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ENDOCRINE FACTORS RELATED TO TOXICITY
OF OXYGEN AT ATMOSPHERIC PRESSURE

HiEP?
by Charles W$ Smith

Earlier work has established that pituitary, adrenal,
and thyroid principles enhance adverse response to oxygen at
high pressures. The purpose of this investigation was to de-
termine the possible effects of these endocrine factors upon
the adverse response to oxygen in high concentrations at at-
mospheric pressure (OAP),

Young Sprague Dawley rats, maintained on a uniform

diet, were chosen as experimental subjects. They were exposed

to oxygen in especially constructed airtight chambers. Con-
centration of oxygen was, in general, maintained above 385 per
cent by continuous flow of gas supplied from commercial cylinders.
Carbon dioxide level was kept below 0.20 per cent by soda lime,
Temperature was about 28°¢.

In the first section, experiments were carried out to
determine the effects of hypophysectomy upon rats exposed to
oxygen at atmospheric pressure. It is well-known that animals
continuously exposed to OAP for long periods exhibit gross pul-
monary congestion, hyperemia, consolidation and massive hydro-
thorax. The extreme involvement is indicative of a major
alteration of permeability in the vascular bed. Hypophysectomy
was found to provide a very significant degree of protection
from OAP adverse effects as indicated by lessened pulmonary
pathology, decreased hydrothorax and increased survival time
of the operated rats. The inference was made that this protec-
tion was attributable, in part at least, to elimination of

adrenocorticotrophin and of adreno-cortical factors.,



In carrying this investigation further, it was found
that adrenalectomy also provided protection against OAP ill
effects. This protection was evidenced by a decreased degree

of pulmonary pathology, lessened hydrothorax and increased

survival time of the operated rats. These experiments sub-

stantiated the inference that removal of adreno-cortical fac-
tors was responsible, at least, in part, for the protection

from OAP effects conferred by hypophysectomy. The conclusion

that removal of some adrenal principle imparted beneficial ef-

fects to rats in OAP was justified.,

This conclusion was further supported by the results
of experimental studies in which cortisone was administered to
animals in OAP. This adreno-cortical factor significantly
shortened survival time in oxygen and accentuated the typical
pulmonary pathology.

Since adrenalectomy removes medullary as well as corti-
cal hormones it is possible that part of the protection con-
ferred by adrenalectomy might be due to removal of epinephrine.
Experiments were undertaken, therefore, to determine what ef-
fect, if any, epinephrine would have upon animals exposed to
OAP. Subcutaneous injection of epinephrine, in amounts +too
small to be injurious in air controls, brought about a signifi-
cant enhancement of OAP adverse effects. This enhancement was
evidenced by greatly decreased survival time and by accentuated
lung pathology. The results of this study indicated that the
medullary factor may act in mediating adverse response to OAP,

Part of the protection afforded by hypophysectomy might
possibly be due to removal of thyrotrophin with consequent



diminishment of thyroid secretion; therefore, studies were
undertaken to determine the effect of thyroid factors upon
the toxic response of rats to CAP, It was found that thyroid
hormone when administered as dessicated thyroid or as thyroxine
decreased survival time and enhanced lung pathology of normal
rats in OAP. In addition, thyroid factors were found to re-
verse the beneficial effects of hypophysectomy; this also was
shown by decreased survival time in oxygen and increased degree
of lung damage. These data indicate that the beneficial effects
of hypophysectomy may be due, in part, to decreased thyroid
function.

While it must be recognized that the conditions of
gtress which are present in oxygen at Eiﬁﬁ pressures and in

oxygen at atmospheric pressures are not identical, the data

obtained from this investigation demonstrate that the endocrine
factors which have been shown to be damaging in oxygen high
pressure are also operative in enhancing the adverse effects of

oxygen at atmospheric pressure.
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1. INTRODUCTION

In 1775 Priestly speculated that "dephlogisticated
air" might be useful in medicine, but also that this same sub-
stance could be harmful: ", ., ., for," said he, "as a candle
burns out much faster in dephlogisticated air than in common
air so we might as may be said live out too fast and the ani-
mal powers be too soon exhausted in this pure kind of air."
Lavoisier (1783) reporting the results of post mortem findings
in guinea pigs which had succumbed in oxygen stated: "The
flesh, upon inspection, was very red, the heart was livid and
filled with blood, especially the right auricle and ventricle;
the lungs were very flaccid but exceedingly red and engorged
with blood even on the surface.,"

Following the initial experiments of Priestly and of
Lavoisier on the essentiality of oxygen for oxidations within
the body, its employment was widely advocated for therapeutic
purposes, Beddoes, although an early advocate of this thera-
peutic use, realized that oxygen might cause pulmonary damage
because he found that lungs of a kitten maintained in 80 per
cent oxygen for seventeen hours were exceedingly red; those
of a control were normal (Beddoes and Watt, 1796). During
the early part of the nineteenth century, enthusiasm for in-

discriminate use of oxygen was somewhat dampened due to an

1




awareness of ite possible ill effects. At about 1850, there
was a revival, however, of interest in oxXygen as an agent
beneficial in the treatment of pneumonia and of hypo-oxia in
general, The actual damaging action of oxygen constituted
the subject of continuocus debate and, indeed, the problem is

not completely resolved today.

The work of Paul Bert, reported in his La Pression

Barometrique (1878) constituted a major landmark in the study
of oxygen toxicity. Bert concluded from his experiments that
oxygen in high pressures (OHP) was toxic to all living organ-
isms. He observed the central nervous system effects which
were indicated by the appearance of convulsions in birds, rats,
frogs and dogs exposed to oxygen pressures of three atmospheres
and greater,

Thompson (1889) noted that cold blooded animals were
not so readily affected by oxygen at increased pressures as
were higher animals, In addition to the CNS effects observed
by Bert, Thompson described the pulmonary congestion which is
an accompanying manifestation of OHP,

While Bert and Thompson studied the results of exposure
to oxygen at pressures in excess of one atmosphere, a thorough
study of lower tensions of the gas was not carried out until
J. Lorrain §mith in 1899 set out "to find the effects which
arise with tensions approaching by degrees that required to
produce the toxic effect described by Bert." The lowest oxygen
tension studied by Smith was 0.4 atmosphere; above this, at
intervals, exposures were made until a tension of 4.5 atmos-

pheres was reached,




The first experiment, which he regarded as a control,
involved the exposure of two mice to an average tension of
41.6 per cent oxygen at atmospheric pressure for eight days;
they showed no abnormal symptoms., In the second series of
exposures mice were placed in 70 - 80 per cent of an atmos-
phere of oxygen and after four days two out of four of them
were dead., Further exposures using increasingly higher ten-
sions of oxygen, i.e., percentages of 130, 180, 230, 300,

357 resulted in progressively shorter survival of the mice,
Autopsy of these animals revealed consolidation and congestion
of the lungs which sank in fixing fluid; the pneumonic condi-
tion was universal and was compared, by Smith, to early stages
of croupous pneumonia., Very few micro-organisms were found in
the lung sections.

Smith concluded that there are two phases of oxygen
effect, First there is the slowly developing pulmonary effect
and second a rapidly developing action on the nervous system,
He further suggested that the pulmonary damage caused by oxy-
gen might be protective to the central nervous system by im-
peding absorption of excessive amounts of oxygen. Smith thought
of oxygen as a direct irritant to pulmonary tissue,

Karsner (1916) substantiated these findings of Smith
and held that oxygen by exerting an irritative action on lung
tissue brought about the observed edema, congestion, epithe-
lial degeneration, desquemation and finally pneumonia., He
found edema and congestion in liver, stomach, adrenals and

other abdominal viscera.
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Studies on humans as experimental subjects have also
indicated that oxygen in high concentrations exerts an effect
comparable to that described for animals (Clamann and Becker-
Freyseng, 1939). Some have claimed that the lungs of man are
less readily damaged by oxygen than are those of other animals
and that susceptibility may vary from one species to another,

Numerous studies on the effects of atmospheric pres-
sure and of high pressure oxygen have been undertaken within
the past years. The literature has been extensively reviewed
by Stadie, Riggs and Haugaard (1944) and by Bean (1945),

The exact mechanisms of adverse action of oXygen are
not well nown, For the damage due to high pressure oxygen
at least, a number of explanations have been suggested; for
example, an accumuletion of carbon dioxide at the tissue level
due to a disruption of dual function of hemoglobin, poisoning
of oxidative enzymes, and direct irritative action of oxygen
on pulmonary tissue,

Since, as Smith showed, there is no real clear line
of demarcation between the effects of high tensions of oxygen
at atmospheric pressure and the effects of oxygen at pressures
greater than one atmosphere, it is reasonable to assume that
some of the factors which are responsible for effects of oxygen
at high pressures are also active in pressures of approximately
one atmosphere.

With the assumption that oxygen at high pressures con-
stitutes a stressor of major importance, Bean (1951) studied

the condition of adrenals of rats exposed to oxygen high




pressure (OHP) and found evidence of hyperactivity of these
organs. Later studies (Bean and Johnson, 1952) showed that
hypophysectomy confers a very pronounced protection against
the deleterious effects of OHP. Subsequent studies using
ACTH and cortisone which reverse the beneficial effects of
hypophysectomy led to the conclusion that the normal defen-
sive action of these agents against the more usual types of
stress was absent in the stress of oxygen high pressure and
that actually the presence of these pituitary-adrenal factors
exaggerated rather than relieved the adverse effects of oxygen
(Bean, Johnson and Smith, 1953),

It has been stated above that no clear line of de-
marcation exists between the effects of high concentrations
of oxygen at atmospheric pressure (hereafter designated OAP)
and those of high pressure oxygen (OHP); however, there are
some differences between the actions of OHP and of OAP; for
example, a small increase of carbon dioxide has peculiarly
striking effects in OHP, whereas in OAP these are either en-
tirely absent or much less pronounced., Similarly endocrine
factors might not have the same effect in OAP as in OHP,

The present study, therefore, was undertaken to determine
the possible significance of these factors in the toxicity
of oxygen at atmospheric pressure. The subject matter will
be presented under the following headings:

A, Hypophysectomy and the Adverse Effect of Oxygen
at Atmospheric Pressure (OAP)




B. Adrenal Factors ‘.
l. Adrenalectonmy
2. Cortical Factors--Cortisone
3. Medullary Factors--Epinephrine

C. Thyroid Factors

1. Dessicated Thyroid
2. Thyroxine




1I. APPARATUS AND METHODS

In these experiments young Sprague Dawley rats were
chosen as experimental subjects. In all the experiments ex-
cept one, males were used. They were exposed to oxygen in
alrtight chambers constructed especially for this purpose.
Figures 1 and 2 show structural details, size and general
significant features of these chambers,

A screen mesh floor was supported by an angle iron
frame above wood shavings. kach chamber was divided central-
ly by means of a wire screen so that two groups of rats could
be kept separate but exposed simultaneously to the same atmos-
phere. On the wooden top of the chamber provision was made
for inlet and outlet of oxygen or air, and for entrance of a
water fountain; lucite hatches sealed with rubber gaskets per-
mitted introduction or removal from the chamber of rats and of
food which consisted of bread, oranges, meat, lettuce and car-
rots supplemented with commercial dry laboratory animal rations,
A centrifugal fan driven by an induction motor circulated the
gas past water cooling coils and through soda-lime cartridges
to remove carbon dioxide (Figure 1). Temperature was maintained
at 28°c.

Oxygen was provided to the chambers in a continuous

flow from cylinders of commercially pure oxygen and room air
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where needed was furnished from & compressor. Quantitative
analysis of gas was made at regular intervals using a Haldane-
Henderson-Novy absorption type gas analyzer. With the excep-
tion of one instance, which will be mentioned in a later
section, oxygen concentration was maintained above 95 per cent
and carbon dioxide never rose above 0,20 per cent,

The experimental data derived from this investigation
was statistically analyzed by Student-Fisher E test for differ-
ence between groups which were compared (Snedecor, 1950).
Standard error (S.E.) was computed for all averages of survival
time, hydrothorax and lung-heart weights. Tabulation of these
data have been included in the text so that information is
available for each exposed rat as to mortality (D., died in
oxygen; S., sacrificed for evaluation of pulmonary effects),
survival time, degree of lung damage and hydrothorax. For some

of the experiments lung-heart weights have also been included.,
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Figure 1,--Cross-section Representation of
Oxygen Exposure Chamber, Circulating fan, cool-
ing coils, and replaceable soda lime cartridge
are indicated. Floor and central partition con-
sist of open screen mesh., Beneath floor is room
for layer of wood shavings,




Figure 2.,--Photograph of Oxygen Exposure
Chamber. Lucite hatches for introduction and re-
moval of rats and food are shown, Holes drilled
in top allow for inlet and outlet of gas and for
drinking fountains,




III. EXPERIMENTAL PROCEDURES AND RESULTS

A. Hypophysectomy and the Adverse Effect of Oxygen
at Atmospheric Pressure (OAP)

It has been shown that hypophysectomy confers a measure
of protection from oxygen high pressure effects (Bean and John-
son, 1952). In this section three exXperiments were carried
out to determine what effects hypophysectomy might have upon

rats exposed for long periods to oxygen in high concentrations

at atmospheric pressure.

Experiment I.--In the first of these experiments 21 rats

were used, 6 hypophysectomized and 5 normals were exposed in
the chamber. Five hypophysectomized and five normals were
maintained in air as controls. This division is summarized in
Table 1.
TABLE 1
NUMBER OF HYPOPHYSECTOMIZED AND NORMAL

RATS IN OAP AND IN AIR
(EXPERIMENT I)

Hypophy. Normals
OAP 6 5
Air 5 5
Total 11 10

11
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Frequent analysis of carbon dioxide and oxygen showed
that carbon dioxide did not rise above 0.2 per cent and that
the oxygen was maintained above 95 per cent except for two
short intervals during the first twenty-four hours when, due
to failure of the supply, it fell to 65 per cent for a short
time. The animals were observed throughout the course of the
experiment for indications of adverse effects,

Estimation of lung involvement (as shown in Table 2
and in succeeding tables) was based upon relative severity of
observed macroscopic changes. Iungs which remained essential-
1y normal were designated 9; those showing complete hemorrhagic
congestion 4, while intermediate degrees of severity were in-
dicated by 1, 2 or 3. Figure 3 which shows typical effects
of OAP illustrates the contrast between lungs graded O and
those graded 4. Degree of hydrothorax was also crudely esti-
mated and has been included in the tabulation of these early

experiments as much, some or little.

Criteria for evaluation of the OAP effects were:
(1) time of onset of symptoms of oxygen's adverse effects,
(2) mortality, i.e., the number of animals in each group which
died in OAP, (3) condition of the lungs at death, (4) average
survival of +the animals in oxygen,

In the first experiment the animals were apparently
unaffected until approximately the thirtieth hour of exposure,
By thirty-six hours all the normal animals were dyspneic and
at forty-five hours the first rat (non-operated) had succumbed;

two of the same group expired in rapid succession at about
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Figure 3.--Lungs of Rat Exposed to OAP
with Lungs of Air Control. The animal whose
lungs are shown on the right succumbed in
oxygen; lungs of an air control on the left.
This figure illustrates the involvement of
lungs which is typically seen the result of
exposure at atmospheric pressure.
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fifty hours. The two remaining unoperated animals were
gsacrificed in terminal states at the end of seventy hours
with intraperitoneal injection of sodium pentobarbital.
In contrast to this, none of the hypophysectomized rats
died in oxygen; all were sacrificed; at the death of each
non-hypophysectomized animal an hypophysectomized rat was
killed for comparison of pulmonary pathology.

Comparative examination of the lungs provided an
effective criterion for evaluation of the protection which
results from hypophysectomy. Lungs of the non-operated
rats which died in oxygen were dark and liver colored;
they sank in saline and appeared to have little or no air
containing tissue. The thorax was found to contain a con-
siderable volume of translucent yellowish fluid which clot-
ted upon standing, indicative of a high protein content.
The stomach contained large masses of undigested food; the
intestines were empty or almost so. The liver was enlarged,
darker than normal, and congested, The adrenals were dark,
hyperemic, and enlarged.

In contrast to these effects every hypophysectomized
animal sacrificed was relatively free of hydrothorax and
of gross pulmonary damage. The stomach was normal; liver
and adrenals were of normal size and color. The remarkable
contrast between lungs of non-operated and of hypophysec-

tomized rats'which were simultaneously exposed is illustrated
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in Figure 4; changes of the lungs seen in the non-operated
animal are typiecal of the effects of OAP,

The procedure of this experiment in which a large
number of control animals were sacrificed for comparison
did not permit an exact appraisal of average survival time
in the two groups. However, the fact that the non-hypo-
physectomized rats all died before their controls conclu-
sively shows that hypophysectomy prolongs survival. The
findings from examination of lungs also substantiate this
conclusion. Table 2 outlines the results of this experiment
in terms of the effect of OAP upon hypophysectomized and

normal rats. Air controls were normal,

Experiment Il.--The same procedures carried out

in the second experiment on twenty rats as indicated in
Table 3 resulted in data which are fully corroborative of

those obtained in Experiment I. Onset of symptoms of OAP

effects such as dyspnea and anorexia were delayed for the
hypophysectomized rats. Comparison of mortality and lung
pathology gave evidence that hypophysectomized rats enjoy
at least a degree of protection from the adverse effects
of OAP, The results of this experiment as summarized in
Table 2 were equivalent to those of the first experiment
and justify a similar conclusion; namely, hypophysectomy
lends some protection from the characteristic harmful ef~-

fects of oxygen at atmospheric pressure.
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Figure 4.--Effects of OAP on Iungs of Normal
and Hypophysectomized Rats. Iungs of normal,
non-operated animal on the left show over-all
congestion and hyperemia; those on the right--

lungs of a sacrificed, hypophysectomized rat--
are relatively unaffected,
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TABLE 3

NUMBER OF HYPOPHYSECTOMIZED AND NORMAL
RATS IN OAP AND IN AIR
(EXPERIMENT IT)

Hypophy. Normals
OAP 5 5
Air 5 5
Total 10 10

Experiment III.--The third experiment was intended

to provide further data on survival. In contrast to Experi-
ments I and II none of these rats was sacrificed for observa-
tion of pulmonary effects until the end of the experiment,
The procedure obviously did not permit so exact a comparison
-of lung involvement but did allow comparison of survival

times in OAP, Division of the rats is summarized in Table 4.

TABLE 4

NUMBER OF HYPOPHYSECTOMIZED AND NORMAL
RATS IN OAP AND IN AIR
(EXPERIMENT III)

Hypophy. Normals
OAP 9 9
Air 5 5

Total 14 14




19

It was found that hypophysectomy again provided
protection to the rats. All of the non-operated animals
succumbed before any of the hypophysectomized. 1In every case
their lungs were hemorrhagic, their thoraces were full of
free fluid and the other manifestations of oxygen poisoning
were present. However, during this experiment two of +the
hypophysectomized rats died late in the exposure and upon
autopsy typical pulmonary pathology and some hydrothorax were
found. Table 5 sumrarizes the data obtained for the two groups
in terms of mortality, average survival, degree of lung damage
and hydrothoraex. Since all of the non-operated rats had suc-
cumbed before 64-1/2 hours, the remaining rats were sacrificed
at 78 hours. The relatively minor pulmonary pathology as shown
by post mortem examination indicated that the hypophysectomized
sacrificed rats could have lived much longer; therefore, their
average survival is indicated by arrows in Figure 5 as greater
than 77 hours. The lungs of all air controls were normal,

Again, it can be concluded from this experiment (II1I)
that hypophysectomy results in a delaying of manifestation of

the adverse effects of oxygen at atmospheric pressure. These

results thoroughly substantiate the findings of Experiments

I and II.

The results of these three experiments clearly demon-
strate that oxygen at atmospheric pressure is harmful to
young non-hypophysectomized rats as evidenced from the pulmo-

nary pathology, hydrothorax and early death.
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The results also show that hypophysectomy confers
a large measure of protection from the adverse effects of
OAP. The basis for this conclusion is (1) the lower mortal-
ity, (2) the decreased lung pathology, (3) the greatly in-
creased survival time of hypophysectomized rats in OQAP.

Striking as this contrast between hypophysectomized
and normal animals is, it is noteworthy that the protection
is by no means complete, since two operated animals succumbed
in OAP with extensive pulmonary damage. The hypophysectom~
ized rats which were sacrificed also showed varying degrees
of lung pathology which may be attributed to oxygen effects.

Demonstration of this protective effect of hypophy-
sectomy raises the question of its mechanism of action. Ex-
tirpation of the pitultary removes, among other things,
adrenocorticotrophin and thyrotropic hormone. The protection
may be the result of lowered adreno-cortical hormone produc-
tion, of lowered metabolic activity, of a combination of
these factors or of some other factors related to hypophyseal
function. Conversely it appears that presence of these fac-
tors permit or contribute to the occurrence of adverse effects
of oxygen, particularly to pulmonary involvement including
‘increased vascular permeability as evidenced by extensive
hemorrhage into tissue spaces and the massive effusion of
free fluid into pleural areas. The observation of the high
protein content of this hydrothorax fluid as reported earlier
(Bean and Smith, 1952) has been more recently confirmed by

Aschan and Wallenius (1953) who, working with guinea pigs,




23

reported that the edema fluid which causes hydrothorax
during oxygen poisoning has an electrophoretic pattern such
as to indicate that the protein composition of the fluid is
similar to that of blood serum of the animals studied,

It can be concluded from the experiments of this
series that hypophysectomy renders young male rats less
susceptible to oxygen at atmospheric pressure as well as 1o
high pressure as discussed in the introduction. It may be
inferred that this protection like that in oxygen at high
pressure is attributable in part at least to elimination of
ACTH and of adreno-cortical factors.

Since, as has already been mentioned, the adrenal
cortex becomes hyperactive (Bean, 1951; Bean, Baker, and
Johnson, 1953; Bean and Johnson, 1954) under the influence
of OHP, studies were undertaken to determine, if possible,
the part played by the adrenal glands in the response of
rats to OAP. These will constitute the subject of the fol-

lowing section.

B. Adrenal PFactors

1., Adrenalectomy
The data of the previous section have shown that
considerable protection from oxygents ill effects results
from hypophysectomy and at least part of this protection was
ascribed to removal of ACTH and adreno-cortical factors. If
this suggestion be correct, removal of the adrenals should

grant a comparable protection to animals exposed to:r 6xygen.
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The experiments reported in this section of the in-
vestigation are concerned,therefore, with effects of adrenal-
ectomy on the toxic action of oxygen at atmospheric pressure
(0AP).

Ninety-nine young male albino rats (125-150 grams
body weight) were the experimental subjects of three separate
experiments in this series, The general treatment of these
animals and the manner of their exposure was similar to that
described above., The adrenalectomized rats were maintained

on one per cent saline drinking water,

Experiment I.--In the first of these experiments, 23

animals were used and were grouped as shown in Table 6. Seven
adrenalectomized rats and 7 normals were exposed to oxygen
while 5 adrenalectomized and 4 normals were maintained in air

as controls,

TABLE 6

NUMBER OF ADRENALECTOMIZED AND NORMAL
RATS IN OAP AND IN AIR
- (EXPERIMENT I)

Adrtect. Normals
OAP 7 7
Air 5 4

Total 12 11
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During exposure to oxygen, the subjects were observed

carefully for indications of adverse effects of OAP. The
criteria for evaluation of the effects were essentially the
same as those used in the previous'section: (1) survival,
(2) comparison of lung damage, (3) degree of hydrothorax.

The findings of Experiment I are summarized in Table

7. The notation used to express lung damage is the same as
that outlined in the section on hypophysectomy, i.e., O repre-
sents no observable abnormality while 4 represents maximal
congestion, hepatization and edema; intermediate degrees of
involvement have been recorded 1, 2, or 3.

In this first experiment of the adrenalectomy series,
volume of free thoracic fluid was expressed by the notation

much, some, or little. DMuch refers to an overflowing (as

great as 10 cc.) while little indicates a very small volume
of fluid present (perhaps less than 1.0 cc.).

The results of Experiment I indicate that adrenalec-

tomy affords some protection against OAP. This is summarized

in Table 7 which shows (1) that the adrenalectomized rats lived
longer in OAP, (2) that lung damage was appreciably less for
the adrenalectomized rats than for the normals, and (3) that
less free fluid was present in the operated rats' thoraces.

The criteria upon which most weight should be placed, however,
are dégree of lung damage and degree of hydrothorax. The ef-
fect of adrenalectomy upon survival was not particularly
striking because of the limited number of animals considered;
however, the adrenalectomized rats did live longer on an aver-

age (51-1/2 hours) than the normals (46 hours).
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The effect of adrenalectomy was very strikingly
shown, however, from comparison of the lungs. Only one
adrenalectomized animal manifested any marked degree of
pulmonary injury; this in contrast to fiZE of the unoperated
rats which evidenced hemorrhagic edematous, congested lungs,
A typical contrast between lungs of an adrenalectomized rat
and those of an unoperated animal is represented by Figure 6.

Consistently less pleural effusion was observed in
the thoraces of the adrenalectomized animels again ihdicating

protection due to adrenalectomy.

Results of Experiment I indicate that adrenalectomy

renders young male rats more resistant to the adverse effects

of oxygen at atmospheric pressure,

Experiment ;l.--The procedure in the second experiment

was essentially similar to that described for the first.

Grouping of the 36 rats employed is shown in Table 8,

TABLE 8

NUMBER OF ADRENALECTOMIZED AND NORMAL
RATS IN OAP AND IN AIR
(EXPERIMENT II)

Adrtect. Normals
OAP 12 12
Air 6 6

Total 18 18
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Figure 6.--Effect of OAP on Lungs
of Normal and Adrenalectomized Rats.
The unoperated rat whose lungs are
shown on the left succumbed after only
32-1/2 hours in oxygen; the adrenalec-
tomized rat (lungs on the right) was
sacrificed shortly after death of its
partner. The over-all hemorrhagic
pulmonary congestion of the unoperated
rat is clearly contrasted to the rela-
tively clear and normal lungs of the
adrenalectomized animal,
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The results of the second experimental study of this
series are in general agreement with those obtained previous-
ly. In this experiment also, the criterion of survival can-
not be emphasized greatly because of the limited number of
rats considered and because of the variance within groups.
But it may be pointed out that average survival for the adre-
nalectomized rats which died was five hours greater than that
for the normals.

Comparison of effects on lungs clearly shows, however,
that those of the adrenalectomized rats which succumbed were
much less severely affected than were the lungs of their con-
trols. Maximum involvement of the lungs was seen in only

four adrenalectomized rats whereas lungs of all seven of the

normals which died were involved. Without exception the non-
operated animals manifested the over-all hepatization, edema
and congestion which is typical of OAP action,

Rough comparison of the volume of free fluid which
was present in the thoraces of the autopsied rats left little
doubt that absence of adrenal factors provides some protec-
tion from fluid loss into the thorax which is so character-

istic of OAP damage (Summary of results in Table 9).

Experiment ITII.--Procedure for the third experiment

was similar to that used in the first two experiments. Table
10 shows the division of the forty animals into test and con-
trol groups. The criteria of OAP effects were, as formerly,

survival time, lung damage, and degree of hydrothorax. 1In
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order to obtain more objective information on hydrothorax
b

the volume of free fluid was recorded for each rat,

TABLE 10

NUMBER OF ADRENALECTOMIZED AND NORMAL
RATS IN OAP AND IN AIR
(EXPERIMENT III)

Adrtrect. Normals
OAP 15 15
Air 5 5
Total 20 20

The results convincingly illustrate that adrenalec-
tomy affords an appreciable degree of protection from the
harmful effects of OAP., The adrenalectomized rats lived on
an average significantly longer than their unoperated con-
trols (adrenalectomized, 71.6 hours; normals, 57.1 hours).
These survival averages take into account only animals which
died dquring exposure; sacrificed animals are not included
(Figure 7),

Comparison of pulmonary effects shows that adrenal-
ectomized rats were not nearly so severely affected by OAP
as their controls. Pulmonary pathology was evident in every
case of the normal animals observed (Table 11); in contrast
six of the adrenalectomized rats presented at autopsy lungs
which were to all appearances normal, This contras® between

lungs is shown in Figure 8.
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Figure 8.--Effect of OAP on Iungs
of Normal and Adrenalectomized Rats.
The unoperated rat whose lungs are
shown on the left succumbed after 32
hours in oxygen; the adrenalectomized
rat (lungs on the right) was sacrificed
shortly after. Iungs of the adrenalec-
tomized rat are completely clear and
normel as contrasted to the very dark,
hyperemic aspect of the lungs of the
non-operated rat,
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Degree of hydrothorax for the adrenalectomized rats
(1.6 cc.,) was significantly less than that of the normals
(5.2 cc.). See Figure 9,

The results of these three experiments on adrenalec-
tomy justify the conclusion, therefore, that removal of the
adrenals confers upon young male rats an increased resistance
to the adverse effects of oxygen at atmospheric pressure.

This conclusion is evident from the fact that adrenalectomized
rats live longer in oxygen, develop less hydrothorax, and
manifest strikingly less lung pathology than do their controls
in oxygen at atmospheric pressure. The data of this experi-
mental series also support the conclusion that the resistance
which hypophysectomy provides against OAP effects is due, at
least partly, to removal of adrenocorticotrophic principles.
FPurthermore the conclusion is warranted that some of the endo-
crine factors which are active in oxygen at §E§E pressure are
also operative in mediating the adverse response of rats to

oxygen in high concentrations at atmospheric pressure.

2, Cortical Principles--Cortisone
In the last section it was demonstrated that adrenal-
ectomy provides a measure of protection from adverse effects
of OAP and it was pointed out that this protection like that
seen in OHP might be due to removal of ACTH with conseguent
decrease of cortical steroid production.
The present experimental study on cortisone was under-

taken o determine the effect of adreno-cortical factors--
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cortisone in particular--upon the adverse reaction of rats

to oxygen in high concentrations at atmospheric pressure.
Iwenty-three young male albino rats of approximately

200 grams body weight were used as experimental subjects for

this series. They were divided into test and control groups

as shown in Table 12,

TABLE 12

NUMBER OF CORTISONE TREATED AND NORMAL
RATS IN OAP AND IN AIR

Cortisone Normals
OAP 8 8
Air 4
Potal 12 11

A dose of two milligrams of cortisone acetate (Merck,
25mg/ce) was administered subcutanecusly daily for three days
prior to exposure and two such doses were given daily during
exposure which was carried out in the chambers described,
Temperature and gas concentrations were maintained as previous-
ly outlined. Controls were injected with saline.

This series was undertaken primarily for éomparison
of survival times; but in addition to this, time of onset.of
symptoms of pulmonary damage and post-mortem macroscopic
pathological changes constituted other criteria of OAP adverse
effects, The animals which succumbed or were sacrificed for

comparison of lung pathology were immediately autopsied; the
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time of death, the volume of free thoracic fluid, the condi-
tion of the lungs and the heart-lung weights were recorded.
The results of these observations are shown in Table 13,

The results convinecingly illustrate that cortisone
acts to enhance the deleterious effects of OAP. The cortisone
treated rats manifested symptoms of oxygen effects earlier
than their non-treated controls in OAP; that is, they became
anorexic andAhypﬂpneic‘at approximately 30 hours of exposure
while these same manifestations did not appear in the non-
cortisone treated controls until approximately 40 hours. These
data are confirmatory of short preliminary experiments in this
laboratory which indicated that cortisone acted to enhance the
adverse effect of OAP on the lungs.

" The cortisone rats succumbed after an average of 61
hours in OAP as contrasted to 71 hours for their saline in-
jected controls. This contrast is illustrated graphically in
Figure 10, Statistical treatment of the data shows that the
survival difference between these groups is highly significant,

Examination of the lungs revealed that cortisone had
accelerated the pulmonary pathology typical of oxygen poison-
ing; i.e., edema, congestion, hemorrhage, and consolidation.

A striking contrast between lungs of cortisone rats and those
of a non-treated rat in OAP is shown in Pigure 11, While
this contrast is remarkable it should be pointed out that the
pulmonary changes which are seen in the cortisone rats are
essentially the same as would appear in the controls after

longer exposure.,




L 4

‘H'g

42

QEIOELNT ANOSTIHOO HOA XYHOHIOHAAH ANV VIVd DNAT

ST HIEVL

‘TYATAMNS ‘ZITTYIHON

T°0
@‘AM.. LE N J Ksnm L N L N o.>.¢
8 A% i4 *d 6982 0°L A% 14 *a LS83
8 6°¢ 14 °ad 8983 a°L 120874 14 *a 9683
8 Gg*e ¥ *a L983 2°'e T2 14 °d gG8d
9 1S 74 14 ‘a 9983 ag°e 7'e 4 *d 7582
8 g*'e v ¢ G983 9°9 0% i *a ee83
8 3y 74 ‘S 7982 0°L e'e 4 a 35883
0 ete 14 *d €983 oL 0°v 1% *a TG83
A e*e 14 *d 3982 9°9 3y 14 *‘a 0882
e (i = g 3 (o -
= = w) o) = o]
£ Mm mm K o MW %m ¥ S o
b ~z | 0 e o mm )ow qm g S
3 Be | © b | g% |G .
¢ lad < o i3 .A
STOIUO) SU0ST.I0)
YIv NI aNY dv0 NI STIOHINOD H0d4 ANV SIVH



TABLE 13-Continued

ATR

43

('00) PTUTA : : : o
0T OBIOY], “ o o P
&
(*m3) *am © 2~ b~ ™~
1 IesH~-3ung R K
SS'G(]I'BC[ . o
n
~
o
k) ( *say) dorie o o
5| teamaans | 383 e
£3TTRIION | B ieh -
2pg
#2% | oow
QM
(*00) pIOTA ¢« s 6 0 o o
0TOBIOUYT T : e
5
(*ud) °am 00RO 00
3eSH-BUNT | fiadis | o
o e3=gEq oHOO E :
a
(@)
/3]
B
& (*say) oo o o
3 Teataang | 3355 e
£ITTRAION | 330 en b
3]
' QOO > e
0 0 0 «Q <0
#97| SRER




I |

dVO NI VAIANNS NO 3NOSILHOO 40 103443




45

CORT oémﬁb"CORT Og
2356 © 2864

Figure 11.--Effect of OAP on lungs
of Rats Injected with Cortisone and on
Iungs of Control. Tungs which are
shown on the extreme right and extreme
left manifest congested, hemorrhagic,
liver-like appearance which is charac-
teristic of OAP effect. Control animal
whose lungs are shown in the center was
relatively unaffected at the time of
sacrifice.,
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Cortisone in the dosage administered in this experi-
ment was without effect in the air controls; this absence of
effect was manifest by appearance (Figure 12) and by lung
weight of air controls (Table 13).

Examination of the thoraces showed that cortisone
had no appreciable augmentative effect on hydrothorax induced
by oxygen. ‘he volumes of free thoracic fluid removed from
both cortisone treated and normal rats were large. Table 13
shows the magnitude of these volumes. The degree of hydro-
thorax was not greater for the cortisone animals but, indeed,
was slightly less. The protein content of this fluid as al-
ready pointed out in the preceding section was again demon-
strated by its formation of a clot upon standing.

There can be little doubt that cortisone augments the
adverse action of oxygen at atmospheric pressure as indicated
by the earlier onset of symptoms of oxygen's effects, the de-
creased survival time, and the augmented pulmonary damage of
cortisone injected rats. This confirms the report of Warshaw
and co-workers (1952) that cortisone augmented pulmonary
involvement of mice exposed to oxygen at atmospheric pres-
sure,

The ocecurrence in OAP of engorged and hemorrhagic
lungs and of hydrothorax, the protein composition of which
is probably similar to that of blood serum, indicates severe-
1y increased capillary permeability in the case of both

cortisone treated rats and normals,
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CORT Op NO CORT A
2854 2870

Figure 12.,--Effect of Cortisone on
Tungs of Rats in OAP and in Air. On
the left are lungs of cortisone inject-
ed control maintained in air; in the
center, lungs of cortisone injected
rat in OAP; on the right lungs of non-
cortisone treated air control. This
serves to illustrate that lungs of
cortisone treated rats in air were
essentially normal in appearance.
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Since cortisone is generally conceded to decrease
capillary permeability one might expect that in this experi-
ment the hydrothorax, extravasation and lung damage of the
cortisone treated animals would have been less than that of
the normals; however, this was not the case, in fact only a
slight difference in volume of fluid was noted for cortisone
treated animals as compared to normals, This absence, in OAP,
of the capillary permeability decreasing characteristics of
cortisone is exceedingly interesting.,

These data have demonstrated that cortisone, in doses
noninjurious in air, strikingly enhances the toxic action of
oxygen at atmospheric pressure. This enhancement is manifest
(1) by hastened onset of symptoms of oxygen's toxicity, (2) by
a shortened average survival, and (3) by augmentation of pul-
monary pathology.

These data add further weight to the conclusion that
the beneficial effects of hypophysectomy in OAP as represent-
ed, in the last section, are due at least in part to removal
of adrenocorticotrophic principle and that adreno-cortical
factors permit acceleration and accentuation of pulmonary

damage resultant from exposure to oxygen at atmospheric pres-

sure,

3. BEpinephrine
Results of the preceding experimental studies have
shown that adrenalectomy brings about a diminished reaction
to oxygen at atmospheric pressure and that a cortical factor--

cortisone-~enhances the pulmonary pathology induced by oxygen
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at atmospheric pressure (OAP), However, the fact that adrenal-
ectomy removes not only adreno-cortical elements but also
medullary btissue suggests the possibility that the protection
which adrenalectomy affords may result from removal of epine-
phrine also.

If this be so, administration of the medullary factor--
epinephrine--should enhance the lung damage characteristic of
OAP, The experiments described in this section were, there-
fore, carried out to investigate the effects of epinephrine
administration upon the response of rats to OAP.

This series consisted of two separate experiments in-

volving a total of 66 young albino rats of approximately 200 -
235 grams body weight,

Experiment I.--For the first experiment 27 female rats

were used, 14 epinephrine injected and 13 maintained as con-
trols; they were divided as outlined in Table 14. Exposure
nmethods were similar to those for the preceding series; con-
centration of oxygen was maintained above 95 per cent, carbon

dioxide below 0.20 percent and temperature at about 28°C.

TABLE 14

NUMBER OF EPINEPHRINE TREATED AND NORMAL
RATS IN OAP AND IN AIR
(EXPERIMENT 1)

Epinephrine Normals
OAP 10 10
Air 4 3

Total 14 13
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Epinephrine in peanut oil (for slow absorption) was
injected subcutaneously in three equally spaced doses over
a period of thirty-six hours. An equal volume of peanut oil
was administered to the controls.

The rats were observed carefully during the experi-
ment; as soon as an animal succumbed, it was autopsied and
the following data were recorded: (1) length of survival in
OAP, (2) an estimate of lung damage, (3) heart-lung weight,
(4) volume of free fluid in the thorax. These data are pre-
sented in Table 15.

In order to obtain information concerning survival
time, the majority of the rats were allowed to remain in OAP
wntil death but, for comparison of lung effects, a few were
sacrificed during the course of exposure. The data from these
sacrificed animals have, therefore, not been included in the
computed averages o7 survival, lung weight or hydrothorax
volume (Table 15).

The results of the first experiment definitely indi-
cate that epinephrine accelerated and accentuated OAP effects.
The basic criterion for this augmentative action was the
greatly reduced survival time of the tests in oxygen. The
first animal (epinephrine injected) succumbed at ten hours,
the next one at 39-1/2 hours and all epinephrinized animals
were dead after an average of 47.3 hours. All the control
rats in OAP survived until 54-1/2 hours when the first one
succumbed; the average for this group was nearly 62 hours
(Table 15). Statistically this difference is shown to be
highly significant,
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The augmentative action of epinephrine on OAP effect
was also shown from comparison of lungs of the test and con-
trol animals, Iungs of the epinephrine treated animals were
much larger and heavier than those of their non-treated count-
erperts in oxygen (Figure 13; Table 15). This difference be-
tween lungs of the two groups was evidently due to large
quantities of blood and edema fluid within pulmonary tissue.
Macroscopic comparison of the lungs of treated rats with
those of sacrificed controls showed a striking contrast.
Iungs of the epinephrine rats were hemorrhagic, edematous,
congested and sank in saline; while lungs of the non-epineph-
rine treated rats were much less severely affected (Figure 13).
Iungs of air controls remained uraffected (Figure 14).

In view of this contrast, one might expect that epi-
nephrine would also increase the hydrothorax commonly induced
by OAP; but contrary to this expectation, the free thoracic
fluid of the epinephrine rats was less than that of the con-
trols (Table 15). The average volume of free fluid for the
controls (7.1 cc.) was about four times that for the epineph-
rine treated rats (1.9 cec.).

From the results of this experiment, it may be con-
cluded that epinephrine enhances adverse effects of oxygen

at atmospheric pressure.

Experiment II.--The procedure for this experiment was

essentially the same as that for Experiment I. Thirty-nine

mele rats, 20 injected with epinephrine and 19 maintained
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Figure 13.--Effect of OAP on Iungs
of Epinephrine Injected Rat and on
Tungs of Control., Iungs of an epineph-
rine injected OAP exposed rat (on the
‘left) present a striking contrast to
those of the non-injected control which
was exposed a similar time to oxygen.
The difference in size of lungs is well
illustrated in this figure.
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Figure 14 .--Effect of Epinephrine
on Iungs of Rats in OAP and in Air.
Tungs on the left (those of rat in
OAP) show typical engorgement and
hemorrhage. Iungs of epinephrine
injected air control are gquite normal
in appearance.
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as controls, were divided for exposure as outlined in

Table 16.

TABLE 16

NUMBER OF EPINEPHRINE TREATED AND NORMAL
RATS IN OAP AND IN AIR
(EXPERIMENT II)

Epinephrine Normals
OAP 15 15
Air 5 4
Total 20 19

The Tesults were similar to those of the first ex-

periment; they showed that the epinephrine injected rats suc-

cumbed at an average of 39.6 hours as contrasted to 53.8 hours
for the controls (Table 17). The first test rat died after

10 hours of exposure, the next after 16 hours, another after
19 hours; while the first oxygen control succumbed in the 47th
hour of exposure.

Examination of the lungs yielded an equally striking
contrast. ILung-heart average weight for the epinephrine treat-
ed rats was greater (5.6 gm.) than for the controls (4.1 gm.).
Comparative macroscopic observation of lungs gave reason to
believe that survival was decreased due to augmentation of
pulmonary effects. Iungs of the test rats which were large,

edematous, hemorrhagic and congested, sank in saline. Those
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of the non-epinephrine oxygen controls were pink and by con-
trast reasonably healthy in appearance. This is illustrated
in Figure 15. Iungs of the epinephrine injected air controls
were also unaffected.

Values for amount of free thoracic fluid were consis-
tent in this experiment with the findings of Experiment I.

An average 6.2 cc. of fluid was collected from the thoraces
of the non-epinephrine treated rats as compared to 2.1 cc.
average volume collected from the epinephrine tests.

The results of these two experiments, therefore, con-
clusively show that epinephrine accelerates and accentuates
adverse effects which are typical of OAP. This is attested
to primarily by shortened survival time (Pigure 16 which

represents a combination of results from Experiments I and

IT) and secondarily by increased lung pathology.

The unexpected finding mentioned above--that the
hydrothorax of epinephrine treated rats was less than that
of their controls--deserxrves special consideration (Figure 17
illustrates average hydrothorax for the two experiments). In
view of the marked adverse effect of epinephrine upon the
lung as shown by hemorrhage, edema and congestion, one might
expect that the volume of free thoracic fluid of epinephrine
rats would be greater than that of normal untreated controls
in OAP. It is conceivable that this unexpected result might
be due to a rapid development of pulmonary congestion causing
death before sufficient time could elapse for massive effusion

into pleural spaces. 1%t is perhaps noteworthy that a similar
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7 /.
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Figure 15,~--Effect of OAP on Lungs
of Epinephrine Injected Rats and on
Iungs of Control. Iungs on the right
and on the left are from epinephrine
injected rats; the contrast between
these and the lungs in the center (non- |
epinephrine, OAP exposed) is evident.

Note again size difference,
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though not so highly significant difference existed for volume
of pleural effusion of coritisone and non-cortisone treated
rats; cortisone treated animals evidenced less fluid than
their controls,

Since epinephrine itself, when given in large amount;
results in pulmonary edema (Meltzer, 1904), and since pulmonary
edema can also be induced by OAP alone, it cannot be categori-
cally stated that epinephrine augments oxygen effects. It may
be that these extreme pulmonary manifestations are in reality

an augmentation, by oxygen, of epinephrine effects., It Woula\

appear that the effect of epinephrine is the result of a
synergistic action.

The exact mechanisms by which epinephrine induces
edema are not known although a number of suggestions have been
offered; for example, (1) a circulatory effect involving high
systemic blood pressure and "backward failure" of the left
ventricle, (2) an effect upon capillary permeability within
the lungs, and (3) 2 combination of these two actions,

Similarly there is a lack of definite information con-
cerning the means by which oxygen incites pulmonary damage,
Here also a number of suggestions have been offered: (1) di-
rect local action by oxygen upon capillaries of the lungs,
(2) action of high carbon dioxide levels within the blood,

(3) irritative action upon the alveolar wall, and (4) some
general systemic effect, such as excitation of the central

nervous system and possibly epinephrine secretion.
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The results of these experiments indicate that knowl-
edge of the exact mechanisms by which epinephrine exerts ill
effects upon pulmonary tissue would facilitate our understand-
ing of the edema induced by OAP,

From these experiments it may be concluded that epi-
nephrine when administered to rats exposed to oxygen at atmos-
pheric pressure results in an enhancement of the lung damage
ordinarily associated with OAP toxicity. This is borne out
(1) by a decrease in average survival time of the epinephrine
rats, (2) by an acceleration of typical pulmonary pathology.

In summarizing the effects of adrenal factors which
have been discussed in this section, it may be concluded that
adrenalectomy renders rats much more resistant to oxygen
toxicity and that cortisone administration enhances the dele-
terious effects of oxygen at atmospheric pressure. These re-
sults confirm and extend the suggestion as given above in the
section on hypophysectomy (page 23).

Experiments on epinephrine have shown that medullary
factors may also enhance pulmonary pathology typical of oxysgen
poisoning. This finding does not positively define the adrenal
medulla as a factor in provoking manifestation of lung effects;
since no increased epinephrine secretion has been demonstrated
for animals in oxygen at atmospheric pressure. However, since
CAP constitutes a stressor condition it may be safely assumed
that there is an outpouring of epinephrine during exposure to
oxygen at atmospheric pressure. These findings would justify

the inference that medullary factors act in OAP even as they
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have been shown to be operative in OHP (Bean, Johnson and

Smith, 1954).

C. Thyroid PFactors

In the experiment described above it was shown that
hypophysectomy confers a measure of protection from the
deleterious effects of exposure to oxygen at atmospheric pres-
sure. This protection was ascribed to the elimination of
adrenocorticotrophic principle; subsequently it was demonstrated
that adreno-cortical factors are indeed active in mediating

an adverse response to OAP.

However, hypophysectomy also removes thyrotropic hor-
mone and brings about an appreciable decrease of thyroid gland
secretion. It is reasonable, therefore, to assume that a part
of the protection which hypophysectomy affords might be ascribed
to diminished thyroid hormone production. That this may be so
is suggested by the findings of several investigators (Campbell,
1937; Grossman and Penrod, 1949; Bean et al., 1953) who have
reported that thyroid factors are instrumental in enhancing
the toxicity of oxygen at pressures of several atmospheres.

Preliminary experiments in this laboratory (Bean and
Bauer, 1952) indicated that administration of thyroid hormone
would result in an augmentation of the pathological changes

induced by oxygen at atmospheric pressure. The experiments

to be described in this section were performed to provide
further data concerning the possible influence of thyroid

factors on oxygen toxicity. These studies were carried out
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in three separate experiments using dessicated thyroid and
thyroxine. A total of 199 young male albino rats were em-

ployed as experimental subjects,

l. Dessicated Thyroid

Experiment T.--In this first experiment, the effect

of thyroid plus oxygen at atmospheric pressure was investi-
gated using 75 hypophysectomized and normal rats; 37 of these
were fed dessicated thyroid (20 mg./rat/day) while 38 were
maintained as controls. Table 18 outlines the division of

these animals into test and control groups.

TABLE 18

NUMBER OF HYPOPHYSECTOMIZED AND NORMAL RATS IN TEST AND
CONTROL GROUPS IN OAP AND IN AIR (EXPERIMENT I)

Thyroid Controls
Hypophy. Normals Hypophy. Normals
OAP 7 13 8 13
Air 6 11 6 11
Total 13 24 14 24

The procedure of exposure was essentially similar to
that described in previous sections; temperature was maintained
about 28°C., oxygen above 95 per cent, carbon dioxide below
0.20 per cent and the diet was the same as that described ear-

lier.
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The criterion for evaluation of oxygen effect in
this experiment was that of lung pathology; since this neces-
sitated sacrifice of many animals the criterion of survival

was less significant,

The results of this experiment show definitely that
administration of thyroid increases the severity of OAP lung
effects in normal, non-operated rats,and reverses that partial
protection provided by hypophysectomy. ILungs of the thyroid

fed rats, both hypophysectomized and normal, were typically

engorged, edematous, and consolidated; whereas lungs of the
controls were essentially normal, This striking contrast is
illustrated in Figures 18 and 19.

Survival data, although limited due to the 1arge num-
ber of rats sacrificed, support these findings. The thyroid
fed rats succumbed earlier than the non-thyroid fed controls
(Tables 19 and 20).

From the data of this experiment, it may be concluded:
(1) that hypophysectomy affords protection against adverse ef-
fects of OAP and (2) that thyroid enhances the deleterious

effects of OAP in normal and hypophysectomized rats.

Experiment IT.--With the exception of the fact that

few Tats were sacrificed, the procedure for this experiment
was similar to that employed above. 1In this experiment, in

contrast to Experiment I the criterion for evaluation of ef-

fects was that of survival time rather than lung damage.
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Figure 18.--Effect of OAP on Lungs
of Normal Thyroid Fed Rat and on Lungs
of Control. Iungs on the right which
show gross hemorrhagic congestion are
from rat exposed to oxygen but fed des-
sicated thyrcid prior to and during
exposure; those on the left are of OAP
exposed, non-thyroid fed control., Some
congestion is evident in lungs of the

control but certainly the contrast is
striking.
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Figure 19.--Effect of OAP on Tungs
of Hypophysectomized, Thyroid Fed Rat
and on Lungs of Control. Tungs of
thyroid fed, OAP exposed rat (left)
show marked contrast to those of non-
thyroid fed, OAP exposed control.
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TABLE 19

MORTALITY, SURVIVAL AND LUNG DAMAGE FOR NORMAL, THYROID
FED RATS AND FOR CONTROLS IN OAP

Thyroid Controls
S By .
A - E 5l e | e
Hn 5 g o ST o Ao o
- ne | 45 *’ RE |3
o 5 ! 8 5 5 3C 58
s = 5 | o = n 3
550 D. 54—%— 4 565 D. 60 4
551 S. 603 3 566 Se 60% 1
552 D. 54 4 567 D. 58% 4
553 D. 60 4 568 Se 54 1
554 Se 58% 3= 569 Se 60% 2
618 Se 72 3 570 Se. 55 1
619 Se 72 3 624 Se 72% 2
620 Se 69 3 625 Se 55% 3
604 D. 56 4 626 S. 69% 2
630 D, 62% 4 638 Se 48 2
631 D. 54 4 639 D. 54 3
632 D. 54 4 640 D. 55 3
633 D. 46 4 641 D. 623 3
Av, coe 55.1 3.6 cos 58.0 2.4
SOEO ® & 9 l.7h—rs- * &9 [ 2 l.6hrs. L BN BN )
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TABLE 20

MORTALITY, SURVIVAL AND LUNG DAMAGE FOR HYPOPHYSECTOMIZED,

THYROID FED RATS AND FOR CONTROLS IN OAP

Thyroild JI Controls
by )

S 3 2 g SN o L S

2 > =

s |5 R 18R | 5 | B | B2 |8
2 S A A & = A 3
615 Se 72% 2 621 Se 29 2
616 Se 2% 4 622 Se. 2% 2
617 De 29 4 623 Se. 25 3
634 Se. 70% 3 608 D. 59 4
635 D. 50z 4 642 D. 70% 4
636 D. 56% 4 643 Se 50—5— 0
637 Se 82 1 644 Se 565 2
645 Se 82 1

Avo * e @ 45‘5 Sol o o0 64.8 2.1

S.E. cee 8.5 coe oo S.8hrs, | oo
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Sixty-one young male rats were used; 31 of these

were fed thyroid (30 - 40 mg./rat/day) for seven days prior
to exposure while 30 were maintained as controls, Grouping

is outlined in Table 21.

TABLE 21

NUMBER OF HYPOPHYSECTOMIZED AND NORMAL RATS IN TEST AND
CONTROL GROUPS IN OAP AND IN AIR (EXPERIMENT II)

Thyroid Controls B
Hypovhy. Normals Hypophy. Normals
OAP 10 11 10 10
Air 5 5 5 5
Total 15 16 i[ 15 15

The results show clearly that thyroid feeding signifi-
cantly decreased the survival time of rats exposed to oxygen at
atmospheric pressure, This was true for both operated and non-
operated animals. In the case of the non-operated rats the
decrease of survival time due to feeding of thyroid was approxi-
mately 6 hours; for the hypophysectomized rats it was nearly
11 hours. These survival times are represented in Figure 20.
The results for individual animals are shown in Tables 22 and
23.

From these results one might expect that feeding of

thyroid would increase hydrothorax; surprisingly enough
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quantitative measurement of free thoracic fluid revealed that
the contrary was the case in both normal and hypophysectomized
rats; for example, in the normal rats fed thyroid,free fluid
averaged 4.0 cc., while that of their controls was 6.1 cc.

The data also show that, on the whole, the thoracic
fluid was less for hypophysectomized than for normals. This
difference held for both thyroid fed and control animals
(Figure 21).

This experiment demonstrates conclusively that thyroid
hormone enhances the severity of the effects of oxygen as mani-
fest by shortened survival time in OAP, and that thyroid re-
verses the partial protection conferred by hypophysectomy. It
indicates further that part of the protection which results

from hypophysectomy may be attributable to loss of thyroid func-
tion.

2. Thyroxine

Experiment III.--The procedure of this experiment was

essentially similar to that of Experiments I and II except for

the use of thyroxine instead of dessicated thyroid powder,
Subcutaneous injection of thyroxine (0.14 mg./rat/day) was
employed in order to control more accurately the dose of thy-
roid hormone. Controls were injected with saline. Grouping

of the sixty-three animals is shown in Table 24,

In this experiment, as in Experiment»II, the primary

criterion for evaluation of thyroidt's effects upon the adverse
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action of oxygen was that of survival time. Since the great-

er proportion of the animals were allowed to succumb in the
chambers, the use of lung damage as a criterion was limited,

particularly for the normal rats. Comparison of lungs was,

however, possible in several of the hypophysectomized animals.,

TABLE 24

NUMBER OF HYPOPHYSECTOMIZED AND NORMAL RATS IN TEST AND
CONTROL GROUPS IN OAP AND IN AIR (EXPERIMENT III)

Thyroxine Controls
Hypophy. Normals Hypophy. Normals
OAP 11 11 11 10
Mr 5 5 5 5
Total 16 16 16 15

The results convincingly show that thyroxine adminis-
tration enhanced the adverse effects of oxygen; it decreased
survival time of both intact and hypophysectomized rats. The
average survival of the non-operated rats was decreased from
57 hours to 51 hours; that of the hypophysectomized from 69.9
hours to 60.3 hours (Table 25; Figure 22),

Comparison of lungs of the hypophysectomized rats
showed that thyroxine enhanced pulmonary damage due to OAP,
Lungs of all the thyroxine injected rats were extensively in-

volved; whereas only six out of eleven of the non-thyroxine
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controls were similarly affected (Table 26; Figure 2%). Con-
trol animals in air were not adversely affected by thyroxine.

The results of this experiment, as in Experiment IT,

show that the average volume of free fluid in the thoracic
cavities of the hypophysectomized rats (2.4 cc.) was less than
in those of the normals (8.6 cc.). Furthermore, the volume of
thoracic fluid in the thyroxine injected rats (hypophysecto-
mized and normals) was consistently less than in their controls.
These findings are illustrated in Figure 24.

The results of this experiment show that thyroxine aug-
ments the deleterious effects of oxygen at atmospheric pressure;
it shortens survival time and enhances pulmonary pathology.
Furthermore, they confirm the results of earlier experiments
that hypophysectomy imparts protection from OAP adverse effects.

In summary, the data from all these experiments on thy-
roid (I, II and III) confirm again the finding that hypophysec-
tomized rats are less affected in OAP than are normal, unoper-
ated animals. This is borne out by the following observations:
(1) hypophysectomy delays onset of lung involvement, (2) it
prolongs survival, and (3) at the time that these animals do
succumb, the degree of congestion is less in the hypophysecto-
mized rats as shown by volume of free thoracic fluid and by
macroscopic examination of the lungs.,

These data also show that thyroid factors (administered

as dessicated thyroid or as thyroxine) hasten onset of typical

reactions to oxygen at atmospheric pressure,
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Figure 23,~--Effect of OAP on
Lungs of Hypophysectomized, Thyroxine
Injected Rat and on Lungs of Control,
A very striking contrast between lungs
of thyroxine injected rats (left) and
those of OAP exposed, non-thyroxine
treated control is illustrated,
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Since thyroid hormone augments the adverse lung ef-
fects of OAP it might reasonably be expected that it would

also increase ‘the hydrothorax. Experiments Il and III indi-

cated that this was not the case; for, there was considerably
less free fluid in the thoraces of the thyroid treated ani-
mals--both hypophysectomized and normals--than in their non-
treated controls, These results are reminiscent of those
seen in connection with administration of epinephrine; i.e.,
the treated rats, which died earlier than the non-treated
animals, evidenced less hydrothorax than their controls.,

The finding that thyroid principle enhances toxic ef-
fects of oxygen at atmospheric pressure leads to considera-
tion of some of the factors which may be responsible for this
enhancement. One of the most prominent effects of thyroid is
on metabolism., Campbell, who reported (1937) enhancement of
high pressure oxygen effects by thyroid, attributed this action
to an increased rate of oxidations and accompanying increased
metabolite levels,

It is conceivable that this contributes to the hasten-
ing of adverse oxygen effects; nevertheless there appear to
be other actions of thyroid in bringing about deleterious
consequences of exposure to oxygen. It is well known that
carbon dioxide very appreciably enhances the toxicity of oxysgen
2152 pressure (Thompson, 1889; Gesell, 1923). Ohlsson (1947)
working with rabbits reported that this enhancement by carbon
dioxide could be carried to the effects of oxygen at atmos-

pheric pressure. There is, therefore, evidence which would
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appear to implicate carbon dioxide; however experiments of
our own indicate that the questipn of carbon dioxide involve-
ment is much more complicated than Ohlsson's data suggest.

Thyroid may also act to hasten adverse effects of
oxygen through stimulation of the adrenal medulla. The re-
sultant increase in production of epinephrine would then, as
our experiments have shown, augment toxic effects of OAP.
This interpretation finds support in the literature concern-
ing the relationship between thyroid and adrenal medulla
(Eppinger, Falta and Rudinger, 1908; Harrington, 1933; Means,
1948).

It is also probable that thyroid may act through the

adrenal cortex to bring about an increased production of

adreno-cortical hormone which as our data have shown enhances

deleterious effects of OAP, The report of Selye and Stone
(1950) that thyroxine greatly potentiates the corticotrophic i
effect of lyophylized anterior pituitary tissue lends credence
to this interpretation.

The evidence indicates that no one factor is operative
to cause enhancement of oxygen toxicity by thyroid factors.

The data from the three experiments of this series
conclusively show that thyroid factors enhance the toxicity
of oxygen at atmospheric pressure; this is evidenced by

shortened survival and accentuated pathological lung effects.,




IV. DISCUSSION

The well-known harmful effects of continuous exposure
to high concentrations of oxygen at atmospheric pressure (OAP)
have been conclusively demonstrated by the above results.

These effects include gross pulmonary hemorrhagic congestion,
massive protelin containing hydrothorax and finally death evi-
dently due to anoxia caused by lung damage. Involvement of a
large number of factors contributing to this toxic response
has prevented complete understanding of the etiology of the
pathology which results from exposure to OAP, As stated earli-
er, several explanations have been suggested; for example,
accumulation of carbon dioxide at tissue level, poisoning of
oxidative enzymes, and direct irritative action of oxygen on
pulmonary tissue.

In addition to these factors, the data of this investi-
gation have shown that endocrine factors are also contributory
to the adverse effects of OAP. It has been demonstrated that
hypophysectomy and adrenalectomy lend some protection from
the extremely unfavorable effects of oxygen at atmospheric
pressure and that cortisone administration enhances these ad-
verse effects. The conclusion, therefore, that adreno-cortical
factors exert unfavorable effects upon oxygen exposed animals

is in order.
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There are other principles which must also be con-
sidered. The administration of epinephrine very appreciably
avgmented the adverse effects of oxygen as manifest by
decreased survival time and increased lung pathology. This
finding gives reason to believe that at least part of the
lung damage seen in OAP may be due to production of epineph-
rine. Some caution must be exercised regarding this assump-
tion since increased epinephrine levels in animals exposed
to OAP have not been demonstrated; although it is reasonable
to assume that at some time during exposure epinephrine is
liberated.

The finding of this experimental study that thyroid
hormone accentuated the toxic response of rats to OAP intro-
duces several considerations, They are: (1) relation of
thyroid to metabolic effects; (2) relation of thyroid to

adreno-medullary secretion; (3) relation of thyroid to adreno-

cortical secretion.

Relation of thyroid to metabolic effects.--Most promi-

nent of thyroidts actions is that on metabolism. Associated
with rapid metabolism are accelerated oxidations and increased
production of carbon dioxide., Campbell (1937) when he de-
scribed the enhancement of oxygen high pressure ill effects

by thyroid attributed this augmentation to increased rate of
oxidations. There is +the possibility that this may be carried
over to explain,at least in part, the enhanced effect, after

administration of thyroid, of oxygen at atmospheric pressure.
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The increased carbon dioxide production associated with thy-
roid hormone treatment brings up the suggestion that thyroid
may be deleterious because it results in a greater production
of carbon dioxide by the organism. Early studies of Thompson
(1889) and later of Gesell (1923) showed ‘that carbon dioxide
greatly enhances adverse effects of oxygen EEEE pressure.
Ohlsson (1947) laid considerable stress upon carbon dioxide

as etiological for the pulmonary pathology typical of exposure

to oxygen at atmospheric pressure., He believed that carbon

dioxide was the damaging factor because, in his experiments,
rabbits in oxygen (at atmospheric pressure) were more severely
affected when small percentages of carbon dioxide were present
in their exposure chamber. The assumption appears valid in
many ways; however experiments in this laboratory (on rats)
indicate that the relationship of carbon dioxide to OAP toxicity

is more complicated than Ohlsson suggested.

Relation of thyroid to adreno-medullary secretion.--

Thyroid factors may also act to increase adverse response 1o
OAP by bringing about potentiation of epinephrine which has
been conclusively shown to enhance ill effects of OAP. The
potentiation of epinephrine by thyroid factors is entirely
reasonable in view of the findings of Kroneberg and Huter
(1951) that mice pretreated with thyroxine were more sus-
ceptible to epinephrine poisoning than were non-pretreated

animals,
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Relation of thyroid to adreno-cortical secretion.--

The report of Selye and Stone (1951) that thyroxine greatly
potentiated the corticotrophic effect of lyophylized anterior
pituitary tissue suggests that the adverse effects of thyroid,
in OAP, may be due to adrenc-cortical influences,

These varied effects and interrelationships of thyroid
hormone afford considerable interest in connection with the
oxygen toxicity problem; they also suggest that no one factor
is operative to cause enhancement of OAP toxicity by thyroid
factors.

In view of the present philosophy that secretions of
the pituitary-adrenal axis protect against stressor agents it
is somewhat unigque that, in OAP, absence of these endocrine
factors is beneficial while their presence is detrimental,
The extreme pulmonary involvement as shown by congestion,
extravasation and protein containing pleural effusion is in-
dicative of serious alteration of permeability in the vascular
bed. These endocrine factors--pituitary, adreno-cortical,
adreno-medullary and thyroid--evidently affect pulmonary vas-
cular balance to enhance rather than alleviate the damage.

BEvidence exists which leads to the belief that oxygen
itself may act upon lung capillaries to cause--apart from
known reflex action or chemical mediation--vasodilatation and
slowing of lymph flow from the lungs (Euler and ILiljestrand,
1946 ; Nisell, 1948; Begnak and ILiljestrand, 1949). If vaso-

dilatation occurs but if at the same time lymph drainage from
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the area is decreased then there is every likelihood that
pulmonary edema will result.

With edema fluid leaking into alveoli, anoxia of that
particular area will occur. One of the outstanding features
of oxygen lack is its damaging effects upon the structures
involved; so anoxia will cause capillary endothelium to be-
come more and more permeable; even greater volumes of fluid
will be released to surrounding areas., Thus, if these factors
be operative in the manner outlined, one can visualize how
oxygen may cause edema, congestion, extravasation and finally
death from general anoxia,

Two factors which are usually associated with pulmonary
edema are: (1) anoxia of capillaries and (2) sustained increase
in pulmonary capillary pressure. Suggestion has already been
made that oxygen may bring about the first of these--anoxia
of capillaries; and it seems reasonable to suggest that corti-
sone, epinephrine, and thyroid factors may act to facilitate
lung damage through their effect on pulmonary circulation,

Whatever the mechanism may be, at least there is a
synergism of some kind between the action of oxygen itself and
the endocrine factors which have been shown to enhance adverse

effects of OAP,




V. OSUMMARY AND CONCLUSIONS

Earlier work has established that pituitary, adrenal,
and thyroid principles enhance adverse response to oxygen at

high pressures. The purpose of this investigation was to de-

termine the possible effects of these endocrine factors upon

the adverse response to oxygen in high concentrations at at-

mospheric pressure (OAP).

Young Sprague Dawley rats, maintained on a uniform
diet, were chosen as experimental subjects. They were exposed
to oxygen in especially constructed airtight chambers. Con-
centration of oxygen was, in general, maintained above 95 per i
cent by contihuous flow of gas supplied from commercial cylin-
ders. Carbon dioxide level was kept below 0.20 per cent by
scda lime. Temperature was about 28°C.

In the first section, experiments were carried out
to determine the effects of hypophysectomy upon rats exposed
to oxygen at atmospheric pressure., It is well-known that
animals continuously exposed to OAP for long periods exhibit
gross pulmonary congestion, hyperemia, consolidation and
massive hydrothorax. The extreme involvement is indicative
of a major alteration of permeability in the vascular bed.
Hypophysectomy was found to provide a very significant degree

of protection from CAP adverse effects as indicated by lessened
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pulmonary pathology, decreased hydrothorax and increased
survival time of the operated rats. The inference was made
that this protection was attributable, in part at least, to
elimination of adrenocorticotrophin ang of adreno~-cortical
factors,

In carrying this investigation further, it was found
that adrenalectomy also provided protection against OAP ill
effects. This protection was evidenced by a decreased degree
of pulmonary pathology, lessened hydrothorax and increased
survival time of the operated rats. These exXperiments sub-
stantiated the inference that removal of adreno-cortical
factors was responsible, at least in vart, for the protection
from OAP effects conferred by hypophysectomy. The conclusion
that removal of some adrenal principle imparted beneficial
effects to rats in OAP was justified,

This conclusion was further supported by the results
of experimental studies in which cortisone was administeregq
to animals in OAP., This adreno-cortical factor significantly
shortened survival time in oxygen and accentuated the typical
pulmonary pathology.

Since adrenalectomy removes medullary as well as
cortical hormones it is possible that part of the protection
conferred by adrenalectomy might be due to removal of epineph-
rine., Experiments were undertaken, therefore, to determine
what effect, if any, epinephrine would have upon animals ex-
posed To OAP. Subcutaneous injection of epinephrine, in

amounts too small to be injurious in air controls, brought
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about a significant enhancement of OAP adverse effects. This
enhancement was evidenced by greatly decreased survival +time
and by accentuated lung pathology. The results of this study
indicated that the medullary factor may act in mediating ad-
verse response to OAP,

Part of the protection afforded by hypophysectomy
might possibly be due to removal of thyrotrophin with conse-
quent diminishment of thyroid secretion; therefore, studies
were undertaken to determine the effect of thyroid factors
upon the toxic response of rats to OAP. It was found that
thyroid hormone when administered as dessicated thyroid or as
thyroxine decreased survival time and enhanced lung pathology
of normal rats in OAP, In addition, thyroid factors were
found to reverse the beneficial effects of hypophysectomy;
this also was shown by decreased survival time in oxysgen and
increased degree of lung damage, These data indicate that the
beneficial effects of hypophysectomy may be due, in part, to
decreased thyroid function.

While it must be recognized that the conditions of
stress which are present in oxygen at EEEE pressures and in

oxygen at atmospheric pressures are not identical, the data

obtained from this investigation demonstrate that the endo-
crine factors which have been shown to be damaging in oxygen
high pressure are also operative in enhancing the adverse

effects of oxygen at atmospheric pressure.
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