual cells
and enzymes (125, 131, 225), regardless of species and animal form.

Pulmonary Ozxygen Tolerance in Antmals

Pulmonary tolerance to the toxic effects of oxvgen varies greatly among differ-
ent animal species and among different individuals of the same species. The mag-
nitude of variation in susceptibility to pulmonary oxygen toxicity is illustrated by
survival data obtained from several different studies of the rate of development
of pulmonary oxygen poisoning in animals exposed to 0.9-1.0 atm of O, (table 1
and fig. 3). At this level of inspired Po,, the appearance of severe pulmonary
pathology and obvious symptoms of respiratory insufficiency prior to death indi-
cates that survival times are determined primarily by the development of pulmo-
nary oxygen intoxication before other vital organs are fatally affected. Environ-
mental variables such as inspired Pco,, ambient temperature, humidity and
variation of inspired P, within the specified narrow range are potential influenc-
ing factors, but these variables have been generally well controlled and their
combined influence upon survival time has probably been very small in most of
the studies. Age of the exposed animals is an important variable which has un-
doubtedly contributed to the experimental results in a few cases (151, 384, 514).
In spite of these limitations, comparison of the data from the several studies pro-
vides an approximation of the magnitude of variation in individual and species
susceptibility to pulmonary oxygen toxicity.

Although most of the average survival times for all of the mammalian species
except the primates fall between 50 and 100 hr of exposure to 0.9-1.0 atm of O,,
individual guinea pigs, dogs and mice have survived for as long as 230, 264, and
384 hr, respectively, while voung rats have lived for longer than 528 hr (319, 384,
530).

Complete survival data have not been obtained for many of the primate species
because individual animals were still alive at the maximum durations of exposure
in most of the studies. Average survival time for a group of four monkeys exposed
t0 0.98-0.99 atm of O, was 390 hr with a range of 144 to 528 hr (416). The primate
species were relatively resistant to pulmonary oxygen toxicity more consistently
than all of the other mammalian species that were studied.

Many non-mammalian species were also quite resistant to the toxic effects of
oxygen. Quail had a 50 % mortality after 336 hr of oxygen breathing (513), and
chicks were alive and well after 672 hr of exposure to 0.98-1.0 atm of O, (514).
Frogs were able to tolerate oxygen breathing for durations ranging from 1176 to
1632 hr with no apparent ill effects other than minor histological changes in the
lungs (72, 151), and turtles did not appear to be harmed by oxygen exposures
ranging from 240 to 552 hr (151).

Comparison of the survival data summarized in figure 3 and table 1 reveals
important potential sources of inconsistency among studies of pulmonary oxygen
toxicity in different animal species or in different strains of the same species. The
results of a 3-day exposure to 0.9-1.0 atm of O, in a strain of rats for which this
was a lethal exposure (126) would obviously not be comparable to data obtained
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PULMONARY OXYGEN TOLERANCE IN ANIMALS
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F1g. 3. Pulmonary oxygen tolerance in animals exposed to 0.9-1.0 atm of oxygen. Mean ,
survival time of the animals is noted by a closed circle (@). The mean in this case is based
only on the animals dying as a result of the exposure and does not take into account any
animals who survived. The symbols used are: |[—|, designates the range of survival times
where known, or = two standard deviations; |—/—, some animals survived the exposure;

|—, all animals survived the exposure.
* Times of later deaths not specified.

from a similar experiment in a strain of rats that had less than a 1% mortality
after 15 days of oxygen breathing (319). The extremely long survival times of
young rats (384, 456, 457) and chicks (514) indicate that age is an important
variable to be considered in different experiments. Wood (525) has shown that
genetically inherited factors, even within the same strain of rats, influence
susceptibility to oxygen toxicity. Identification and study of the factors respon-
sible for individual and species variation in susceptibility could contribute much
to the understanding of the mechanisms of pulmonary oxygen toxicity.
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During exposure to oxygen pressures above 1.0 atm, average survival times
are decreased progressively with the increase in inspired Po, (131, 156, 157, 159,
175, 227, 250, 334, 480, 481, 519). Analysis of survival data obtained from mice
that were exposed to oxygen at pressures ranging from 4.0 to 11.0 atm (334)
showed that the inspired Po,-exposure duration relationships for mortality of
various percentages of the mice could be described by a family of rectangular
hyperbolae which did not intersect throughout the range of Po, that was studied
(114, 288a). This indicates that the hyperbolic inspired Po,-exposure duration
relationship applies to individuals with varying susceptibility to oxygen toxicity
as well as it does to average data. As inspired Po, is elevated, the decrease in
survival times of resistant mice is greater than that of more susceptible individ-
uals, such that the total range of survival times becomes progressively smaller at
the higher levels of inspired Po, (334, 480, 481).

A complete description of pulmonary oxygen tolerance in any animal species
requires determination of the lowest inspired Po, that will produce pulmonary
damage during an indefinitely prolonged exposure. Many studies of tolerance to
oxygen at slightly increased partial pressures have been performed in small
animals to evaluate potential atmospheres for manned spacecraft. Inspired
oxygen partial pressures and exposure durations of these studies are summarized
in table 2. Indices of pulmonary oxygen toxicity employed included obvious

TABLE 2
Pulmonary ozygen tolerance studies in small animals exposed to less than 0.6 atm of oxygen
Number . Oxygen
Species Aniorfnaln %22:?: lrrg:i:r]e %m‘:;: Reference
aim atm days
Mouse 40 0.34 0.23 246 150, 379, 380
Mouse 115* 0.26 0.24 51 320
Mouse 40 0.34 0.33 up to 235 14, 212, 220
Mouse 80 0.36 0.34 60 538
Mouse 16 0.44 0.40 60 538
Mouse 12 0.81 0.44 60 538
Mouse 116 0.52 0.48 60 538
Hamster 8 0.44 0.40 60 538
Hamster 6 0.81 0.44 60 538
Rat 50 0.34 0.23 246 150, 379, 380, 510
Rat 12 0.26 0.24 24 133
Rat 12+ 0.28 0.26 334 389
Rat 65 0.34 0.33 up to 235 14, 212, 220, 274, 306
Rat 5 0.81 0.41 60 538
Rat 6 0.44 0.42 60 538
Rat 12 0.59 0.57 64 85
Dog 8 0.34 0.23 246 150, 379, 380, 510
Dog 8 0.34 0.33 up to 235 14, 212, 220, 306, 416
Monkey 4 0.34 0.23 246 150, 379, 380, 510
Monkey 19 0.34 0.33 up to 235 14, 212, 220, 306, 416

* Number does not include offspring born during exposure.
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symptoms, mortality and lung pathology. No symptoms of respiratory distress
were noted, and mortality of the animals exposed to hyperoxia was not signif-
icantly different from that of control animals breathing air. The few deaths that
occurred were attributed to endemic disease. In some of the exposed animals,
however, careful examination of pulmonary tissues with the light and electron
microscope revealed the presence of significant changes which could conceivably
have been caused by pulmonary oxygen toxicity (212, 274, 306, 510). Further-
more, the changes appeared to be reversible when the inspired Py, was returned
to normal (212, 306).

The most quantitative descriptions of these alterations in pulmonary struc-
ture after prolonged exposure to mild hyperoxia were obtained by the use of
morphometric techniques. Exposure of rats and dogs to 0.33 atm of O, for 14
and 240 days, respectively, was accompanied by a 27 to 30 % reduction in the
average ratio of alveolar surface area to body weight (274, 306). There was a
concurrent decrease in capillary volume and surface area in the rat, but not in
the dog. These changes were regarded as adaptations to the increased availability
of oxygen in the rat rather than to toxicity because they were not associated
with detectable tissue or cell damage. However, the much longer exposure of
dogs to 0.33 atm of O, was also accompanied by a 54 % increment in mean
thickness of the alveolar-capillary tissue barrier and a similar increase in its
estimated resistance to diffusion. The cause of the increased barrier thickness
was an interstitial edema which was resolved almost completely after a recovery
period of 30 to 40 days. Similar, but less marked, structural alterations due to
interstitial edema were found in rats, dogs and monkeys after a 240-day ex-
posure to only 0.23 atm of O, at an ambient pressure of 0.34 atm (510). Alveolar
surface area was not reduced, but there was an increase in the average thickness
of alveolar epithelium and some evidence of exudation into the alveolar lumina.
Although these changes were not statistically significant in small groups of
animals, they were consistent in all three species.

Interpretation of findings suggesting a production of toxic effects by pro-
longed exposure to an oxygen tension that is only 0.02 atm or about 15 mm Hg
higher than the Po, of normal ambient air at sea level requires careful considera-
tion of factors other than chemical toxicity that may have been responsible for
the observed changes. Weibel et al. (510) suggested that their results could be
attributed to other causes, such as the presence of some contaminant in the
environmental chamber, exposure to reduced absolute pressure, return to
ambient P,, and pressure before sacrifice of the animals, and variation in the
duration of anesthesia preceding lung fixation. It is also possible that the morpho-
metric techniques employed by Weibel and his associates are sufficiently sensitive
to detect structural alterations that are functionally insignificant. If the ob-
served changes were truly caused by pulmonary oxygen toxicity, the obvious
implication is that any elevation of inspired Po, , however small, will eventually
produce toxic effects in at least some animal species.

Evidence has been presented in several recent reviews (173, 193, 340, 438) in
support of the related concepts that the ability of living organisms to survive in
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a normal atmosphere at sea level required the evolutionary development of
antioxidant defense mechanisms against an ambient oxygen tension of 0.21 atm
and that even a normal life-span is determined at least partially by the inter-
action of antioxidant and oxidant influences. However, the intermittent exposure
of mice to 1.08 atm of O, for a total duration of about 13 % of their life-span
produced no evidence of accelerated aging as evaluated by growth, mortality,
hyaluronic acid and collagen contents of the skin and whole body nitrogen
content (460)

Pulmonary oxygen tolerance in man

Information describing the tolerance of the human lung to oxygen toxicity is
essential for the safe and effective use of oxygen at increased partial pressures in
the fields of oxygen therapy, diving and aerospace medicine. The variability of
pulmonary tolerance to oxygen in different animal species (fig. 3 and table 1)
indicates that the quantitative data obtained in animals cannot be directly
applied to man. Of all the animals that have been studied thus far, the sub-
human primates appear to resemble man most closely in the rate of develop-
ment and pathological effects of pulmonary oxygen poisoning (263, 265, 415,
417, 507). However, monkeys have frequently survived exposures to almost 1.0
atm of O, for more than 300 hr (fig. 3 and table 1), while the longest human
exposure to the same Po, has been only 110 hr (134, 136). The occurrence of
severe pulmonary oxygen poisoning in two subjects during exposure to 0.90
and 0.98 atm of O, for 65 and 74 hr, respectively, suggests that even a 110-hr
exposure is dangerous for some individuals (47, 100). Uncertainty regarding the
validity of extrapolation of animal data to man (even including that obtained
from subhuman primates) and the serious consequences that could result from
the inappropriate application of such data require that information describing
pulmonary oxygen tolerance in man must be obtained directly from man.

Pulmonary tolerance to oxygen has been studied in normal men during ex-
posures to oxygen partial pressures ranging up to 2.0 atm. The indices of pul-
monary function and exposure durations employed in these studies are sum-
marized in table 3. Significant changes were observed in the parameters which
are marked by . Most of the inconsistencies in the reported data are minor
and can be explained adequately. The low absolute and progressively increasing
values of arterial Po, obtained in normal men during prolonged exposure to
0.95 atm of O, (134) were almost certainly related to the inappropriate use of
oxyhemoglobin measurements to calculate arterial Po, during oxygen breath-
ing. The hyperventilation and respiratory alkalosis observed in the same study
were probably responses to severe symptoms of tracheobronchitis. Similar
ventilatory changes were found in subjects who experienced severe symptoms
during oxygen breathing at 2.0 atm (96, 98, 116). The increase in arterial oxygen
content and capacity and decrease in arterial pH that also occurred during pro-
longed exposure to 2.0 atm of O, were probably caused by factors unrelated to
pulmonary oxygen poisoning, such as mild dehydration and metabolic acidosis
(114). Failure to observe significant changes in the vital capacity and pressure-
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volume curve of one subject who breathed oxygen at 2.0 atm for 11 hr (96, 98)
was not surprising because some individual subjects of a much larger series (116)
also had small changes during exposure to the same conditions.

When considered from a general viewpoint, the studies summarized in table
3 are quite consistent and provide much useful information relative to pulmonary
oxygen tolerance in man. They show that multi-day exposures to oxygen partial
pressures of 0.55 atm or less do not significantly impair pulmonary function.
However, definite objective and subjective indications of pulmonary intoxication
are produced by a 24-hr exposure to 0.75 atm of O, , even with 15-min periods
of air breathing every 3 hr (120). As inspired Po, is increased to 2.0 atm, there
is a progressive increase in the rate of development of pulmonary oxygen poison-
ing. These data are consistent with the assumption of a hyperbolic relationship
between the inspired Po, and exposure duration that will be tolerated before
the production of a uniform degree of pulmonary oxygen poisoning in man.

In order to provide an objective basis for the definition of pulmonary oxygen
tolerance in man, change in the vital capacity has been used as a quantitative
index of the severity of oxygen intoxication (114, 115). Although this method of
evaluation has some limitations (114), it proves to be more satisfactory than
measurement of any of the other pulmonary function indices that are known to
be altered by oxygen poisoning. Furthermore, the fact that vital capacity was
measured in almost all of the studies of pulmonary oxygen tolerance in man
(table 3) provides comparable data over a wide range of oxygen partial pressures.

A series of predictive curves has been derived based upon change in the vital
capacity as an index of toxicity and upon the theoretical assumptions that pul-
monary oxygen tolerance in man can be described by families of rectangular
hyperbolae with asymptotes at zero time and at an inspired Po, of 0.5 atm (114,
288a). The family or group of curves shown in figure 4 defines the rate of develop-
ment of pulmonary oxygen poisoning in 50 % of the individuals exposed to in-
creased partial pressures of oxygen. The curves in figure 5 show the variation in
susceptibility to a uniform degree of pulmonary oxygen poisoning represented by
a 4 % decrease in vital capacity. Methods are described by which other families of
pulmonary tolerance curves can be derived on the basis of different proportions
of the exposed individuals or other degrees of intoxication (114).

The assumption that an inspired Po, of 0.5 atm is a practical horizontal asymp-
tote for pulmonary oxygen tolerance curves implies that normal men can breathe
oxygen at this Po, for a long period of time with the occurrence of only a minor
degree of pulmonary oxygen poisoning. The validity of this assumption cannot
be established conclusively even by the combined data from all available sources
(table 3). Animal studies suggest that exposure to mild hyperoxia will cause
adverse pulmonary effects if the exposure is sufficiently prolonged (212, 274,
306, 510, 538). However, the wide species variation in susceptibility to pulmonary
oxygen toxicity (fig. 3 and table 1) indicates that these results may not be
applicable to man even if they can be definitely confirmed in other animal species.
Precise identification of the true inspired Po, asymptote for curves describing
pulmonary oxygen tolerance in man will probably never be practical due to the
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TABLE 3
Pulmonary ozygen lolerance studies in normal man

Oxygen .
Punsul m::: g:‘::::’;: g&';‘::; Indices of Pulmonary Oxygen Toxicity® Reference

Pressure

atm alm hr )
0.23 0.25 | 408 8 VC, FEV, Cap,s Capay,, chest x-ray 348 .
0.23 0.25 | 408 2 VC, FEV..,, %FEV, MBC, Vr 349

0.24 0.26 | 120 2 vC . 215
0.24 0.26 | 72 1 VC, FEV, ERV, IC, MBC, Vg, V1, chest | 216, 422

X-ray

0.25 0.26 | 336 6 VC, TLV, MBC, Dy, Puo, chest x-ray | 229

0.26 0.31| 72 2 VC, Vg, P Acoy C'cor chest x-ray 47, 422
0.31 0.92 | 720 4 FEV, RV, MBC, DLoo P, 233, 411
0.32 0.34 | 336 3 VC, ERYV, IC, FRC, RV, MBC Ry, Dig,, | 142, 282

Ci, Raw, VE, Pug,s Pagoys Single-breath
distribution, chest x-ray

0.32 | 0.34 336 4 VG, Pa,y,, Pag,s Pago,s Pago, chext x-ray | 346
0.33 0.34 | 336 6 VC, TLV, MBC, Dr, P,,,, chest x-ray 229
0.33 0.34 | 720 4 FEV, RV, MBC, D, PAO, P,, 233, 411
0.45 1.0 | 168 2 Ve, P., 408
0.49 0.50 | 336 6 VC, TLV MBC, Dy, Pag,, chest x-ray 229
0.49 0.50 | 24 6 VC, f 120
0.51 1.0 24 10 VC, f 120
0.55 0.69 | 168 6 VC, f, chest x-ray 34la
0.75 1.0 24t 9 VCt, f 120
0.83 1.0 53-57 6 VCi, f, chest x-ray 367
0.90 1.0 65 2 VCY, Pag,, 47
0.95 1.0 42-110 | 12 VCt, Vet, Vr, f, pH.t, Os8at.,, Puy. 1) Pago, | 134
098 | 1.0 | 24 34 | VCET, O, sat.., P.,,, Ve, chest x-ray 120
0.98 1.0 30-74 4 VCt, TLVt, FEV, RV, Dy, t, Dut, V., 100
Pagy Pag,s Pago, PHa, Ci, chest x-ray
1.99 2.0 6-12 13 VCt, ICt, ERVY, RV, FRC, FEV, 9,FEV, | 114, 116,
MMEF, FIVt, 9% FIVi, MMIF{,ft,Cot, | 161, 405
R;wv RL, VH Qcy DLcotv DM, th’ PAo,’
Puy,s Pagoy PHat, Cag by Cago,r CaPag, 1,
chest x-ray
2.0 2.0 11 1 VC, FRCY, ft, C., V1t 96, 98

* See ‘““Symbols and Definitions’’ for explanation of symbols used in this column.
t Subjects breathed room air for 15 min every 3 hr. All other exposures were continuous
$ Indicates a significant change during or after exposure.

SYMBOLS AND DEFINITIONS

Cuco, Arterial carbon dioxide content

C., Arterial oxygen content

Cap,,, Arterial oxygen capacity

Cu Pulmonary lung compliance

Digo Carbon monoxide diffusing capacity of the lung
Diffusing capacity of the pulmonary alveolar membrane

ERV Expiratory reserve volume
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long duration of the required experiments and the inability to detect minimal
impairment of pulmonary function. Furthermore, the exposure duration may be
limited by hematologic or endocrine effects of mild hyperoxia before the occur-
rence of significant pulmonary intoxication (299, 315). Fortunately, however,
the choice of 0.5 atm of O, can deviate from the true asymptote by only 0.3 atm
at most, because 0.21 atm is the Po, of normal ambient air and 0.75 atm of O, is
definitely toxic (120). Although an error of this magnitude could have serious
consequences with reference to extremely long exposures to slightly increased
oxygen partial pressures, it will have very little influence upon predicted tolerance
of the lung to oxygen pressures of 1.0 atm or higher.

It should be emphasized that the information summarized by the curves in
figures 4 and 5 specifically applies only to normal men who are continuously
exposed to hyperoxia. Pulmonary tolerance to oxygen toxicity has also been
studied in patients recovering from open-heart surgery (450a). Measurements of
the effective intrapulmonary shunt, lung compliance and the ratio of dead space
to tidal volume were not significantly different after ventilation for about 15 to
48 hr with either pure oxygen or the minimal inspired oxygen concentration
required to maintain an arterial Po, of 80 to 120 mm Hg. A similar study in
patients with irreversible brain damage showed that the alveolar-arterial Py, dif-
ference and effective intrapulmonary shunt were significantly increased after 40

f Respiratory rate

FEV Forced expired volume

FEV:, One second forced expired volume

%FEV  Percent of forced expired volume expired in 1 sec
FIV Forced inspired volume

FIV,o One second forced inspired volume

%FI1V  Percent of forced inspired volume inspired in 1 sec
FRC Functional residual capacity

IC Inspiratory capacity

MBC Maximum breathing capacity

MMEF Maximal flow rate during mid-expiration

MMIF Maximal flow rate during mid-inspiration

O, 8at.. Arterial oxygen saturation

Paco, Arterial carbon dioxide tension

Paco,  Alveolar carbon dioxide tension

Pag, Arterial oxygen tension

Pa,, Alveolar oxygen tension

pH. Arterial pH

Q. Pulmonary capillary blood flow
Raw Airway resistance

Ru Pulmonary resistance

RV Residual volume

TLV Total lung volume

Ve Pulmonary capillary blood volume
vC Vital capacity

Ve Expired minute volume

V. Pulmonary parenchymal tissue volume

Vr Tidal volume
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PULMONARY OXYGEN TOLERANCE CURVES IN NORMAL MEN
(BASED ON VITAL CAPACITY CHANGES IN 50% OF THE SUBJECTS)

5.0

IS o »
o o o

INSPIRED OXYGEN PARTIAL PRESSURE (Atm)
)

o
o

DURATION OF OXYGEN BREATHING (Hours)

Fi1G. 4. Pulmonary oxygen tolerance curves for normal men based on vital capacity
changes in 50%, of the individuals exposed to increased partial pressures of oxygen. The
curves describe rate of development of pulmonary oxygen poisoning in an individual with
‘“‘average’’ susceptibility.

hr of ventilation with oxygen, while the ratio of dead space to tidal volume was
increased after 30 hr (20a). Although these studies provide useful information
with regard to pulmonary oxygen tolerance under the existing experimental
conditions, which included abnormal pulmonary function at the outset, their
results are not directly comparable to data obtained in normal men (table 3).
The indices of pulmonary oxygen toxicity used in both experiments are not as
sensitive as those which can be employed in alert, cooperative and well-trained
volunteers (114, 116). Furthermore, the rate of development of pulmonary oxygen
poisoning is very likely altered by hormonal influences, drugs and other variables
found in patients with cardiopulmonary disease or brain damage (see Modifica-
tion of Pulmonary Oxygen Tolerance, page 109). Until the effects of these
variables can be identified and quantitatively evaluated, a prudent approach
would seem to be utilization of the minimum oxygen partial pressure and exposure
duration which are sufficient to correct the existing functional deficit. It is also
important to supplement descriptions of pulmonary oxygen tolerance with
studies of the rate of development of oxygen intoxication in other susceptible
tissues, such as the brain, the eye, the gonads, the endocrine glands, the erythro-
poietic system and the kidney.
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PULMONARY OXYGEN TOLERANCE CURVES IN NORMAL MEN
(BASED ON 4% DECREASE IN VITAL CAPACITY)

50

40

o 90 % INCIDENCE

INSPIRED OXYGEN PARTIAL PRESSURE (Atm)

DURATION OF OXYGEN BREATHING (Hours)

F1G. 5. Pulmonary oxygen tolerance curves for normal men based on a 49, decrease in
vital capacity. The curves describe varying susceptibility to a uniform degree of pulmonary
oxygen poisoning.

Reststance to pulmonary oxygen toxicity

Acquired resistance to pulmonary oxzygen toxicity. In rats exposed continuously
to 0.8-1.0 atm of O, , many workers have observed that some of the animals are
able to survive the acute onset of toxic effects and go on to develop a greatly
increased tolerance to pulmonary oxygen poisoning (80, 132, 313, 314, 395, 407,
456, 457, 511). Typically, the rats showed obvious signs of severe pulmonary
intoxication at 3 to 5 days of exposure when many of them died. The survivors of
this acute ‘“crisis” recovered significantly over the next few exposure days and
were able to tolerate the hyperoxic atmosphere for as long as 72 days (456, 457).
Although restoration of normal behavior and appearance were apparently com-
plete in some rats (132), a sustained reduction in food intake, decreased activity
and slow, labored breathing were observed in others (456, 457, 511). One group
of rats that had become tolerant to 0.95 atm of O, began to deteriorate after 4
to 6 weeks of exposure, became anorexic and eventually died without significant
pulmonary pathology or any other obvious cause of death (80).

Acquired resistance to pulmonary oxygen toxicity has also been induced in
rats by intermittent exposure to a toxic Po, (20, 69-71, 501), gradual elevation of
inspired Po, from 0.60 to 1.0 atm over a period of 8 to 10 days (20) and prolonged
exposure to a level of hyperoxia that did not produce acute pulmonary intoxica-
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tion (279, 419). In a strain of rats which normally had almost 100 % mortality
after exposure to 0.95-0.98 atm of O, for 3 to 5 days, Binet and Bochet (69-71)
were able to induce acquired tolerance by feeding the rats a diet which elevated
blood glutathione levels and enabled some of the animals to survive the acute
“‘crisis” long enough to become more resistant to the hyperoxic atmosphere. Ex-
posure of newborn lambs to 0.59-0.63 atm of O, killed about half of the animals
within 15 days, but some lambs tolerated the environment for at least 40 days
(448a). Serial lung biopsies showed an initial progression of oxygen poisoning
followed by nearly complete reversal of the pulmonary edema and surfactant
changes. The survival time of cats in 1.0 atm of O, was more than doubled by
previous, intermittent exposure to the same atmosphere (476), but attempts to
induce acquired tolerance in dogs, rabbits, guinea pigs and mice were not suc-
cessful (20).

The conditions which promote the development of acquired tolerance to pul-
monary oxygen toxicity in rats appear to involve exposure to a toxic level of
hyperoxia which at least some of the animals are able to survive due to inherent
resistance (80, 132, 313, 314, 395, 407, 456, 457, 511), intermittent exposure (20,
69-71, 501), chemical protection (69-71) or exposure to an inspired Po, which is
low enough to minimize or avoid acute toxic effects of oxygen upon the lung (20,
279, 419). These conditions are very similar to those which have produced
proliferative, sclerotic changes in the pulmonary structure of monkeys (121, 164,
263, 265, 415, 417, 511) and rats (432). Actually, the development of pulmonary
resistance to hyperoxia in rats is frequently accompanied by a marked thickening
of the alveolar walls due both to hypertrophy and hyperplasia of the alveolar
cells (71, 313, 314, 395, 456, 457, 501). Additional evidence of an increased
diffusion barrier in resistant rats was provided by the observation that many of
them died when they were returned to normal air (71, 456, 457, 501). Further-
more, the pulmonary structure in resistant adult rats resembled that of normal
voung rats who also had an increased tolerance to pulmonary oxygen toxicity (71,
456, 457). When resistant animals were returned to normal air, the acquired
tolerance to hyperoxia persisted for periods at least as long as 6 to 8 weeks (20,
456, 457, 476). Rats that had developed tolerance to about 1.0 atm of O, showed
no evidence of increased resistance to oxygen pressures of 3.0 to 4.7 atm with
reference to either mortality rates (20) or ultrastructural changes (419).

The results of other experiments suggest that pulmonary structural changes
may contribute to the development of increased oxygen tolerance. During ex-
posure to 0.99 atm of O, , germ-free rats and mice had shorter and more uniform
survival times than conventional rodents (530). The authors suggested that
chronic pulmonary infection in the rodents commonly used for laboratory studies
caused structural alterations in the lungs which resulted in greater oxygen tol-
erance. Ohlsson (367) found that pulmonary tolerance to 0.80-0.90 atm of O, was
increased in rabbits with alveolar epithelial damage and marked symptoms of
hypoxemia after non-lethal exposure to diphosgene. Responses of respiratory
epithelium to changes in the ambient oxygen tension have also been observed in
non-mammalian species. The gills of salamander “larvae” were modified in such
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a way that their capacity for diffusion was reduced during exposure to hyperoxia
and increased under hypoxic conditions (76, 140). However, acquired resistance
to pulmonary oxygen toxicity cannot be attributed entirely to a widened diffusion
barrier, because increased oxygen tolerance was not accompanied by the required
structural changes in two studies (279, 419) and it preceded them in another
(20).

In an attempt to explain the development of acquired tolerance to hyperoxia,
Kydd (279) has proposed an interesting hypothesis based upon the remarkable
capacity of rats to reabsorb fluid transudates from their lungs and pleural sacs
during recovery from pulmonary oxygen poisoning. Kydd has suggested that one
of the factors determining survival under these conditions is the capacity of the
lymphatic system to remove fluid faster than it is formed by the toxic effects of
oxygen. Presumably, sublethal exposures to hyperoxia would increase the rate of
fluid clearance from the lungs and better equip the animal to withstand subse-
quent, more toxic exposures. As evidence in support of his hypothesis, Kydd cited
the observation of an essentially direct relationship between fluid transudation
and flow through the right lymphatic duct of the dog with no suggestion of a
plateau (141). Beznak and Liljestrand (68), on the other hand, showed that
oxygen breathing caused a 30% reduction of lymph flow through the right
thoracic duct of anesthetized dogs and cats. However, this effect occurred after
about 2 min of oxygen breathing and preceded the appearance of pulmonary
edema. Direct information testing the validity of Kydd’s hypothesis could be
obtained by measuring the rate of lymph flow through the right thoracic duct of
young rats and both normal and resistant adult rats when stressed with a
standard fluid load in the thoracic cavity.

Another possible tolerance mechanism is suggested by the finding of Rosen-
baum et al. (419) that the increased pulmonary oxygen tolerance acquired during
a 7-day exposure of rats to 0.85 atm of O, was accompanied by ultrastructural
changes in type II alveolar cells. These alterations included elongation of the
mitochondria, an increase in free ribosomes and dilatation of the endoplasmic
reticulum cisternae. The authors concluded that the mitochondrial changes in
particular represented a compensatory response, rather than a degenerative one,
because they did not occur during exposure to higher, more toxic levels of
hyperoxia, and no gross or microscopic evidence of pulmonary oxygen poisoning
was found in the rats that survived the 7-day exposure to 0.85 atm of O, . How-
ever, no comment was made concerning the cause of death in about 15% of the
rats that expired between the 2nd and 3rd day of this exposure. It is conceivable
that these rats died from pulmonary oxygen poisoning, while the survivors either
were less affected or were able to recover spontaneously. Rosenbaum et al.
suggested that the mitochondrial changes could protect against oxygen toxicity
by providing increased surface/volume ratios which compensated for the direct
inhibition of enzymatic activity. It would be of great interest to determine
whether similar alveolar cell ultrastructural changes accompany the induction
of acquired pulmonary oxygen tolerance by intermittent exposure to a toxic Po,
or the tolerance which can develop spontaneously during continuous exposure to
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a lethal level of hyperoxia. However, it is doubtful that alterations in the mito-
chondria of type II alveolar cells can completely account for acquired resistance
because such localized changes would offer no protection against the capillary
endothelial damage which is a prominent feature of pulmonary oxygen poisoning
(1a, 79, 108, 263, 272, 273, 275, 321, 328, 356a, 357, 376, 395, 432, 501, 532,
534).

Alterations in the adrenocortical response to hyperoxia may be another factor
which contributes to the development of acquired pulmonary oxygen tolerance.
Many studies, which will be considered later in this review, have shown that the
adrenal cortex is stimulated during the development of intoxication at oxygen
pressures of 1.0 atm or higher. Furthermore, the toxic effects of oxygen are
enhanced by the presence of adrenocortical hormones (see Modification of
Pulmonary Oxygen Tolerance, page 109). In rats exposed to about 0.48 to 0.61
atm of O, for 2 to 7 weeks, however, an initial increase in adrenocortical activity
was followed by a return to essentially normal function while the animals were
still in the hyperoxic environment (241, 335, 490). If normal adrenocortical
activity had been maintained during subsequent exposure to a higher level of
hyperoxia, pulmonary oxygen tolerance probably would have been increased.
This possible mechanism could be studied by evaluation of hypophyseal-adreno-
cortical function in rats before, during and after the development of acquired
resistance to pulmonary oxygen toxicity.

It is possible that complex metabolic factors are involved in the development
of acquired resistance to oxygen toxicity. The profound anorexia and weight loss
that commonly occur in acute oxygen poisoning have been found to a lesser
degree in rats that have acquired increased oxygen tolerance (69-71, 456, 457).
Many studies have shown that fasting provides partial protection against the
toxic effects of oxygen (24, 103, 194, 369, 464). Pulmonary oxygen tolerance was
also increased in rats fed a low protein diet (208). It is conceivable that the
anorexia which is a relatively early effect of oxygen toxicity may result in
metabolic changes that delay the subsequent appearance of more severe path-
ological effects. Decreased adrenocortical activity secondary to reduced ACTH
secretion in protein-deficient animals may also contribute to the increased oxygen
tolerance associated with prolonged fasting (208).

In agreement with a metabolic basis for acquired tolerance, marked decreases
in the pulmonary elimination of CO, (69-71) and in the respiratory exchange
ratio (277) have been observed in rats before or during the appearance of acute
pulmonary oxygen intoxication. Although CO, elimination returned to normal
when the rats were allowed to recover in air, it remained somewhat depressed
during a second exposure to 0.95-0.98 atm of O, , when the animals demonstrated
greatly increased oxygen tolerance (69). It is possible that the acute decrease in
CO, elimination was caused at least partially by pulmonary damage, but it is
difficult to attribute the sustained reduction to the same cause, because accumula-
tion of CO; in the tissues and blood would eventually restore CO, elimination to
the level of CO, production. A sustained reduction in oxygen consumption also
occurred during prolonged exposure of mice to 0.80-0.90 atm of O, (485). Further-
more, Kydd (277) found that rats that had been fasted in a normal atmosphere
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had a decrease in respiratory exchange ratio which was similar to the change that
accompanied the development of pulmonary oxygen poisoning. These results
suggest that the reductions in CO, elimination, O, consumption and respiratory
exchange ratio, which occurred during prolonged exposure to 0.80-1.0 atm of O,
were mainfestations of metabolic changes caused by fasting, either alone or in
combination with the direct inhibition of cellular enzymes.

A marked increase in the pulmonary oxygen tolerance of rats has also been
observed after the animals were housed for 8 weeks at an ambient pressure
equivalent to an altitude of 17,400 feet (ambient P, ~ 82 mm Hg) (81). Average
survival time during exposure to about 1.1 atm of O, increased from 51 hr to 188
hr after acclimatization to altitude. The greater oxygen tolerance of resistant
rats was related to a delayed appearance of pathological changes in the lungs as
well as to an increased tolerance of their ultimate effects upon pulmonary gas
exchange. Even 30 days after the rats were returned to sea level, their survival
time during exposure to hyperoxia was significantly prolonged. Brauer et al. (81)
suggested that the increased pulmonary oxygen tolerance afforded by altitude
acclimatization may be related to changes in the pulmonary circulation. Other
potential mechanisms include both the possible enhancement of lymphatic
drainage in response to the pulmonary edema of acute altitude sickness and the
adrenocortical depletion caused by prolonged exposure to hypoxia (240). In
contrast to the findings of Brauer et al. (81), the pulmonary tolerance of mice to
1.0 atm of O, was not increased after the animals lived at altitudes of 6,600 and
12,540 feet for 16 and 14 days, respectively (ambient Py, ~ 125 and 100 mm Hg)
(13). The use of a different species, shorter exposures and higher ambient Py,
levels may all have contributed to these conflicting results.

Inherent resistance to pulmonary ozygen tozicity. It may be possible to obtain
additional clues relating to potential mechanisms of acquired pulmonary oxygen
tolerance by studying the various animal species which are inherently resistant
to oxygen toxicity (table 1). An extreme resistance is demonstrated by cold-
blooded animals. At an ambient temperature of 23°C to 26°C, exposure of turtles
to 0.90-1.0 atm of O, for 10 to 23 days did not cause detectable symptoms or
pulmonary pathology (151). When exposed to the same atmosphere at an ambient
temperature of 37°C to 38°C, the turtles became anorexic, developed progressive
dyspnea and died within periods of time as short as 3 days. Post-mortem ex-
amination revealed pulmonary vascular congestion, hemorrhage and capillary
dilatation. These results suggest that natural resistance to oxygen toxicity may
be partially dependent upon the rate of biochemical activity and hence upon
metabolism.

Avian species have also demonstrated a remarkable resistance to incapacitation
by pulmonary oxygen toxicity (512-514). Although gasping respiration and
intermittent apnea were observed in adult chickens before death, the lungs had
an essentially normal appearance on gross examination (512). It was suggested
that the semirigid avian lung with its continuous air capillaries and air sacs and
a deficiency of surfactant may have contributed to the increased resistance to
oxygen effects. It is equally probable that metabolic factors were also involved.

In a study designed to evaluate the influence of nutrition upon oxygen tolerance
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in quail, Weiss and Wright (513) found that about 40 % of the birds died after
5 to 10 days of exposure to 0.98-1.0 atm of O, , while the remainder survived 12
to 24 days of exposure without signs of further deterioration. Although progres-
sive reductions in body weight and food intake appeared to begin almost im-
mediately in both groups of birds, these changes were significantly greater in
the non-survivors by the 2nd day of exposure. Weight loss of the non-survivors
was essentially linear throughout the exposure and little or no food was eaten
after the 3rd to 4th day. In contrast to this, the survivors reached minima in
body weight (85 % of normal) and food intake (33-50 % of normal) after 4 to 7
days of exposure and had a sustained, partial recovery thereafter. Quail that
were force fed with about one-third of their normal daily intake appeared to
have an increased mortality compared to the birds on an ad lib diet. An interesting
observation was that force feeding somehow stimulated the appetite of the non-
survivors to such a degree that their changes in total food intake and body weight
were similar to those of the surviving birds. Gross post-mortem examination of
the lungs and other organs failed to reveal a definite cause of death. An adequate
explanation of these results may help to identify general principles which influence
inherent resistance to oxygen toxicity.

Immaturity has been associated with increased oxygen tolerance in both
mammalian and non-mammalian species (24, 151, 177, 188, 280, 384, 399, 456,
457, 463, 483, 514, 519). Tiisala (482, 483) has shown that increased resistance
to hyperoxia in the immature rat can be partially attributed to the absence of a
significant hypophyseal-adrenocortical response to stress. The uptake of radio-
active phosphorus by the adrenals, thymus and spleen was measured in rats of
varying ages after a 48-hr exposure to 0.92-0.96 atm of O, . Significant responses
to the hyperoxic stress were observed in adults, but not in 2-day-old rats. At the
age of 10 days, the stress reaction was still insignificant; at 21 days, it was
similar to the adult response, though less severe. The origin of the immature
stress reaction was localized at the level of the hypophysis or hypothalamus,
because the adrenals of newborn rats responded significantly to the administra-
tion of exogenous adrenocorticotrophic hormone (483).

In agreement with Tiisala’s results, the tolerance of young rats (177) and mice
(463) to 4.4-6.0 atm of O, greatly decreased between the ages of 12 and 21 days,
and adrenocorticotrophic hormone could not be detected in the pituitary glands
of rats until they were 18 days old (248). The observation that newborn mice
were more susceptible to pulmonary oxygen toxicity during the first hours of
extra-uterine life than they were at the age of 1 to 2 days (243, 399) could also be
explained by an immature stress response in the presence of maternal cortico-
steroids which cross the placenta and remain active in the fetal circulation for
several hours (483).

The finding that the pulmonary oxygen tolerance of 3-week-old puppies was
similar to that of adult dogs (375) may have been related to activation of a
significant hypophyseal-adrenocortical response to hyperoxia at about this age
(482, 483). However, immature endocrine responses cannot be the only basis for
the increased oxygen tolerance of young animals because the same phenomenon
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has been demonstrated in young Drosophila (159, 519). The increased cellularity
and thickness of the alveolar walls found in normal young rats may also con-
tribute to their resistance to oxygen toxicity (71, 456, 457).

Nutritional factors may provide an additional mechanism for increased
tolerance to hyperoxia in young animals. Polgar et al. (399) found that newborn
mice, whose oxygen tolerance under conditions of continuous nursing greatly
exceeded that of adults, became more susceptible than the adults when they
were nursed intermittently at a slightly lower ambient temperature. Presumably,
intermittent nursing was responsible for the increased susceptibility because
environmental hypothermia had no detectable influence upon mortality or
pulmonary pathology in newborn mice exposed to 0.90-1.0 atm of O, for 15 days
(228).

MECHANISMS OF PULMONARY OXYGEN TOXICITY

Although the specific biochemical target sites in the lung have not yet been
identified as well as they have in organs such as the brain, the direct toxic effects
of oxygen in lung tissue must also originate from an inactivation of essential
enzymes and the resulting disruption of cellular metabolism. These initial bio-
chemical effects start a complex series of events that terminate in the overall
pathological changes of pulmonary oxygen poisoning. Pathological studies
reviewed previously show that the entire lung, from the epithelium of the upper
respiratory tract down to the pulmonary capillary endothelium, can be damaged
by prolonged exposure to oxygen at increased partial pressures. Other studies
that will be reviewed below show that the mechanisms responsible for the total
syndrome of pulmonary oxygen poisoning include multiple interacting factors,
some of which are related to toxic effects of oxygen at extrapulmonary sites. The
rate of development of the lethal effects of oxygen toxicity is extremely variable
among different species and individuals (table 1 and fig. 3). Variability can simi-
larly be expected in the relative importance of factors which influence pulmonary
intoxication and is a possible explanation of contradictory results in different
animal species or even in different individuals of the same species.

Bean (26, 31-33, 46) has repeatedly emphasized that oxygen at high pressure
can affect the lungs by indirect mechanisms acting through hypophyseal-
adrenocortical and sympatho-adrenomedullary pathways. Although such indirect
effects are important in the development of pulmonary oxygen poisoning, the
direct toxic effects of oxygen play a primary and prominent role. Studies in vitro
(125, 131, 223, 225) have shown that many enzymes and metabolic pathways are
susceptible to the toxic effects of oxygen in the absence of hormonal and neuro-
genic factors.

Drrect toxic effect of oxygen

Experiments designed to expose only one lung of an intact animal to increased
oxygen pressures have demonstrated that oxygen poisoning can cause pulmonary
damage in the absence of extrapulmonary factors. Penrod (388) differentially
catheterized the two main bronchi of anesthetized cats and ventilated one lung
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with oxygen and the other with nitrogen or helium at an ambient pressure of 5.0
atm. The lung ventilated with inert gas was unchanged after 7 hr of exposure,
but the lung ventilated with oxygen had extensive gross and microscopic damage.
In a group of lightly tranquilized dogs, each lung was ventilated separately with
air or with O, at 1.0 atm (534). Although similar degrees of patchy atelectasis
and pneumonia were found in both lungs after 72 hr of exposure, only the oxygen-
ventilated lung had pathological changes such as epithelial and endothelial cell
damage, capillary thromobsis, interstitial edema and hyaline membranes. An
equivalent reduction of surfactant activity was observed in the oxygen-exposed
lungs of anesthetized dogs when either one or both lungs were independently
ventilated for 12 hr with 1.0 atm of O, (351). A smaller reduction in surfactant
activity occurred in air-exposed lungs when the opposite lung was ventilated
with oxygen, but surfactant activity was normal when both lungs were spon-
taneously or mechanically ventilated with air. After 7 days of continuous ventila-
tion of a dog’s left lung with 1.0 atm of O, and right lung with air, the left lung
had a liver-like consolidation while the right lung was relatively normal (110).
Winter et al. (520) demonstrated the occurrence of both direct and indirect
components of pulmonary oxygen poisoning in a study designed to determine the
effect of a healed large veno-arterial shunt upon survival time in dogs breathing
0. at 2.0 to 2.5 atm. The shunt was created by anastomosis of the inferior vena
cava to the right inferior pulmonary vein. Average arterial Po, in 10 such dogs
breathing air was 40.7 mm Hg. Ten normal dogs were exposed to 2.5 atm of O,
until convulsions occurred and were then exposed to 2.0 atm of O, until they
died. Average time for onset of convulsions was 5.1 hr and average survival time
was 12.3 hr. In contrast to this, 10 shunted dogs had no convulsions during 5.1 hr
of O, breathing at 2.5 atm. They were then exposed to 2.0 atm of O, and lived
for an average total time of 21.1 hr. Average arterial Po, of four shunted dogs
during O, breathing at 2.5 atm was only 127 mm Hg. Because this small elevation
of arterial Po, could not have produced fatal extrapulmonary pathology, death
of the dogs must have been due to direct oxygen poisoning of the lungs. Although
the shunted dogs had a longer average survival time, histological studies showed
that the intensity of pathological changes in their lungs was equal to or some-
what greater than that found in the normal dogs. However, the lungs of shunted
dogs which were sacrificed after an exposure duration equal to the average sur-
vival time of normal dogs were essentially normal except for slight hyperemia. It
was suggested that shunted dogs lived significantly longer than normal dogs
whose lungs were exposed to the same P,, because veno-arterial shunting reduced
or eliminated the influence of neuroendocrine interaction in pulmonary oxygen
poisoning. Since lungs of normal oxygen-breathing individuals and animals
receive oxygen at high partial pressure by way of the bronchial circulation as well
as the airways, it is likely that part of the tolerance of shunted animals is due to
the lower ‘“oxygen dose’” experienced by lung tissue when bronchial arteries
deliver essentially normoxic rather than hyperoxemic blood (502). It is also pos-
sible that the prolonged and severe hypoxia which the shunted dogs experienced
may have indirectly protected against oxygen toxicity by inducing a depletion of
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adrenal cortical hormones. A similar degree of hypoxia reduced the plasma cor-
ticosterone level in rats (240).

The results of a study designed to evaluate the influence of veno-arterial
shunting upon pulmonory tolerance to about 1.0 atm of O, suggested that there
was no indirect component of pulmonary oxygen poisioning at this level of
hyperoxia (343). One to two months after the production of a large intracardiac
shunt, arterial Po, in eight dogs breathing air or oxygen ranged from 29 to 58
mm Hg. All of the shunted dogs and 10 normal dogs were sacrificed after exposure
to 0.98-1.0 atm of O, for 48 to 50 hr. Both groups of animals had similar re-
sponses with respect to symptoms of respiratory distress, pulmonary pathology
and abnormal surface tension of lung extracts. With the exception of the surface
tension measurements, however, there were no quantitative indices of toxicity.
Confirmation of these results is important because they imply that arterial
hypoxemia does not retard the rate of development of pulmonary oxygen poison-
ing in patients breathing oxygen at 1.0 atm.

The probability that elevation of the bronchial arterial Po, influences the
severity of pulmonary oxygen poisoning is indicated by the results of a recent
study in which dogs were intermittently exposed to 3.0 atm of O, after modifica-
tion of the pulmonary circulation (4782, 540). In one group of dogs development
of a bronchial collateral circulation was induced by ligation of the right pulmon-
ary artery. In a second group of dogs the pulmonary artery to the right middle
lobe was ligated after the dogs were made cyanotic by anastomosis of the left
pulmonary artery to the left atrium. All dogs breathed O, at 3.0 atm during four
1-hr periods each day. After each exposure air was breathed for 1 hr before the
next exposure. None of the dogs exhibited clinical evidence of respiratory distress,
even after 120 exposures, but histological examination showed fibrosis, increased
vascularity, interstitial thickening and increased cellularity of the alveolar
membranes. These changes were most severe in the lungs of noncyantoic dogs on
the side perfused by arterial blood via the bronchial collateral circulation. The
normally perfused opposite lungs of the same dogs had less severe changes. In
the cyanotic dogs proliferative changes were minimal in the abnormally perfused
middle lobe and absent in the opposite lung. Marked increases in the minimum
surface tensions of minced lung extracts from all four types of lung preparation
were found to correlate with corresponding elevations of pulmonary venous Po,
(478a). The authors concluded that the severity of chronic pulmonary oxygen
poisoning at a constant inspired Po, is related predominantly to the degree of
hyperoxemia in blood perfusing the lungs. Since the elevation of arterial Py,
during oxygen breathing is much greater than that found in mixed venous blood
(516a), the results of this study can probably be attributed primarily to augmenta-
tion of the bronchial circulation, with a minor contribution from hyperoxemic
blood in the venous side of the pulmonary circulation. The delayed onset of acute
(520) and chronic (478a, 540) pulmonary oxygen intoxication in cyanotic dogs
with large veno-arterial shunts is probably partly related to reduction of the
bronchial arterial Py, in addition to the decreased influence of neuroendocrine
factors.
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Interaction of pulmonary and central nervous system effects

A definite correlation between the degree of pulmonary damage and the
severity of convulsive neuromuscular reactions produced in rats by exposure to
5.0-6.4 atm of O, was first reported by Bean and Johnson (37, 261) and later
observed by other investigators (221, 377, 526). Severe convulsions appeared to
precede the development of extensive pulmonary changes when they occurred,
but gross pulmonary pathology was not always found in rats that had convulsed,
particularly if the convulsions were mild or of short duration (43, 46, 261, 526).

Bean et al. (45) further found that drug-induced convulsions were associated
with pulmonary changes similar to those seen in oxygen-poisoned lungs. In rats
breathing O,-enriched air at 1.0 atm, prominent lung changes occurred after
convulsions were induced by administration of pentylenetetrazol, picrotoxin,
W181 (1-N-butylamino-3-P-toluidino-2-propanol) or PTAP (1-P-toluidine-3-
propylamino-2-propanol). Pretreatment with pentobarbital prevented both the
convulsions and the pulmonary effects. Dibenamine, chlorpromazine and SKF
501 (N-9-fluorenyl-N-ethylene-8-chlorethylamine) had no effect upon convul-
sions but afforded definite protection against alterations in the lung. In contrast
to this, d-tubocurarine eliminated the somatic component of the drug convulsions
but did not prevent the associated pulmonary pathology. Other investigators
have also observed pulmonary edema in rats after convulsions induced by pentyl-
enetetrazol (221, 409) and thiosemicarbazide (478).

In studies designed to determine the effect of mechanical head injury upon the
lung, Bean and Beckman (36, 49) found in rats that a sharp impact to the skull
frequently produced congestion, hemorrhage, atelectasis and edema similar to
that caused by severe pulmonary oxygen poisoning or drug-induced convulsions.
Prominent lung changes were found in all of the rats that died within a few
minutes after the cerebral trauma and in half of the survivors that were about
to regain consciousness. The pathological changes were accompanied by a marked
decrease in pulmonary compliance which appeared to be related to alterations in
surface forces rather than to changes in tissue elastic or myogenic forces (50).
The pulmonary pathology was prevented or greatly reduced by pretreatment
with sympatholytic, antiepinephrine or anesthetic agents (36, 49). Pretreatment
with dibenzyline also prevented the reduction in pulmonary compliance which
followed head injury (50). Preliminary experiments showed that monkeys and
rabbits were less susceptible than rats to the gross pulmonary effects of cerebral
traumatization (36). In spite of the absence of gross pathological changes, how-
ever, head injury in the monkeys was followed by a prominent decrease in lung
compliance which appeared to be related to changes in alveolar surfactant and
was prevented by pretreatment with dibenzyline (51). Electrical stimulation of
the stellate ganglion caused a similar decrease in pulmonary compliance along
with an elevation of the minimum surface tension of lung washings.

It has been well established that many general anesthetics protect against the
central nervous system manifestations of oxygen toxicity (23, 24, 57, 66, 188,
210, 219, 227, 250, 394, 449, 494) and that this protection is also extended to the
lungs (43, 44, 93, 94, 251, 253, 254). Bean and Zee (43) showed that the protective
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influence of general anesthesia is not due simply to depression of general metabo-
lism. By administration of dinitrophenol or wL-thyronine or by direct tetanic
stimulation of striated muscles, the metabolism of rats anesthetized with pento-
barbital was increased to a level equal to or above that measured before anesthe-
sia. The manifestations of CNS and pulmonary oxygen toxicity were not ob-
served in the anesthetized rats after an exposure to about 6.0 atm of O, for a
duration sufficient to cause severe convulsions and extensive lung damage in
unanesthetized rats.

Some investigators have found that the severity of pulmonary oxygen poisoning
could not be correlated with whether convulsions did or did not ocecur (251, 252,
325, 449, 463, 480). Although convulsions and lung damage usually occur coin-
cidently, each of these toxic effects has been observed in the absence of the other
(43, 46, 261, 449, 463, 480, 526). Prolonged exposure to convulsive levels of
hyperoxia causes severe pulmonary pathology even when seizures are prevented
by anesthesia (251, 252, 325, 480), and mild or brief convulsions are not always
associated with significant lung damage (43, 46, 261, 526). It should be noted that
acclimatization of rats to altitude greatly increases their pulmonary tolerance to
1.1 atm of O;, but decreases their CNS tolerance to 7.0 atm of O, (81). These
results do not imply that the pulmonary and CNS manifestations of oxygen
poisening are completely independent events, as has been suggested (81, 325,
449). Direct toxic effects of oxygen upon the lung and indirect effects originating
in the central nervous system have both been conclusively established as mech-
anisms contributing to the total syndrome of pulmonary oxygen poisoning. The
relative importance of direct and indirect factors should be expected to vary
with species (221), at different levels of hyperoxia and under the influence of
agents which modify the rate of development of oxygen poisoning itself.

Hypophyseal-adrenocortical interaction

Hypophysectomy of rats before repeated short exposures to 5.8-7.1 atm of
O, provided marked protection against the pulmonary effects of oxygen toxicity
(25, 37, 104). Pulmonary damage in hypophysectomized rats was distinctly less
severe and mortality was lower than that found in normal rats after equal or
shorter durations of exposure. Protected rats had delayed onset, lower incidence
and decreased severity of convulsions. The protective action of hypophysectomy
appears to be partially counteracted by administration of adrenocorticotrophic
hormone (25), and posterior pituitary extract also enhances the toxic effects of a
30-min exposure to 6.0 atm of O, in normal rats (102). The observation that lung
damage and mortality are greatly reduced in hypophysectomized rats exposed to
0.90-0.98 atm of O, for 70 hr (42) indicates that a retarding influence upon con-
vulsions is not essential for the protection afforded by hypophysectomy. The
harmful effects of exogenous adrenocorticotrophic hormone at subconvulsive
levels of hyperoxia are manifested by increased hyaline membrane formation
in guinea pigs (90) and aggravation of the pulmonary lesions in rabbits (328)
exposed to 0.80-1.0 atm of O .

Significant changes in pituitary histological structure could not be detected
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with the light microscope after brief, single exposures of rats to 5.0 atm of O,
(34) or repeated exposures to 6.0 atm of O, which produced a low incidence of
convulsions and pulmonary symptoms (146). In rats exposed to 0.5 atm of O for
7 weeks, however, examination of the anterior pituitary with the electron
microscope showed no changes at 1 and 5 weeks but ultrastructural evidence of
secretory release from an increased number of adrenocorticotrophic cells at 7
weeks (335, 490). Interpretation of the findings on the longest exposure is
complicated by the fact that the rats were housed in a noisy metal chamber and
those exposed to oxygen for the full 7 weeks were subjected to a severe noise
stress about 15 to 20 min prior to sacrifice. Other variables considered as con-
ceivably influencing endrocrine function during the long exposure to a low level
of hyperoxia included seasonal variations, age, temperature and humidity (490).

A major part of the protective influence of hypophysectomy against pulmonary
oxygen effects can be attributed to the reduction of adrenocortical activity.
Adrenalectomy lengthened survival time and decreased lung changes in rats
breathing about 1.0 atm of O, (452). Rats (39, 180, 183, 470, 473) and mice (181,
182) that were adrenalectomized before exposure to 6.0-6.4 atm of O, had de-
layed onset and decreased severity of convulsions, reduced or delayed pulmonary
damage and increased survival times. Isolation of the adrenal circulation in
sttu with circular ligatures decreased the degree of lung pathology and prolonged
the survival of dogs breathing oxygen at 6.0 atm (205). Conversely, administra-
tion of cortisone enhanced the development of pulmonary oxygen poisoning in
mice (92, 504), rats (42, 452) and rabbits (328) exposed to 0.80-1.0 atm of O,
and counteracted in large degree the protective effect of hypophysectomy (42).
Low doses of cortisone (180), hydrocortisone (473) or adrenal cortical extract
(180, 470, 473) reversed most of the increased pulmonary and CNS oxygen
tolerance afforded by adrenalectomy in rats exposed to 6.0 atm of O, . Adminis-
tration of deoxycorticosterone decreased tolerance to 6.0 atm of O, in normal
rats, but had equivocal effects in adrenalectomized rats (470, 473). Oxygen
tolerance was increased to a similar degree in adrenalectomized rats maintained
on either water or saline (473). On the basis of these results, Taylor (473) con-
cluded that alterations in water and electrolyte metabolism were not responsible
for the protective influence of adrenalectomy. He suggested that reduced cerebral
blood flow and cellular oxygen consumption may contribute to the increased
oxygen tolerance of adrenalectomized animals.

In contrast to reversal of the “protective’” effects of adrenalectomy by ad-
ministration of low doses of cortisone and adrenal cortical extract, the use of high
and unphysiological doses of the same substances either had no significant effect
or appeared to further delay the development of oxygen intoxication in adrenalec-
tomized rats (180, 470, 473). In adrenalectomized mice exposed to 6.0 atm of O, ,
however, survival time was progressively decreased by increasing doses of
cortisone and adrenal cortical extract (181, 182). Gerschman et al. (180) have
discussed several possible mechanisms for the non-uniform action of adreno-
cortical hormones.

Histological and biochemical studies have provided additional evidence for
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hypophyseal-adrenocortical interaction in the development of the overall pul-
monary effects of oxygen poisoning. Single and repeated exposures of rats to O,
partial pressures ranging from about 2.8 to 7.1 atm caused adrenal changes
which were roughly proportional to the duration and number of exposures (38,
146). The adrenals were larger and heavier after exposure to oxygen, particu-
larly in the rats that had had numerous seizures. The zona fasciculata was
thickened with cellular hypertrophy and reduction of lipid content. The same
changes were present to a lesser degree in the zona reticularis, while the zona
glomerulosa was not changed. Rats exposed to 2.0-3.0 atm of O, for 3 to 4 hr
had a decrease in adrenal ascorbic acid content (174). However, exposure to
6.0-7.0 atm of air for 30 min produced a similar decrease in ascorbic acid which
was attributed to excitement of the rats with insufficient time for stabilization.
Repeated exposures of mice to 3.4 atm of O, for 30 min caused no overt signs of
toxicity and no significant change in the ratio of adrenal weight to body weight
(450).

Ultrastructural changes in adrenal cortical cells and severe depletion of
adrenocortical lipid content were produced in rats by either a 1-hr exposure to
2.0 atm of O, or infusion of hydrogen peroxide into the adrenal circulation (405a).
Mitochondria were increased in number and enlarged with a ballooning degenera-
tion and frequent rupture of their membranes. Similar, but much less severe,
alterations were found when intact adrenals were incubated in oxygen at 4.0
atm for 1 hr. After the oxygen exposure at 2.0 atm, reversal and repair of the
mitochondrial changes were initiated within 2 hr, becoming essentially complete
within 18 hr.

The production of severe pulmonary oxygen poisoning in rats (174) and guinea
pigs (428, 444) by prolonged exposure to 0.95-1.0 atm of O, was also associated
with a decrease in adrenal ascorbic acid. The rats appeared to have an initial
fall in ascorbic acid at 3 to 12 hr of exposure due to an alarm reaction. This was
followed by a regenerative rise above normal at about 21 hr and a terminal fall
as poisoning became severe after 48 to 72 hr of exposure (174). Accordingly, the
decrease in adrenal ascorbic acid observed in rats after only 2 hr of O, breathing
at 1.0 atm (8) may have been caused by an alarm reaction.

Monkeys exposed to about 0.5 atm of O, for 22 days had a progressive in-
crease in adrenal weight to a level about 76 % above the control value on the 22nd
day (488). Data obtained from rats exposed to about 0.48-0.61 atm of O, for up
to 64 days were equivocal, but suggested that a mild pituitary-adrenocortical
response to hyperoxia was followed by adaptation and return to the control level
of function (22, 85, 241, 335, 490). In rats (390) and monkeys (488) exposed to
0.26-0.33 atm of O, for 30 to 32 days, there was no evidence of a stress response
except for an initial, transient elevation of plasma corticosterone in the rats.

Direct measurements of adrenocortical hormones or their metabolites in the
blood and urine of intact animals during exposure to about 1.0 atm of O, have
yielded contradictory results. Hale et al. (214) found in normal, resting men that
4 hr of oxygen breathing was associated with a slight decrease in plasma cortisol,
and no significant change in the excretion of urinary 17-hydroxycorticosteroids.
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In contrast to this, the concentration of 17-hydroxycorticosteroids in adrenal
vein blood of anesthetized dogs was increased by 69 to 95 % after 2 hr of oxygen
breathing (333). Serum corticosterone levels in rats exposed to 0.92-0.99 atm of
O, were progressively and significantly elevated at 2 and 3 days of exposure (240,
241). Incubates of adrenal glands obtained from the rats exposed for 3 days
produced corticosterone at almost twice the normal rate (241). Serum or adrenal
gland samples were not collected after 4 days of exposure when most of the rats
were dying.

Most of the findings obtained from small animals (174, 240, 241, 428, 444)
and men (214) during oxygen breathing at about 1.0 atm suggest that the adreno-
cortical response to this level of hyperoxia is not significant until after at least
24 hr of exposure and then increases progressively in parallel with the severity
of pulmonary oxygen poisoning. Of the two studies which showed an earlier
adrenocortical response to 1.0 atm of O,, Marotta et al. (333) suggested that
their use of pentobarbital anesthesia in dogs could have resulted in hypercapnia
and acidosis which affected adrenocortical function, while the results of the
second study, in rats, may have been influenced by an alarm reaction during
the first 2 hr of exposure (8). The existing discrepancies should be resolved by
additional experiments carefully designed to study the rate of development of
adrenocortical response to oxygen breathing at 1.0 atm in the absence of other
influencing factors.

The influence of exposure to oxygen upon adrenocortical activity is more
definite at greater than atmospheric pressures. Igarashi et al. (246) found that
the content of corticosterone was significantly increased in both venous blood
and adrenal gland homogenates obtained from normal rats after 30 min of O,
breathing at 3.0 atm. In hypophysectomized rats exposed to the same conditions,
however, the corticosterone content of blood and adrenal homogenates was
slightly decreased. The apparent inhibitory effect of oxygen on formation of
corticosterone was confirmed with exposures in vitro of adrenal gland slices from
rats and rabbits. These data, along with the known protective influence of
hypophysectomy against oxygen toxicity (25, 37, 42, 104), and evidence ob-
tained from studies of adrenal cell ultrastructure (405a), suggest that adreno-
cortical stimulation during exposure to hyperoxia is predominantly indirect, as
by central carbon dioxide accumulation or an action upon the hypothalamus or
pituitary. The observation that the adrenal cortex of immature rats, which was
not affected by 48 hr of exposure to 0.95 atm of O., could be stimulated by exo-
genous adrenocorticotrophic hormone is consistent with such a mechanism (483).

Sympatho-adrenomedullary interaction

Many of the studies that were reviewed in the foregoing discussion of central
nervous system influences upon pulmonary oxygen poisoning indicate that
sympatho-adrenomedullary pathways are involved in the transmission of central
effects of oxygen to the lungs. Additional evidence for such involvement has
been provided by the observation that bilateral adrenal medullectomy decreases
the pulmonary damage and mortality of rats (365, 371, 425) and mice (181, 182)
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exposed to 3.0-6.0 atm of O, . In dogs breathing O, at 6.0 atm, the protection
against pulmonary oxygen poisoning afforded by isolation of the adrenal circula-
tion is enhanced by section of the splanchnic nerves (205). Studied as an indica-
tion of increased sympathetic activity, the size of nucleoli was found to be in-
creased in the stellate ganglion and adrenal medulla of rats after 4 to 8 weeks
of daily exposures to 6.0 atm of O, for durations adjusted to give a low incidence
of convulsions and pulmonary symptoms (146). Administration of epinephrine
enhances the development of pulmonary oxygen poisoning in rats breathing O,
at 1.0 atm (452) and augments both pulmonary and CNS effects of oxygen
toxicity in rats (39, 40, 102, 337, 473) and mice (178, 181) exposed to higher
oxygen pressures. Epinephrine also partially or completely reverses the protection
against oxygen effects afforded by adrenal medullectomy (425) or total adre-
nalectomy in rats (39, 180, 473) and mice (181) exposed to 3.0-6.4 atm of O,.
Exogenous norepinephrine shortens the survival time of mice breathing oxygen
at 6.0 atm (178, 181) and appears to enhance slightly the overall pulmonary
effects of oxygen poisoning in rats exposed to 4.0 atm of O, (332), but its effects
are not as consistent as those of epinephrine.

The interaction of indirect sympatho-adrenomedullary factors with the
direct toxic effects of oxygen upon the lung has been further substantiated by
the demonstration that many adrenergic blocking drugs have a protective influ-
ence against effects of pulmonary oxygen poisoning. Although they had no
effect on the incidence and severity of convulsions, both dibenamine and SKF
501 decreased pulmonary pathology and mortality in rats breathing O, at about
6.4 atm (262) and prevented the lung damage that accompanied drug-induced
seizures (45). The pulmonary edema, hemorrhage, congestion and atelectasis, as
well as the concurrent decrease in pulmonary compliance, which occurred after
head trauma in rats was prevented or decreased by prior administration of di-
benzyline or SKF 501 (36, 50). Dibenzyline also provided significant protection
against the composite effects of pulmonary oxygen poisoning in rats exposed to
O, pressures ranging from 3.0 to 6.4 atm (261, 327, 365, 372). The influences on
the lungs were accompanied by protection against CNS oxygen poisoning in one
group of rats (365, 372), but not in another (261). Survival times of normal,
adrenalectomized and demedullated mice exposed to 6.0 atm of O, , which were
increased by dibenzyline when given alone (178, 181, 182), were not affected
when the same drug was administered with epinephrine or norepinephrine (178,
181). Dehydrobenzoperidol (Droperidol) provided considerable pulmonary and
less effective CNS protection in rats exposed to 5.0 atm of O, for 30 min (365).
Both hydergine and phentolamine appeared to decrease pulmonary edema with
little or no effect upon the survival times of rats breathing O; at 4.0 atm (332). In
another study, the onset of convulsions in hyperoxic rats was delayed by phenoto-
lamine and by propranolol (337).

The ganglionic blocking drugs, hexamethonium and tetraethylammonium,
have also been found to provide significant protection against the toxic effects
of oxygen. Hexamethonium decreased lung damage, mortality and the incidence
of convulsions in rats exposed to 6.4 atm of O, (261), but it had no detectable



88 CLARK AND LAMBERTSEN

effect upon the onset of seizures in mice breathing O, at about 4.4 atm (378).
Administration of tetraethylammonium decreased the pulmonary pathology in
guinea pigs (203) and rats (261) exposed to 1.0 and 6.4 atm of O, , respectively.
Although the same drug also protected the rats against convulsions, it had no
effect upon mortality (261). The lung damage associated with head trauma in
rats was prevented or ameliorated by prior administration of hexamethonium,
but not by tetraethylammonium (36).

Chlorpromazine decreased the evidence of pulmonary pathology caused by
exposure of rats (171), rabbits (328) and guinea pigs (203) to 0.8-1.0 atm of O, ,
with the exception of one study in rats (338) where it apparently had no effect.
Chlorpromazine also reduced the toxic effects of O, pressures ranging from 4.4
to 6.8 atm upon the lungs (28, 178, 365, 495) as well as the central nervous
system (28, 365, 378, 495) of rats and mice. Reserpine provided similar protection
in rats exposed to 5.0-6.8 atm of O, (27, 28, 365, 373). The lung changes associated
with drug-induced convulsions (45) and head trauma (36) in rats were also
blocked by chlorpromazine. Bean (28) attributed the protective influence of
both reserpine and chlorpromazine to hypothalamic suppression with diminution
of the influence of the adrenal cortex and the sympathetic nervous system upon
the toxic process. Additional potential mechanisms included the depletion of
catecholamine stores by reserpine (365, 373) and the adrenolytic action of
chlorpromazine (28).

The effects of other autonomic drugs upon oxygen poisoning are generally
consistent with exaggeration of indirect influences by the sympathetic nervous
system and antagonism of such action by the parasympathetic nervous system.
Thus, survival time of rats exposed to 3.7 atm of O, was decreased by adminis-
tration of dextroamphetamine and dihydroxyphenylalanine (391, 522). In rats
breathing O, at about 5.4 atm, the time for onset of convulsions was hastened by
methamphetamine and delayed by carbachol (60). Both carbachol and metha-
choline diminished pulmonary changes, delayed convulsions and increased the
survival time of mice exposed to 6.0 atm of O, (178, 181, 185). The protective
influence of methacholine was reversed by prior injection of atropine (181, 185).
Administration of atropine alone markedly enhanced hyaline membrane for-
mation in mice breathing O, at 1.0 atm (92). It also decreased survival time in
mice (181, 185) and increased the severity of convulsions in cats (394) exposed
to 6.0-7.1 atm of O, , but it had no apparent effect upon pulmonary pathology in
guinea pigs exposed to 5.5 atm of O, (205). The observation that the sympatho-
mimetic drugs tryptamine and oxytyramine increased survival time in mice
exposed to 6.0 atm of O, (178, 179, 181, 185) was not consistent with sympathetic
enhancement of oxygen toxicity. Furthermore, the protective actions of trypta-
mine and methacholine were additive (178), and tryptamine had no significant
effect upon hyaline membrane formation in mice breathing O, at 1.0 atm (92). In
rats exposed to 5.4 atm of O., scopolamine increased the time for onset of
convulsions and physostigmine had no apparent effect (60). These latter results
indicate that the effects of some autonomic drugs upon oxygen poisoning do not
fall into a simple pattern of sympathetic enhancement and parasympathetic
retardation of direct oxygen toxicity.
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Studies of the effects of vagotomy on the development of oxygen toxicity
have also provided a complex pattern of results. Unilateral cervical vagotomy in
guinea pigs before a 6- to 8-hr exposure to almost 1.0 atm of O, reduced the
pulmonary pathology in both lungs, with the operated side receiving the greater
protection (198). In dogs breathing O, at 6.0 atm, pulmonary changes were
decreased by vagotomy before exposure and were increased when the same pro-
cedure was performed during the development of convulsions (205). An apparent
protective influence of vagotomy is not consistent with parasympathetic antag-
onism of the toxic effects of oxygen upon the lungs. Critical evaluation of the
evidence is difficult because the work in guinea pigs was described in a pre-
liminary communication (198) and only two dogs were vagotomized prior to
oxygen exposure (205). Furthermore, Groshikov and Sorokin (205) cited an
older, generally unavailable Russian report which indicated that bilateral block
or section of the vagus nerve exaggerated the pathological effects of pulmonary
oxygen poisoning. In addition to their function as an efferent parasympathetic
pathway, the afferent vagal pathways evoke respiratory reflexes (517). Influences
of such reflexes upon pulmonary oxygen poisoning in different animal species
are not known (517).

In contrast to the observations reviewed above, bilateral cervical vagotomy
in newborn rabbits greatly increased the lung damage caused by a 3-hr exposure
to 6.0 atm of O, (441). Exposure of the same experimental model to O,-enriched
atmospheres at 1.0 atm showed that the potentiating interaction between
hyperoxia and vagotomy became progressively worse with increasing percentages
of oxygen (436, 443). In such studies of the effects of various oxygen mixtures at
total pressures ranging up to 3.0 atm, the degree of lung damage in vagotomized
newborn rabbits was proportional to the fractional composition of oxygen and
not to the inspired Po, (437, 440). Air at 3.0 atm (Po, = 0.63 atm) had about
half the influence upon the lungs of animals subjected to vagotomy and exposed
to air at 1.0 atm (Po, = 0.21 atm) and about one-seventh the effect of 60% O,
at 1.0 atm (Po, = 0.60 atm). When the nitrogen in the inspired mixture was
replaced by other inert gases, the composite effects of vagotomy and oxygen
upon the lungs were greatly enhanced by a helium-oxygen mixture and retarded
by sulfur hexafluoride and oxygen (445). These results suggest that the inter-
action between bilateral vagotomy and hyperoxia was due, not to an influence
upon toxicity, but to an increased rate of alveolar atelectasis, possibly related to
bronchiolar tone and secretions, paralysis of laryngeal muscles and the ventila-
tory abnormalities which follow vagotomy.

The occurrence of stimulation of the sympathetic nervous system by hyper-
oxia is suggested by the observation that the norepinephrine content of brain-
stem, adrenal gland and myocardium, as well as adrenal epinephrine content,
are all decreased in rats exposed to 6.1 atm of O, for 15 to 30 min (94). Pretreat-
ment with barbiturates prevents the catecholamine losses and markedly de-
creases lung damage, particularly the vascular changes. In mice breathing O, at
pressures ranging from 1.0 to 6.0 atm, brain norepinephrine content decreased
progressively with duration of exposure, and the rate of depletion was propor-
tional to the inspired Po, (149). Brain norepinephrine levels were significantly
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decreased in one strain of rats after a 1- to 2-hr exposure to 6.0 atm of O, (213),
but not in another strain exposed to 4.95 atm of O, for 1 hr (74). Rabbits breath-
ing O, at 6.0 atm appeared to have a slight decrease in the norepinephrine con-
tents of brain and adrenals before and during convulsions, with a return to
normal in the terminal stages of exposure (189). Adrenal epinephrine content
increases before convulsions and then decreases during and after the seizures.

The sympatho-adrenomedullary response to hyperoxia has been studied in
rats exposed to O. pressures ranging from 0.5 to 5.9 atm for durations of 49 days
to 16 min, respectively (122, 241, 242, 490). Severe exposures to the highest
oxygen pressures, especially when accompanied by toxic reactions, are associated
with marked sympathetic stimulation characterized by decreased hypothalamic
norepinephrine, decreased adrenal epinephrine and increased serum concentra-
tions of both catecholamines. Prior to the onset of symptoms at inspired Po,
levels higher than 2.0 atm, the degree of sympathetic stimulation is moderate.
Exposure to 0.91 atm of O, is associated with a progressive decrease in urinary
norepinephrine excretion starting within the 1st day and a significant increase in
epinephrine excretion on the 3rd day. Multi-day exposures to O, pressures of
0.50-0.61 atm produces a sustained decrease in norepinephrine excretion and
either no change in epinephrine excretion (122, 242) or a marked increase fol-
lowed by a return to normal (490). In men breathing O, at 1.0 atm for 4 hr,
urinary excretion of both norepinephrine and epinephrine was significantly
decreased (214). Reduced norepinephrine excretion during prolonged exposure
to hyperoxia may be related to inactivity in response to the early stages of
oxygen poisoning, while a subsequent increase in epinephrine excretion could
be attributed to the development of a more severe toxic reaction.

Novelli et al. (365) have proposed the hypothesis that both the pulmonary
and CNS lesions of oxygen toxicity are the direct result of adrenal and sym-
pathetic hyperactivity. Although adrenal and sympathetic factors are un-
doubtedly involved in the pathogenesis of the syndrome of pulmonary oxygen
poisoning, the existence of a direct toxic effect of oxygen upon the lungs has been
well established (110, 343, 388, 520, 540). It therefore cannot be ignored as the
primary toxic event. With this clearly in mind, Houlihan and his associates
(236-239, 242) have suggested that the oxidative cyclization of epinephrine to
highly reactive indoles such as adrenochrome and adrenolutin may contribute to
the development ot the direct toxic effects of oxygen upon the lungs and brain.
Spectrophotometric and spectrofluorometric analysis of plasma and lung extracts
from rats exposed to 5.0 atm of O, for 30 min showed an increased conversion of
epinephrine to adrenochrome, adrenolutin, soluble melanin and their inter-
mediates. Sulfhydryl donors blocked this conversion and delayed the symptoms
of oxygen toxicity. In support of the proposed mechanism, a 3- to 4-fold increase
in the adrenochrome content of brain and adrenals was found in rabbits that
were severely poisoned by prolonged exposure to 3.5 or 6.0 atm of O, (189).
Administration of adrenochrome monosemicarbazone hastened the onset of
convulsions in mice exposed to about 3.5 atm of O, (281). Aminochromes were
found in the blood of patients with a variety of psychiatric disorders (5a). In a



PULMONARY OXYGEN TOXICITY 91

summary of his findings, many of which are still unpublished, Houlihan (236)
stated that an increase in the percentage of epinephrine undergoing oxidative
cyclization could be attributed to the action of an enzyme which responds to
severe stress and is absent in the immature animal. He further suggested that
an enhanced production of highly reactive indoles could have manifestations
such as convulsions, coma, red blood cell hemolysis and pulmonary damage.
Confirmation of this interesting hypothesis would provide a mechanism for the
observed toxic interaction between epinephrine and oxygen poisoning.

Influence of thyroid activity

Involvement of the thyroid gland in modifying the development of oxygen
intoxication was first reported by Campbell (102, 104) when he found in rats that
the toxic effects of a 30-min exposure to 6.0 atm of O, were enhanced by pretreat-
ment with thyroxin and delayed by thyroidectomy. These early observations
have been generally confirmed and extended by more recent work. In both in-
tact and adrenalectomized rats exposed to similar conditions, thyroid extract
hastens convulsions and increases lung damage (470, 473). Administration of
thyroid extract has the same effect in rats (468), rabbits (468) and cats (188)
breathing O, at pressures ranging from 4.0 to 8.1 atm, but thyroidectomy pro-
vides significant protection only for the cats. In three groups of rats given no
drug, desiccated thyroid or propylthiouracil prior to a 1-hr exposure to 5.5 atm
of O,, mortality was directly correlated with oxygen consumption (207). The
survival rates of hyperthyroid, euthyroid and hypothyroid rats were 29 %,
56 % and 80 %, respectively. Administration of desiccated thyroid or thyroxin to
both normal and hypophysectomized rats before and during exposure to 0.95-
1.0 atm of O, showed that the protection afforded against pulmonary oxygen
poisoning by hypophysectomy was due in part to elimination of thyrotropin as
well as to elimination of ACTH (35, 454). Experimental groups ranked in order
of increasing survival times were: normal rats given thyroid, normal rats given
no thyroid, hypophysectomized rats given thyroid and hypophysectomized rats
given no thyroid.

Many investigators have suggested that susceptibility to oxygen poisoning
can be influenced by the rate of cellular metabolism (179, 180, 184, 206, 400, 464).
In hypothermic rats (206) and hibernating ground squirrels (400) exposed,
respectively, to 5.2 and 6.0 atm of O,, mortality was closely correlated with
oxygen consumption. The observation of similar correlations between oxygen
tolerance and changes in oxygen consumption produced by alteration of thyroid
function in rats (207) and cats (188) suggests that thyroid influences in oxygen
poisoning may also be due to changes in cellular metabolism.

An alternate, central mechanism of thyroid action was proposed by Bean and
Zee (43). These investigators found that administration of pentobarbital along
with L-thyronine or rL-thyroxine to rats before exposure to 4.8-5.1 atm of O,
blocked the potentiating effect of the thyroid hormones on pulmonary and CNS
oxygen poisoning, but retained the protective influence of pentobarbital. This
occurred in spite of the fact that the metabolic depression normally caused by
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anesthesia was reversed by the thyroid hormones. On the basis of these results,
the authors concluded that both pentobarbital and thyroid hormones have a
central mechanism of action, probably at the hypothalamic and sympathetic
levels. This conclusion does not appear to be justified in the case of thyroid
hormone because both its potentiating influence on oxygen toxicity and its
stimulating effect on cellular metabolism were blocked by pentobarbital anes-
thesia.

The results of experiments designed to measure thyroid activity in hyperoxic
animals are generally consistent with the conclusion that thyroid function is
stimulated by increased oxygen pressures. Thyroid hypertrophy is commonly
observed in cats repeatedly exposed to 6.0-8.0 atm of O, (187). Thyroid weight
is also significantly increased in rats after 4 to 8 weeks of daily exposure to 6.0
atm of O, for durations long enough to give a low incidence of convulsions and
respiratory symptoms (146). After similar exposures for only 4 to 5 days, thyroid
weight was found to be decreased, but uptake of radioactive iodine by the thyroid
was increased (451). The discordant results of the two studies were attributed to
a dual action of hyperoxia on thyroid function consisting of an early thyroid
involution induced by nonspecific stress followed by a dominant, specific stimu-
lating effect of oxygen. It was also pointed out that uptake of iodine should be
expected to respond to thyroid stimulation more quickly than changes in weight
could occur.

Other indications of an influence of hyperoxia upon thyroid function are an
increase in the thyroid uptake of radioactive phosphorus and histological evi-
dence of thyroid hyperactivity in rats exposed to 0.95 atm of O, for 48 hr (482,
483). On the other hand, serum protein-bound iodine decreased progressively
throughout a 3-day exposure of rats to about 1.0 atm of O, (153, 154). Although
this result suggested that thyroid activity was decreased by hyperoxia, it is
possible that thyroid hyperactivity was present in conjunction with increased
uncoupling of thyroxine from carrier proteins. Serum protein-bound iodine was
not changed in rats exposed to 0.33 atm of O, for 14 days (152, 153).

Influence of sex hormones

Bruns and Shields (90) have shown that sex hormones may also play a role in
the pathogenesis of pulmonary oxygen toxicity. Administration of chorionic
gonadotropin with progesterone to male or female guinea pigs just before ex-
posure to 0.98 atm of O, caused severe disruption of the pulmonary vasculature
and a marked decrease in survival time. Administration of estrogen to female
guinea pigs just before exposure had a similar effect, whereas the survival time
and lung pathology of male guinea pigs given estrogen resembled those of ani-
mals that had received no hormones before prolonged oxygen breathing. Female
guinea pigs also had no change in survival time when they were given either
estrogen or chorionic gonadotropin with progesterone and exposed to oxygen
after a 24-hr delay. The physiologic significance of these results is obscured
because only large doses of exogenous hormones were administered.
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Role of pulmonary surfactant

The role of surface active phenomena in the pathogenesis of pulmonary
oxygen poisoning has received increasing attention within the past decade. The
studies summarized in table 4 are limited to those in which pulmonary surface
activity was determined directly, either by measuring the surface tension of
pulmonary extracts or by observing the stability of bubbles squeezed from
pulmonary tissues. Other workers have estimated surface activity indirectly by
comparison of air and saline pressure-volume curves (52, 87), special analysis of
the deflation portion of the air pressure-volume curve (421), measuring the
lecithin content of a tracheal transudate obtained by saline perfusion of the pul-
monary vasculature (52), staining the autofluorescent alveolar lining layer (119,
211, 521), and measuring the uptake of radioactive palmitate into lung phospho-
lipids (323, 359). The majority of investigators have found that surface activity
of material lining the alveoli is reduced by exposure to oxygen at increased
partial pressures (table 4) (52, 421, 521). However, other workers have found no
significant reduction of surface activity, even in the presence of severe pul-
monary oxygen intoxication (table 4) (87).

Comparison of measurements of alveolar surfactant in different laboratories
is complicated by failure to adequately describe procedural details and by the
use of non-uniform methods for the extraction, preparation and analysis of sur-
face active material and the actual measurement of surface tension (la, 191).
In addition, the many interacting factors which constitute the syndrome of pul-
monary oxygen poisoning should be expected to have variable influences upon
pulmonary surface activity in different species and individuals (1a). It is es-
pecially likely that animals breathing oxygen at greater than atmospheric pres-
sures will die from CNS oxygen intoxication before pulmonary surfactant func-
tion is significantly affected (247a).

Pattle (382) has pointed out many of the potential sources of erroneous con-
clusions regarding oxygen effects upon the characteristics of the alveolar surface
material. It has been shown that atelectasis (303, 304) and edema (427), both
common findings in oxygen-poisoned lungs, decrease the surface activity of pul-
monary extracts. Addition of large quantities of blood to the extract can produce
similar results (211), but it is unlikely that the degree of hemorrhage caused by
pulmonary oxygen toxicity significantly affects surface activity (191, 211, 258).
McSherry et al. (324) have found that pulmonary surfactant in rabbits is signifi-
cantly reduced by rapid decompression from 3.0 to 1.0 atm in less than 3 min
after brief exposures to either 3.0 or 0.20 atm of O at increased ambient pres-
sure. However, decompression of rats (359), guinea pigs and dogs (247) from
3.0 to 1.0 atm was not accompanied by changes in pulmonary surface activity.

Potential mechanisms of actual reduction of surfactant concentration in pul-
monary oxygen poisoning must be considered to include direct inactivation, the
formation of inhibitory substances, decreased synthesis and physical disruption
of the alveolar lining film by pulmonary edema (52, 99, 119, 191, 211, 258, 324,
347). Little evidence for or against the direct oxidation of pulmonary surfactant



TABLE 4

Effect of prolonged exposure to hyperoxzia on pulmonary surface activity

Species E E:ﬁe m{;’: Method of Surfactant Extraction hg:e;f‘zgg Reference
atm kr
Mouse —* 0.9 24-148 Endobronchial lavage Increased 1a
Minced lung No change la
Bubble stabilityt No change 1a
Mouse 3| 1.0 108-192 Bubble stabilityt No changet| 383
Rat 34| 1.0 (118 £ 20.4 | Endobronchial lavage No change | 191
(saline foam-fractiona-
tion)
Minced lung Increased | 191
Rat 20 {1.0-1.2 2448 Saline perfusion No change | 77
Rat 24| 2.0 5-18 Minced lung Increased | 269
Rat — | 3.0 1-6 Minced lung Increased | 506
Rat 8| 3.0 3.5 = 1.5 | Bubble stabilityt No changet| 369
Rat 71 5.0 1.25 Endobronchial lavage Increased | 258
plus minced lung
Rat 7| 8.0 0.33-0.75 | Saline perfusion Increased 77
Guinea pig | 24 [0.9-1.0 3-96 Minced lung No change | 167
Guinea pig | 6 | 3.0 14 Homogenized lung No change | 247
Guinea pig | — | 3.0 1-6 Minced lung Increased | 505
Rabbit 9| 1.0 | 70.7 £ 21.8] Endobronchial lavage Increased | 191
(saline foam-fractiona-
tion)
Minced lung Increased | 191
Rabbit 30| 1.0 72-96 Minced lung Increased | 119, 211
Rabbit 3| 1.0 72-96 Bubble stabilityt Unstablet | 119, 211
Rabbit 9] 2.0 1-5 Minced lung Increased | 323
Rabbit 5| 2.0 1.0 X 9 Minced lung No change | 323
Rabbit 5| 2.0 2.0 X9 Minced lung Increase 323
Rabbit 10| 2.0 3.0 X9 Minced lung No change | 323
Rabbit 9| 3.0 1-5 Minced lung No change | 323
Rabbit 10| 3.0 1.5 X9 Minced lung Increased | 324
Rabbit 11| 4.0 2.7 & 0.1 | Minced lung Increased | 325
Rabbit 7| 4.0 4 Minced lung Increased | 324
Cat 9| 1.0 | 83.3 & 22.3| Endobronchial lavage Increased | 191
(saline foam-fractiona-
tion)
Minced lung Increased | 191
Dog 8 10.7-1.0] 44.5-52 Endobronchial lavage Increased | 347
Dog 16| 1.0 12 Minced lung Increased | 351
Dog 16| 1.0 6-30 Minced lung Increased | 301, 345
Dog 10| 1.0 55.4 Homogenized lung Increased | 247a
Dog 8| 1.0 61-79 Saline perfusion Increased 99
Dog 5| 1.0 63-79 Minced lung Increased 99
Dog 10| 2.0 23.4 Homogenized lung Increased | 247a
Dog 13| 3.0 14 Homogenized lung No change | 247
Dog 10| 3.0 5.7 Homogenized lung No change | 247a
Dog 10| 4.0 2.8 Homogenized lung No change | 247a
Dog 17| 3.0 1.0 X 120 | Minced lung Increased | 478a
Lamb 9 (0.8-1.0 9-96 Minced lung No change | 129

* Information not given.
t Refers to rate of collapse of bubbles squeezed from pulmonary tissues.
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has been obtained. Measurements made after prolonged exposure to about 1.0
atm of O, suggest that an active inhibitory substance is present in rabbit lungs
(211) and dog lungs (301) or blood (99). The type II alveolar epithelial cells have
been associated with the production of pulmonary surfactant (91, 276), and
degenerative changes in the lamellar bodies of these cells were found after
exposure to hyperoxia (347, 351, 484, 532). These observations suggest that
multiple factors influence the effects of oxygen toxicity upon the properties of
the surface active lining film.

The effect of pulmonary oxygen poisoning upon the lipid composition of pul-
monary extracts has also been studied with inconsistent results. The lipid compo-
sition of the supernatant from minced lung extracts of guinea pigs was not
changed after 96 hr of exposure of the animals to 0.9-1.0 atm of Oq, even in the
presence of severe pulmonary edema (167). On the other hand, significant
changes were observed in the lipids of pulmonary extracts obtained from dogs
by endobronchial lavage after 44.5 to 52 hr of exposure to 0.7-1.0 atm of O,
(347). The total phospholipid content of the lung washings was relatively de-
creased. In the lecithin fraction, the proportion of palmitic acid was consistently
reduced with a concomitant reduction of total saturated fatty acids. The appear-
ance of pulmonary edema and the entry of plasma into the alveoli were accom-
panied by a further decrease in palmitic acid, an increase in arachidonic acid
and increases in the total lipid and protein contents of the endobronchial wash.
Similar changes in the lipid composition of pulmonary extracts were also found
in anesthetized dogs after exposure to 3.0 atm of O; for 5 to 10 hr (381). Morgan
et al. (347) attributed the differences between their results and those of Fujiwara
et al. (167) to the probability that pulmonary extracts obtained by lung mincing
reflected principally the lipid composition of whole lung, whereas those obtained
by endobronchial lavage were more representative of changes in the alveolar
lining material. In agreement with this proposal, the production of severe pul-
monary oxygen poisoning in mice was associated with an increase in the mini-
mum surface tension of extracts obtained by endobronchial lavage, while the
surface activity of minced lung extracts was not significantly changed (la).
However, the opposite results were obtained in rats (191).

McSherry and Gilder (323) attempted to correlate reduction of pulmonary
surfactant in rabbits with varying durations of exposure to 2.0 or 3.0 atm of O,.
Measurements of the surface activity of minced lung extracts were technically
unsatisfactory and yielded inconsistent results. However, continuous exposure
to either 2.0 or 3.0 atm of O; for 1 to 5 hr was accompanied by a progressive
decrease in the uptake of radioactive palmitate into pulmonary phospholipids.
Significant, objective evidence of pulmonary edema was found only after 5 hr of
O, breathing at 3.0 atm. Rate of incorporation of labeled palmitate into pul-
monary phospholipids was also markedly reduced in rabbits after a 72-hr ex-
posure to 0.98 atm of O, (410). In contrast to these observations in rabbits, the
uptake of radioactive palmitate into the phospholipids of rat lungs was increased
after exposure to 3.0 atm of O. for a total of 5 hr (359). Pretreatment of rats with
pentobarbital partially prevented the lung damage and reduction of surfactant
caused by a 75-min exposure to 5.0 atm of O, (258).
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As a summary of the many and diverse findings, it appears to be reasonably
well established that the surface activity of the alveolar lining material is sig-
nificantly decreased in the lungs of animals that are exposed to hyperoxia until
death from pulmonary intoxication. Whether the reduction of pulmonary
surfactant occurs as a direct effect of oxygen toxicity or only as a secondary
consequence of the concomitant, adverse effects of pulmonary oxygen poisoning
still remains to be determined. In either case, reduced surfactant function prob-
ably contributes to the pathological changes found in the lungs during the
terminal stages of oxygen intoxication. It should be noted that pulmonary
surfactant appears to be diminished or absent in animal species such as frogs,
turtles and chickens, whose overall pulmonary oxygen tolerance exceeds that
of mammals (342). The fluorescent layer lining the alveoli in frogs and chickens
is also much less prominent than that in mammals (75).

Role of carbon dioxide

Addition of low, normally innocuous concentrations of carbon dioxide to the
inspired gas potentiates the toxic effects of oxygen at partial pressures of 3.0
atm or more (24, 44, 190, 213, 227, 231, 235, 250-252, 260, 289, 326, 334, 336,
388, 394, 448, 464, 467, 477, 494, 496, 503, 522). Although most investigators
have recognized an enhancement of CNS oxygen poisoning, the toxic effects of
oxygen upon the lung also appear to be potentiated by increased carbon dioxide
tensions (44, 250, 260, 326, 388, 467, 494, 522). The pulmonary damage produced
in rats by exposure to about 3.0-7.0 atm of O, was increased by adding CO, at
partial pressures ranging from 40 to 190 mm Hg to the inspired gas mixture (44,
250, 260, 326, 467, 494, 522), and a similar potentiating effect of carbon dioxide
upon pulmonary oxygen intoxication has been observed in cats (388).

Bean and Zee (44) have attributed the detrimental effect of carbon dioxide
upon pulmonary oxygen poisoning to the increased intensity of neurogenic
factors associated with the concurrent potentiation of CNS oxygen intoxica-
tion by hypercapnia. In agreement with this concept, the lung damage in rats
exposed to 4.0-7.0 atm of O, and 60 to 100 mm Hg of CO, was markedly de-
creased by pentobarbital anesthesia (44), urethane anesthesia (250) or by pre-
treatment with an adrenergic blocking drug (260). Stimulation of the adrenal
cortex and medulla by prolonged exposure to low carbon dioxide tensions in
atmospheric air has been reported (270, 271, 431, 489).

It has been proposed that the acceleration of CNS oxygen poisoning by in-
creased partial pressures of carbon dioxide is due to cerebral vasodilatation and
the resulting rise in brain oxygen tension (289). Average internal jugular Po,
in four men increased from 76 mm Hg during O, breathing at 3.5 atm to 1000
mm Hg when CO. (about 53 mm Hg) was added to the inspired gas (289), and
a rise in cerebral tissue Po, also occurred in rats when low concentrations of CO,
were added to several atmospheres of inspired O, (29, 256). Since gross changes
in carbon dioxide tension induce other central actions in addition to effects on
cerebral blood flow, their composite influence upon pulmonary oxygen tolerance
in extreme exposures is probably modified by the effect of carbon dioxide upon
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intracellular pH and the progressive narcosis produced by increasing Pco,
levels (334).

The narcotic influence of carbon dioxide has been cited by Bean and Zee (44)
in order to explain the inhibition of oxygen convulsions by extreme tensions of
inspired Pco, (334), and the concurrent protection against pulmonary damage
was thought to stem from the resulting narcotic reduction of neurogenic factors
which ordinarily would have been expected to exaggerate the effects of pul-
monary oxygen poisoning. Thus, convulsions and lung damage in rats exposed to
3.0-7.0 atm of O, were enhanced by adding CO, at partial pressures of 40 to 190
mm Hg to the inspired gas (44, 250, 260, 326, 467, 494, 522), but they were pre-
vented by further increasing the inspired Pco, to 300 mm Hg (44). Although
they developed little or no obvious pulmonary damage, rats breathing the
highest Pco, became comatose within the same duration of exposure that pro-
duced both convulsions and severe lung damage at the lower Pco, levels. In
mice exposed to O; pressures ranging from 3.0 to 11.0 atm, the onset of convul-
sions was inhibited by inspired CO, tensions greater than 120 mm Hg (109, 334).
However, elevation of inspired Pco, progressively decreased survival time at all
partial pressures of oxygen (334). The interactions of hyperoxia and hypercapnia
therefore hasten the development of fatal CNS oxygen intoxication even when
convulsions are inhibited. These results are consistent with Bean’s hypothesis
that extreme levels of carbon dioxide suppress the sympathoadrenal stimulation
induced by oxygen convulsions and limit the secondary pulmonary effects of
oxygen poisoning.

The possible direct influences of carbon dioxide-induced changes in intracellu-
lar pH upon cellular oxygen toxicity have not been as extensively studied as the
indirect effects. Stadie et al. (465) found that incubation of rat brain slices in
about 8.0 atm of O, with CO, tensions exceeding 100 mm Hg produced toxic effects
no more severe than those observed in 8.0 atm of O; alone. Perot and Stein (392)
showed that onset of conduction block in isolated frog sciatic nerve exposed to
about 12 atm of O, was hastened by simultaneous exposure to a Pco, of about 500
mm Hg, but this does not imply an effect upon oxygen poisoning itself.
In contrast, exposure of cat ulnar nerve to similar conditions significantly de-
layed the onset of conduction block (393). It is probable that narcotic effects of
such extremely high carbon dioxide tensions were superimposed upon the sepa-
rate influences of change in intracellular pH and any toxic action of oxygen.

The influence of carbon dioxide in modifying the toxic effects of oxygen at
atmospheric pressure is not as well established as its potentiating effect upon the
toxicity of higher oxygen pressures. Ohlsson (367) found that pulmonary oxygen
poisoning was enhanced in rabbits exposed to 0.8-0.9 atm of O; by the addition
of 23 to 27 mm Hg of CO;, but others have not confirmed this. Barach et al. (20)
reported that 2 to 15 mm Hg of CO, did not alter survival time of rats exposed to
about 1.0 atm of O, . Carbon dioxide levels ranging from 30 to 90 mm Hg in O,
at 1.0 atm slightly prolonged survival time and decreased lung damage in normal
(127, 453) and hypophysectomized rats (453). Addition of 100 to 117 mm Hg of
CO; to O, at 1.0 atm also protected against lung damage but significantly de-
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creased survival time (127). The median survival time was only 82 min in mice
breathing O, at 1.0 atm with an inspired Pco, of 200 to 229 mm Hg (334).

The available data do not permit definite conclusions regarding the interaction
of hypercapnia and subconvulsive levels of hyperoxia. With the exception of the
study by Ohlsson, the descriptions of experimental results have been limited to
either preliminary reports or brief statements in papers not primarily concerned
with the influence of hypercapnia on pulmonary oxygen intoxication. More de-
tailed studies will be required in order to determine whether or not the potentia-
tion of pulmonary oxygen poisoning by hypercapnia is related only to the aug-
mentation of CNS oxygen toxicity or to other, more direct forms of interaction at
the lung as well.

The role of endogenous carbon dioxide in the pathogenesis of oxygen poisoning
has been the object of many studies (15, 23, 57, 101, 190, 292, 294, 435, 472, 475,
477). Gesell (190) pointed out that failure of hemoglobin reduction while breath-
ing oxygen at high pressure impaired carbon dioxide transport and caused ac-
cumulation of carbon dioxide in the tissues. Gesell further proposed that this
carbon dioxide retention sensitized the organism to exogenous carbon dioxide and
contributed to the development of oxygen convulsions. Almost all subsequent in-
vestigators have confirmed that oxygen breathing does indeed result in accumula-
tion of carbon dioxide in the metabolizing tissues. However, the magnitude of
carbon dioxide retention is not great and its influence upon oxygen poisoning
must be interpreted in the light of effects of small, rather than gross, degrees of
hypercapnia (292). Moreover, the observation that carbon dioxide enhances
oxygen toxicity in Drosophila, a species devoid of respiratory blood pigments,
indicates that carbon dioxide retention is not necessary for interaction between
oxygen toxicity and exogenous carbon dioxide (519).

The work of early investigators suggested that carbon dioxide retention during
oxygen breathing was severe enough to cause very large, toxic increases in tissue
Pco, (47, 101, 397, 435, 477). Analysis of the contents of subcutaneous and ab-
dominal gas depots and intraperitoneal fluid depots suggested that average tissue
Pco, was as high as 100 to 200 mm Hg in rabbits (101), cats (477) and guinea pigs
(435) exposed to 3.5-5.0 atm of O, . However, later analyses of subcutaneous gas
depots in rabbits, cats, dogs and men sampled at the pressure of exposure during
the first 3 hr of O, breathing at pressures of 3.0 to 4.0 atm (294) did not confirm
the reported elevation of Pco, . In longer exposures of animals, a marked rise in
depot Pco, occurred, but only after the appearance of convulsions and gross pul-
monary damage. The extreme elevations of depot Pco, reported in earlier studies
were therefore attributed to sources of technical error such as insufficient time
for equilibration of depot Pco, with the tissues, decompression to 1 atm of am-
bient pressure before sampling from gas depots, incorrect calculation of fluid de-
pot Pgo, , and sampling from the depots after the occurrence of convulsions and
lung damage (15, 294).

Direct measurements of the Pco, and pH of arterial and venous blood have
shown conclusively that a relatively small degree of carbon dioxide accumulation
occurs during oxygen breathing at high pressure (23, 57, 289, 291, 292, 472, 475).
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Average Pco, and pH changes ranged from +2.0 to 46.5 mm Hg and —0.02 to
—0.04 units in the mixed venous blood of anesthetized dogs (57) and in the cere-
bral venous blood of unanesthetized men (289, 291, 292) exposed to 3.04.0 atm
of O, . In rats (472) and cats (475) exposed to 6.0 atm of O; , there were no sig-
nificant changes in the acidity of arterial or mixed venous blood until after the
onset of obvious toxicity. Continuous, electrometric measurements of arterial
and venous blood pH showed decreases ranging from 0.05 to 0.19 units in anes-
thetized dogs exposed to 4.0-5.0 atm of O, (23). These blood pH changes were
greater than those described above, but they were still much too small to be con-
sistent with the large elevations of gas or fluid depot Pco, reported by earlier
workers (47, 101, 397, 435, 477).

Although it has been shown that carbon dioxide retention during oxygen
breathing does not play the prominent causative role in oxygen poisoning that
was formerly ascribed to it, it is clear that acid-base factors in several ways con-
tribute to development of the overt syndromes of CNS and pulmonary oxygen
intoxication. There appears to be no clear evidence for a direct interaction be-
tween oxygen toxicity and either carbon dioxide narcosis or the disruptive effects
of change in hydrogen ion concentration. There are established, additional in-
fluences of narcosis and acidosis, as well as influences of carbon dioxide tension
and pH upon vascular tone, vagal activity and sympathetic activity. Together,
these often concurrent effects of carbon dioxide produce alterations of oxygen
poisoning.

Not all of the effects of carbon dioxide lead to exacerbation of oxygen effects.
Adaptation to inspired Pco, levels of about 70 or 140 mm Hg has been found to
significantly delay the onset of convulsions in mice that were subsequently ex-
posed to 6.0 atm of O, (503). Even a 3-hr exposure to an inspired P¢o, which
gradually increased to about 43 mm Hg afforded similar protection to rats that
later breathed O, at about 6.4 atm (231). These results suggest that adaptation
to hypercapnia can rapidly induce changes which delay the manifestations of
CNS oxygen toxicity and might be expected to have a similar influence upon the
indirect factors in development of pulmonary oxygen poisoning at convulsive
levels of hyperoxia. Consistent with this suggested mechanism of protection is
the observation that acclimatization to altitude, which includes physiological
changes that are opposite to those induced by chronic hypercapnia, significantly
hastens the onset of convulsions in rats subsequently exposed to 7.0 atm of O,
(81).

Involvement of acid-base factors in modifying the pathogenesis of oxygen
poisoning is also suggested by the influence of alkalinizing agents upon the toxic
effects of oxygen. Administration of the intracellular buffer, tris(hydroxymethyl)
aminomethane (THAM) before exposure of mice (197, 353, 430), rats (30 331,
367a, 496) and rabbits (325, 331) to 3.0-6.4 atm of O, provided protection against
both the CNS and pulmonary effects of oxygen toxicity. In one group of rats
(367a), these protective influences were associated with reduction of Po, and
elevation of Pco, in subcutaneous gas pockets. The gas tension changes were at-
tributed to hypoventilation induced by THAM and were apparently counter-
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acted to some degree by a concurrent decrease in oxygen consumption. The ob-
servation that THAM did not decrease the mortality rate of rats exposed to
0.95-1.0 atm of O, (155, 338, 353) suggests that direct oxygen poisoning had con-
tinued and that the reduction of lung damage by THAM at higher oxygen pres-
sures may result indirectly from the delayed onset of convulsions. The protective
influence of THAM has been attributed to its buffering action which can decrease
Pco, and increase pH in the tissues and blood (225, 353) but there is no evidence
that such changes affect enzymatic poisoning by oxygen. Other proposed mecha-
nisms include decrease in oxygen consumption (353), hypoventilation (367a),
chelate formation with trace metals such as copper and zinc (353), interference
with cation function (197) and suppression of sympathoadrenal stimulation
(352). The ability of THAM to counteract the vasodilatation of retinal vessels
induced by carbon dioxide breathing (353) suggests that its protective influence
against oxygen toxicity may be at least partially related to a decrease in brain
oxygenation caused by reduction of the response of cerebral vessels to an ele-
vated, or perhaps even a normal, arterial Pco, .

The effect of sodium bicarbonate administration upon oxygen poisoning varies
with dose and timing of administration. Pretreatment of mice (353, 430), rats
(496) and cats (394) with bicarbonate before exposure to 3.0-8.0 atm of O, was
found in different experiments to hasten convulsions (353, 394, 430), delay con-
vulsions (353, 430) or have no effect on brain damage (496). The variation prob-
ably relates to the length of time allowed for absorption and distribution of bi-
carbonate (430), as across the cell and blood-brain barrier. The depressant in-
fluence of bicarbonate (decrease in hydrogen ion concentration) upon respiration
(268, 288, 293) and the associated increase in arterial Pco, and brain blood flow
suggest a mechanism for the potentiation of CNS oxygen toxicity under appropri-
ate acute experimental conditions (353, 394, 430). The effects might be expected
to be different in acclimatization to chronic alkalosis. In rats exposed to 0.95-1.0
atm of O, daily administration of bicarbonate markedly decreased mortality in
one study (338) and had no effect in another (155). These studies were not com-
pletely comparable in that one group of rats (155) was exposed continuously,
while the others (338) were apparently removed to room air along with control
rats for daily injections of bicarbonate or saline. This intermittent exposure to air
may have facilitated the observed protective influence of exogenous bicarbonate.

Chronic administration of sodium lactate also delayed the onset of convulsions
in cats breathing O, at about 8.0 atm (394) and doubled the survival time of rats
exposed to 0.98 atm of O, (155). In contrast to the marked effect of lactate, the
development of pulmonary oxygen poisoning in the rats was not significantly
altered by daily intraperitoneal injections of THAM, bicarbonate, acetate or
pyruvate. Since the buffering capacities of these ineffective agents were equiva-
lent to that of lactate, Felig and Lee (155) suggested that the protective influence
of lactate may be due to some other mechanism, such as the reduction of diphos-
phopyridine nucleotide, which is a by-product of lactate metabolism.
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Role of respired inert gas

The possible consequences of replacing the inert gas in the lungs with oxygen
were discussed in a previous section. These consequences, which may include
atelectasis with hypoxemia, result from physical factors such as airway obstruc-
tion or regional hypoventilation. If the precipitating condition is of a transient
nature, pulmonary physiology may be quickly restored to normal by deep inspira-
tion or by addition of inert gas to the inspired mixture. On the other hand, air-
way obstruction caused by a progressive, toxic process can result in atelectasis
and hypoxemia which are more difficult to reverse. Apart from these physical
effects of inert gas removal is the question concerning possible influences of inert
gas or its absence upon the rate of development of pulmonary oxygen poisoning.
Studies which provide information relating to this question are reviewed below.

Exposures of men and several animal species to oxygen environments at re-
duced ambient pressures have shown that almost total removal of inert gas from
the atmosphere has no apparent detrimental effect, even during multi-week ex-
posures. An atmosphere almost devoid of inert gas has been well tolerated by men
for 30 days (233, 411) and by small animals for 11 months (389). During some of
the animal exposures, litters were born and developed normally in the absence of
inert gas (320, 389).

The early work of Bert (66) indicated that the rate of development of oxygen
poisoning was solely a function of the inspired Po, . In agreement with Bert’s
early observations were the results of recent studies in which rats were exposed
to 1.0 atm of O, with 0 to 4.0 atm of N; (521) or to 3.0 atm of O, with 0 to 3.0 atm
of N, or He (322). Variation of the inert gas partial pressure had no significant
effect upon average survival time (322, 521) or the onset of convulsions (322).
Rats fatally exposed to the mixture of 1.0 atm of O; and 4.0 atm of N, had pink,
air-filled lungs with minimal atelectasis, but marked pulmonary edema and
pleural effusion were present. The degree of atelectasis and consolidation in-
creased progressively with reduction of the inspired Py, and was almost total in
the rats exposed to pure oxygen at 1.0 atm. The authors concluded that the total
atelectasis often seen in oxygen-poisoned lungs appeared to result from resorption
of oxygen as respiration failed (521).

The results of other studies, however, have indicated that elevated inert gas
partial pressures can themselves modify the rate of development of oxygen in-
toxication in various ways. These include not only direct effects of inert gas such
as narcotic influences, but interference with elimination of carbon dioxide as
alveolar ventilation is handicapped by the greater gas density at higher total am-
bient pressure. Lanphier (297) found that the onset of CNS oxygen poisoning in
exercising divers exposed to about 2.0 atm of O, was enhanced by concurrent ex-
posure to an additional 2.0 atm of N, . Under such conditions arterial carbon di-
oxide tension is increased (298). Bennett (63) showed that 48 atm of He markedly
hastened the appearance of convulsions in rats exposed to 5.3 atm of O, . Addition
of 13.3 atm of helium, nitrogen or argon to the same inspired Po, progressively
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shortened the preconvulsive time in proportion to the increase in density of the
respired gas (62, 63). In contrast to these observations, the onset of convulsions
and loss of consciousness in mice exposed to 4.0 atm of O, appeared to be delayed
by addition of 2.2 or 4.8 atm of N, to the inspired gas mixture (5), and dogs
breathing 66 % O, and 33 % N at 3.0 atm survived for at least 24 hr, while those
breathing pure O, at 2.0 atm died within 17 to 21 hr (458). The influence of these
exposures upon alveolar ventilation and carbon dioxide retention is not known.
In their abstract (458), Smith et al. concluded that the dogs died from myocardial
or central effects of oxygen toxicity, but they did not describe the histological ap-
pearance of the lungs in either group of animals.

Fenn et al. (156, 160) demonstrated an unequivocal synergism between the
effects of hyperoxia and inert gases in Drosophila. Mean survival times of fruit
flies exposed to O, partial pressures ranging from 1.0 to 6.0 atm were markedly
decreased by addition of 24 to 34 atm of N . Synergism was greatest at 1.0 atm
of O, and was almost absent at 6.0 atm of O. . However, survival time in 6.8 atm
of O, was slightly but significantly decreased by addition of as little as 6.8 atm of
N, . Similar synergistic effects between oxygen and inert gases were obtained with
13.6 to 24 atm of argon, 1.7 atm of xenon and 1.2 to 1.7 atm of nitrous oxide, but
not with 24 to 34 atm of helium. These findings relate not only to the influence of
inert gases upon oxygen toxicity, but to the influence of oxygen toxicity upon the
separate phenomenon of inert gas narcosis. As such these may be additive.

In an important series of experiments, Thompson et al. (481) demonstrated
an influence of inert gases upon the rate of development of pulmonary oxygen
poisoning in rats exposed to 2.0-10.0 atm of O,. Concurrent exposure to high
oxygen pressure and either 13 or 26 atm of N, produced a nearly identical de-
crease in average survival time with both nitrogen pressures at 2.0 atm of O, a
progressive decrease at 3.0 and 5.0 atm of O, , and little or no decrease at 8.0 and
10.0 atm of O3 where survival time in O, alone was less than 40 min. During ex-
posure to 3.0 atm of O; and 26 atm of a N.-He mixture, the decrease in survival
time and increase in lung water content were progressive and approximately
linear as the relative proportion of N, was increased from 25 to 100 %. The inter-
actions of hyperoxia and high helium pressures were particularly interesting.
When 13 atm of He were added to the O, , average survival time was increased at
2.0 atm of O., not significantly changed at 3.0 atm of O, , decreased at 5.0 and
8.0 atm of O, and almost unaltered at 10.0 atm of O, . With 26 atm of He, sur-
vival time was slightly, but not significantly, prolonged at 2.0 atm of O, , de-
creased at 3.0 atm of O; and almost identical to that found with 13 atm of He at
the other O, pressures. Total water content of the lungs from rats exposed to oxy-
gen and 13 atm of N, or He was often significantly greater than that from rats
exposed to pure oxygen. In the animals that breathed oxygen and 26 atm of inert
gas, total lung water was significantly increased, as compared to the pure oxygen
series, only in the group exposed to 3.0 atm of O; and 26 atm of N, .

The mechanisms of interaction between any form of oxygen toxicity and inert
gas effects are poorly understood. Elevations of cerebral Pgo, levels caused by
inert gas narcosis and diminished alveolar ventilation due to increased gas density
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are probably involved to some extent in man and other mammals (61-63, 282).
The resulting increase in cerebral blood flow would effectively raise the Po, of
central neurons and enhance the development of CNS oxvgen poisoning with a
related and similar indirect effect upon pulmonary intoxication (37, 221, 261, 377,
526). The use of breathing equipment which has a high dead space and resistance
could also contribute to carbon dioxide retention in divers exposed to increased
partial pressures of oxygen and inert gas (297, 298). Based upon his observations
that an oxygen-inert gas synergism similar to that demonstrated in Drosophila
also occurred in Paramecia and Streptococcus faecalis, Fenn et al. (160) suggested
that an interaction may occur at the protoplasmic or cellular level. Studies in
man (163) and non-mammalian organisms (156, 160) have shown that the syn-
ergism between the effects of oxygen and inert gases probably involves an aug-
mentation of inert gas narcosis by increased oxygen tensions in addition to the
influence of elevated inert gas pressures upon oxygen toxicity.

Biochemical changes in the lungs

Biochemical alterations have been observed in the lungs of rats exposed to 5.0
atm of O (221, 253, 254, 365). Dehydrogenase activity and sulfhydryl content of
the lung, which were reduced significantly after 15 to 30 min of oxygen breathing,
continued to decrease progressively throughout a 45- to 90-min exposure (253,
254). At the time of the initial biochemical alterations, no macroscopic and only
slight microscopic changes were present in the lungs. After 45 min of exposure,
the lungs were damaged and disulfide content was significantly increased. Pre-
treatment of the rats with pentobarbital prevented the dehydrogenase, sulfhydryl
and disulfide changes. Cysteamine afforded similar protection to dehydrogenase
activity but was less effective than pentobarbital.

Novelli et al. (365) used histochemical techniques to show that the enzymatic
activities of alkaline phosphatase, 5'-nucleotidase, adenosine triphosphatase and
lipase were all markedly reduced in the lungs of rats after 30 min of O, breathing
at 5.0 atm. Inactivation of the enzymes was partially or completely prevented by
adrenal medullectomy or pretreatment with dibenzyline or reserpine. The authors
concluded from these results that the enzymatic changes, as well as the pulmo-
nary pathology and convulsions observed in the same animals, were all caused by
adrenergic hyperactivity induced by hyperoxia.

Total lung non-protein sulfhydryl content is slightly reduced after the non-con-
vulsive exposure of rats to 3.0 or 5.0 atm of O, for 60 or 30 min, respectively (221).
The production of convulsions, however, by exposure to 5.0 atm of O, for 60 min
or by administration of pentylenetetrazol is accompanied by much greater de-
creases in non-protein sulfhydryl content. Pretreatment of the rats with serotonin
prevents the loss of sulfhydryl content associated with pentylenetetrazol con-
vulsions.

Little is known about the biochemical changes that occur in the lungs of intact
animals during exposure to subconvulsive levels of hyperoxia. Stadie et al. (466)
found no significant changes in oxygen uptake and respiratory quotient of lung
slices taken from dogs with severe pulmonary pathology after exposure to 1.0
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atm of O, for 48 to 116 hours. Seelkopf (434) found only a slight reduction in de-
hydrogenase activity of pulmonary tissues taken from animals exposed to about
0.9 atm of O, for 72 hr.

The biochemical alterations described above and their relationship to the
pathological changes of direct pulmonary oxygen poisoning cannot yet be cor-
related with deficits in lung function. Although the neuroadrenergic stimulation
and pulmonary damage that accompany the occurence of convulsions appear to
have a prominent influence upon the biochemical composition of the lung, de-
tectable changes have also been observed before the onset of .either seizures or
significant pulmonary pathology. Furthermore, the sulfhydryl content of lung
homogenates is rapidly oxidized in the absence of hormonal influences even during
exposure to the Po, of room air (253). Failure to find similar biochemical changes
in the lungs of animals poisoned by breathing O, at 1.0 atm suggests that suscep-
tible enzymes are protected from oxidation, as by soluble reducing substances.
Determination of the relationship of biochemical alterations to the development
of pulmonary oxygen poisoning with both in vivo and in vitro experimental models
is an important area for future investigation.

Other possible factors

The work of several investigators suggests that histamine may in some way be
involved in the development of the syndrome of pulmonary oxygen poisoning.
The content of histamine in the pulmonary tissues of guinea pigs was elevated
nearly 3-fold after a 6-hr exposure to 0.95 atm of O, (162). Administration of ex-
ogenous histamine to rats and guinea pigs exaggerated the gross pulmonary
pathology produced by a similar oxygen exposure (204). Pretreatment with pro-
methazine, metyramine or thiazinanium partially protected the lungs of rats but
not guinea pigs from the toxic effects of oxygen (171, 204). With sterile gelatin
sponge fragments which were enclosed under the pleura of rats as an experimental
simulation of an inflammatory process, Grandpierre et al. (199) found that the
congestive and exudative reaction provoked by prolonged exposure to 0.90-0.98
atm of O, resembled that produced by repeated injections of histamine. However,
Wittner and Rosenbaum (521) reported that the survival time of guinea pigs and
rats exposed to 1.0 atm of O, was not affected by histamine depletion, administra-
tion of promethazine or both combined. In mice breathing O, at 5.0 atm, pre-
treatment with histamine significantly delayed the onset of convulsions and pro-
longed survival time (495). Additional experiments will be required to explain
these contradictory results and further evaluate any role of histamine in the
pathogenesis of pulmonary oxygen poisoning.

Buckingham et al. (93, 94) have suggested that serotonin may be a mediator
of vasoconstriction and edema formation in pulmonary oxygen intoxication. The
lung serotonin content in rats was reduced to about half of the normal value after
& 30-min exposure to 6.0 atm of O, . Severe pulmonary injury was associated with
platelet degeneration and degranulation of serotonin-containing perivascular
mast cells. Administration of Trasylol, a proteinase inhibitor, prevented mast cell
degranulation, discharge of serotonin and the occurrence of pulmonary edema.
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Pentobarbital partially prevented release of serotonin, protected against the
pulmonary vascular alterations and markedly inhibited lung damage. On the
other hand, depletion of total body serotonin by repeated administration of
reserpine did not alter the survival time of guinea pigs and rats breathing O. at
1.0 atm (521), and other investigators have found that administration of ex-
ogenous serotonin delayed the onset of convulsions (67, 281, 495) and prolonged
survival time (495) in mice exposed to 3.0-5.0 atm of O, . Serotonin also mark-
edly reduces the severity of pulmonary edema produced in rats by 60 min of O,
breathing at 5.0 atm (495). It is conceivable that a detrimental effect of serotonin
upon the pulmonary vasculature could be masked at convulsive levels of hyper-
oxia by a central action which delays the onset of convulsions and the associated
augmentation of pulmonary damage. Information regarding this possibility
could be obtained by studying the effect of exogenous serotonin upon the rate
of development of pulmonary oxygen poisoning at subconvulsive levels of hyper-
oxia.

There is much indirect evidence which suggests that the inactivation of en-
zymes and cofactors by molecular oxygen involves the intermediate formation of
oxidizing free radicals. Possible mechanisms for the formation of these inter-
mediates and the evidence for their role in oxygen toxicity have been discussed
extensively in several recent reviews (125, 172, 173, 192, 193, 225, 340). In addi-
tion, many similarities have been observed between the toxic effects of oxygen
and the biological effects of irradiation (158, 173, 176, 179, 192, 340). Irradiation
of mice (179) and Drosophila (479) just before or during exposure to hyperoxia
markedly hastens the rate of development of oxygen intoxication. Several drugs
which effectively increase tolerance to irradiation also provide significant pro-
tection against oxygen poisoning in rats and mice exposed to 5.0-6.0 atm of O,
(175, 179, 495). Furthermore, the radioprotective properties of many of these
drugs are reduced or abolished by simultaneous exposure to increased oxygen
pressures (495, 498).

The influence of hyperoxia upon the toxic effects of irradiation has also been
studied with inconsistent results. Although increased oxygenation of normal and
neoplastic tissues clearly enhances their radiosensitivity (112, 113, 200, 492, 497,
518, 539), the lethal effects of irradiation are variously reported to be increased
(58, 111, 168, 312, 479, 492, 495), unaltered (312, 495) or decreased (492) by
simultaneous exposure to hyperoxia. Interpretation of these contradictory re-
sults with respect to pulmonary effects is further complicated by the fact that
death from whole body irradiation is usually caused by fatal damage to the gastro-
intestinal tract or hematopoietic system. In experiments specifically designed to
study the influence of hyperoxia upon pulmonary radiation poisoning, the lungs
of rats were irradiated either in air or during brief exposures of the animals to
3.7-4.0 atm of O, (350, 492). The combination of pulmonary irradiation and
hyperoxygenation was associated with a smaller change in lung compliance (350)
land a reduced mortality (492) within the first 6 weeks after irradiation, but simi-
larly treated rats that survived this period had a higher incidence of pulmonary
radiographic opacities (492).
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Van den Brenk and Jamieson (495) have suggested that the analogy of oxygen
poisoning to radiation damage is only superficial. Although several drugs afford
similar protection against oxygen poisoning and irradiation, this correlation is
not always present and some drugs are effective against only one of the two forms
of toxicity. They have proposed that the reduction of extracellular or intracellular
Po, by drug actions is a possible protective mechanism which offers an alternative
to the removal of free radicals as a common basis for chemical protection against
oxygen toxicity and radiation damage.

Summary of mechanisms

The total syndrome of pulmonary oxygen poisoning is caused by multiple
interacting factors which include direct toxic effects upon the lung tissues them-
selves and additional, indirect effects related to toxic actions of oxygen at extra-
pulmonary sites. Experimental results have established conclusively that pro-
longed exposure to hyperoxia in the absence of indirect influences can severely
damage the lung. Direct effects of oxygen toxicity, which appear to be related to
increased oxygen tensions in the bronchial circulation as well as in the alveolar
gas, should therefore be considered to play a primary and prominent role in the
pathogenesis of pulmonary oxygen intoxication. In the lung, as in the brain or any
other organ, the direct toxic effects of oxygen must originate from inactivation of
essential enzymes and the concomitant disruption of cellular metabolism. The
biochemical changes which have been demonstrated in the lungs of intact animals
exposed to hyperoxia, and probably other still unknown metabolic derangements,
represent the lethal effect of oxygen toxicity upon pulmonary cells.

Superimposed upon the direct, cellular pulmonary intoxication by oxygen are
other adverse effects which are related to the development of central nervous
system oxygen poisoning and are particularly obvious after the occurrence of
convulsions. Drug-induced convulsions and mechanical injury to the head are
also associated with pathological and functional changes in the lungs similar to
those which accompany oxygen poisoning. The pulmonary effects associated with
all three forms of cerebral injury are presumably mediated by way of hypophy-
seal-adrenocortical and sympatho-adrenomedullary pathways.

Many observations are indicative of an hypophyseal-adrenocortical involve-
ment in the rate of development and severity of pulmonary oxygen poisoning. The
lung damage and mortality of animals exposed to hyperoxia are decreased by
either hypophysectomy or adrenalectomy, and these protective influences can be
at least partially reversed by administration of adrenocorticotrophic hormone or
cortisone. When the same drugs are given to normal oxygen-breathing animals,
the development of pulmonary intoxication is greatly enhanced. Prolonged, acute
exposure to hyperoxia produces a decrease in adrenal ascorbic acid content and
chronic, intermittent exposures are accompanied by an increase in adrenal weight.
The adrenocortical response to oxygen breathing at 1.0 atm appears to be insig-
nificant for at least the first 24 hr and then increases progressively in parallel with
the severity of oxygen poisoning. During oxygen breathing at higher ambient
pressures, adrenocortical activity becomes evident more rapidly. Stimulation of
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the adrenal cortex during exposure to hyperoxia appears to be predominantly in-
direct by way of the hypothalamus or pituitary.

The involvement of sympatho-adrenomedullary pathways in the transmission
of central effects of oxygen toxicity to the lungs is also well documented. Many
general anesthetics offer protection against both the central nervous system and
the pulmonary manifestations of oxygen toxicity. Pretreatment with adrenergic
blocking drugs reduces the severity of pulmonary pathology, even when oxygen
convulsions are not affected. Lung damage and mortality during exposure to
hyperoxia are decreased by bilateral adrenal medullectomy and enhanced by ad-
ministration of epinephrine. The effects of many, but not all, autonomic drugs
upon pulmonary oxygen intoxication are consistent with exaggeration of indirect
influences by the sympathetic nervous system and antagonism of such action by
the parasympathetic nervous system. Hyperoxic stimulation of the sympatho-
adrenomedullary system, which is generally proportional to inspired Po, and
exposure duration, is greatly enhanced by the occurrence of convulsions.

The protection afforded against pulmonary oxygen poisoning by hypophysec-
tomy is due in part to cessation of thyrotropin secretion as well as to elimination
of adrenocorticotrophic hormone. Experimental modification of thyroid activity
in animals exposed to hyperoxia is accompanied by corresponding changes in the
severity of pulmonary pathology. The observation of similar correlations between
oxygen tolerance and changes in oxygen consumption in a variety of metabolic
states suggests that thyroid influences upon oxygen poisoning may be at least
partially related to changes in cellular metabolism. Studies of thyroid function in
animals exposed to hyperoxia are generally consistent with the conclusion that
thyroid activity is increased under these conditions, but contradictory results
have been reported.

Although it is clear that oxygen convulsions are associated with prominent
neural and hormonal influences upon the lungs, the relative contribution of these
indirect effects to the development of pulmonary oxygen intoxication at sub-
convulsive levels of hyperoxia is still not known. Since no living mammalian cell
is immune to the toxic effects of oxygen, every organ and tissue in the body must
be gradually and progressively poisoned by exposure to toxic oxygen tensions.
The practical significance of this general principle is obscured by wide variations
in “oxygen dose,” susceptibility, and capacity for compensation or recovery at
the local sites of action. The direct effects of oxygen toxicity upon the cellular
metabolism and function of the endocrine glands are not well understood. Evalu-
ation of these direct effects and their potential influences upon pulmonary oxygen
poisoning is an important area for future research.

In spite of extensive investigation within the past decade, the role of surface
active phenomena in the pathogenesis of pulmonary oxygen intoxication is still
disputed. Most workers have found that the surface activity of the alveolar
lining material is decreased in oxygen-poisoned lungs, but it is uncertain whether
this occurs as a direct effect of oxygen toxicity or only as a secondary conse-
quence of the concomitant effects of pulmonary intoxication. Potential mecha-
nisms for reduction of surfactant concentration in oxygen poisoning include direct
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inactivation, the formation of inhibitory substances, decreased synthesis and
physical disruption of the alveolar lining film by pulmonary edema. It is possible
that more than one of these actions may occur simultaneously. In any case, re-
duced surfactant function probably contributes to the pathological changes found
in the lungs during the terminal stages of oxygen intoxication.

Both the central nervous system and the pulmonary effects of oxygen toxicity
are markedly potentiated in animals exposed to convulsive levels of hyperoxia by
the addition of low, normally innocuous, partial pressures of carbon dioxide to
the inspired gas. The enhancement of pulmonary oxygen poisoning under these
conditions appears to be related to the increased intensity of neurogenic and
endocrine factors associated with the concurrent potentiation of oxygen convul-
sions. When the inspired Pco, is elevated to extreme levels during oxygen breath-
ing, convulsions are inhibited and lung damage is minimal or absent. These pro-
tective influences are probably related to the narcotic effects of carbon dioxide.
However, the development of fatal central nervous system intoxication is has-
tened by the interactions of hyperoxia and hypercapnia, even when convulsions
are inhibited. Studies of carbon dioxide influences upon the toxic effects of oxy-
gen at atmospheric pressure are not conclusive. Additional experiments will be
required in order to determine whether the potentiation of pulmonary oxygen
poisoning by hypercapnia is related only to the augmentation of central nervous
system oxygen toxicity or to other, more direct forms of interaction at the lung as
well.

Although it is now known that endogenous carbon dioxide retention during ex-
posure to hyperoxia does not play the prominent causative role that was formerly
ascribed to it, it is clear that acid-base factors contribute to development of the
syndromes of central nervous system and pulmonary oxygen intoxication. Failure
of hemoglobin reduction while breathing oxygen at high pressure impairs carbon
dioxide transport and causes accumulation of carbon dioxide in the tissues. The
resulting, relatively modest degrees of hypercapnia and acidosis appear to modify
the toxic effects of oxygen upon the lungs, but the mechanism by which this
occurs is not known. There is no conclusive evidence for a direct interaction be-
tween oxygen toxicity and hypercapnia. In the absence of such evidence, it must
be considered that oxygen poisoning can be influenced by other effects of hyper-
capnia and acidosis such as alterations in vascular tone, sympathetic activity
and vagal activity.

Apart from an increased susceptibility to alveolar atelectasis and hypoxemia,
total removal of inert gas from the lungs appears not to exaggerate the pulmonary
manifestations of oxygen toxicity. Most investigators have found that the rate of
development of pulmonary oxygen poisoning is solely a function of the inspired
Po, , regardless of the presence or absence of small concentrations of inert gas.
When oxygen is breathed along with narcotic levels of inert gas, however, both
pulmonary and central effects of oxygen toxicity are definitely enhanced. This
interaction is related not only to the influence of inert gas upon oxygen intoxica-
tion, but also to the separate and possibly additive influence of increased oxygen
tensions upon inert gas narcosis. Under these conditions, the toxic effects of oxy-
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gen are probably further potentiated by the elevation of cerebral P, associated
with inert gas narcosis and the impairment of alveolar ventilation by increased
gas density.

The existence of many potential mechanisms of pulmonary oxygen poisoning
provides the means for marked variability in the interactions between these
mechanisms. For example, the influence of neuroendocrine interaction is much
more prominent at convulsive levels of hyperoxia than it is during oxygen breath-
ing at 1.0 atm. The relative prominence of other influencing factors may also be
altered at different oxygen tensions and durations of exposure. Since the rate of
development of the lethal effects of pulmonary oxygen intoxication varies over a
wide range in different animal species and individuals, similar variability should
be expected with regard to the dominant mechanisms which are responsible for
these lethal effects. It is conceivable that many apparently inconsistent results
obtained in different experiments may be explained by changes in the interre-
lationships of the multiple direct and indirect influences which contribute to the
total syndrome of pulmonary oxygen poisoning.

MODIFICATION OF PULMONARY OXYGEN TOLERANCE

The rate of development of pulmonary oxygen poisoning in intact animals can
be influenced by a wide variety of conditions, procedures and drugs (table 5).

TABLE 5A
Factors influencing rate of development of pulmonary oxygen poisoning

Decrease Survival Time or Increase Severity of Pulmonary Pathology

Influencing factor Reference
Adrenocortical hormones 25, 42, 90, 92, 180-182, 328, 452, 473, 504
Adrenocorticotrophic hormone 25, 90, 328
Aspartic acid 528
Atropine 92, 181, 185
Carbon dioxide 44, 227, 250, 260, 326, 334, 367, 388, 467, 494, 522
Chorionic gonadotropin with proges- | 90

terone
Epinephrine 39, 40, 102, 178, 180, 181, 425, 452
Estrogen 90
Glutamic acid 528
Dextroamphetamine 391, 522
Dihydroxyphenylalanine 391, 522
Histamine 204
Hyperthermia 104, 151, 244, 310
Inert gas (inspired at high ambient 481

pressure)
Insulin 41, 179
Norepinephrine 178, 181
Thyroid hormones 35, 41, 43, 102, 104, 207, 454, 468, 473
Vitamin E deficiency 262, 469, 471, 474, 508
X-irradiation 179, 194




TABLE 5B

Factors influencing rate of development of pulmonary ozxygen poisoning

Increase Survival Time or Decrease Severity of Pulmonary Pathology

Influencing factor

Reference

Adrenal medullectomy

Adrenalectomy i

Adrenergic blocking drugs (dibenamine, SKF 501,
dibenzyline, dehydrobenzoperidol)

Alanine

Altitude acclimatization

Anesthesia (barbiturates, alpha-chlorolose, pro-
pylene glycol, urethane)

Antihistamines (promethazine, metyramine, thia-
zinanium)

Antioxidants (alpha-tocopherol polyethylene glycol
1000 succinate, ascorbic acid, NN’diphenyl-p-
phenylenediamine, hydroquinone, methylene
blue, propyl gallate, trihydroxyphenone anti-
oxidants, beta-aminoethylisothiuronium, nordi-
hydroquiaretic acid)

Arginine

Carbachol

Chlorpromazine

Cobalt (II)

Coenzyme A

Convulsions

Cystamine

Cysteamine

Cysteine

Dimercaprol

Ethanol

gamma-Aminobutyric acid

Ganglionic blocking drugs (hexamethonium, tetra-
ethylammonium)

Glutathione

Glycine

Glycylglycine

Hibernation

Histamine

Hypophysectomy

Hypothermia

Hypothyroidism (propylthiouracil)

Immaturity

Intermittent exposure
Methacholine

Oxytyramine

Reserpine

Serotonin

Sodium bicarbonate

Sodium diethyldithiocarbamate
Sodium lactate

Starvation

Succinate

Thiourea

Thyroidectomy

Tris aminomethane (THAM)
Tryptamine

Vitamin E

181, 182, 365, 371, 425

39, 180-183, 452, 473

178, 181, 182, 260, 261, 323, 327, 365,
372

528

81

43, 44, 93, 94, 227, 250, 253, 254, 258

171, 204, 328

175, 179, 185, 257, 398, 474

528

178, 181, 185

28, 171, 178, 203, 328, 365, 495
175

179

37, 221, 261, 377, 526
175

175, 179, 185, 186, 254
179, 185

500

179

526-529

203, 261

175, 179, 185, 474

528

528

400

495

25, 37, 42, 104

206, 400

207

24, 151, 177, 188, 280, 292, 399, 413,
456, 457, 463, 483, 514, 519
1, 217, 375, 386, 422, 531
178, 181, 185

178, 179, 181, 185

217, 28, 365, 373

495

338, 430

131, 175

155

103, 194, 369

429

175

102, 104

30, 325, 331, 353, 430
178, 181, 186

262, 469, 471, 474
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The factors summarized in table 5 have been shown to have a significant effect
upon either the degree of pulmonary pathology or the survival time or both of
these in animals exposed to toxic oxygen pressures. Individual references may be
consulted for descriptions of details such as exposure duration, level of hyper-
oxia, indices of toxicity and animal species.

Modification of the rate of development of pulmonary oxygen poisoning by
various means has been studied for two major purposes. One purpose involves
the obtaining of clues relating to potential mechanisms of pulmonary oxygen
toxicity; several pertinent papers were reviewed in the previous section. A second
major purpose has been concerned with the effects of various agents upon the
rate of development of pulmonary oxygen poisoning in patients who breathe
oxygen at increased partial pressures for therapeutic reasons. With regard to the
latter, the results of animal studies have identified several factors which may be
expected to enhance or delay the development of pulmonary oxygen poisoning.

The rate of development of pulmonary intoxication in man has been studied
predominantly in normal volunteers who continuously breathed oxygen at in-
creased partial pressures in the absence of other influencing factors (table 3).
Therefore, little information is available regarding the quantitative effects of the
agents listed in table 5 upon oxygen poisoning in the human lung. It is reasonable
to assume, however, that agents which clearly modify pulmonary oxygen poi-
soning in animals will have similar qualitative effects in man. It is very likely that
patients with elevated levels of catecholamines, adrenocortical hormones or
thyroid hormones will have an increased susceptibility to pulmonary oxygen
toxicity. The pulmonary oxygen tolerance of aged patients may also be decreased.
The adverse effects of hyperthermia in animals exposed to hyperoxia suggest that
febrile patients may have an increased susceptibility to oxygen poisoning. Hyper-
capnia is another common clinical entity which definitely enhances pulmonary
oxygen poisoning when acute hypercapnia occurs concurrently with exposure to
convulsive levels of hyperoxia. The effects of an increased arterial P¢o, during
oxygen breathing at atmospheric pressure or after adaptation to hypercapnia
are still not known.

Many patients receive oxygen therapy in order to relieve dangerous degrees of
arterial hypoxemia caused by inadequate pulmonary function. The work of
Winter et al. (520) indicates that such patients may be relatively resistant to
pulmonary oxygen toxicity, at least at convulsive levels of hyperoxia. However,
the results of other investigators (343) suggest that impairment of arterial oxy-
genation does not provide significant protection against pulmonary damage
during oxygen breathing at atmospheric pressure. Since the administration of
oxygen partial pressures of 1.0 atm or less to patients with abnormal pulmonary
function is one of the most common clinical applications of oxygen therapy, stud-
ies are sorely needed to establish conclusively the presence or absence of indirect
forms of pulmonary oxygen poisoning at subconvulsive levels of hyperoxia.

Although it has been demonstrated that many drugs can significantly delay
the onset or decrease the severity of pulmonary intoxication in animals exposed
to hyperoxia (table 5), the prospects of using such drugs to effectively enhance
the benefits of oxygen therapy are not encouraging. In some cases, the doses of
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the drugs used to provide protection are so high that they cause toxic or other un-
desirable effects. A few of the drugs protect against some forms of oxygen poison-
ing while simultaneously enhancing others. For example, barbiturates delay the
onset of convulsions and pulmonary pathology, but increase the residual brain
damage found in animals exposed to hyperbaric oxygen (18, 19, 219, 249, 493,
496). However, no evidence of residual brain damage has been found in a series
of over 200 cancer patients who were deeply anesthetized with pentobarbital and
exposed repeatedly to about 4.0 atm of O, for an average time of 45 min in con-
junction with radiation therapy (496). The observations that pulmonary oxygen
tolerance is clearly decreased in vitamin E-deficient rats (262, 469, 471, 474, 508)
and increased by administration of antioxidant drugs (257) suggest that such
drugs may be of some value as adjuncts to oxygen therapy. The employment of
hypothermia as a protective measure may be practical and effective in situations
where brief exposures to hyperbaric oxygen pressures are required. Succinate and
THAM may also prove to be useful therapeutic adjuncts if the disadvantages of
high doses with undesirable side effects can be avoided. In spite of these hopeful
possibilities, it is likely that most of the agents listed in table 5 will have very
limited clinical applications.

One measure which has been proven to be practical and effective as a means of
increasing oxygen tolerance is the intermittent interruption of oxygen breathing
by exposure to a normal inspired Py, . This phenomenon was apparently first ob-
served by Soulie (462) who found no indications of oxygen intoxication in animals
exposed for about 6 weeks in alternating 24-hr intervals to about 1.0 atm of O,
and to air. Paine ef al. (375) also found that interruption of exposure to about 1.0
atm of O, definitely delayed the occurrence of pulmonary oxygen poisoning in
dogs. Survival time was greatly prolonged by changing the inspired gas from oxy-
gen to air for a single 45-min interval or for three 15-min intervals each day. In
mice exposed to 1.0 atm of O, with a daily 4-hr interruption, an equivalent in-
crease in pulmonary oxygen tolerance was obtained when the gas breathed during
the interruption was either air at 1.0 atm or pure O, at 0.26 atm (531). These re-
sults indicate that the extension of pulmonary oxygen tolerance achieved by in-
termittent exposure is related to reduction of the inspired Po, to a normal level
rather than addition of inert gas to the inspired mixture, and they are consistent
with the concept proposed by Haugaard (222, 224) that oxygen poisoning results
from oxidation of critical enzymes or cofactors which can be rapidly resynthesized
when a non-toxic P, is restored.

Several investigators have shown that both pulmonary and CNS oxygen tol-
erance in animals breathing O, at pressures ranging from 2.0 to 5.5 atm can be
greatly increased by periodic interruptions of the exposure (1, 217, 282, 386). In
an attempt to determine optimum schedules for intermittent oxygen breathing,
Hall (217) systematically exposed guinea pigs to 3.0 atm of O, for intervals of 10
to 30 min alternately with exposure to 0.21 atm of O, for 5 to 20 min. The most
efficient schedule in terms of maximum gain in oxygen breathing time for mini-
mum increase of total expended time consisted of 20-min intervals of exposure to
3.0 atm of O, alternated with 5-min intervals of exposure to 0.21 atm of O, . With
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this schedule the times for occurrence of gasping respiration, convulsions and
death in 25 % of the animals were increased from 5.2, 7.5 and 11.5 hr, respectively,
for continuous exposure, to 11.8, 13.0 and 14.7 hr, respectively, for intermittent
exposure.

The increase in oxygen tolerance achieved by periodic interruptions of oxygen
breathing appears to depend at least partially upon the degree of oxygen intoxi-
cation which develops before reduction of the inspired Po, . For example, Polgar
et al. (399) found that significant mortality occurred when mice were exposed in
alternate 6-hr intervals to 0.95-1.0 atm of O, and air, but not when the alternate
intervals were 2 or 3 hr in duration. Similarly, the life-span of Drosophila, which
was not affected by exposure to 1.0 atm of O; for 4 to 6 hr per day, was signifi-
cantly shortened by extension of the oxygen exposure to 8 hr per day (159). When
the flies were exposed intermittently to 1.0 atm of O, , their life-span was longer
than that observed for a continuous exposure to an equivalent ‘“average” oxygen
pressure per day. In contrast to this, very brief exposures to 2.0-5.5 atm of O,
produced a shorter life-span than that associated with continuous exposure to
an equivalent, small elevation in the “average’” oxygen pressure. Although data
obtained in Drosophila are not directly applicable to mammalian lungs, they
help to establish the general principle that recovery from the toxic effects of oxy-
gen is more complete when the degree of poisoning is less severe. It has also been
observed that the severity of oxygen poisoning in Drosophila increases linearly
with duration of exposure even though symptoms are not detectable until the
terminal stages of intoxication (159). If this principle is applicable to mammals,
it may help to explain how oxygen tolerance can be increased by intermittent
exposure, because data obtained in guinea pigs (155) suggest that the rate of re-
covery from oxygen poisoning is exponential when the inspired P, is reduced to
a normal level.

Fenn (157) attempted to describe mathematically the rate of recovery from
oxygen intoxication in Drosophila exposed intermittently to increased oxygen
pressures. Their efforts were frustrated by the extreme variability of the capacity
for recovery in different individuals and possibly also by the lack of an appropri-
ate index of oxygen toxicity. The results of these studies suggested that recovery
occurred more slowly after the gradual development of oxygen poisoning in flies
exposed to 1.0 atm of O, than it did after the rapid onset of toxicity at higher oxy-
gen pressures. It would be of great interest to perform similar studies in small
mammals exposed intermittently to varying levels of hyperoxia. With quantita-
tive measurements of lung damage and survival time as toxicity indices, such
studies could provide information which may apply at least qualitatively to the
rate of recovery from pulmonary oxygen poisoning in human lungs. General
principles established by these studies could also provide the basis for definitive
experiments designed to measure the rate of recovery from early, reversible de-
grees of pulmonary oxygen poisoning in normal men.

There is very little quantitative information describing the influence of inter-
mittent exposure upon oxygen tolerance in man. During World War II field opera-
tions, Lambertsen (282) observed that nearly daily exposures of divers to the
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limits of CNS oxygen tolerance over a period of more than a month did not re-
sult in evident cumulative toxic effects. Tolerance to increased oxygen pressures
at depth could at least in part be re-established acutely without interruption of
oxygen breathing by returning to the surface for a short period of time (285). In
a large series of subjects, Donald (138) found that multiple exposures to hyper-
oxia until the onset of CNS symptoms did not cause residual neurologic or pul-
monary impairment. In two subjects who breathed oxygen at 2.0 atm for 10.3
and 11.2 hr, the onset of pulmonary symptoms and a progressive decrease in vital
capacity appeared to be delayed by periodic, brief reductions of alveolar Po, to
0.26-1.05 atm (114, 116). During a 24-hr exposure of 30 subjects to 0.75 or 1.0 atm
of 0., however, the incidence of pulmonary symptoms and magnitude of; de-
crease in vital capacity were not consistently reduced by 1 to 15 min of air breath-
ing every 3 hr (120). The only apparent benefits of intermittent exposure were a
decreased severity of symptoms in the subjects who breathed oxygen at 0.75 or
1.0 atm with 15-min intermissions and a smaller decrease in vital capacity in the
members of this group who were exposed to 1.0 atm of O, . Carefully controlled
studies of the rate of development of pulmonary intoxication in men exposed in-
termittently to hyperoxia are needed to explain these results and to establish
optimum schedules for increasing pulmonary oxygen tolerance by the use of
intermittent exposures.

CONCLUDING REMARKS

The studies considered in this review emphasize that prolonged exposure to
hyperoxia has adverse effects upon multiple structural components of the lung.
Pulmonary cells and tissues are progressively damaged and ultimately destroyed
by toxic actions of oxygen which are initiated through the inactivation of essen-
tial enzymes and extended by the disruption of cellular metabolism. The nature
and sequence of the specific biochemical and pathological processes involved in
intracellular oxygen poisoning are not necessarily uniform in different cell types,
even within the lung.

Superimposed upon the direct effects of oxygen toxicity upon the lung are
neural and hormonal influences related to the development of oxygen intoxication
in the central nervous system and possibly in other extrapulmonary sites such as
the adrenal and thyroid glands. Although these indirect influences can clearly
increase the severity of the overall syndrome of pulmonary oxygen poisoning, it
is not known whether they do so by interaction with enzymatic oxygen toxicity
or by altering the consequences of cellular intoxication through influences upon
vascular and bronchiolar smooth muscle tone, vascular permeability and vagal
activity. Similar uncertainties exist regarding the mechanisms of the demonstrated
interactions between oxygen intoxication and hypercapnia or inert gas narcosis.
Certain of these questions could be resolved by studying the effects of hormones,
acidosis, carbon dioxide and inert gases upon the development of oxygen poison-
ing in preparations devoid of circulatory and neural influences.

In the lungs of intact animals, the diverse mechanisms of oxygen toxicity com-
bine to cause increasingly severe morphological and structural damage with con-
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comitant and progressive deterioration of pulmonary function. Although the
rates of development of morphological changes have been studied quantitatively
in rats and monkeys (especially at 1.0 atm), little is known about the degree of
functional impairment associated with specific pathological alterations at various
stages of pulmonary oxygen poisoning. Quantitative comparisons of structural
and functional changes during the progression of oxygen intoxication would aid
identification of the pathological effects responsible for impairment of mechanical
properties and gas exchange in oxygen-poisoned lungs. Such studies should be
performed at many levels of hyperoxia and in different animal species because
the sequence of toxic effects and correlations of structural and functional changes
will be affected by alterations in the rate of cellular intoxication, the time avail-
able for reaction of damaged tissues, the intensity of neuroendocrine influences
and species susceptibility to oxygen toxicity. There are patterns of interaction
among the many factors known to contribute to the pathogenesis of pulmonary
oxygen poisoning. These will also be partially determined by the inspired Po,
and by the degree of susceptibility of specific cell groups to oxygen toxicity. In
animals exposed to convulsive levels of hyperoxia the overt manifestations of
pulmonary intoxication are greatly exaggerated by neuroendocrine and hyper-
capnic influences. However, the role of these factors in the syndrome of pul-
monary oxygen poisoning has not been established at oxygen pressures which do
not induce convulsions. Since oxygen breathing at 1.0 atm is employed in the
therapy of patients with hypoxemia, acidosis and hypercapnia, it is important
to determine whether indirect influences such as these affect the development of
pulmonary oxygen poisoning at sea level.

Because of widely different susceptibility of animal species to pulmonary
damage by oxygen, a precise definition of tolerance in man must be based upon
measurements made in human subjects who are exposed to hyperoxia until
definite manifestations of pulmonary oxygen poisoning appear. Such studies are
limited in number and should be extended to include exposures at several levels
of Py, above atmospheric. It should also be recognized that the minimum level
of inspired Po, which will cause progressive pulmonary damage in man is not yet
known. At partial pressures of 0.5 atm or less, normal men can breathe oxygen
for many days without significant impairment of pulmonary function, but it
cannot be stated unequivocally that adverse effects will not eventually occur
after a sufficient duration of exposure. Furthermore, data obtained from normal
subjects may not be quantitatively applicable to patients in whom oxygen toler-
ance may have been altered by disease or by drugs.

At the present time, intermittent exposure to a normal inspired P,, appears
to be the most practical means available for effectively minimizing pulmonary
oxygen poisoning while providing useful periods of exposure to oxygen. However,
essentially no information exists concerning the quantitative influence of inter-
mittent exposure in slowing the rate of development of pulmonary oxygen poison-
ing in man.

Optimum schedules for improving oxygen tolerance by periodic alternation
of high and normal inspired Py, should be established for men breathing oxygen
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at several levels of ambient pressure. Related experiments should define the
rates of recovery from progressive degrees of pulmonary oxygen intoxication.
It is conceivable that, eventually, the advantages of intermittent exposure may
be even further enhanced by concurrent administration of drugs to retard the
rate of development of oxygen poisoning or hasten the rate of recovery. Evalua-
tion of the mechanisms and the practical applications of these protective in-
fluences will contribute much to the safe and effective use of oxygen at increased
partial pressures in therapy, undersea activity and decompression after diving.
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