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Preface

The first and second International Conferences on Hyperbaric
Medicine held in Amsterdam (1963) and Glasgow (1964) brought
together investigators interested in the therapeutic possibilities
of administering oxygen under increased atmospheric pressure.
At the Glasgow conference, it was voted to hold a third conference
in the United States. In response to the suggestion of the Committee
on Hyperbaric Oxygenation of the Division of Medical Sciences,
National Academy of Sciences—National Research Council, Duke
University Medical Center agreed to undertake, jointly with the
Committee, the organization and conduct of the Third International
Conference on Hyperbaric Medicine in Durham, North Carolina,
November 17-20, 1965.

We hope that the proceedings of this conference of basic and
clinical scientists will further elucidate some of the basic biochemi-
cal and physiologic problems associated with therapeutic exposure
to increased oxygen tension and will help to define the current status
of hyperbaric oxygenation in the treatment of certain disease states.

Ivan W. Brown, Jr.
Barbara G. Cox
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Antioxidant Mechanisms Against
Oxygen Toxicity and Their Importance
During the Evolution of the Biosphere

DANIEL L. GILBERT

Laboratory of Biophysics

National Institute of Neurological Diseases and Blindness

Following are some speculations concern-
ing the place of oxygen in the evolution
of the biosphere,! the effect of oxygen on
the biosphere, and the biological control
of some of the oxygen effects.

STAGES IN THE EVOLUTION OF THE
ATMOSPHERE

In the initial stages of the earth’s develop-
ment, about 4.5x10° years ago,? the
earth’s atmosphere was presumably com-
posed of those light elements most abun-
dant in the cosmos. The five most abun-
dant elements in the universe as a whole
are (in decreasing order of quantity) hy-
drogen, helium, oxygen, carbon, and nitro-
gen, with hydrogen being by far the most
abundant (Table 1).* The atoms of hy-
drogen plus those of helium make up
99.86% of all the cosmic atoms. Oxygen,
the third most abundant element in the
cosmos, contributes only 0.09% of the
total.* Essentially, then, the entire uni-
verse is composed of these three elements
plus carbon and nitrogen.

Excluding the chemically stable helium,

Bethesda, Maryland

TaBLE 1. Percent Atom Abundance
in the Universe

Percent abundance in:

Earth’s
Element Cosmos  Biosphere crust
Hydrogen 86.68 62.6 17.70
Helium 13.18 0.0 0.00
Oxygen 0.09 249 53.77
Carbon 0.03 10.6 0.13
Nitrogen 0.01 1.1 0.02
Others 0.01 08 28.38

the most abundant elements in our pres-
ent biosphere ® occur in the same decreas-
ing order as in the cosmos. In contrast,
the three most abundant elements in the
earth’s crust, in decreasing order, are
oxygen, hydrogen, and silicon (Table 1).
Thus, the atomic composition of living or-
ganisms is closely correlated with the
atomic composition of the cosmos but is
not clearly correlated with the present en-
vironment of living organisms on earth.
We would expect the oxygen, carbon,
and nitrogen in the primitive atmosphere
to have been bound to the excess hydro-
gen in the form of water, methane, and
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ammonia; hence, the initial atmosphere
was probably composed of molecular
hydrogen, helium, water, methane, and
ammonia.® Some hydrogen particles, due
to their light mass, would have been able
to overcome the gravitational field of the
earth and escape continually. This de-
hydrogenation process has made the earth
a pinpoint of oxidation in a reducing uni-
verse. Now, an energy source such as the
sun can dissociate hydrogen from water,
methane, and ammonia, and presumably
these reactions occurred in the primitive
atmosphere (Table 2). At the same time,
there would have been a great tendency
for the reverse reactions to occur, with
hydrogen again becoming bound. As
hydrogen escaped from the earth’s gravi-
tational field, the atmospheric concentra-
tion would have decreased, and there
would then have been less probability of
the reverse reactions occurring. The re-
sult of this process would have been the
net liberation of bound hydrogen from
methane, ammonia, and water.

The energy required for the release of
hydrogen from methane and ammonia is
much less than that for its release from
water.” Part of the hydrogen liberated
from these bound forms would tend to
escape continually from the carth’s at-
mosphere. There would have also been
a tendency toward continual escape of
helium particles from the earth. How-
ever, the liberated nitrogen would have
remained in the form of molecular nitro-

TaBLE 2. Reactions Occurring During
Atmospheric Evolution °

Reaction A Fe° (kecal)
CH, —asmA—— C + 2H. 12
2NH. —ww— N. 4 3H. 8
2H.0 —awWA—» O. + 2H. 113

Reduction of O:

C+0:.— _, CO. —94

X4+0.____  , XO:

X, other substances which can be oxidized by

"« Standard free energies calculated from Latimer”
at a temperature of 298°K.

Daniel L. Gilbert

gen. The liberated oxygen would have
combined with the liberated carbon and
other substances, such as silicon and iron,
to form oxides. Since molecular oxygen
has a high thermodynamic potential, we
would not expect it to remain in its free
form, and the most stable compounds of
carbon and nitrogen in an oxygen atmo-
sphere would be carbon dioxide and mo-
lecular nitrogen.

Hence, the terminal result of the es-
cape of free and bound hydrogen from the
atmosphere would be the formation of a
carbon dioxide and molecular nitrogen
atmosphere in which all water would be
absent. Finally, even the carbon dioxide
and molecular nitrogen would escape.
But, during the transition to this termi-
nal phase, there would be expected a
production of metastable compounds of
carbon and nitrogen, possessing interme-
diate oxidation states between the re-
duced forms of methane and ammonia
and the oxidized forms of carbon dioxide
and molecular nitrogen. Many of these
metastable compounds, such as sugars
and amino acids, could possibly have
interacted with cach other to form in-
creasingly complex metastable systems.
Eventually, some of these systems could
have given rise to life itself. Thus, it is
spcculated that the “life” atmosphere
stage merely represents the transition
phase in this evolution of the earth’s at-
mosphere from a “prelife” reducing at-
mosphere stage to a future “postlife”
oxidizing atmosphere stage (Figure
1).#~ QOrganisms can alter the ki-
netics of this process but not the net
result.

One would cxpect that these generali-
zations about the earth’s atmosphere
would also hold for the other planets.
Large cold planets would tend to retain
the “prelife” reducing atmosphere. In-
deed, the atmospheres of Jupiter and
Saturn do contain hydrogen, methane,
and ammonia.* It scems most likely that
the “life” atmosphere stage is ending or
has ended on Mars, since its atmosphere
contains primarily carbon dioxide,'® very
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outer spoce
/H: l’“lo 2‘H2 2‘H2 3‘Hz
77 7 7 /
Hy He 2H0 CHy 2 NH,
pre-life stoge
xv 02 Y Cc
X0, Co, N2

FIGURE 1.
substances oxidized by oxygen.
American Physiological Society, 1964, p. 153.)

little water,’’ and little or no molecular
oxygen.'? Small hot planets, on the other
hand, because of loss of atmospheric con-
stituents, would tend to be in the “post-
life” stage. Venus, a very hot planet '*
containing carbon dioxide and perhaps
molecular nitrogen, would seem to pos-
sess a ‘‘postlife” atmosphere.* Mercury,
relatively close to the sun, has virtually
no atmosphere.*

PHASES OF BioLocicaL EVOLUTION

Now that we have presented the physical
processes thought to have taken place
during the transition from a “prelife”
atmosphere to a “postlife” atmosphere,
let us examine the concomitant stages
which might have occurred in our bio-
sphere. Many aspects of the origin of
a biosphere have been discussed by

post-life stage

Evolution of atmosphere from a “prelife” to a “postlife” stage. X represents other
(Reproduced from Handbook of Physiology [section 3, vol. 1]

others.!* Important steps for the de-
velopment of the earth’s biosphere may
have actually preceded the origin of the
earth itself.'* Thus, this development
may conceivably have started at the time
of the beginning of our galaxy, estimated
as about 15x10" years ago."” How-
ever, the oldest known fossil organisms
of the biosphere have been estimated to
be 1.9%x10° years old.!*

Phase 1: Nonbiological Synthesis of Me-
tastable Compounds

During the first phase of evolution
(Table 3), nonbiological synthesis of
metabolic compounds would have oc-
curred. When the hydrogen concentra-
tion in the primitive atmosphere had be-
come sufficiently decreased, an energy
source such as the sun could have released
hydrogen from methane and thereby pro-

TaBLE 3. Phases of Evolution in a Reducing Atmosphere °

Phase

A F° (kcal)

1. Nonbiological synthesis of metabolic compounds
6H.0 4+ 6CH, ——wW——» C.H.O, + 12H;, 195
2. Biological release of energy by reduction

CH,.Ou4+ 12H. _—_____ ,6H.0 + 6CH, — 195
3. Photosynthetic production of hydrogen
6HO+6CH, _ _ , CH,0. + 12H: 195

# Standard free energies calculated from Latimer? at a temperature of 298°K.
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duced a substance, such as sugar, repre-
senting an intermediate metastable oxi-
dation state of carbon, between reduced
methane and oxidized carbon dioxide.
Other characteristic metastable com-
pounds of the biosphere could similarly
have been produced. Indeed, experi-
mental syntheses of organic compounds
under such conditions have been per-
formed.'** The decrease in free at-
mospheric hydrogen would have less-
ened the chance of a back reaction
reverting the metastable compounds to
methane and ammonia. As the prob-
ability of a back reaction decreased, the
life of these metastable compounds
could have progressively lengthened, per-
mitting the development of more com-
plicated metastable compounds. It has
been shown, for example, that adenine
synthesis in an electron-irradiated atmo-
sphere composed of methane, ammonia,
water, and hydrogen increases when the
hydrogen concentration is decreased.'”
When these metastable compounds dis-
solved in the liquid phase of water, op-
portunity arose for those metastable sys-
tems to evolve which eventually resulted
in the formation of the primitive bio-
sphere. During this period of time, the
entire primitive atmosphere would, for
all practical purposes, have been lost.*
Those atmospheric constituents dissolved
in the liquid phase of water would have
been retained. This conclusion seems
necessary, since the atom abundance of
neon in the cosmos is 0.003%.,* a siz-
able percent compared to the cosmic
nitrogen abundance (Table 1). How-
ever, the fact that the earth contains
hardly any neon at present implies that
neon must have escaped from the earth’s
atmosphere. Since methane, ammonia,
and water have lower molecular weights
and consequently larger relative gas ve-
locities than neon, these constituents of
the primitive atmosphere must also have
escaped. Yet, the initial impact of the
primitive atmosphere has not been for-
gotten, for it is responsible for the pres-
ence of the minute biosphere which repre-

Daniel L. Gilbert

sents just the infinitesimal skin of the
earth.

Phase 2: Biological Release of Energy
by Reduction

During the second phase, the primitive
biosphere probably utilized the energy
released from the reduction of metastable
compounds (such as the carbohydrates)
by molecular hydrogen, with methane
and water as the end products. This
energy utilization by the biosphere would
have tended to deplete those free me-
tastable constituents present in the bio-
sphere, since nonbiological synthesis
(Phase 1) would now be occurring at a
slower rate than biological depletion
(Phase 2).

Phase 3: Biological Production of Hy-
drogen

Resynthesis of metastable compounds
would, of course, have been essential for
the continued existence of the biosphere.
During Phase 3, the biosphere would
have catalyzed the already-existing syn-
thetic process (Phase 1), resulting in a
photosynthetic production of hydrogen
gas. Photoproduction of hydrogen gas
does occur in some biological systems.?
Thus, the biosphere, existing in the re-
ducing atmosphere, would be able to
photoproduce hydrogen (Phase 3) and at
the same time utilize energy (as described
in Phase 2). However, the presence of
molecular hydrogen would, at the same
time, have tended to destroy some of the
constituents of the biosphere by reducing
them to methane and ammonia, so that
the primitive organisms probably had to
cope with the problem of hydrogen tox-
icity. (An example of hydrogen toxicity
is the deleterious effect of hydrogen on
nitrogen fixation by azotobacter.*?)

Phase 4: Transition from Reducing At-
mosphere to Oxidizing Atmosphere

As the hydrogen pressure in the atmo-
sphere decreased, the photodissociation of
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water into hydrogen and oxygen became
more probable. During this fourth phase
(Table 4), a transition from a reducing
atmosphere to an oxidizing atmosphere
would have occurred. The standard free
energy of 680 kcal/12 moles of molec-
ular hydrogen involved in releasing oxy-
gen from water (Phase 4) is much greater
than the standard free energy of 195
kcal/12 moles of molecular hydrogen
involved in synthesizing sugar from me-
thane (Phase 1).

Phase 5: Biological Release of Energy
by Oxidation

During the fifth phase, the biosphere
utilized the energy released by the oxi-
dation of metastable compounds (such
as the carbohydrates) by molecular oxy-
gen into carbon dioxide and water. Phase
5, occurring in the oxidizing atmosphere,
is analogous to Phase 2, occurring in the
reducing atmosphere. However, the re-
duction of 1 mole of sugar results in a
decrease of the standard free energy of
195 kcal (Phase 2), whereas the oxida-
tion of 1 mole of sugar results in a de-
crease of the standard free energy of 688
kcal (Phase S). Thus, more energy
would have been available to the bio-
sphere in the oxidizing atmosphere than in
the reducing atmosphere. This energy
utilization by the biosphere (i.e., respira-
tion) would then have depleted the me-
tastable constituents of the biosphere,
since the photoproduction of oxygen
(Phase 4) would be expected to occur
at a slower rate than the depletion of oxy-

gen by respiration (Phase 5). Again, a
resynthesis of the metastable compounds
would have been essential for the con-
tinued existence of the biosphere.

Phase 6: Biological Production of Oxygen

During the sixth phase, the biosphere
would have catalyzed the already-existing
synthetic process (Phase 4), resulting in
the photosynthetic production of oxygen
gas, as it presently occurs in green plants.
(It is to be noted that the free energy in-
volved in the photosynthetic production
of oxygen, as depicted in Phase 6, comes
almost entirely from the splitting of the
water molecule, as depicted in Phase 4;
in the photosynthetic process of Phase 6,
the carbon dioxide merely acts as a sponge
in absorbing the hydrogen.) When Phase
6 was completed, the biosphere was able
to use continuously as a source of energy
the more efficient oxidative process of
respiration (Phase 5), instead of the
less efficient primitive reductive process
(Phase 3).

EFFECT OF OXYGEN ON THE BIOSPHERE

The sequence of events in the oxidizing
atmosphere would have been very similar
to that in the reducing atmosphere.
However, much more energy was avail-
able to the biosphere after the atmosphere
had become an oxidizing one. This in-
dicates the importance of oxygen as a
biological energy store.

The fact that oxygen provides the bio-

TaBLE 4. Phases of Evolution in an Oxidizing Atmosphere ¢

Phase A F° (kcal)
4. Nonbiological synthesis of oxygen
12H.0 —— AW 60: + 12H. 680
5. Biological release of energy by oxidation
CH\Os 460, — . 6H,O0 + 6CO. — 688
6. Photosynthetic production of oxygen
6H 0+ 6CO, —— ., CHiO. + 60: 688

* Standard free energies calculated from Latimer ™ at a temperature of 298°K.
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sphere with a significant biological source
of energy does not necessarily mean that
oxygen is the element best suited to this
purpose. Therefore, let us consider the
qualifications of storage energy forms in
a biosphere composed of a substantial
quantity of hydrogen, since this is the
predominant cosmic element. These qual-
ifications are: (1) great abundance, (2)
easy accessibility, (3) high thermody-
namic potential, and (4) slow reaction
rate.

Based upon these criteria, oxygen does
indeed appear best qualified as a storage
energy form.* (1) Oxygen is very abun-
dant, being the third most abundant cle-
ment in the cosmos (Table 1). (2) Since
oxygen occurs in the gaseous state, unless
the temperature is exceedingly low it is
easily available over the entire surface of
a planet. (3) Oxygen in the molecular
state possesses a relatively high thermo-
dynamic potential, being surpassed only
by the rapidly acting fluorine and chlorine
and by other forms of oxygen. (4) Oxy-
gen has a slow reaction rate. However,
despite this inherent sluggish behavior,
oxygen does react with the mectastable
substances constituting the biosphere, and
this reaction can result in oxygen toxicity.

Oxygen is like Dr. Jekyll and Mr.
Hyde: it is a source of energy for the
biosphere, but it is also a source of bio-
logical destruction. How is the biosphere
able to survive at all in an oxygen atmo-
sphere? Gerschman has stated that, “A
better understanding of the fundamental
mechanism involved inclines us to marvel
at the continuous and powerful cellular
defenscs against oxygen rather than to be
surprised at its potential destructive
action.” 3

BioLoGicaAL CONTROL OF SOME OXYGEN
EFFECTS

Development of Antioxidant Mechanisms
Against Oxygen Toxicity

The appearance of molecular oxygen in
a previously reducing atmosphere would

Daniel L. Gilbert

alter the synthesis of cellular constitu-
ents,”* make available more energy for
the biosphere, and confront the biosphere
with the problem of oxygen toxicity.2*2%:26
Because of the increased energy made
available to most of the biosphere by
oxygen, the activity of the biosphere
could then be increased. For this reason,
it has been speculated that molecular oxy-
gen was required for the origin of the
metazoa.”” Gaffron has pointed out that
there are no known multicellular differ-
entiated organisms which are anaerobes.**

Various antioxidant mechanisms #*2%.%
wao-s2 were developed by the biosphere
to combat oxygen toxicity. If such me-
chanisms had not developed, the bio-
sphere could not exist. The process by
which this natural selection process occurs
will not be discussed here.”* As the partial
pressure of the oxygen in the atmosphere
increased,*-*" further antioxidant mech-
anisms developed. However, just as
pH buffers can resist but not completely
prevent pH changes, antioxidant mechan-
isms will inhibit but not completely pre-
vent the toxic effects of oxygen. Conse-
quently (and this point should be
emphasized), the toxic action of oxygen
exists at even the lowest oxygen pressure.
Therefore, possible chronic toxic effects
of oxygen should not be ignored. Oxy-
gen may participate in the aging process **
and can influence the rate of muta-
tions.?® 37 Oxygen toxicity becomes in-
creasingly apparent with both an in-
creased oxygen pressure and a decreased
antioxidant defense.

One example of the evolution of an
antioxidant defense is the development of
the iron enzyme, catalase, which decom-
poses hydrogen peroxide. Iron by itself
acts as a catalyst in the decomposition of
hydrogen peroxide, but the catalytic ac-
tion of catalase is 10'® times greater than
that of iron.* The devclopment of this
enzyme required oxidizing conditions.**

Another example is the development of
antioxidant mcchanisms within the photo-
synthetic apparatus. The presence of in-
tracellular oxygen would tend to produce
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photo-oxidative damage by chlorophyll.*®
It appears that the carotenoids intimately
associated with the photosynthetic appa-
ratus inhibit this photo-oxidative dam-
age ** and therefore permit the contin-
uance of photosynthetic production of
molecular oxygen. Plants also contain
phenolic compounds *° which are effec-
tive antioxidants.*?

Since oxygen is removed in the chemi-
cal reaction responsible for biolumines-
cence, it has been suggested that bio-
luminescence was originally used as an
effective antioxidant defense when atmo-
spheric oxygen was first produced.** Also,
since oxygen has been shown to destroy
artificial lipid bilayer membranes,*® it
seems probable that development of anti-
oxidant mechanisms was necessary for
the maintenance of biological membranes
in the presence of an oxygen atmosphere.

Human beings are not naturally ex-
posed to higher oxygen pressures than
those near sea level. The highest natural
oxygen pressure to be found on the
earth’s surface should be at the Dead
Sea, which is the lowest exposed depres-
sion in the world (1286 feet, or 392
meters, below sea level #4). The total
pressure of the atmospheric gases there is
about 790 mm Hg,* or about 4% greater
than the pressure at sea level. With re-
gard to decreased oxygen pressure, in-
dividuals living at high altitudes are natu-
rally exposed to significantly lower oxygen
tensions than are found at sea level. If
these high-altitude individuals are des-
cendants of low-altitude individuals, one
might expect the high-altitude individuals
to possess antioxidant mechanisms already
evolved from their low-altitude ancestors.
The result might be a better adaptation
of the high-altitude man to his environ-
ment than the sea-level man to his. It
has been reported that mountain-dwelling
natives in Peru can perform physical tasks
at high altitude more easily than sea-level
individuals can at sea level.** Also, the
Sherpas in the high Himalayas excel in
physical performance over unaccustomed
Caucasians venturing into high altitudes.*¢

Significance of Free Radicals to Oxygen
Toxicity

Actually, the antioxidant mechanisms
which have been developed by the bio-
sphere merely accentuate the inherent
sluggish behavior of oxygen. This char-
acteristic has been attributed to the high
free energy of activation of oxygen to a
free radical state.* The Gerschman
theory implicates oxidizing free radicals
as the basic cause of oxygen toxicity.*®

Free radicals are usually unstable, re-
quiring energy for their production. A
free radical is characterized by an un-
paired electron in one of its orbitals. A
filled orbital contains two electrons with
opposite spins, resulting in a net spin of
zero. If an orbital contains only one un-
paired electron, the electron spin results
in a magnetic moment which gives rise
to paramagnetism. Since a strong ten-
dency generally exists to pair electrons in
orbitals and eliminate a net electron spin,
free radicals are unstable.

Figure 2 illustrates the dissociation of
water into ions or radicals. The dissocia-
tion constant of H,O into H* and OH-
ions is 1 x 104, whereas the dissociation
constant of H,O into H' and OH" radicals
is 1 x 10-%%.* Hence, the radicals are much
more unstable than the ions. It is gener-
ally easier to break chemical bonds so
that charged species are formed rather

REACTION K
HsOtH === H* + “:0:H 110~
(H20) (HY (OH")
ION FORMATION
HitH == H" + -0t H 1.10-83
(H20) (H) (OH)

RADICAL FORMATION
FiGURE 2. Formation of ions and radicals
from the dissociation of water. Standard free
energies calculated from Latimer” at a tempera-
ture of 298°K. (Reproduced from Physiologist
8:9, 1965.)
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H:§:§:H H:0: 87 w8:07
(H202) (HO2™) {02")
ION ION
z
=]
SR S
x (HO?) (077)
RADICAL RADICAL-ION
l Qp.
(02}

Ficure 3. Radicals and ions of oxygen. (Re-
produced from Physiologist 8:9, 1965.)

than species containing unpaired elec-
trons.

Figure 3 illustrates how a species may
possess an electrical charge and also an
unpaired electron. If a hydrogen atom is
combined with molecular oxygen, the
free radical HO. (which contains one
unpaired clectron) is produced. The ijon-
ized form of HO. i1s O, which is a
charged free radical.

Daniel L. Gilbert

According to the univalent theory of
Michaelis,** molecular oxygen can be-
come reduced by accepting only one elec-
tron at a time. The free energy changes
occurring during the univalent reduction
of oxygen by hydrogen are illustrated in
Figure 4. Since the frec radical states
(HO., OH', and H') are unstable, the
energy relcased by them is considerable,
but they are difficult to produce and thus
act as cnergy barriers for both oxygen
and hydrogen peroxide.

Once they are formed, however, they
can give rise to nonspecific propagating
chain reactions. Indeed, biological sys-
tems do exhibit different sensitivities to
the nonspecific toxic effects of oxygen.
In a chain reaction, the energy required
for free radical production is regenerated
by the energy liberated in the free radical
reaction. One can use as an analogy a
water movement from one level down to
another by means of a siphon. Energy is
required to move the water from the high
level to a still higher level in the siphon

He+HOz + H'

60 |-

a0 |

20 -

0

AF°® IN KCAL

=100 |~

-120 |-

L 2H0

HO +OH 4 H’

L

FIGURE 4. Free energy changes occurring during the univalent reduction of oxygen by hydrogen,
at a temperature of 298°K, calculated from Latimer.” Dotted lines refer to stable or quasistable
states. (Reproduced from Radiat. Res. Supplement 3:44, 1963.)
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tube. The higher level in the tube cor-
responds to a free radical or activated
state. Once energy has been added to
the system to drive the water from the
high level to the activated level in the
tube, then water will flow from the acti-
vated level to the lower level continuously
until all the water has been transferred.
The energy released in going from the
activated level to the low level is used in
part to drive the water from the high
level to the activated level.

An example of such a chain reaction is
shown in Figure 5. The free radicals R-
and RO, act as chain centers, and an in-
crease in their concentrations can increase
the rate of formation of the organic per-
oxide RO.H. Biological damage can be
caused by the radicals as well as by the
peroxide and the radicals derived from
the peroxide. These radicals, as well as
other similar unstable chemical inter-
mediates, also serve as the catalysts for
the inherent biological action of oxygen
itself. Increasing the free radical con-
centration has a pro-oxidant effect, and
decreasing the free radical concentration
has an antioxidant effect.

The existence of free radicals in bio-
logical systems has been demonstrated by
the use of electron spin resonance spec-
troscopy.”® Some of these biological free
radicals may be largely immobile within
the cell.”” It also seems probable that
there is a positive correlation between
metabolic rate and free radical forma-
tion.*® Thus, it appears that conditions
which increase the rate of metabolism
increase the organism’s sensitivity to
oxygen toxicity,”* and that conditions

R ADmr,o” « REMOVA

0, R ROM

PRO-OXIDANT
EFFECTS

ANTI-OXIDANT
EFFECTS

RO, RH
2 sy W

FIGURE 5. Free radical chain reaction. (Repro-
duced from Radiat. Res. Supplement 3:44,
1963.)

which decrease metabolism decrease the
sensitivity to oxygen toxicity.2%-5

Any biological storage form of energy
would eventually tend to be dissipated,
resulting in tissue destruction and eventual
death of the organism. When the bio-
logical antioxidant defenses are damaged,
the effects of oxygen toxicity become more
apparent. The Gerschman theory of oxy-
gen toxicity points out similarity between
the biologically deleterious effects of both
x-irradiation and oxygen.** X-irradiation
increases the free radical concentration,
resulting in the release of the stored en-
ergy inherent within the system. Thus, an
x-ray dose of 500 rads can kill a man;
yet the absorbed energy is only 0.0012
kcal/kg of tissue, which is equivalent to
a negligible temperature increase of only
0.0012°C. For the primitive biological
systems which were predominant when
the reducing atmosphere was present, x-
irradiation probably would have acceler-
ated hydrogen toxicity. On the other
hand, for most of the existing biological
systems, x-irradiation merely catalyzes the
damaging influence of oxygen by injuring
the antioxidant defenses through free rad-
ical reactions.

An antioxidant may, under appropriate
conditions, exhibit a pro-oxidant effect.?®
For example, a hydrogen donor, such as
reduced glutathione, might instead remove
free radicals and thus act as an antioxi-
dant, as illustrated by the following re-
action:

2GSH + 2RO; - 2GS’ + 2RO.H
2GS — GSSG

It should be pointed out that breaking
a given chain reaction by removing the
free radical chain centers can possibly
produce other free radicals for another
chain reaction. A hydrogen donor, such
as reduced glutathione, might also ac-
tivate oxygen to a free radical state (HO,
or O; ) andthus now act as a pro-oxidant,
as shown below:

GSH + O, — HO, + GS
HO; + RH—>R' + H,0,

Thus, glutathione can remove and/or add
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free radicals. Experimentally, glutathione
has exhibited both antioxidant ef-
fects ¢%-53.%¢ and pro-oxidant effects.5?

Cations have also been shown to exert
sometimes a pro-oxidant effect,?®:5* pre-
sumably by enhancing free radical pro-
duction.** Thus, removal of cations by
chelating agents has an antioxidant ef-
fect.238

Therefore, it is apparent that, depend-
ing on conditions within the biological
system and on the criterion for judging
oxidation, the net influence in a given sit-
uation may be either pro-oxidant or anti-
oxidant.

SUMMARY

It is speculated that during the time the
atmosphere of a planet is changing from
one composed of molecular hydrogen,

Daniel L. Gilbert

helium, water, methane, and ammonia
into one composed of carbon dioxide and
molecular nitrogen, a “life” stage is pos-
sible, provided an adequate energy source
is available and the transition phase lasts
long enough to give rise to a biosphere.
Although energy can be produced in the
biosphere without molecular oxygen, more
energy can be produced in a biosphere
by its use. A price must be paid for this
oxygen utilization, however, since oxygen,
acting as a double-edged sword, destroys
living material as it supplies the energy
for life. The price, then, paid by the
biosphere for this convenient source of
energy is oxygen toxicity. Antioxidant
defense mechanisms were evolved by the
biosphere in order to combat the destruc-
tive influence of oxygen, which is probably
primarily mediated by oxidizing free
radicals.
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of Reduced Pyridine Nucleotides in vivo and in vitro by
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The recent observations that hyperbaric
oxygen causes an oxidation of reduced
pyridine nucleotide in isolated mitochon-
dria and in tissues of brain, kidney, and
liver of the anesthetized rat! offer new
possibilities to explain the short-term toxic
effects of high pressure oxygen. These ob-
servations are more relevant to short-term
effects than are the slower responses
caused by oxygen inactivation of sulfhy-
dryl groups of dehydrogenases>* which
have been extended to brain in vivo®® and
to a wide variety of other materials.™°
In the latter studies, sensitive SH groups
of particular dehydrogenase systems were
pinpointed, especially the a-ketogluta-
rate system.'! Detailed studies of the time
course of the inactivation of dehydroge-
nases in vivo'? and in vitro'® emphasize the
temporal discrepancies between the rapid
effects on the reduced pyridine nucleotide
level and the slower effects on the dehy-
drogenases. These rapid effects appear
consistent in their time scale with the rapid
incidence of convulsions and may more
adequately explain the physiologic effects
of high oxygen pressures.’* The relation-
ship of these observations to those of
Wood er al.,'*** who have observed that
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y-aminobutyric acid protects against con-
vulsions, is still obscure.

The experiments described below were
performed to extend our fluorometric ob-
servations of the oxidation of reduced
pyridine nucleotide in liver and kidney,
to confirm these observations by analytical
measurements, and to enhance our insight
on the mechanism of inhibition of re-
versed electron transfer. A point worth
mentioning here is the finding that the
influence of the hyperbaric state upon the
ATP/ADP ratio in vivo is consistent with
the inhibition of energy utilization in DPN
reduction found in vitro.

MATERIALS AND METHODS

Two general approaches to the measure-
ment of the consequences of high pressure
oxygen upon metabolism in tissue, cells,
mitochondria, and submitochondrial par-
ticles have been employed. The first cate-
gory includes those methods allowing a
“continuous readout” of concentrations.
Reduced pyridine nucleotide measured
fluorometrically is the most flexible method
available, and is applicable to cells and
tissues. Flavoprotein can be measured by
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fluorescence as well, but cytochromes and
quinones up to now have been measured
only by their absorption.

The second category of methods in-
volves techniques where a portion of the
material under study is rapidly sampled
and submitted to detailed chemical analy-
sis. This method, of course, is applicable
to all constituents for which analytical
methods are available. It does not, how-
ever, give continuous readout, and the
time resolution is limited by the sampling
rapidity.'®

Animal Chamber

All the continuous recadout methods can
be used successfully with a small chamber
suitable for cell suspensions. Technical
difficulties arise in employment of all
methods but the fluorometric determina-
tion of reduced pyridine nucleotides in
the larger animal chamber which is re-
quired for the observation of animal tis-
sues under hyperbaric conditions. In this
case, observations are made through the
window of the pressure tank, and the
fluorometer is fitted with telescope optics.
These optics allow the imaging of a spot
of excitation light on the organ in question
and the observation of fluorescent light
through a suitable telescope on the photo-
multiplier, as shown in Figure 1.

In testing a small tank (Bethlehem Steel
FM-21-A), it could be observed that
the pressurization artifact, possibly due to
distortion of the glass window, was greater
than that in the larger tank used in the
experiments reported previously.! The
cause of this difficulty has not yet been
pinpointed, but it was avoided by the use
of a fluorescent reference material inside
the tank adjacent to the organ being
studied. A small portion of the exciting
light was reflected onto this fluorochrome
and was viewed by a separate photomulti-
plier and telescope. Since the excitation
light for the two fluorescent materials,
reference and sample, follows the same
path through the glass, and since the two
photomultipliers viewed the two separate

B. Chance et al.

FM 21A

FiGure 1. Fluorometer attached to small ani-
mal chamber. Shown left is the compensating
photomultiplier, center is the excitation lamp.
and right is the measuring photomultiplier.

fluorescences along similar optical paths
in and out of the chamber, compensation
for the tank artifact was accurate to about
1% for rapid and slow pressurizations
that did not cause fogging of the chamber
window.

Although negligible artifact was ob-
served with a fixed fluorochrome, persis-
tent artifacts were observed with rat
tissues in the tank. Their amplitude de-
pended upon the rate at which the pres-
sure was changed in the tank and were
5-10% of the total fluorescence signal for
fast pressurizations. Since the artifact ap-
peared to be zero at constant pressure,
changes of fluorescence intensity of the
tissue were determined (1) by stepwise
changes in pressure, with the plateau value
taken about 2 min later, when the artifact
had subsided, or (2) by pressurization of
the tank slowly through a needle valve at
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rates of 3-5 liters/min. The latter method
gave more acceptable records, and those
included in this report were obtained in
this manner. Otherwise, the experimental
procedure was similar to that employed
in the preliminary series of experiments
upon which our earlier report was based.?
For example, artificial respiration within
the chamber was provided for experi-
ments in which amobarbital (Amytal) was
used. The tank was opened for injections.

One great advantage of the tank em-
ployed in these studies over the larger
tank used in the studies reported earlier*
was the rapidity with which the tank could
be depressurized and the door opened
(~ 5 sec). This allowed rapid sampling
of the tissue under essentially hyperbaric
conditions.

Chamber for Cell Suspensions

Measurement of changes in the steady
state of pyridine nucleotides in cells and
mitochondrial suspensions was generally
made fluorometrically with 366-my excita-
tion and 450-mp measurement. However,
absorbancy changes were measured spec-
trophotometrically at 340 mp, with 375-
mp measurement used as reference. Oxi-
dation and reduction of quinone was also
measured with this technique, with 275
myu used for measurement and 295 mp as
the reference wavelength. In this case, the
spectrophotometer illumination was a high
intensity deuterium arc, as described else-
where.?°

Figure 2 shows the present hyperbaric
chamber suitable for the study of cell sus-
pensions. This apparatus has a top win-
dow for fluorometric monitoring of oxida-
tion-reduction changes. Shown on the left
is a “compensated” type of fluorometer in
which the excitation spot is imaged on the
surface of the cell suspension; a telescope
is provided for the photomultiplier which
views the spot. As mentioned in the case
of the animal chamber, a portion of the
366-mp light provides fluorescence ex-
citation for a piece of paper which is
viewed by a second photomultiplier. Their
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FiGure 2. Chamber for the study of cell sus-
pensions in mitochondria under hyperbaric con-
ditions. The illustration shows a compensated
fluorometer with compensating photomultiplier
on the left, excitation source in the center, and
measuring photomultiplier on the right. The
chamber is also provided for light transmission
and measurements with the double-beam spec-
trophotometer for the purpose of measuring the
oxidation-reduction state of cytochromes. The
fluorometer for measuring reduced pyridine nu-
cleotide concentration can be replaced by one
for measuring flavoprotein only, or flavoprotein
and pyridine nucleotide.

outputs are subtracted to provide compen-
sation for fluctuations in the intensity of
the excitation light.

Another form of this apparatus not
shown employs a special fluorometer
which allows nearly simultaneous mea-
surement of reduced pyridine nucleotide
(366-mu excitation, 450-mu measure-
ment) and flavoprotein (436-mp excita-
tion, 560-mg measurement). This fluo-
rometer is also suitable for viewing the
pressurized suspension through the top
window of the small chamber (Figure 2).

The chamber is also provided with a
pair of windows allowing a horizontal
light beam to pass through the suspension
and thus permits observations of cyto-
chrome changes. This is particularly con-
venient for ascertaining that the cyto-
chrome chain remains completely reduced
under conditions where the high pressure
oxygen is causing an oxidation of reduced
pyridine nucleotide or flavoprotein, as
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observed fluorometrically through the top
window.

At present, no provision is available for
injecting reagents into the suspension un-
der pressurization; studies have so far
been carried out satisfactorily by the addi-
tion of various reagents immediately be-
fore or after an interval of pressurization.

The apparatus described in Figure 2
contains a rotating magnet which rapidly
stirs the contents of the cuvette, a condi-
tion essential for rapid equilibrium of the
contents of the cuvette with oxygen. It
has been used for sampling a suspension
of mitochrondria in the course of a change
of steady state due to hyperbaric condi-
tions, The suspension is momentarily
pressurized, the sample withdrawn, and
the experiment continued. Recovery from
hyperbaric conditions is slow enough com-
pared to the sampling time to permit this
technique to be effective.

Preparation of Animals

Male rats (165-220 gm) were anesthe-
tized by intraperitoneal injection of ure-
thane (1.2 gm/kg body weight) and the
required organ was exposed and supported
to minimize movement, care being taken
not to interfere with blood supply to the
organ. Tracheal cannulas were inserted
in experiments with amobarbital, where
artificial ventilation was sometimes re-
quired. All drugs were injected into the
cannulated external jugular vein.

The animal was positioned in the pres-
sure chamber so that the light beam, after
passing through the glass portal at the top
of the chamber (366-mu excitation), fell
onto the exposed organ through a glass
plate fitted diagonally above the organ.
Part of the light was then reflected onto
a paper reference, and recordings were
differential between the reference signal
and the fluorescence signal from the tissue,
as mentioned above.

Drugs and Dosages

Amobarbital was dissolved in saline to
give a 25 mg/ml solution. Pentachloro-
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phenol (PCP) was dissolved in NaOH,
then titrated with HCI to pH 8.2. 2,4-
Dinitrophenol was similarly dissolved, the
pH of the final solution being 7.2.

Analytical Methods for Animal Tissues

Exposed liver and kidneys of anesthetized
control rats or rats after pressurization
were rapidly frozen with tongs precooled
in liquid nitrogen, For the experiments
in which the organs were frozen for tissue
analysis, the chamber was decompressed
at the maximum rate (5 sec), and the
total time from full oxygen pressure to the
freezing of the tissue was between 10 and
13 sec. For the analytical studies in rat
brain, unanesthetized rats were subjected
to high pressure oxygen treatment and
decapitated, and the head was allowed to
fall into liquid nitrogen. The freezing time
of the brain to below-zero temperature
with liquid nitrogen was 22 sec, and was
considerably faster than with Freon at
—140°C (42 sec). The frozen heads
were brought to —20°C in an ice-salt
eutectic mixture, at which temperature it
was feasible to remove the brain from the
skull. The brain was then cooled again to
liquid-nitrogen temperature. Tissues were
pulverized in a stainless-steel percussion
mortar surrounded by dry ice, and ali-
quots of the powder were taken for acid
and alkali extraction and for determina-
tion of their water content. Perchloric
acid and alcoholic KOH extracts were
prepared as described by Williamson,*
except that the KOH concentration was
decreased to 0.5 N since this improved the
recovery of the TPNH. Adenine and pyr-
idine nucleotides and glycolytic inter-
mediates were analyzed by fluorometric
procedures®? with the modifications previ-
ously described.?* Recoveries of the re-
duced pyridine nucleotides were made
only with liver extracts where the mean
DPNH recovery was 85% and the TPNH
recovery 90%. Recoveries of intermedi-
ates in the perchloric acid extract were
quantitative.
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STUDIES OF RAT ORGAN in vivo

Direct Fiuorometric Assays

Rat Liver in vivo. As found previously,
the fluorescence of reduced pyridine nu-
cleotide observed at the surface of the rat
liver decreased at high oxygen pressures.
In further support of our previous work,!
no distinctive plateau in the relationship
between fluorescence decrease and oxygen
pressure was observed up to oxygen pres-
sures of 10 atm. When pressurization was
rapid, the tank artifact mentioned earlier
became apparent and was followed by the
slower biochemical response of the liver.
More satisfactory results were obtained
with pressurization through a needle valve,
as mentioned above (Figure 3). With
this method of pressurization, the oxida-
tion of the nucleotides appeared to “keep
pace” with the increase in pressure, so
that little further effect was observed after
final pressure was reached.

Figure 3 demonstrates that the cycle of
oxidation of the pyridine nucleotides is
reversible and can be repeated. This pres-
surization technique was used in later ex-
periments where the effects of uncoupling
agents or amobarbital on the hyperbaric

Flush

response were studied. Depending upon
the susceptibility of the animal to irrevers-
ible oxygen poisoning and the final pres-
sure of the exposure, two to four such re-
versible cycles can be obtained. Analyses
of results for 14 animals in which such
compression cycles were obtained gave
decreases of 13+1% of the initial fluo-
rescence level at pressures of 120—-150 psi.
The response to anoxia in rat livers, also
shown in Figure 3, was transient,?*** and
the maximum fluorescence increase was
approximately 60% of the anoxic re-
sponse in this preparation.

Amobarbital was more effective in es-
tablishing the maximum level of fluores-
cence, as illustrated by Figure 4, which
shows a typical hyperbaric response and
reversal on decompression. Amobarbital
was then injected, and the fluorescence,
which by then had increased quite rapidly,
returned to the initial level. This transient
effect of amobarbital in the tissue may
have reflected (1) initial dilution effects,
as the compound was redistributed among
various organs, or (2) metabolism of the
compound in the liver, such that amo-
barbital reaching the liver was detoxified
at the same rate. In any case, repeating
the pressure cycle after amobarbital addi-
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FiGURe 3. The response of rat liver to repetitive pressurization and decompression with oxygen.
The values of pressure are included. The sensitivity for measuring fluorescence changes is also

indicated.
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FIGURe 4. Hyperbaric response of rat liver in the presence and absence of amobarbital.

tion in this manner produced the same
effect as pressurization before amobar-
bital. This dose sometimes caused cessa-
tion of respiration, and artificial respira-
tion was then employed. Figure 4 also
shows that in the liver the hyperbaric oxi-
dative effect was almost as large as the
amobarbital reductive action.

In order to compare the hyperbaric
response of the liver with that of a known
biochemical agent, the effect of uncou-
plers was tested. In most experiments,
PCP was used. In one experiment, 2,4-
dinitrophenol gave the same result, but
this uncoupler is somewhat less suitable
for fluorescence studies due to the possible
quenching of DPNH fluorescence. Pre-
liminary experimentation with PCP indi-
cated that a dose of 20 mg/kg increased

+ Fluorescence

rat rectal temperature 2-3°C in 30 min
and caused an initial stimulation of res-
piratory rate of 20%. In several experi-
ments, uncoupling agents decreased fluo-
rescence by 7-10% of the initial level of
fluorescence within 1-5 min of injection
of the uncoupler. (The results of an ex-
periment with PCP are shown in Figure
5.) When the fluorescence had reattained
its initial level after a compression-de-
compression cycle, PCP was slowly in-
jected. A plateau effect of oxidation was
achieved with 3 mg PCP (15 mg/kg), 4
mg total PCP having been injected. The
compression—decompression cycle was
then repeated and obviously elicited a
much smaller response than initially, with
the final oxidized level reached being the
same in both control and PCP-plus-OHP
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cycles. In other words, the effects of
PCP plus OHP equaled the effect of hy-
perbaric oxygen alone.

Rat Kidney in vivo. Experiments on the
kidney under hyperbaric conditions re-
vealed a mean decrease of fluorescence of
10+ 1% of the initial level. As previously
observed, the hyperbaric effect in the kid-
ney showed a more distinct plateau than
that in the liver.! The pressure at which
a plateau occurred varied from S to 9 atm,
with half-maximal effects occurring at 2—-6
atm. In kidney, as in liver, the rapid oxi-
dation of the pyridine nucleotides under
hyperbaric conditions was reversible, but
there was often considerable hysteresis in
the decompression—compression cycle in
the kidney. Figure 6, showing two cycles
of compression and decompression, illus-
trates the types of responses seen in the
kidney under conditions of gradual pres-
surization. Animals were compressed to
a final pressure of 120-150 psi in these
experiments.

When amobarbital (60 mg/kg) was
injected over approximately 2 min, a rapid
fluorescence increase occurred as pyridine
nucleotides became reduced. However,
the large amobarbital effect (45+7% of
the initial fluorescence level in 10 experi-
ments) was not sustained, and during the
4-5 min after injection the fluorescence
returned toward the initial level, then
plateaued at different levels of reduction
of the pyridine nucleotides in different
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FiGure 6. The effect of cycles in compression
and decompression upon the fluorescence emis-
sion of rat kidney.

experiments. Such a level could be main-
tained for some time in contrast to the
effect seen in comparable experiments
with liver (range 4-30% increase of fluo-
rescence from the initial level, mean 15+
3%). The extent of the hyperbaric re-
sponse after amobarbital addition de-
pended upon the plateau level of pyridine
nucleotide reduction before pressurization.
In experiments where only a slightly re-
duced pyridine nucleotide level was main-
tained, the decrease in fluorescence due to
high pressure oxygen was less than the
control compression cycle. In other cases,
where a plateau was maintained at con-
siderably more reduced pyridine nucleo-
tide levels, the hyperbaric response
appeared greater than the control pre-
amobarbital cycle. Whatever the size of the
hyperbaric response, the greatest oxidized
fevel reached at 10 atm of oxygen after
amobarbital addition was very close to the
initial normoxic fluorescence level. The
compression cycles after amobarbital ad-
dition were also reversible, indicating that
simple drift of the reduced pyridine nu-
cleotides to the normal level had not oc-
curred. It appeared in these experiments
that high pressure oxygen could reverse
the effect of amobarbital in holding pyri-
dine nucleotides reduced, but up to 150
psi oxygen pyridine nucleotides did not
appear to be oxidized above the initial
normoxic level. This effect in one experi-
ment is illustrated in Figure 7. After a
control compression—decompression cycle,
amobarbital was injected. When a plateau
was reached after amobarbital addition,
the hyperbaric cycle was repeated, and the
decrease of fluorescence was considerably
larger than that in the control cycle, but
the final fluorescence level was the same
as the initial normoxic level. On decom-
pression, the fluorescence returned almost
to the amobarbital plateau level. Nitrogen
was then flushed through the chamber,
and the animal died in anoxia, with a
large reduction of pyridine nucleotides.
The in vivo effect of uncouplers on kid-
ney was also studied. Pentachlorophenol
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FiGure 7. Effects of amobarbital upon the fluorescence emission of rat kidney.

was used as the uncoupling agent in ex-
periments where the kidney fluorescence
was monitored. As in experiments de-
scribed for the liver, PCP was titrated into
the animal in doses of 0.5 mg, until a
plateau level of oxidation of pyridine nu-
cleotides was reached at 1.5-2.0 mg/200
gm body weight. The dose to produce such
oxidation of pyridine nucleotides appeared
to be more critical in kidney than in
liver, with 10 mg/kg producing a maximal
effect, while 12 mg/kg caused some re-
versal of the oxidative action in kidney,
possibly due to inhibition of electron
transfer by the uncoupling agent. The
oxidations produced by PCP in the kidney
were small, being 4+1% of the initial
fluorescence level (six trials). In con-
trast to the liver, the hyperbaric oxygen
compression cycle was only slightly re-
duced after the uncoupler—control hyper-
baric cycle showed 9+1% fluorescence
decrease; hyperbaric cycle after PCP
showed 7+1% fluorescence decrease.
Thus, a slightly higher oxidative level was
reached in the presence of the uncoupler
and high pressure oxygen than the level
reached with hyperbaric oxygen alone.

Rat Brain in vivo. Results previously ob-
tained with the fluorometric technique’
showed that the hyperbaric effect on the
exposed brain was similar to that on the
kidney. Thus, oxidations of 4-10% of

the initial fluorescence level were obtained
with plateaus at approximately 5 atm. In
the present experiments, the chemical as-
say data were obtained from rats in which
the brain had not been exposed, as anes-
thesia could then be avoided and con-
vulsions observed.

Chemical Determinations by the
Sampling Technique

Pyridine nucleotide analyses of several
organs of rats exposed to hyperbaric oxy-
gen have confirmed the direct fluorometric
method in showing that an oxidation of
pyridine nucleotide occurs; in addition,
they give a quantitative description of
changes in both DPNH and TPNH.
Table 1, outlining results with rat liver,
shows that in normal rat liver DPN is
the predominant nucleotide. TPNH levels
are about one-half those of DPN, while
DPNH and TPN are both present in about
one-eighth the amount of DPN. After 10-
min exposure to oxygen at 9 atm, there is
a significant decrease of DPNH. DPN
shows no significant change, since the ex-
pected change is small compared with the
total DPN content. TPN and TPNH,
however, change by appropriately equiva-
lent amounts in opposite directions, In
liver, unlike kidney and brain, the change
of TPNH is greater than that of DPNH.
Most of the DPNH in liver, as with
other tissues, is located in the mitochon-
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TasLE 1. Effects of Hyperbaric Oxygen on Pyridine Nucleotides in Rat Liver

Condition DPN DPNH TPN TPNH
of rat No. rats (mpmoles/gm fresh weight)

Normal (controls) 9 862 = 24 1136 102+ 6 440 = 15

OHP-exposed 8 864 + 23 595 190 = 10 366 = 12

OHP change +2 — 54 + 88 —74

P value NS 0.001 0.001 0.005

NS, not significant.

drial compartment of the cell, and the bulk
of the DPNH oxidation with hyperbaric
oxygen is probably derived from mito-
chondrial change under these conditions.
However, changes in the oxidation—re-
duction state of the cytoplasmic pyr-
idine nucleotides may be determined
qualitatively by measuring the ratio of the
reduced to oxidized forms of substrate
couples reacting with DPN-linked dehy-
drogenases in the cytoplasm.?®* Table 2
shows a comparison of the three redox
couples, lactate—pyruvate, a-glycerophos-
phate—dihydroxyacetone phosphate, and
malate—oxaloacetate in livers of normal
rats and rats exposed to 9 atm oxygen.
Under hyperbaric conditions there is a
decrease in each one of the substrate
couple ratios. The redox potential of the
DPN system in the cytoplasmic space may
be calculated from these ratios using the
Nernst equation:

RT

—g- RT, Ired]
Ex=E; nF In [ox]

and values of —207, —214, and —185
mv for the mid-potentials of the lactic,
a-glycerophosphate, and malate dehydro-
genases, respectively. Table 2 shows that
the redox potentials calculated from the
three substrate couple ratios are in fairly
close agreement, and that there is a change
of 8 to 13 mv in the positive direction
with hyperbaric conditions. These resuits
indicate that the cytoplasmic space, as
well as the mitochondrial space, is affected
by high pressure oxygen. Analyses of
whole-liver extracts for glycolytic inter-
mediates gave no indication of an inhibi-
tion at glyceraldehyde phosphate dehydro-
genase with hyperbaric conditions; hence
it is more probable that the redox change
of the DPN system in the cytoplasm is
derived from a fundamental change of the
redox state in the mitochondria, rather
than from a direct inhibition of a cyto-
plasmic dehydrogenase. We shall return
to this point of the compartmentation of
the pyridine nucleotide changes later.

TaBLE 2. Redox State of Liver Cytoplasmic Pyridine Nucleotides in Rats Exposed to
Hyperbaric Oxygen

Substrate couple ratios

O: pressure _Eaia_te_ _a.-E;P Malz;ti
(psi) Pyruvate DAP OAA
(1 atm) 217+ 13 15.1 = 1.3 156 + 43
135 123 = 1.1 58=+06 635
L Wedox polemia_ls (mv)
(1 atm) — 248+ 038 — 250 = 1.1 —251%36
135 — 240+ 1.2 — 23716 —240 = 1.0

a-GP, a-glycerophosphate.
DAP, dihydroxyacetone phosphate.
OAA, oxaloacetate.
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TaBLE 3. Effects of Hyperbaric Oxygen on Pyridine Nucleotides in Rat Kidney

TPNH

Condition DPN DPNH TPN

of rat No. rats (mumoles/gm fresh weight)
Normal (controls) 5 575 + 18 44 +6 50+2 109 = 3
OHP-exposed 4 601 + 28 22+ 4 63 +2 97 + 8
OHP change + 26 —22 + 13 — 12
P value NS 0.05 0.01 0.2

NS, not significant.

Table 3 shows the results of pyridine
nucleotide analyses in the kidney. In
these experiments, the left kidney of
anesthetized rats was exposed, and the
experimental rats were subjected to 9 atm
oxygen pressure for 10 min. Control rats
were left for a similar time at normal at-
mospheric pressure. As with liver, the
DPNH and TPNH levels in kidney de-
creased in rats exposed to hyperbaric oxy-
gen, and there was an increase of TPN.

Table 4 shows the results of corre-
sponding experiments with brain tissue.
The rats were not anesthetized while in
the pressure chamber. The oxygen pres-
sure was increased gradually at 20 psi/
min to a final pressure of 105 psi. The
time of pressurization was 16 min, by the
end of which all the rats had exhibited
severe convulsions. The DPN levels in
normal brain were 40% of those found
in liver and 60% of those in kidney. There
was a significant increase of DPN in the
rats exposed to hyperbaric oxygen and a
corresponding decrease of DPNH. Simi-
larly, TPN levels increased and TPNH
levels decreased. These changes, although
very small, were statistically significant.
The total content of TPN + TPNH in
brain was 21% of that in kidney and
only 6% of that in liver.

These tables and figures make it ap-
parent that in the three organs studied
pressurization of the rat caused an oxi-
dation of both DPNH and TPNH. The
relative changes of analytically deter-
mined DPNH and TPNH have not been
followed on a kinetic basis, but the fluo-
rescence traces show that the onset of the
effect was extremely rapid. Relative
changes of the DPNH and TPNH levels
with hyperbaric oxygen and with amo-
barbital anoxia or nitrogen anoxia in the
three organs are summarized in Table 5.
There was a S0% oxidation of DPNH
with hyperbaric oxygen compared with
control levels in all three tissues. The
percentage oxidation of TPNH in liver
was considerably greater, however, than
in kidney or brain. Amobarbital or anoxia,
on the other hand, affected mainly the
DPN system, as shown in the bottom half
of the table, and DPNH increased by 100—
200% compared with a TPNH change of
only 5-9%.

In addition to changes of the pyridine
nucleotides with hyperbaric oxygen, fairly
consistent changes of the adenine nucleo-
tides in liver, kidney, and brain were ob-
served. These changes (Table 6) showed
that the general change was toward an
increase of the ATP/ADP ratio. The

TaBLE 4. Effects of Hyperbaric Oxygen on Pyridine Nucleotides in Rat Brain

Condition DPN DPNH TPN TPNH
of rat No. rats (mumoles/gm fresh weight)

Normal (controls) 7 344 + 7 43+ 4 54+0.5 283+ 0.6

OHP-exposed 7 361 =4 21 =3 9.1+1.0 254=x07

OHP change + 17 — 22 + 3.7 —29

P value 0.05 0.001 0.005 0.01
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TABLE 5. Summary of Reduced Pyridine Nucleotide Changes in Rat Tissues

% Oxidation change *
(OHP at 135 psi)

Liver Kidney Brain
DPNH a8 50 st
TPNH 17 11 10

% Reduction change ¢
Liver Kidney Brain
(Amobarbital) (Amobarbital ) (Anoxia)

DPNH 160 204 100
TPNH 5 9 8

* Values represent percent of normal control values.

largest and most consistent changes were
seen with liver, an organ which lacks a
store of creatine phosphate. As seen in
the table, the ATP level increased by
11%, while ADP and AMP decreased by
30% and 52%, respectively. With kid-
ney, the only statistically significant change
was a 9% decrease of ADP. Brain gave
the interesting response of a large increase
in the level of creatine phosphate in addi-
tion to an increase of ATP, but the latter
was not statistically significant, due to
the rather large variation among animals.
The decrease of AMP but not of ADP
was significant in this tissue. We have
therefore reached the important conclu-
sion that hyperbaric oxygen causes an in-
crease of high-energy phosphate com-
pounds in addition to an oxidation of the
pyridine nucleotides.

A summary of the fluorescence levels

reached during hyperbaric oxygenation,
anoxia, and in the presence of amobar-
bital and uncouplers, compared with
chemical assays for DPNH and TPNH,
is given for liver (Figure 8), kidney (Fig-
ure 9), and brain (Figure 10). Fluo-
rescence data include statistics from ex-
periments where final pressures were 120-
150 psi oxygen. For the chemical assays
of pyridine nucleotides in livers and kid-
neys of rats injected with amobar-
bital, the time for tissue freezing was
chosen to coincide as closely as possible
with the peak of the amobarbital response,
as seen in the fluorescence studies. For
the reduced state in brain, the rats were
made to breathe nitrogen and were de-
capitated 30 sec after breathing stopped.

In general, the fluorescence data cor-
related well with the analytical data for
the hyperbaric and inhibited states in liver

TaBLE 6. Effect of Hyperbaric Oxygen on Adenine Nucleotide Levels ¢

Liver Kidney Brain
Nucleotide Control OHP Control OHP Control OHP
CrP — _— 387+ 20 392 + 31 1250 + 108 2770 + 273
ACrP _ —_ +5 + 1520°
ATP 3079 + 65 3461 + 56 2160 = 16 2243 = 136 1770 = 202 2036 =113
AATP + 337°® + 83 + 266
ADP 808 + 36 567 = 16 372 12 337 £ 11 588 + 45 553 + 65
AADP —241°* —35°® — 35
AMP 176 + 13 86 6 78+ 6 837 229 + 30 145 + 31
AAMP —90° + 5 —84°

CrP, creatine phosphate.
* Values expressed as mumoles/gm fresh weight.
® Significant change (P = 0.05 or less).
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FiGure 8. Correlation of fluorescence changes in a group of exposed rat livers artificially deter-

mined with DPNH and TPNH level.

and kidney. The analytical data for the
sum of the reduced pyridine nucleotide in-
crease during anoxia in brain were lower
than the corresponding fluorescence
change, but the disagreement was not
serious in view of the fact that the fluores-
cence data on brain were the result of a
single experiment.

Several points of interest arise from
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FiGure 9. Correlation of fluorescence changes
in a series of exposed rat kidneys with chemical
assays of DPNH and TPNH.

Vertical bars denote two standard errors of the mean.

comparison of these data. First, it is ap-
parent that the major part of the fluores-
cence increase with anoxia or amobarbi-
tal in liver, kidney, and brain, as in
heart,** was due to an increase of DPNH.
This increase may be roughly apportioned
between the mitochondrial and cytoplas-
mic spaces. Analyses of pyridine nucleo-
tide changes in isolated liver mitochond-
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Ficure 10. Correlation of the fluorescence
change in an exposed rat brain with chemical
assays of DPNH and TPNH in groups of four
to six rats.
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ria (not reported in detail here) have
shown that the total DPN + DPNH is 2.62
pmoles/gm protein and the total TPN+
TPNH is 3.52 pmoles/gm protein. Chemi-
cal analyses have shown that the mito-
chondrial DPN system, in the fully in-
hibited state (State 5), is 71.5% reduced
and the TPN system 95% reduced. Using
the value of 60 mg mitochondrial protein
per gram of liver (fresh weight, given by
Scholz and Biicher **), one can calculate
that fraction of the total pyridine nucleo-
tide change due to mitochondria. In this
manner, the tentative conclusion is
reached that in the amobarbital-inhibited
liver, 64% of the total DPNH and 43%
of the total TPNH is mitochondrial, and
during the change from the normoxic to
the amobarbital-inhibited state, 70% of
the total DPNH change and 45% of the
total TPNH change is mitochondrial. This
calculation differs from that given by
Scholz and Biicher*! in assigning a smaller
proportion of the total TPNH to the mito-
chondria.

Second, it is clear that in liver, but in
neither kidney nor brain, a large part of
the total reduced pyridine nucleotide de-
crease in the hyperbaric state is due to
TPNH. By using values of 22% and
80% reduction of the mitochondrial DPN
and TPN system in hyperbaric livers, one
can calculate that 57% of the total DPNH
and 46% of the total TPNH is mito-
chondrial. On this basis, 68% of the total
DPNH change from the normoxic to the
hyperbaric state and 28% of the total
TPNH change are due to an oxidation of
mitochondrial pyridine nucleotides. The
significance of these changes to liver func-
tion is a subject for future research.

STUDIES OF CELLS

One of the ambiguities in the study of
intracellular oxidation—reduction levels in
solid tissues is the possibility that hyper-
baric oxygen provides adequate oxygena-
tion of normally hypoxic tissues, a point
particularly relevant to the responses of

liver. While the experimental conditions
here appeared to be satisfactory in avoid-
ing this ambiguity, the possibility of study-
ing hyperbaric responses in cell suspen-
sions where oxygen diffusibility through
the solid tissues is not a factor can pre-
sent additional evidence on this point.
We have studied suspensions of Ehrlich
ascites tumor cells because their relatively
low respiration rate (as compared with
yeast) makes anoxia unlikely at the con-
centrations required for our experiment,
and in addition these cells have the path-
way of energy-linked DPN reduction.*

Hyperbaric Response in Ascites
Tumor Cells

When an aerobic suspension of ascites
tumor cells was placed in the hyperbaric
apparatus with the fluorometer attach-
ment for measuring reduced pyridine nu-
cleotide, as described above, nitrogen
flushing gave an increase of fluorescence
of approximately 15% over a 30-sec pe-
riod (Figure 11). When the anaerobic
cells were then flushed with oxygen at 1
atm, there was an almost exact return to
the initial level, suggesting that the cells
were already adequately oxygenated with
atmospheric pressures of oxygen. At this
point, pressurization at 11 atm led to an

* In an earlier communication ' we indicated
the responses of suspensions of bakers’ yeast
cells to hyperbaric conditions. While these re-
sponses were superficially similar to those ob-
served with other cells and tissues, the presence
of a highly active peroxidase in yeast cells which
can accept electrons from the cytochrome
chain™ suggests that the hyperbaric response of
these cells should be interpreted with caution.
This peroxidase could be activated by increased
auto-oxidation and enhanced production of H.O,
by flavins not associated with the respiratory
chain. In addition, various investigators have
so far failed to find energy-linked DPN reduc-
tion in these cells. Until we have thoroughly
investigated the carbon monoxide sensitivity of
the hyperbaric response of yeast cells and until
the existence of the energy-linked pathway for
DPN reduction has been disproved, we will
suspend judgment on the interpretation of data
obtained from yeast cells and present here our
data on ascites tumor cells.
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Ficure 11. Effect of anoxia and high pressure

oxygen upon the reduced pyridine nucleotide
of ascites tumor cells. Fluorometric measure-
menlts: excitation at 366 mu, measurement at
450 mg,

oxidation of reduced pyridine nucleotide
almost equal in amplitude to the oxygen-
nitrogen change. The response was fairly
slow; about 4 min elapsed before a pla-
teau was reached.

Figure 12 illustrates the method by
which the oxygen concentration required
for half-maximal hyperbaric response was
obtained. This figure is essentially the
same as Figure 11, except that the initial
pressurization level was 4 atm, followed
by pressurization to 9 atm. A detailed
study of this characteristic indicated half-
maximal effect at 6 atm with a plateau of
9-10 atm. The oxygen requirements for
half-maximal hyperbaric response in as-
cites tumor cells thus resembled those ob-
served in liver.

Hyperbaric Response of the Inhibited
Respiratory Chain

When ascites cells under aerobic condi-
tions were treated with 2 mm sulfide
(Figure 13), reduction of pyridine nu-

Fluorescence Increosei
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FiGure 12. The effect of two different oxygen
pressures on the response of reduced pyridine
nucleotide of a suspension of ascites tumor cells.
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FiGURe 13. The response of reduced pyridine
nucleotide of sulfide-inhibited ascites tumor cells
to high pressure oxygen.

cleotide occurred in a biphasic reaction,
presumably in the mitochondrial com-
partment first, and then in the cytoplasmic
space. When a steady state was reached,
the cells were equilibrated with 1 atm of
oxygen followed by 9 and then 11 atm.
The oxidation of reduced pyridine nucleo-
tide proceeded over the next 10 min to
levels determined by the oxygen pressure.
This characteristic response of cells was
also observed in mitochondrial suspen-
sions (see below).

STUDIES OF MITOCHONDRIA

Rat Liver Mitochondria

Experiments so far have not clearly dis-
tinguished the hyperbaric responses of
mitochondrial and cytoplasmic spaces.
Thus, studies of isolated mitochondria
under hyperbaric conditions seem particu-
larly appropriate. Figure 14 indicates
fluorometric responses of the reduced
pyridine nucleotide component of a sus-
pension of rat liver mitochondria to hy-
perbaric conditions. The mitochondria,
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FiGURE 14. The response of the reduced pyri-
dine nucleotide component of rat liver mito-
chondria to anoxia and to high pressure oxygen.
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initially equilibrated with oxygen, were
flushed with nitrogen, causing increased
fluorescence (a downward deflection). On
replacement of the nitrogen with oxygen,
the fluorescence returned nearly to the
initial level. Thereafter, pressurization
with 11 atm oxygen gave, in 4 min, a
fluorescence decrease slightly in excess of
that observed on adding 1 atm oxygen to
the anaerobic system. The reaction was
fairly rapid, half-maximal effect being
obtained in about 1 min.

Emission Spectra for Hyperbaric Reac-
tions. Using rat liver mitochondria, we
examined the emission spectra of the re-
duced pyridine nucleotide before pressuri-
zation, and at 4 and 9 min after 9 atm
pressurization. The time course of the re-
action is illustrated in Figure 15, and the
moments at which spectra A, B, and C
were obtained are indicated by the arrows.
The wavelength was fixed initially at 480
mg, and a base line was established. Then
a spectrum was recorded by a scanning
of the region 400-600 my, as indicated in

>
< 50
[ =4
&
=
| Atmospheres
>
]
366 — 450mu © o
Fluorescence DecreoseT

diagram A. The suspension was then pres-
surized at 9 atm, and the fluorescence
diminished according to the indicated time
course. When the reaction was approxi-
mately half complete, spectrum B was re-
corded. The reduced pyridine nucleotide
fluorescence was considerably less, and
the maximum shifted to 495 mg. When
the fluorescence decrease reached a pla-
teau, spectrum C was recorded, and here
scarcely any fluorescence in the 480 mp
region remained. Instead, flavin fluores-
cence at 516 mp was observed.?® These
data indicate that the component respon-
sible for the fluorescence changes in liver
mitochondria has a fluorescence charac-
teristic of reduced pyridine nucleotide.

The Correlation of Fluorescence Changes
and Analysis for DPNH and TPNH.
Analyses for DPNH and TPNH were car-
ried out before and after pressurization of
a sulfide-inhibited system with 16 atm
oxygen (Figure 16). The first assay was
made immediately after adding sulfide,
and two more assays followed at intervals
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FiGure 15. Left, the time course of reduced pyridine nucleotide oxidation in rat liver mito-
chondria with indications A, B, C of the times at which emission spectra are recorded.
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of approximately 5 min. The tracings
clearly indicate the exhaustion of both
DPNH and TPNH as the fluorescence
diminished under the hyperbaric condi-
tion. Thus, the diagram indicates no par-
ticular selective action of hyperbaric oxy-
gen upon DPNH rather than TPNH; pre-
sumably, these systems were maintained in
appropriate proportions by the energy-
linked pathways.*®

Figure 16 shows the time correlation
between the metabolite assays and the
fluorescence changes. A more detailed
and quantitative analysis appears in
Table 7, in which both the reduced and
the oxidized forms are evaluated. Condi-
tions in the latter study were similar to
those of Figure 16, except that supple-
ments of glutamate and succinate were
present. Despite the presence of these sub-
strates, pressurization at 10 atm caused
considerable oxidation of DPNH and
TPNH; 0.88 mumoles/mg protein of
DPNH and 0.48 mumoles/mg protein of
TPNH were oxidized. These oxidations
were less extensive than those observed
in the absence of substrate supplement,
only one-third of the DPNH and one-sixth
of the TPNH having been oxidized.

Reversibility of the Reaction. Figure 17
illustrates the results of pressurizing the
mitochondria at the highest available oxy-
gen pressure, 17 atm, resulting in an
abrupt oxidation of reduced pyridine nu-

B. Chance et al.
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FiGurRe 16. A correlation of fluorescence
changes of reduced pyridine nucleotide oxida-
tion measured fluorometrically with data ob-
tained by analysis for a suspension of rat liver
mitochondria.

cleotide. This high pressure was chosen
to determine whether the reversibility
could occur even under the most unfavor-
able conditions. Reducing the pressure to
1 atm caused a partial return of the fluo-
rescence intensity. A second pressuriza-
tion at 17 atm caused a further decrease
of fluorescence, and decompression to 1
atm caused a slower and smaller return.
It is apparent that reversibility of the reac-
tion decreased with a more prolonged ex-
posure to 17 atm for more than a few min-
utes.

TaBLE 7. Effect of Hyperbaric Oxygen on Pyridine Nucleotides in Rat Liver
Mitochondria ¢

Additions O. Pressure DPN

10 umoles
succinate +
10 umoles
glutamate +
1 umole sulfide

(1atm) 73 150

10 umoles
succinate 4
10 umoles
glutamate +
1 umole sulfide

150 151 102

DPNH TPN TPNH DPN + DPNH TPN 4 TPNH

21 327 263 348

80 279 253 359

¢ In mumoles/100 mg protein.
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FiGure 17. Recovery from hyperbaric oxygena-
tion at high (top) and low (bottom) UV ex-
citations. Other conditions similar to those of
Figure 14,

Effect of Ultraviolet Excitation Intensity.
In order to determine whether the revers-
ibility of the reaction depended upon the
intensity of fluorescence excitation, the
same experiment was repeated with the
fluorescence excitation intensity reduced
to 6% of the initial value by means of an
appropriate filter (Figure 17). Results
showed more fluctuation, since the signal/
noise ratio is inferior when at the lower ex-
citation intensity. However, the results
appeared to be essentially the same; only
a partial return was measurable after pres-
surization at 17 atm for over 1 min.

Plant Mitochondria

In order to determine whether the phe-
nomenon exhibited here is restricted to
animal mitochondria, we obtained a sus-
pension of mitochondria prepared from
hypocotyls of the mung bean (through
the courtesy of Dr. Walter D. Bonner, Jr.)
The technique was essentially the same
as that used in the preceding experiments:
an aerobic—anaerobic transition, followed
by equilibration at 1 atm, and pressuriza-
tion in this case to 6-9 atm. The phe-
nomenon (Figure 18) was essentially
identical to that observed in animal tis-
sues, suggesting a widespread occurrence
of the biochemical reaction involved. A
graphic presentation of data, similar to
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Ficure 18. Effects of anoxia and hyperbaric
oxygenation upon the reduced pyridine nucleo-
tide fluorescence of a suspension of mitochon-
dria prepared from green hypocotyls of the
mung bean (courtesy of Walter D. Bonner).

that in this figure, indicated that both the
rate and extent of the fluorescence de-
crease follow linear courses up to 8 atm,
half-maximal effects having been observed
at 4 atm.

Normoxic, Anoxic, and Hyperbaric States
for Pigeon Heart Mitochondria

Figure 19 illustrates a variety of metabolic
states for a suspension of pigeon heart
mitochondria. Pigeon heart mitochondria
at a protein concentration of approxi-
mately 20 mg/ml were supplemented with
10 mm glutamate and showed a reduction
of DPN over a 1-min period. The transi-
tion to the anaerobic state, observed on
flushing with nitrogen, more than doubled
the fluorescence. As the nitrogen was
turned off, a slight oxidation was caused
by a low concentration of oxygen diffusing
back into the chamber. Pressurization at
1 atm returned the level very nearly to
the initial value obtained in the aerobic
state. Thereafter, pressurization at 12
atm revealed a hyperbaric effect similar to
that observed in a suspension of yeast
cells. In order to ensure that a plateau
had been reached, the pressure was
changed from 12 to 1 atm twice, with
very little change in the deflection.

To determine reversibility of the reac-
tion, the oxygen was replaced by nitrogen,
and, after a 2-min period of flushing, the
system returned to the reduced level—a
value very nearly equal to that obtained
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FiGure 19. Comparison of anoxic and hyperbaric states for a suspension of pigeon heart
mitochondria (supplemented with 10 mM glutamate) measured fluorometrically.

in the first nitrogenation. Thus, under
these conditions, the hyperbaric effect is
reversible in nitrogen.

Response in the Presence of Sulfide. In
order to determine whether the response
observed in ascites cells in the presence
of sulfide could be reproduced with the
isolated mitochondria, we performed the
experiment illustrated in Figure 20. It
was similar to the preceding experiment
(Figure 19) in that the mitochondria were
supplemented with substrate, in this case
succinate and glutamate, to cause DPN
reduction under aerobic conditions. Pres-
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surization at 17 atm (diagram A) gave
a decrease of fluorescence at the rate of
3.6% /min. The experiment was then re-
peated (diagram B) except that the addi-
tion of substrate was followed by the
addition of 1.3 mM sulfide. A slight re-
oxidation of reduced pyridine nucleotide
occurred at this point. After a plateau was
established, pressurization at 17 atm gave
a rate of decrease of fluorescence of
14% /min—four times as rapid as that
obtained in the absence of sulfide.

Since hyperbaric oxygen causes specific
effects upon the pathway of reversed elec-
tron transport, components in this path-
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FiGure 20. Effect of hyperbaric oxygenation upon sulfide-inhibited pigeon heart mitochondria.
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way should be more susceptible to hyper-
baric effects than the pathway of forward
electron transport. We therefore supple-
mented our observations of reduced pyr-
idine nucleotides with a study of flavin,
quinone, and cytochrome components.

Response of Ubiquinone. Using a pres-
sure cell equipped with quartz windows,
we measured the effect of hyperbaric con-
ditions upon the steady state of ubiqui-
none with 275 my as the measuring wave-
length and 295 my as the reference wave-
length. This pair was chosen to minimize
interference with concomitant changes of
DPNH.** To avoid further interference
with changes of DPNH, the changes of
ubiquinone following the addition of sul-
fide were employed. Under these condi-
tions, most of the quinone can be reduced,
but pyridine nucleotide is not reduced.3*:3
Reduction of ubiquinone (Figure 21B),
which caused a disappearance of absorp-
tion at 275 mg relative to 295 my, gave
an upward deflection of the trace, with the
reaction occurring several minutes after
addition of sulfide. When the trace
reached a plateau, pressurization at 200
pst caused a rapid and steady increase of
absorption at 275 myu relative to 295 my,
indicating an oxidation of reduced ubiqui-
none. A control experiment with succi-
nate present is indicated in the adjacent
panel of the trace, and pressurization
here caused only a small change, sug-
gesting that direct reduction of ubiquinone
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IR ~ P
= N Absorpti P
ncrease ||
At 275mu
275-290mys
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FIGURE 2]. Spectrophotometric recordings of

the response of ubiquinone component of a
pigeon heart mitochondrial suspension under
hyperbaric conditions.
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through succinate can maintain it in the
reduced form. When, however, only en-
dogenous materials were available to re-
duce it, ubiquinone was oxidized by the
hyperbaric conditions. The fact that ab-
sorption attributable to the oxidized form
of ubiquinone was observed made it un-
likely that a ubiquinone radical was
formed.

Flavoprotein. Changes in the oxidation—
reduction level of flavin were neasured
fluorometrically with excitation at 436 mu
and measurement at 560 mp.2®* The fluo-
rometer for this purpose was combined
with another fluorometer for measuring
DPNH changes, so that both could be
measured almost simultaneously.®* The
experimental tracings are shown in Figure
22, It should be remembered that the
fluorescence of pyridine nucleotide in-
creases with its reduction while that of
flavin increases with its oxidation. On ad-
dition of succinate and glutamate, both
components were reduced, as indicated by
their respective deflections in the opposite
direction. On addition of sulfide, a further
reduction of flavin occurred, while re-

—> Imin %= ey0rescence
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FIGURE 22. A comparison of the response of
reduced pyridine nucleotide in flavoprotein to
hyperbaric oxygenation. Top tracing shows re-
duced pyridine nucleotide fluorescence and bot-
tom tracing shows flavin fluorescence. Both
components measure fluorometrically the appro-
priate excitation and emission wavelengths,
which are indicated in the figure.
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duced pyridine nucleotide became slightly
oxidized. On pressurization at 11 atm,
the fluorescence of reduced pyridine nu-
cleotide diminished while that of flavopro-
tein increased. These changes indicate an
oxidation of the reduced component in
both cases. The extent of the effect was
greater for reduced pyridine nucleotide
than for flavin, and changes of 10-30%
of the oxidized—reduced changes were ob-
served in a series of experiments.

Diphosphopyridine Nucleotide. The re-
sults of an experiment designed to illus-
trate the sensitivity of ATP-driven DPN
reduction in a suspension of pigeon heart
mitochondria are shown in Figure 23. In
a control experiment (left side of figure),
the mitochondria were treated with succi-
nate and ATP without pressurization. It
is seen that the addition of ATP caused
the immediate reduction of DPN, as indi-
cated by the downward deflection of the
tracing (in this case, measurements were
made by absorbancy at 340 mp, with 374
my as the reference wavelength). When,
however, the mitochondria were pressur-
ized at 200 psi for 4 min, addition of suc-
cinate followed by ATP caused a slow re-
duction which proceeded to an extent of
only half that observed in the control ex-
periment. The ratio of the initial rates
was 8:1.

| min jo— | min r—
— “\
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At 340mp s
340-376mpu
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M 540,
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FIGURE 23. Spectrophotometric measurements
of the inhibition by hyperbaric oxygenation of
the ATP-driven reaction of the reduced bound
pyridine nucleotide of a suspension of pigeon
heart mitochondria.2
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Energy-Linked Reduction of DPN in
Submitochondrial Particles

In order to further simplify the system and
to localize the site of hyperbaric inhibition,
we examined the reduction of DPN added
to submitochondrial particles. The ATP-
driven reduction of DPN is indicated in
Figure 24. The fluorometric measure-
ments showed that submitochondrial par-
ticles, energized with succinate and ATP,
showed immediate formation of DPNH
upon addition of 360 uM DPN to a sys-
tem terminally inhibited by 1.5 mm sul-
fide. The initial rate was 0.6 uM/sec.
When the same particles were treated with
oxygen at 16 atm for 80 sec before addi-
tion of DPN, the initial rate was only 0.5
pM/sec, a twelvefold inhibition. Other
experiments showed that exposure to 12
atm for 30 sec caused 50% inhibition of
the rate at 23°C.

The possibility that DPNH oxidation is
a factor influencing these results is sug-
gested in Figure 25; the reduction started
on the addition of DPN, but at the end of
2.5 min, the DPNH was reoxidized to the
initial base line. The rate of oxidation of
DPNH was slow (4 mpmoles/mg protein/
min) and the rate only tripled at 17 atm
pressure. (In Figure 24, the rate of
DPN reduction was 36 mugmoles/mg pro-
tein/min.) In summary, we found the
energy-linked reduction of DPNH in sub-
mitochondrial particles to be highly sen-
sitive to hyperbaric inhibition.

™
360uM DPN OHSHOS & pin
4306uM/sec l
e

I5mM =
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DPN Reduction In 5.M.P
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366 —>450mu

3928 4 IV

FIGURE 24. Inhibition of the ATP-driven re-
versed electron transfer reaction with submito-
chondrial particles under normal (A) and hy-
perbaric (B) conditions.
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FIGURE 25. An illustration of the relatively
small effect of hyperbaric oxygenation at 12
atm upon the rate of oxidation of DPNH by a
suspension of submitochondrial particles derived
from beef heart.

Discussion

The experimental data are discussed from
two standpoints: the site of the short-term
hyperbaric response, and the metabolic
consequences of the shift of the oxida-

DPNH
Dehyd DH,f
ehy YOTQCHOSCS Pool "l P

/I

—> Forward Electron Transfer —

tion-reduction state of pyridine nucleo-
tides. Elucidation of the first point is
clearly afforded by observations of the hy-
perbaric response in isolated mitochondria
and the identification of the hyperbaric re-
sponse with the mitochondrial compart-
ment on the basis of in vivo data, particu-
larly the response of the redox couples
(see above). We shall now attempt to
identify the site of hyperbaric inhibition
in the electron transport and energy trans-
fer processes within the mitochondrion.

Site of Hyperbaric Inhibition in
Mitochondria and Submitochondrial
Particles

A possible site for this inhibitory reaction
is indicated by the generalized diagram of
the pathways of forward and reversed
electron transport shown in Figure 25.
There are a number of reactions by which
the oxidation state of pyridine nucleotide
may be affected under hyperbaric condi-
tions.

The pathways of oxidation which might
increase in activity and thereby render

Citric Acid — Succinate — DH,fp —b c,—>c¢ > a ~ay ~0,
Cycle
~1, ~I,
Reversed
Electron Transferl ™~ X~I
12,3 Oxidative
1 Phosphorylation
Malate + DPN
ADP  ATP
+
Pi
TPNH
Pathways Of Forward And Reversed Electron Transfer
MD 212¢
FiIGURE 26. A schematic diagram of the respiratory chain including the forward and reversed

pathways of electron transfer, with special emphasis on the sites of action of the various
inhibitors and the possible site of action of hyperbaric oxygen.
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DPNH more oxidized are those involving
the chain from Pool 1 of DPNH onwards
through the cytochromes to oxygen. Simi-
larly, the decrease of dehydrogenase ac-
tivity feeding into Pool 1 would cause de-
creased reduction of DPNH. Similar con-
siderations apply to Pool 2 of DPNH,
where any inhibition of the rate of elec-
tron flow in reversed electron transfer into
this pool would cause diminished DPN
reduction. Alternatively, enhanced activ-
ity of the hydrogen acceptors which in-
teract with DPNH in Pool 2 or with
TPNH would cause increased oxidation
of the reduced component. A consider-
able distinction between DPN reduction
in forward electron transport (Pool 1)
and DPNH reduction in reversed electron
transport is the energy requirement of the
latter pathway. For the latter pathway
to function, both electron transport and
energy supply (in the form of X ~ I)
is necessary. Thus, we may consider
whether the hyperbaric inhibition of DPN
reduction described in this paper is due
to inhibition of electron transport or of
energy transfer into the pathway of re-
versed electron flow.

Activation of Forward Electron Transfer

Under hyperbaric conditions, activation of
forward electron transfer is a reaction that
might be expected to occur if the chemis-
try of cytochromes were unknown. Ex-
cept for the terminal oxidase, the cyto-
chrome components are highly unreactive
toward oxygen—a remarkable character-
istic of the respiratory chain. Metals, qui-
nones, flavins, and even DPNH itself do
not become auto-oxidizable under hyper-
baric conditions. Even in submitochon-
drial particles, where many of the compo-
nents are more exposed and possibly even
broadened in their specificity, the rate of
oxidation of DPNH is merely tripled at
pressurization to 17 atm, as shown in
Figure 25. It is apparent that the respira-
tory chain shows very little “oxygen leak-
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age.” The terminal oxidase is, of course,
completely saturated by oxygen concen-
trations of a fraction of an atmosphere
and does not function any more rapidly at
high oxygen pressures.

Formation of free radical forms of the
respiratory carriers seems to be unsup-
ported by our observations; flavin is con-
verted to the fluorescent oxidized form
and not to the nonfluorescent radical.
This is true for ubiquinone as well, which
is converted to the fully oxidized form
and not to the radical form.3*

Inhibition of Pyridine Nucleotide
Reduction

The inhibition of pyridine nucleotide re-
duction is much more likely than the ac-
tivation of its oxidation. The oxidation of
sulfhydryl groups to disulfides has been
identified in pyruvate oxidase,>*® a-keto-
glutarate oxidase,’ DPNH dehydroge-
nase, and lactic dehydrogenase (cyto-
chrome b,).35.3¢

The measurement of the dehydrogenase
activity directly or by oxygen reduction
by manometric techniques under condi-
tions of high oxygen pressures is incon-
venient and possibly also inaccurate. We
have recently measured dehydrogenase
activity toward the natural acceptors of
the respiratory chain in terms of the
steady-state oxidation—reduction level of
cytochrome c¢.** This method can be di-
rectly utilized under high pressure condi-
tions and is a sensitive indicator of
changes in the rate of electron flow. The
very small effect of high pressure oxygen
upon the rate of oxidation of succinate and
a-ketoglutarate for the first 10 min of
pressurization at 12 atm is illustrated in
Figure 27. The data indicate that these
two dehydrogenases are not inactivated.
Thus, dehydrogenase inactivation in for-
ward electron transfer is not the primary
cause of the oxidation of reduced pyridine
nucleotide observed in these studies.
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FiGURE 27. A comparison of fast and slow ef-
fects of hyperbaric oxygen; the oxidation of re-
duced pyridine nucleotide in a suspension of
mitochondria as compared with the inhibition
of electron transfer from succinate or a-keto-
glutarate to oxygen.

Inhibition of Electron Transfer in the
Reversed Reaction

In view of these results it is appropriate
to consider in more detail the possible
inhibition of reversed electron transfer in
the sequence of reactions leading from
succinate through cytochrome b, qui-
nones, and flavins, to reduced DPN. Fig-
ure 26 also indicates that electrons flow
into the respiratory chain past the branch
point for reversed electron transfer with
hyperbaric inhibition (Figure 25).

The exact point of the branch between
forward and reversed electron transfer ap-
pears to be different in intact mitochon-
dria from that in submitochondrial par-
ticles. In the latter, it is observed that the
site sensitive to antimycin is not involved
in reversed electron transfer.>”-*® In intact
mitochondria, however, it is apparent that
not all the properties of the system can be
taken into account unless electron flow
through the point sensitive to antimycin A
is considered. The diagram of Figure 26
indicates an electron transport sequence
in the forward and reversed direction that
is consistent with observations on mito-
chondria, namely, that the branching point
involves cytochrome 5. The disruption of
the mitochondrial structure to form sub-
mitochondrial particles may well have
caused the branching point to move up
the chain to the level of flavoprotein. Al-
though the reduction of cytochrome b
shows an energy dependence,*** the fact

that hyperbaric oxygen inhibits DPN re-
duction in submitochondrial particles in
which cytochrome b is not involved indi-
cates the sensitive site to be in the ubi-
quinone—flavin region of the reversed elec-
tron transfer pathway.

In summary, we find that the state of
oxidation of reduced pyridine nucleotide,
ubiquinone, and flavin is increased in the
hyperbaric state, There is no evidence
that a crossover point in reversed electron
transport would identify an inhibition at
a particular site in the electron carriers
which may be participating in this path-
way.

Inhibition of Energy Transfer

Two factors compel a serious considera-
tion of the inhibition of energy transfer as
the correct explanation for the hyperbaric
inhibition. First, we have failed to find a
crossover point in the sequence of com-
ponents believed to participate in reversed
electron transfer. Second, the pathway of
reversed electron transfer in submitochon-
drial particles differs from that in intact
mitochondria; the cytochrome and points
sensitive to antimycin A are bypassed.’"*
Nevertheless, this modified pathway of
the submitochondrial particles is sensitive
to inhibition by hyperbaric oxygen. In
fact, the inhibition of energy transfer pro-
vides a unifying explanation for these
three observations. This hypothesis ex-
plains hyperbaric sensitivities of reversed
electron transport in the different electron
flow pathways of the intact mitochondrion
and submitochondrial particles and the
lack of a crossover point in the electron
transfer components. The chemical mech-
anism of the inhibition of energy utiliza-
tion in reversed electron transfer requires
a more detailed knowledge of the energy
of “~1I" used to activate this process. The
reaction is so far believed to be essentially
a reversal of a process by which the
energy captured in oxidation—-reduction
reactions is used to form high-energy
compounds. Despite a number of years
of research, the nature of these com-
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pounds remains largely unknown. One
current hypothesis is that the compounds
involve forms of the electron transfer car-
riers. It is possible, however, that such
intermediates involve SH groups which
are more labile than those in the electron
transfer pathways.

Metabolic Consequences of Inhibition
by Hyperbaric Oxygen

The consequences of inhibition of reversed
electron transport in isolated mitochon-
dria are increased oxidations of reduced
pyridine nucleotide, ubiquinone, and fla-
vin. These changes do not inhibit the
ability of the mitochondrion to carry out
oxidative phosphorylation, but they do
inhibit its ability to transfer hydrogen to
various acceptor systems (Figure 26).
This metabolic state of the mitochondria
differs from that of others which have so
far been identified, and it is termed State
7. In State 4, the flow of metabolites
blocked by the lack of ADP, phosphate,
or both, is essentially a condition of mini-
mal energy expenditure but a state of
maximum readiness to phosphorylate
ADP or to further reduce DPN. State 6
is a similar inhibited state insofar as the
flow of electrons is concerned, but it is one
which is caused by the accumulation of
cations in the cristal space of the mito-
chondrion with resulting alkalinity.*® This
state is not reactivated by adenine nucleo-
tides but may be reactivated by the addi-
tion of phosphate or anions which per-
meate the mitochondrial membrane.

State 7 has significant effects on cell
metabolism, demonstrated by the metabo-
lite assays. These effects are large enough
to cause significant changes in the pyridine
nucleotide levels in the tissue of liver, kid-
ney, and brain. A further consequence of
State 7 is the rise of the ATP/ADP level
in liver, suggesting that the utilization of
energy in the reversed electron transfer
pathway is great enough to cause a drain
on the ATP level in vivo which is signifi-
cant compared with other energy demands.
In view of these observations, the view-
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point advanced by Krebs*!-*? appears even
less likely, i.e., that our observations of
DPN reduction in response to increases in
succinate concentration were misinter-
preted and were actually due to a compe-
tition in the respiratory chain for DPN-
linked substrates. It appears that Krebs’
hypothesis applies effectively to model
systems where succinate added externally
can cause the competitive effects which
his hypothesis requires. The in vivo ob-
servation of oxidation of reduced pyridine
nucleotides and the shift of the ATP/ADP
ratio, combined with observations in vitro
of constant rates of ketoglutarate and suc-
cinate oxidation under equivalent hyper-
baric conditions, appear inconsistent with
Krebs’ hypothesis.

Other metabolic consequences of the
hyperbaric response of liver, kidney, and
brain have not yet been investigated and
are surely worthy of further and detailed
study. These observations afford one bio-
chemical explanation for observed dis-
turbances of integrated cell function.

Protection

Two factors appear to be important in
maintaining DPN reduction in suspensions
of mitochondria: (1) the presence of high
concentrations of substrate, particularly
succinate, and (2) the maintenance of
respiration. Inhibition of respiration by
addition of sulfide or cyanide leads to oxi-
dation of reduced pyridine nucleotide.
Mitochondria containing only endogenous
substrate or low concentrations of gluta-
mate show an oxidation of the reduced
pyridine nucleotide even though electron
transport is proceeding. The reduction of
DPN by ATP in submitochondrial par-
ticles is observed to be highly sensitive to
oxygen in the absence of DPN. If, how-
ever, the reduction of DPN has been ini-
tiated before pressurization, the system is
much more resistant to OHP. Generally
speaking, the reversed electron transfer
reaction is protected by maintenance of
the reduced state.
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Sequence of Events

In attempting to compare the sequence of
events which occur in the short-term re-
versible responses described here and the
longer-term irreversible responses,'* it is
important to recognize that two different
types of responses are involved in the
short-term effects. Each oxygen pressure
corresponds to a certain oxidation—reduc-
tion level of reduced pyridine nucleotides,
and, in the case of kidney and brain, a
plateau in this relationship is obtained at
pressures readily achieved with the avail-
able tank. The pressure for half-maximal
displacement of the steady state lies be-
tween 2 and 3 atm for kidney and brain,
and is somewhat higher for the liver. In
the long-term irreversible effects, it ap-
pears that high pressure oxygen estab-
lishes a rate of change of the state toward
irreversible damage, and perceptible rates
may be obtained at 1 or 2 atm pressure.
Furthermore, since the system is irreversi-
ble, accumulated irreversible responses

may be obtained at relatively small hyper-
baric pressures if sufficiently long expo-
sure times are available. Physiologic re-
sponses are probably of a similar nature,
i.e., there are pressures at which no, or at
most very few, convulsions are observed.
These pressures continued over a pro-
longed interval can lead to irreversible
long-term effects such as lung damage.

Thus we may regard the two effects of
high pressure oxygen as independent. It
is, however, a matter of considerable in-
terest to determine whether the primary
biochemical response, the oxidation of re-
duced pyridine nucleotide, can be also the
precursor of the slower secondary effects.
It is possible that a mitochondrion in
which the reversed electron pathway is
inhibited and the DPNH pool oxidized
would show a greater sensitivity of its de-
hydrogenases to high pressure oxygen. On
this basis both the short- and long-term
toxic effects may well have a common bio-
chemical origin.
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A subject of considerable current interest
and study is the oxygen equilibrium curve
of hemoglobin. Although knowledge
about this curve has increased steadily in
the years which separate us from the
work of Bohr! and Huefner,? the con-
fidence with which the physicochemical
models used to represent the data have
been regarded has vacillated considerably.
Initially, in fact, Huefner regarded it as
sufficient to determine a single point on
the dissociation curve of a hemoglobin
solution, and he was content to calculate
the rest of the equilibrium curve by appli-
cation of the law of mass action to a
single reversible reaction. This was short-
lived, however, for physiologic work had
already indicated the shape of the equilib-
rium curve not to be hyperbolic, and
physiologists lost little time in pointing
this out.?

Although the physiologists were quick
to dispose of Huefner’s hypothesis, it
was less easy to suggest a satisfactory
alternative, and no model became prom-
inent until Hill proposed his well-known
equation ¢ based on the supposition that
a hemoglobin solution contains aggregates
of subunits, each containing an iron atom.

The mean size of the aggregates was given
by the exponent n in the equation y=
Kp/(1+Kp"). It was further assumed
that such an aggregate might exist either
in the ligand-bound or free form but that
no intermediate states with partial sat-
uration of a given aggregate were possible.
This equation overshadowed its competi-
tor of 1912, put forward by Douglas,
Haldane, and Haldane,® chiefly because
the constants in Hill’s equation could be
readily determined. The Haldane equa-
tion is interesting because it required dis-
sociation of the hemoglobin molecule to
a differing extent in the frec and ligand-
bound states and, in keeping with the
cyclical nature of our subject, was duly
revived in a more fully worked-out form
in 1963.* The reign of Hill’s equation as
a model with physical significance, how-
ever, ended abruptly when the molecular
weight of hemoglobin in solution was
shown by Adair ? to be 68,000, and the
last possible loophole of averaging (which
Adair’s osmotic pressure measurements
left open) was removed when Svedberg
and Fahraeus ® showed that almost all the
molecules in a solution of CO-hemoglo-
bin had a molecular weight corresponding
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to a content of four iron atoms per
molecule.

Adair gave up the simplifying assump-
tion of infinite heme-heme interaction
introduced by Hill and treated the four
presumed consecutive reactions of the
hemoglobin molecule with ligand by ap-
plication of the law of mass action to
the equilibria between the hypothetical
intermediates. The resulting equation con-
tained four constants and was able to fit
equilibrium curves of a wide variety of
forms. As originally proposed by Adair,
the equation required that all four hemes
should initially have equal affinity for
ligand and that the first product, Hb,O.,,
should have the same affinity for the sec-
ond molecule of ligand regardless of which
heme had combined initially, and so on.

This formulation posed but left unan-
swered the question of how the reactivity
of the heme groups is altered by a com-
bination with a molecule of ligand. The
existence of the phenomenon was, of
course, recognized and described by the
name “heme-heme interaction.” There
were, however, numerous clues to the
nature of the heme-heme interaction,
none of which was sufficiently definite to
permit detailed specification. Generally,
they suggested that the protein molecule
might undergo conformational change on
binding ligand; the observations were, for
example, that the solubility of reduced and
ligand-bound hemoglobins differed and
that the crystal form of ligand-bound and
free hemoglobins was also different. In
1938, Haurowitz® showed that, if a
crystal of reduced hemoglobin was ex-
posed to oxygen, as the oxygen penetrated
the crystal the flat plate of oxyhemoglobin
broke up and was reformed into needles
of oxyhemoglobin.

It was, perhaps, around 1955 that a
high point of confidence in the Adair
scheme was reached. Highly accurate
determinations of the equilibrium curve
by Roughton, Otis, and Lyster ** and im-
proved kinetic determinations of the car-
bon monoxide combination reaction had
led to results, all of which could be
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satisfactorily represented mathematically
by the Adair equation and its kinetic
equivalent. Indeed, in some cases the
results were precise enough to admit only
one equilibrium and rate constant (or, at
most, a very limited choice) in describing
the data. It seemed, therefore, that the
physicochemical problems were solved
and that all that remained was to deter-
mine the values of the coefficients des-
cribing the equilibria and kinetics of the
reactions of hemoglobin with ligands
other than oxygen and carbon monoxide.

About this time, however, the hemoglo-
bin molecule was shown to contain two
chemically different chains, the alpha and
beta chains, so that the first assumption
on which the Adair formulation was based
could not be exactly true. As a result,
all kinds of new and difficult questions
arose. It was possible, for example, that
one chain alone might possess the power
of reacting first with a molecule of ligand.
Concurrently with these new findings,
doubts also began to be felt about the
completeness of the Adair equation, be-
cause of its lack both of terms relating
to the concentration of hemoglobin (which,
as Hill and Woldecamp had shown in
1936, cannot altogether be neglected ')
and of any expression of conformational
change.

Some of these questions can be an-
swered at once. The criticism that the
Adair equation does not realistically rep-
resent the activity in the hemoglobin
molecule because it lacks explicit terms
for conformational change is baseless;
the introduction of conformational change
steps, whether as alternative pathways or
as compulsory steps between the acquisi-
tion of ligand molecules, has no effect
on the form of the equilibrium equations.
Rather, it alters the interpretation which
should be applied to the coefficients in
this equation. The fact is that equilibrium
methods are inherently incapable of dis-
criminating between binding mechanisms
with and without conformational steps
when only overall binding data are avail-
able, as for hemoglobin.
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More serious and more difficult to
answer is the criticism that the Adair
equation, by virtue of its four constants,
is scarcely amenable to experimental tests.
For this reason, attempts have been made
to develop models, based at first upon
intuition and more recently upon the
results of x-ray analysis, in which inter-
action between hemes is restricted to
those occurring, for example, in a square
configuration with interaction along the
edges of the square, or in a linear con-
formation with interaction between ad-
jacent members. The effect of such
models is to impose restraints upon the
values which the coefficients in the suc-
cessive terms of the Adair equation are
able to assume and so to reduce the num-
ber of independently variable quantities
which must be taken into account in com-
paring the models with experimental data.
Perhaps the earliest of such attempts was
that of Pauling,'* and the most recent
has been that of Monod, Wyman, and
Changeux.** In view of the arbitrary na-
ture of these models, it was scarcely pos-
sible to attribute physical significance to
any of them.

The reasons for this loss of confidence
are the same as those on previous occa-
sions of difficulty and confusion. Experi-
ment has outdistanced theory, and the
formulations found adequate to accom-
modate one set of results have failed to
deal with newer expcrimental findings.
The solution for this dilemma must lie in

Quentin H. Gibson

the extension and refinement of experi-
ment, rather than in algebraic specula-
tion. Thus, the question of whether the
alpha and beta chains react similarly with
ligands is an experimental question which
must await the development of new ex-
perimental methods capable of yielding
the desired information. This is by no
means impossible, and evidence might, in
principle, be obtained from a study of the
genetic variants of hemoglobin in which
the individual chains are differentially in-
activated. Kinetic and equilibrium studies
of these individual chains, when associ-
ated with a study of the x-ray structure
to determine the conformational state of
the genetically varied hemoglobin, might
well provide at least a provisional answer.
With such an answer in hand, it would
once again become reasonable to set about
constructing hemoglobin models for the
derivation of equilibrium equations.

It is certainly sobering to reflect that
some 80 years of study of the ligand-
binding behavior of an easily available
and relatively stable protein have failed
to yield answers to even some of the more
elementary questions about the reaction,
although on several occasions satisfactory
answers appeared already to have been
obtained. Even more disturbing is the
corollary: Is hemoglobin an isolated ex-
ample, or will the results of other appli-
cations of quantitative methods to bio-
logical systems prove similarly ephemeral?
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A carrier for carbon dioxide in cell walls
has recently been postulated by Robin *
to exist in the gills of fishes, and Fowle
and co-workers 2* have postulated its
presence in the tissue cells of man. This
has prompted us to seek a similar mech-
anism for oxygen. Our approach was
similar; we attempted to design an ex-
perimental situation in which a carrier
mechanism might be limiting tissue res-
piration. In addition to the carrier mech-
anism, two other factors can limit tissue
respiration—enzyme kinetics and passive
diffusion. One would expect both the
carrier mechanism and enzyme kinetics
to limit tissue respiration in a similar way
kinetically, but passive diffusion might
show some difference.

Our first step was to derive theoretical
equations relating respiration rate to the
partial pressure of oxygen in the environ-
ment of the tissue sample. In the case of
passive diffusion, tissue geometry is quite
important. We considered model systems
with convergent parallel and divergent
diffusion paths for oxygen.

TissUE MobeL WITH CONVERGING
DIFFUSION OF OXYGEN

An attempt to find a theoretical relation
between respiration rate and partial pres-

sure of oxygen has been made by
Rashevsky * for spherical organisms, as-
suming diffusion alone as being rate-
limiting. He assumed that there would be
an appreciable barrier to diffusion at a
membrane surrounding the sphere, while
the diffusion coefficient would be uniform
within, It now appears, however, that the
cell contains many membranes through
which oxygen must diffuse, making it
reasonable to use a mean diffusion coeffi-
cient. When this is done, Rashevsky’s
rather cumbersome equation reduces to:

_VpO. (H
Kp+p0,

where v is the respiration rate at the
given pO,, V is the maximum respiration
rate, and K, is a function of the diffusion
coefficient of oxygen through the tissue
and the radius. This has the same form as
the Michaelis-Menton equation.

All experimental work on the relation-
ship between the partial pressure of
oxygen and the activity of respiratory
enzymes shows that it conforms to
Michaelis-Menton kinetics,”" i.e., that
the rate xpO. curve has the general shape
shown in Figure | (curve A).

Thus, with a spherical model one can-
not distinguish between kinetic and diffu-
sion limitation of respiration rate. Clearly,

y=
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FIGUure 1. Relation of respiration rate to partial
pressure of oxygen (A) when enzyme Kinetics
are limiting, or during diffusion into a sphere,
(B) when diffusion of oxygen into a slice is
limiting, and (C) when diffusion of oxygen out
of a cylinder is limiting. (Reproduced from
J. Theor. Biol. 8:124, 1965.)

if enzyme kinetics limit respiration, the
relation between rate and pO. will have
this same form whatever the geometry of
the model.

In the spherical model, the diffusion
paths are convergent. It seemed reason-
able, therefore, to consider models with
parallel and divergent paths.

TisSUE MODEL WITH PARALLEL
DIFFUSION OF OXYGEN

The simplest model with parallel diffusion
is a tissue slice of uniform thickness and
large surface area in relation to the thick-
ness. Warburg® showed that oxygen
would diffuse into such a slice to a depth
of (2Dp0,/a)?}, where pO, is the partial
pressure of oxygen in contact with the
slice and « is the respiration rate per unit
volume of tissue. Therefore, a slice of
area A suspended in a stirred solution
would have a respiration rate of:

v=2Aa(@aL°’y 2)

if enzyme kinetics were not limiting. The
respiration rate of such a slice should rise
as the square root of the pO.. With rising
pO., oxygen would penetrate further into
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the slice, until the fronts from each side
met. Now all the slice would contain
oxygen, and, if enzyme kinetics were not
limiting, the maximum rate would be
achieved. If the slice thickness were H,
the two fronts would meet at H/2 from
the surface. Thus:

The partial pressure of oxygen at which
this occurs is defined as the critical oxy-
gen tension, p’O,, the lowest oxygen ten~
sion at which the maximum respiration
rate can be obtained. From equation 3:

off” 4)

PO:=3p
The form of the relation given by equa-
tion 2 is shown in Figure 1 (curve B).

TissUE MODEL WITH DIVERGENT
DIFFUSION OF OXYGEN

Two possible models fulfill the criterion
of divergent diffusion: (1) diffusion of
oxygen from a point at the center of a
respiring sphere, and (2) diffusion of
oxygen from the axis of a cylinder. The
former model would be difficult to pro-
duce, whereas the latter approximates the
situation in a tissue supplied with oxygen
by capillaries. We thought it profitable
to consider only the latter.

In 1919, Krogh ° developed an equation
relating the distance R to which oxygen
will diffuse into respiring tissue from a
capillary of radius r:

po,=i(1.15RzlogR Rz“’z)(s)

D r 4
Applying the same general procedure used
before, a curve can be derived wherein
respiration rate is plotted against pO, for
this model (Figure 1, curve C). In this
case, however, one cannot construct the
complete curve. When the advancing
fronts of oxygen from adjacent capillaries
meet, the form changes. If the capillaries
are uniformly distributed, it can be shown
geometrically that the fronts meet when
89.5% of the tissue contains oxygen.
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Thus, above 89.5% of the maximum
respiration rate, the form of the relation-
ship is altered.

Examination of Experimental Results

The model system with divergent dif-
fusion might seem the best one to ex-
amine, since curves A and C differ most.
Considerable difficulties are likely to
attend attempts to obtain satisfactory ex-
perimental results, however, for the rea-
sons given by Brauer.°

No such difficulties arise with a system
utilizing tissue slices. In this case, dif-
fusion-limited respiration should result in
a reasonably well-defined critical oxygen
tension—the lowest tension at which the
maximum respiration rate is still obtained.
This value should rise as the square of
the slice thickness. If the rate were ki-
netically limited, a critical oxygen tension
would be hard to discern and virtually
independent of slice thickness. Below this
critical tension, the curves would have a
different form, but one might not see
this since comparison of curves is diffi-
cuit. Curves A and B can be converted
to linear plots, however. Lineweaver and
Burk ** showed that Michaelis kinetics
give a straight line if the reciprocal of
rate is plotted against the reciprocal of
substrate concentration, in this case pO..
Equation 3 shows that curve B would give
a straight line of slope one-half if log rate
were plotted against log pO,. Thus, by
determining which method gives a straight
line when applied to experimental deter-
mination of tissue-slice respiration rate as
a function of pO., it should be possible
to determine whether the respiration is
diffusion-limited or Kkinetically limited.
An inquiry of this sort seems prerequisite
to any experimental approach to the prob-
lem of tissue adaptation to hypoxia.

EXPERIMENTAL MATERIALS
AND METHODS

Liver, kidney, heart muscle, and brain
were cut in varying thicknesses with the

I. S. Longmuir

Mcllwain slicer. Artificial tissue slices
were also prepared by first imbedding
heart muscle preparation uniformly in
stiff agar and then, when the agar had
set, cutting slices in the same way as for
the tissues. The artificial slices represent
a system in which enzyme kinetics can-
not be limiting, and, since the agar has
a diffusion coefficient for oxygen lower
than that of water, diffusion and not
enzyme kinetics must limit respiration.

The polarographic system described by
Longmuir and Bourke 2 was used. The
cell was filled with a solution 0.05 M with
respect to potassium chloride, 0.05 M with
respect to potassium phosphate, and 0.12
M with respect to potassium succinate, at
a pH of 7.4. The solution was saturated
with oxygen at a partial pressure of about
700 mm Hg. The slices were then placed
in the cell and the partial pressure of oxy-
gen recorded as a function of time. When
all the oxygen had been removed, fresh
oxygenated solution was run in, and the
experiment was repeated. This was done
several times on each sample of slices.
Several different thicknesses of each of
the tissues and the artificial material were
examined in this way.

Because the signal so obtained was too
noisy to permit the use of the differential
circuit,'® it was necessary to convert the
tracings to respiration rate xpQO, curves
graphically. This was done by taking
several points on each tracing and mea-
suring the slope of a line just touching
the curve at that point. The results were
then plotted as double reciprocals and
double logs.

RESULTS

When the readings obtained from liver,
kidney, and heart slices were plotted as
the reciprocals, they lay on a straight line
(Figures 2, 3). Only in the case of brain
did a log-log plot of the same results give
a straight line. Thus, the respiration rate
of slices of liver, kidney, and heart ap-
peared to be kinetically limited, rather
than diffusion-limited. The reciprocal
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FiGURe 2. Double-reciprocal plot of the respira-
tion rate of liver slices as a function of pO: in
the suspending fluid. (Reproduced from
J. Polarographic Soc. 10:45, 1964.)

plots made it possible to obtain the
Michaelis constant of the tissue, i.e., the
pO. at which the slice respired at half
its maximum rate (a measure of the
affinity of some substance in the tissue
for oxygen). The values so obtained lay
between 80 and 370 mm Hg.

Since this indicated the respiration rate
of those slices to be kineticaily limited
and not diffusion-limited, it was concluded
that the limitation should be independent
of the geometry of the model. Conse-
quently, some other models of the three
tissues, cylinders, and strips were studied.
Again, they showed that kinetics and not
diffusion was the limiting factor. In the
experiments on the artificial tissue, the
tracings appeared to resemble those ob-
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Ficure 3. Double-log plot of the respiration
rate of liver slices as a function of pO, in the
suspending fluid. (Reproduced from J. Polaro-
graphic Soc. 10:45, 1964.)
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FiGUre 4. Double-reciprocal plot of the respira-
tion rate of artificial slices as a function of pO.
in the suspending fluid. (Reproduced from J.
Polarographic Soc. 10:45, 1964.)

tained with real tissue. When the results
were plotted as before, however, the re-
ciprocal plots did not give a straight line,
but the double-log plots did (Figures 4,
S). The double-log plot, although straight
in these experiments, with a slope of
approximately half (as required by the
theory of Longmuir and McCabe **), be-
came horizontal at the top. The explana-
tion for this is that as advancing fronts
of oxygen penetrate into the slice from
each surface they eventually meet. When
this happens, each unit volume of the
slice contains some oxygen, and therefore
respires at the maximum rate; thus no
further rise of the external oxygen tension
will make the slice respire any faster. The
theory of Longmuir and McCabe further
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FIGURE 5. Double-log plot of the respiration
rate of artificial slices as a function of pO: in
the suspending fluid. (Reproduced from J.
Polarographic Soc. 10:45, 1964.)
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requires that the pO. of oxygen at the
point at which the maximum respiration
rate is reached should rise as the square
of the slice thickness. This was confirmed
experimentally.

There are two difficult questions: (1)
How does the brain differ? (2) If, as we
know, the percentage of oxygen con-
sumption going through cytochrome oxi-
dase varies from 44% in fresh liver slices
to 95% in older ones, why does the re-
lationship between respiration rate and
partial pressure have the same form?
Both dilemmas could be resolved by pos-
tulating an oxygen carrier in liver, heart,
and kidney, through which all of the
oxygen consumed by these tissues passes.
Such a carrier system would give
Michaelis kinetics.

Scholander '* has shown that hemoglo-
bin can facilitate oxygen diffusion through
a membrane. The possibility of such a
carrier in tissue was investigated by ex-
amining the effect of carbon monoxide at
a partial pressure of 350 mm Hg on
tissue respiration. This gas was found to
have no effect on brain respiration; it had
a pronounced effect on liver and a smaller
one on heart and kidney slices.

When the results from liver were plotted
reciprocally, they again gave a straight
line, but it lay above the line found in
the absence of carbon monoxide. The
intercept on the reciprocal-rate axis was
the same as before. Classically, this in-
dicates competitive inhibition with an
inhibitor constant of 80 mm Hg.

DiscussioN

If respiration is kinetically limited, the
relationship between the respiration rate
of a piece of tissue and the external partial
pressure of oxygen in the suspending solu-
tion is given by:

_ VpO,
V=Kkm+ pO: M
Rashevsky’s equation * for the relation-

ship between the respiration rate of a
sphere of tissue and the external partial

I. S. Longmuir

pressure of oxygen has exactly the same
form. The only difference is that Km is
now a function of the diffusion coefficient
of oxygen and the radius of the sphere.
For models other than a sphere, the form
of the equation changes. In the case of a
tissue slice, the equation is:

v=2Aa(-2£‘@‘-’)‘ (2)
a

It can be seen that equation 1 can be
put in a linear form if 1/v is plotted
against 1/p0O.. Similarly, in the case of
equation 2, a plot of log v against log
pO. should give a straight line of slope
one-half.

That artificial slices and brain behave
in the predicted manner when examined
in this way is of particular interest. Until
recently, all theoretical attempts to relate
respiration rate to pO. have assumed that
tissues conform to the artificial tissue we
have prepared. Up to a point, therefore,
our findings with this artificial system
represent a vindication of these theoretical
treatments.

The finding that the respiration rate
of real tissues conforms to Michaelis ki-
netics raises a serious difficulty, however.
More than 30 oxidases and oxygenases
(the enzymes which react with molecular
oxygen) have been described in tissue.
Although the activity of all these enzymes
conforms to Michaelis kinetics, they have
widely varying affinities and the sum of
their activities should not approximate
Michaelis kinetics. In addition, Longmuir
and McCabe '* have observed that the
proportion of oxygen going through cyto-
chrome oxidase (which has the highest
affinity for oxygen) varies from 44% to
95%, depending upon the age of the
slice; yet no change in kinetics occurs
with age.

This anomaly can be resolved by pos-
tulating an oxygen carrier in the three
tissues, which must behave kinetically in
the same way as an enzyme, between the
external source of oxygen and all of the
terminal oxidases and oxygenases in the
tissue. This carrier would have to trans-
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port virtually all the oxygen, with little
moving by passive diffusion; otherwise
the experimental results would lie be-
tween the diffusion-limited and kinetically
limited pictures.

The nature of such a carrier remains
obscure. Scholander ** has shown that
hemoglobin and myoglobin could act in
this way, but not under the conditions of
the experiments described herein.!’ Such
a hypothesis could explain the findings of
Longmuir and Bourke,* however, without
the need for two hypotheses, i.e., a high
diffusion coefficient and a low-affinity
oxidase through which the bulk of the
oxygen passes.

The affinity of the oxygen carrier for
oxygen can be determined from the
Lineweaver-Burk plot. Values for differ-
ent tissues lie in the range of 80 to 370
mm Hg. Thus, the carrier cannot be
either hemoglobin or myoglobin. The
fact that there appears to be no carrier
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in brain is highly significant. Brain is the
only nonpigmented tissue we have studied
so far. Clearly, the hypothesis of a
carrier system in some tissues does not
mean we must discard all our previous
concepts of tissue oxygen transport by
passive diffusion,

The results obtained by studying the
respiration rate of slices of all four tissues
in the presence of carbon monoxide seem
to confirm that there could be a hemo-
globin-like carrier in liver, and possibly
in kidney and heart, but not in brain.
However, the partial pressure of oxygen
for half saturation (80 mm Hg) and the
inhibition constant (ca. 80 mm Hg)
appear to exclude hemoglobin or myo-
globin. At the same time, these values
and the absence of an effect with brain
exclude the possibility that we are look-
ing at kinetics limited by cytochrome
oxidase.
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The toxic effect of hyperbaric oxygenation
(OHP) on the activity of various dehy-
drogenases has been studied by a number
of investigators,'-® whose work has pri-
marily involved enzymatic activity in tis-
sue slices and homogenates. Studies on
the stability of several respiratory en-
zymes during exposure to elevated oxy-
gen tensions have shown cytochrome ¢
reductase ® and succinic dehydrogenase *-*
to be the most sensitive to oxygen. Based
on the work of a number of investigators,
a hypothesis has been developed that oxy-
gen toxicity is due to the oxidation of
sulfhydryl groups of dehydrogenases,-*
and the effects of some protective re-
agents +%1%!1 have been studied. De-
spite these extensive studies, however, the
question remains whether exposure to
OHP inactivates soluble sulfhydryl en-
zymes as well as the particulate enzymes
of the respiratory chain found in mito-
chondria and submitochondrial fractions.

During the past decade, the respiratory
chain-linked dehydrogenases have been
solubilized and highly purified from a
variety of sources by Singer and his co-
workers, and the main features of their
physicochemical properties have been
determined.’?>-'* Using the same methods

employed by these workers, we have ob-
tained several of these enzyme prepara-
tions and have studied the effect of OHP
on the enzymatic activities at several
stages of purification.

Following are our observations on the
effect of OHP on the enzymatic activities
of the mammalian respiratory chain-
linked dehydrogenases (succinic dehydro-
genase, reduced nicotinamide adenine
dinucleotide (NADH) dehydrogenase,
a-L-glycerophosphate dehydrogenase, and
choline dehydrogenase) in multienzyme
preparations fractionated to various ex-
tents and on a soluble succinic dehydro-
genase preparation. In addition, several
substances known to stabilize other en-
zymes (or, for various reasons, expected
to prevent oxygen-induced inactivation)
were added to soluble succinic dehydro-
genase exposed to OHP and the effects
evaluated.

MATERIALS AND METHODS

Reagents

The following reagents were used for the
experiments: succinic disodium salt and

52
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2,6-dichlorophenolindophenol sodium salt
(Eastman Chemicals); phenazine metho-
sulfate and choline chloride (Sigma
Chemical and Merck, respectively); a-L-
glycerophosphate (dicyclohexyl ammo-
nium salt), NADH, 2,2’-bipyridine, 1,10-
phenanthroline, riboflavin-5-phosphate,
ethylenediamine-tetraacetic acid (tetra-
sodium dihydrate), and dithiothreitol
(Cleveland’s reagent, Calbiochem). All
other reagents used in the enzyme prepa-
rations and enzyme assays were com-
mercial reagents of high purity.

Enzyme Sources

Mitochondria from rat liver and kidney
were isolated by the method of Hoge-
boom * modified by adding 5 mmoles
MgCl., 50 mmoles tris buffer, and 25
mmoles KCl per liter to the 0.25 M
sucrose solution as the homogenizing
medium; the mitochondria were obtained
by density gradient centrifugation (Spinco
swinging bucket rotor SW-39-L).'" The
Keilin-Hartree heart preparation was
made on a small scale exactly as described
by King.'* Beef-heart mitochondria and
nonphosphorylating electron transport
particles (ETP) were isolated according
to the method of Greene and Ziegler **
with minor modifications.?°

Soluble succinic dehydrogenase from
beef heart was prepared by the method of
Bernath and Singer.!? The enzyme prep-
arations were stored in the frozen state
at —20°C in nitrogen and were used at
the following intervals after preparation:
2 weeks for the beef-heart mitochondria,
Keilin-Hartree heart preparation, and
beef-heart soluble succinic dehydrogenase
preparation, and 3 weeks for the non-
phosphorylating ETP.

OHP Exposure and Assays of Enzymic
Activity

Appropriate amounts of the enzyme prep-
arations were transferred to small cups
or Warburg vessels, and in each vessel

the liquid layer was kept less than 2 mm
deep. These were placed, with minimal
stirring, in the bottom of a small pressure
chamber (Dixie Manufacturing) and ex-
posed to elevated oxygen tensions at room
temperature for the time periods and at
the pressures described below. Equal ali-
quots of the preparations served as con-
trols and were exposed to air at 1 atm
for the same time periods. The compres-
sion and decompression time amounted
to less than 2 min. Twenty minutes after
the exposure to OHP for the indicated
periods, the enzymatic assay procedures
were carried out.

In addition, suspensions of the beef-
heart mitochondrial preparation were ex-
posed to 100% oxygen by aeration with-
out foaming for 5-15 min at room tem-
perature.

Assays of the succinic dehydrogenase,*
«-L-glycerophosphate  dehydrogenase,'s
and choline dehydrogenase ** were per-
formed by the phenazine methosulfate
method,** with 0.5 mg of dye (0.67 mg
of dye for succinic dehydrogenase) per
milliliter in the presence of 5x10-* M
potassium phosphate buffer (pH 7.6),
10-* M cyanide, and either 2X 102 M
succinate, 3.3x 102 M choline chloride,
or 1.5x 10> M a-L-glycerophosphate for
the respective enzyme assays at 37°C.

Concurrently, several experiments were
performed by spectrophotometric assay,**
with both phenazine methosulfate as the
immediate electron acceptors and 2,6-di-
chlorophenolindophenol as the terminal
acceptor, to test the advantage of adding
a second dye in this assay. The assay
for NADH dehydrogenase was performed
by the ferricyanide method ** in the pres-
ence of 120 umoles phosphate buffer (pH
7.4), 1.8 umoles NADH, ETP, and in-
creasing quantities of 0.01 M ferricyanide.

Protein determinations were carried
out with Folin phenol reagents.?* Ab-
sorption spectra of the soluble succinic
dehydrogenase preparations were obtained
with a Zeiss spectrophotometer.
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RESULTS AND DISCUSSION

Beef heart was selected as an enzyme
source for our studies so that the effect
of OHP on the enzymatic activity at sev-
eral levels of purification, particulate to
soluble preparations of the same organ,
could be observed. Mitochondria from
frozen beef hearts were used even though
the succinate oxidase system of this par-
ticulate preparation is largely impaired.
The advantage of studying these mito-
chondria is that phenazine methosulfate
reacts directly and solely with the flavo-
protein enzyme in them. It has been sug-
gested that there are two reaction sites
for phenazine methosulfate in mitochon-
drial preparations from fresh beef heart,
both of which are close to or on the
dehydrogenase itself.>® Therefore, the
limited reactivity of the enzymes in the
preparation from frozen beef hearts sim-
plifies interpretation of the results of assay
of succinate—phenazine methosulfate re-
ductase. The succinate—phenazine metho-

sulfate reductase system has been selected

because several other oxidants (e.g.,
methylene blue, ferricyanide, coenzyme
Q, and cytochrome c¢) react poorly or
not at all with the succinic dehydroge-
nase.?®

Table 1 shows the effect of OHP (as-
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sayed after decompression, of course)
on the enzyme activity of succinic de-
hydrogenase in beef-heart mitochondria
and in the Keilin-Hartree heart prepara-
tion. The reaction rate was examined
over 10-, 30-, and 60-min periods. OHP
exposure ranged from 1 to S5 hours at
3 atm of oxygen; exposure time was 1
hour at 5 atm of oxygen. At 3 atm of
oxygen for 1-3 hours, as well as at 5
atm of oxygen for 1 hour, the succinic
dehydrogenase activity in beef-heart mito-
chondria showed no significant decrease,
compared to exposure to air for the in-
dicated periods. When very careful mea-
surements were made on the initial reac-
tion rates, a slight relative decrease of
succinic dehydrogenase activity appeared
at 3 atm of oxygen for 5 hours in the case
of beef-heart mitochondria and at 3
atm of oxygen for 3 hours and 5 atm of
oxygen for 1 hour in the Keilin-Hartree
heart preparation. This was an unex-
pected finding.

Stadie et al.,” who used a succinate—
methylene blue reductase method to study
pigeon breast muscle in 8 atm of oxygen
and rat-brain homogenates in 7 atm of
oxygen, found no decrease of activity in
the first 20 min or in 60-min reaction
periods. The results of Dickens,* ob-

TaBLE 1. Effect of OHP on Succinic Dehydrogenase Activity in Beef-Heart
Mitochondria and Keilin-Hartree Heart Preparations °

Reaction time:

Activity (% of control)®

tm O,
initial rate - 3 atm O, I 5 atm O,
(min) 1hr 3hr 5hr 1hr
Beef-heart mitochondria 10 91 102 82 95
30 103 96 85 95
60 1 94 83 91
Keilin-Hartree preparations 10 — 83 — 85

* The assays were performed manometrically by the rate of oxygen uptake at 37°C during the indi-

cated period in a system composed of the final concentration of 0.05 m phosphate buffer (pH 7.6),
1 x 10* M KCN, 0.02 M succinate, and either 0.58 mg protein of mitochondria or 0.74 mg protein of
Keilin-Hartree preparations in a total volume of 3.0 ml. After temperature equilibration, 2.0 mg of
phenazine methosulfate and succinate was tipped into the main compartment. The specific activities of suc-
cinic dchydrogenase in aged beef-heart mitochondria and Keilin-Hartree preparations were 0.82 gmoles
and 1.03 ymoles (respectively) of succinate oxidized per minute for each milligram of protein.

® Control values at 1 atm in air taken as 100%.
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tained by the succinate-methylene blue
reductase method with pig heart muscle,
indicated decreases of 22% and 45%
during the first 10 min of the assay period
after exposure of this particulate prepara-
tion for 3 hours to oxygen at 1 and 4.4
atm, respectively. However, when the
long-term oxidation of succinate was
measured, both investigators demon-
strated a significant decrease of the suc-
cinate oxidase activity of various tissue
slices or cell-free preparations under sev-
eral pressures of OHP. Recently,
Thomas ef al.” reported that the oxidation
of '“C-labeled succinate, in cell-free rat
homogenate at 37°C exposed to 5 atm of
oxygen for 30 min, was not significantly
impaired.

These conflicting results on the effect
of OHP on the initial rate of enzyme ac-
tivity prompted us to study the effect of
direct aeration with oxygen on the partic-
ulate preparations and to compare these
results with the effect of OHP on particu-
late and soluble enzyme preparations.

Figure 1 presents the results of the
effect of oxygen aeration on succinic de-
hydrogenase activity in beef-heart mito-
chondria. The initial rate of activity, ob-
served after 10—-15 min of oxygen aera-

Y==K Control in Air

o=w=® 5 Min. Aeration
O===0 |0 Min. Aeration
&r==A15 Min. Aeration

g

g

g

OXYGEN UPTAKE (sL)
8

Time (min)

OXYGEN AERATION
10 Min. 15 Min

Y« of Control

Air 5 Win

Initial Rate
0-10 Min. 100 %0 66 56

Effect of oxygen aeration on suc-
in beef-heart

FIGURE 1.
cinic dehydrogenase activity
mitochondrial preparations.

tion, was found to decrease significantly
from 66% to 56%, as compared to
controls. This suggested that the slight
decrease of this enzymatic activity oc-
curring as a result of OHP exposure of
the preparations, compared to the aeration
experiment, might be partly due to less
complete exposure of the enzyme to
oxygen.

In order to observe the effect of OHP
on other respiratory chain-linked dehy-
drogenases in particulate preparations, the
effects of OHP at 5 atm of oxygen for
2 hours were compared for succinic de-
hydrogenase in beef-heart mitochondria,
a-L-glycerophosphate dehydrogenase in
fresh rat-kidney mitochondria, and cho-
line dehydrogenase in fresh rat-liver mito-
chondria (Figure 2). Compared to the
results from controls in air, no significant
change occurred in initial reaction rates
among these preparations. Despite the
differences of the tissues from which the

g 120~ REACTION
E TIME
Q1004 .,

< 80{ B Ro-10 miN
= 601 #0-30 MIN
= \ [d0-60 MIN
- 40-

> 204 B

= \ A

< SOH GDH CDH

FIGURE 2. Comparison of the effect of OHP
on the activity of succinic dehydrogenase, a-
L-glycerophosphate dehydrogenase, and choline
dehydrogenase at the mitochondrial level at
5 atm of oxygen for 2 hours. The amounts of
enzyme preparations used were 5 mg protein
of rat-kidney mitochondria for a-L-glycero-
phosphate dehydrogenase and 4.3 mg protein
of rat-liver mitochondria for succinic dehydro-
genase. The specific activity of the former in
rat-kidney mitochondria incubated in air was
0.041 pmole of a-L-glycerophosphate oxidized
per minute for each milligram of protein; the
activity of the latter in rat-liver mitochondria
was 0.072 umole of choline chloride oxidized
per minute,
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enzymes were obtained, the susceptibility
to OHP under the conditions described
was the same.

The enzymes in these tissues were
chosen for study because of the relatively
high activity of a-L-glycerophosphate de-
hydrogenase bound to mitochondria in
pig brain,!® skeletal muscle,!® rat kidney,
liver, and brain,*-** and choline dehydro-
genase in mitochondria from rat liver.**
Succinic dehydrogenase activity is rela-
tively high in most animal tissues.

The effect of OHP on NADH dehy-
drogenase activity of nonphosphorylating
electron transport particles is presented
in Figure 3. Since serious complications
inherent in this assay, when conducted
at fixed ferricyanide concentrations, have
been emphasized,*® various concentrations
of ferricyanide were used and the results
were extrapolated to the maximum re-
action velocity with respect to ferricyanide

LAE

420  4aTM 0p- 2H

r
W
e
<

2 4 68 10 12
/ML Fe (CN)***

Ficure 3. Effect of OHP on NADH dehydro-
genase activity of nonphosphorylating ETP.
The ferricyanide assays were performed at 25°C
with a Zeiss spectrophotometer in a system
composed of a final concentration of 0.04 M
phosphate buffer (pH 7.4), 0.15 mMm NADH,
0.09 mg protein of ETP, and 0.0125 M ferri-
cyanide, as indicated above, in a total volume
of 3.0 ml. The specific activity of NADH de-
hydrogenase in nonphosphorylating ETP used
was 17.8 umoles of NADH oxidized per min-
ute for each milligram of protein, at maximum
reaction velocity with respect to ferricyanide.
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concentration, plotted by the double re-
ciprocal method. Comparison of the
enzyme activity between the control in
air and the OHP sample at 4 and 5§ atm
for 2 hours showed no differences.
Dickens * reported that pig-heart diapho-
rase, when measured by the cozymase—
methylene blue method at a fixed dye
concentration, was not at all inactivated
by a 2.5-hour exposure to 4.4 atm of
oxygen at 38°C. A similar lack of effect
of elevated tensions of oxygen has been
obtained for the flavoprotein diaphorase
by Dixon et al.,* using the indophenol
method of assay on preparations exposed
to air for 18 hours. From these results,
we might suggest that NADH dehydro-
genase in the two types of flavoprotein
preparations is not inactivated by OHP
under these conditions.

On the whole, the experimental evi-
dence of these four enzyme activities
tested at the particulate level showed no
great susceptibility to oxygen under high
pressure, especially in terms of the initial
reaction rates of activity. Consequently,
experiments on soluble succinic dehydro-
genase preparations isolated from beef
heart were designed. Throughout these
experiments, essentially the same soluble
enzyme preparations isolated from the
same beef heart were used, the only dif-
ference being the period of storage at
—20°C in nitrogen. However, a pre-
liminary experiment revealed that several
days of storage under these conditions
did not significantly alter the results. The
OHP exposure conditions were the same,
without shaking or stirring, as described
for the experiments with the particulate
preparations. Enzyme activity was mea-
sured for the first 10 min. Figure 4A
shows a series of inactivation curves with
different oxygen tensions at 23°C for
soluble succinic dehydrogenase prepara-
tions; these make it clear that the rate
of inactivation is proportional to the oxy-
gen pressure (Figure 4B). The half-life
of soluble succinic dehydrogenase under
the conditions described was 5.5 hours
at 1 atm of oxygen, 3.5 hours at 3 atm
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Ficure 4. Effect of OHP on rate of inactiva-
tion of soluble succinic dehydrogenase prepara-

tions. Succinate—phenazine-reductase specific
activity measured in aged soluble succinic de-
hydrogenase preparation (gel eluate stage) was
3.4 umoles of succinate oxidized per minute for
cach milligram of protein, at maximum reaction
velocity with respect to phenazine methosulfate.

of oxygen, and 2.5 hours at 5 atm of
oxygen (23°C).

These results on succinic dehydroge-
nase activity in both the particulate and
soluble preparations make it apparent
that the soluble preparation is far more
susceptible to OHP than the particulate
preparation, a conclusion which is in
accord with the one noted previously—
that most enzymes, when present in tis-
sue slices or in the intact animal, are less
susceptible to oxygen poisoning than when
they are in cell-free preparations.® This
may indicate that protective mechanisms
in the cell or particulate preparations
counteract the oxidizing potential of mo-
lecular oxygen, or it may simply indicate
the accessibility of molecular oxygen to
the enzymes.

Because of the numerous reports *3:1%
129 on the mechanism of oxygen tox-
icity and the protective action of various
substances, it was of interest to us to test
the effects of adding a number of these
substances to the soluble succinic dehy-
drogenase. Hopkins and Morgan reported
that substrate and competitive inhibitors
protected the succinic dehydrogenase from
the action of agents which attack sulfhy-
dryl groups.*® The protection against ox-
idizing agents afforded by succinate and
malonate has been amply confirmed with
highly purified, soluble preparations,® as
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well as with particulate preparations.s2-3¢
Also, the protection by succinate for tissue
slices of rat liver and heart against the
inactivating effect of OHP has been re-
ported.*®

Thus, we included a study of the effect
of OHP on the enzyme activity of soluble
succinic dehydrogenase preparations pre-
incubated with succinate at 5 atm of oxy-
gen for 1 hour. One hour after the OHP
exposure, the succinic dehydrogenase ac-
tivity was assayed, the amount of substrate
being adjusted just before performance of
the assay (Figure 5). Surprisingly, there
was marked inhibition of the activity as
compared to that of controls exposed to
air, for both the initial rate and the 60-min
reaction rate. Three soluble enzymes iso-
lated at different times from different indi-
vidual beef hearts showed the same re-
sults. Although no explanation for this
marked inhibition can be made on the
basis of this preliminary experiment, it
suggests that the mode of action of OHP
on the soluble enzyme preparation is
entirely different from that of oxidizing
agents or oxygen at ambient pressure.

After completion of this experiment,
the effects of several chelating agents, SH-
protecting reagents, and riboflavin-5'-
phosphate were tested on the soluble
succinic dehydrogenase exposed to S atm
of oxygen for 2 hours (Table 2). It was
found that a trace amount of EDTA pre-
incubated with the soluble enzyme under
OHP produced a detrimental effect, while
iron-chelating agents (a,o’-dipyridyl and
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FiGURe S. Effect of OHP on the activity of
soluble succinic dehydrogenase preparations
preincubated with succinate at § atm of oxygen
for 1 hour.


http://www.nap.edu/catalog.php?record_id=20265

58 Sadayoshi Hashimoto et al.

TasBLE 2. Effect of Addition of Various Substances on Enzymatic Activity of Soluble
Succinic Dehydrogenase Preparations Exposed to 5 atm of Oxygen for 2 Hours

Activity (% of control)*®

OHP with additive

(moles)
Substance added OHP alone 04 x 10° 1 X 10" 2 X 10°
EDTA 69 50 53 45
a,a’-Dipyridy! 56 85 83 85
o-Phenanthroline 60 91 81 —
Reduced glutathione 52 27 33 39
Dithiothreitol 82 65 63 62
Riboflavin-5’-phosphate 61 46 56 61
¢ Control values at 1 atm in air taken as 1009 .
o-phenanthroline) increased the activ- SUMMARY

ity. Iron-chelating agents have been re-
ported to inactivate the enzyme by initiat-
ing structural changes in the protein.z
The question of catalytic participation of
the iron in this enzyme has been discussed
but left open by Singer and Massey,*"
although agreement is general that intact
iron—protein bonds are essential for the
full activity of succinic dehydrogenase.
From these considerations, the results ob-
tained from the chelating agents definitely
merit further investigation.

The SH-protecting agents, reduced glu-
tathione and dithiothreitol, showed detri-
mental rather than protective cflects at
5 atm of oxygen for 2 hours; this was also
true for a trace amount of riboflavin-5'-
phosphate.

The effects of the agents examined for
their protective action on the soluble
enzyme preparations indicate that the
action of OHP on the soluble enzymes
must be different from its action on the
particulate preparations, because the same
protective agent is not equally protective
for the same enzymatic activity in dif-
ferent forms, soluble and particulate.

The effect of OHP on the enzymatic ac-
tivity (especially initial reaction rates)
of the mammalian respiratory chain-
linked dehydrogenases (succinic dehydro-
genase, a-L-glycerophosphate dehydro-
genase, NADH dehydrogenase, and cho-
line dehydrogenase) in both particulate
and soluble preparations has been studied.
Oxygen at a pressure of 3 atm for [-3
hours and 5 atm for 1-2 hours had no
significant effect on the particulate prep-
arations, while in soluble succinic de-
hydrogenase preparations the rate of in-
activation was proportional to the oxygen
pressure under the same exposure condi-
tions. The protection by succinate re-
ported for the particulate preparations
under OHP was not found in soluble suc-
cinic dehydrogenase preparations. The
iron-chelating agents (a,a’-dipyridyl and
o-phenanthroline)  partially protected
against inactivation of the enzyme by
OHP, while SH-protecting agents (re-
duced glutathione and dithiothreitol),
riboflavin-5'-phosphate, and EDTA had
rather detrimental effects.
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Antioxidant Mechanisms and Hemolysis Associated with

Lipid Peroxidation
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That oxygen poisoning and, in particular,
erythrocyte hemolysis induced by oxygen
under pressure may be associated with the
peroxidation of endogenous cellular lipids
is a most attractive concept. One may well
posit the disruption of lipid membrane sys-
tems and the inactivation of lipoprotein
and SH-dependent enzymes taking place
as a result of the formation and presence
of peroxidized lipid within the cell. No
biochemical constituents are potentially
more sensitive to oxidation, when removed
from their cellular milieu, than certain of
the unsaturated fatty acids. This potential
is not ordinarily realized because of the
presence of antioxidant mechanisms which
are presumably linked to basic cellular
metabolic processes and which cease to
operate entirely only with the death of the
cell.

Central among the known lipid antioxi-
dants, or free radical chain-breakers, is
vitamin E. It follows, then, that eryth-
rocytes of animals deficient in vitamin
E might be expected to be more sensitive
to the stresses of hyperbaric oxygenation.
In fact, Taylor! has reported erythrocyte
hemolysis in such animals exposed to oxy-
gen at 5 atm. This observation has been

* USPHS Career Awardee (K3-GM-4857).

confirmed and elaborated upon by Kann
et al®

This paper is a report of experiments
which indicate that, in addition to vitamin
E, the intracellular GSH (reduced gluta-
thione) of the erythrocyte, as well as SH
groups present in the erythrocyte mem-
brane, act to protect these cells against the
Iytic action of lipid peroxides. In these
experiments, we made use of the fact that
when rat liver microsomes are incubated
with TPNH and ATP a peroxidation of
endogenous unsaturated lipids is in-
duced.®-* Once initiated in the microsomes,
the peroxidizing chain reaction may be
propagated to the lipids of other admixed
subcellular organelles and, in fact, to the
lipid membranes of intact cells such as
those of the erythrocytes. For example,
as shown in Table 1, when microsomes
are mixed with normal human erythro-
cytes (sufficient in vitamin E) and incu-
bated with TPNH and ATP, lysis of the
erythrocytes follows and is virtually com-
plete after 90 min (Experiment 3). If
either TPNH, ATP, or microsomes are
omitted from the reaction medium, no
lysis greater than that of the control eryth-
rocytes is observed (Experiments 4, 5).
However, it should be noted that no lysis
ensues if the erythrocytes are not first
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TaBLE 1. Microsomal-Induced Lysis of Normal Human Erythrocytes
Exper. Erythrocyte % lysis °
no. pretreatment * Additions ® 30 min 60 min 90 min 120 min
1 None None 1 3 s 7
2 None Complete system 1 4 6 9
3 NEM Complete system 17 35 86 100
4 NEM Complete system 1 4 6 8
minus TPNH
s NEM Complete system 1 4 7 9
minus microsomes
6 NEM Complete system, 1 5 8 9
microsomes added
at 30 min
7 PCMBS None 2 3 8 10
8 PCMBS Complete system 15 28 75 100
9 PCMBS 4 NEM Complete system 52 94 100 —
10 PCMBS +4- NEM Complete system 1 3 7 10

minus TPNH

« Freshly drawn blood with heparin was centrifuged at 1500 rpm. The plasma and buffy coat was re-
moved and the erythrocytes washed three times with isotonic saline buffered at pH 7.4. Aliquots of washed
cells were then resuspended in either buffered saline, buffered saline containing 2.0 mMm NEM, or buffered
saline containing 2.0 mM PCMBS. The cells were allowed to stand at room temperature for 5 min, after
which they were washed four times with buffered saline. GSH was determined in aliquots of cells so
treated.® Erythrocytes treated only with buffered saline contained 1.1 mM GSH, NEM-treated cells con-
tained no detectable GSH, and PCMBS-treated cells contained 1.1 mm GSH.

? Incubations were carried out in tubes shaken vigorously at 37°C. The volume of the reaction mixture
was 5.0 ml. The complete system contained: 2.5 mm tris-HCl at pH 7.4, 150 mm KCI, 4 mm ATP, 0.5
mMm TPNH, and erythrocytes to make about a 5% hematocrit. Reactions were initiated by adding micro-
somes containing 2.0 mg protein. Microsomes were prepared by the method of Ernster et al.®

¢ Aliquots of the reaction medium were removed at the indicated time intervals and the percentage
lysis determined after removing the unlysed cells by centrifugation and converting the released hemoglobin
to cyanmethemogloblin for determination at 540 my.

treated with NEM (N-ethylmaleimide)
(compare Experiments 2 and 3). NEM
penetrates into the erythrocyte and reacts
with frec GSH to reduce its concentration
to ncgligible amounts (Table 1, foot-
note a).

If one allows the peroxidation of endog-
enous microsomal lipids to proceed to
completion (about 30 min) before adding
the microsomes to the erythrocyte suspen-
sion, then no hemolysis is observed in
NEM-treated cells despite the fact that
GSH is absent (Experiment 6). This sug-
gests that lysis results not from the mere
presence and toxic effects of lipid perox-
ides, but from the active propagation of a
peroxidizing chain reaction to the lipids
of the erythrocyte membrane, which re-
sults in its disruption.

PCMBS  (p-chloromercuriphenylsul-
fonic acid), unlike NEM, does not pene-

trate into the erythrocyte. It does react
with SH groups on the erythrocyte mem-
brane, however, leaving the intracellular
GSH of the cell unaltered. Pretreatment
of erythrocytes with PCMBS also predis-
poses the cells to lysis in the presence of
the microsomal system despite the fact
that the internal GSH is unchanged (Ex-
periment 8). Pretreatment of erythrocytes
with both NEM and PCMBS results in
even more rapid rates of lysis than ob-
served with either agent alone (Experi-
ment 9). Again, cells treated in such a
fashion do not exhibit marked lysis in the
absence of TPNH, which is required for
initiation of the peroxidizing chain in the
microsomes (Experiment 10).

In experiments not described in this
communication,” the addition of large
amounts of vitamin E to the reaction pre-
vented lysis of both NEM- and PCMBS-
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pretreated cells in the complete system.
In addition, erythrocytes from rats made
partially deficient in vitamin E underwent
accelerated lysis in the presence of the
microsomal peroxidizing system without
pretreatment with either NEM or PCMBS.

These various experiments may be in-
terpreted to indicate that there are at least
three components which make up the
“antioxidant system” of the erythrocyte:
(1) the free GSH of the cell (NEM-sensi-
tive), (2) an SH moiety of the cell mem-
brane (PCMBS-sensitive), and (3) vita-
min E. Possibly each of these three com-
ponents represents a distinct, separately
acting antioxidant pool for the erythro-
cyte. More likely, however, they represent
an interdependent antioxidant mechanism.
For example, one may imagine vitamin E
as the terminal antioxidant in the cell, with
its effectiveness dependent on its continual
regeneration to an active form. Such re-
generation might well be dependent upon
the interaction of the PCMBS-sensitive
component of the membrane with intra-
cellular GSH (Figure 1).

It is clear from these experiments that
the endogenous vitamin E of the erythro-
cyte does not protect these cells from
peroxidation in the absence of either mem-
brane SH groups or cellular GSH. Con-
versely, cells deficient in vitamin E un-
dergo lysis despite the presence of intact
membrane SH groups and GSH. Thus,
one may conjecture that the need for
membrane SH groups and GSH reflects
the requirement that endogenous vitamin
E be maintained in some reduced and,
hence, active form. The need for this
mechanism would obviously be circum-
vented in the presence of large amounts

RCH~———2RC-
RC + 0 —>RCOO
RCOO- + RCH —RC + RCOOM

NEM

TPN

Eres < GSH
<~ ) SH/ \‘ TPNH

PCMBS

RCH

FIGURE 1. A hypothetical scheme for the termi-
nation of the chain reaction involved in the
peroxidation of unsaturated fatty acids (RCH)
of the erythrocyte membrane. The free radical
intermediate (RC-) is reduced by vitamin E,
which, in turn, is regenerated through the inter-
action of membrane SH groups (PCMBS-sensi-
tive) and intracellular GSH.

of vitamin E. Experiments to clarify these
interactions are currently in progress in
our laboratory.

Finally, it should be noted that although
we have used this curious microsomal sys-
tem as a means of peroxidizing erythro-
cyte lipids and inducing hemolysis, the
hemoglobin of the erythrocyte itself, par-
ticularly under conditions of hyperbaric
oxygenation, may be an equally effective
initiator of peroxidation and hemolysis.
Thus, hemolysis and anemia associated
with oxygen at high pressures may well
result from membrane damage following
peroxidation of membrane lipids. The in-
tracellular GSH of the erythrocyte appears
to be stable, or at least readily regenerated,
under such conditions. It would, there-
fore, seem that in the organism sufficient
in vitamin E, if peroxidation occurs, the
SH component of the membrane repre-
sents the oxygen-sensitive portion of the
antioxidant complex.
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The increased use of oxygen under high
pressure for medical purposes *® has
prompted reinvestigation of the biochem-
ical basis of oxygen toxicity. The possi-
bility occurred to us that oxygen toxicity
might occur when certain compounds were
oxidized in excess of that which would
occur under normal conditions. A specific
consideration was the peroxidation of un-
saturated fatty acids in lipid.

Unsaturated fatty acids readily autoxi-
dize in vitro to form lipid peroxides.?-°
The reaction takes place nonenzymatically
in the presence of oxygen and ferrous ions.
It is inhibited by alpha-tocopherol. In
vitro, peroxidation of erythrocyte (RBC)
lipid has been shown to cause hemolysis.*!
The biologic relevance of this observation
has been uncertain because lipid peroxida-
tion has never been shown to occur in
vivo.

Taylor has shown that during exposure
to OHP hemolytic anemia occurs in to-
copherol-deficient rats but not in tocoph-
erol-supplemented rats.? Since tocopher-
ol’s only known biochemical effect is
inhibition of lipid peroxidation,'® this ob-
servation suggested that RBC lipid peroxi-
dation could occur during OHP and cause
hemolytic anemia. This conclusion could
not be reached directly, however, since in

65

this study lipid peroxides were not
measured.

The present investigation was designed
to establish the presence or absence of in
vivo lipid peroxide formation during OHP
and to explore the possible relationship
between RBC lipid peroxidation and he-
molysis during OHP.

METHODS

DBA/2 mice, male and female (6-9
months old, average weight 25 gm), were
divided into two groups differing only in
their tocopherol status. One group of mice
was fed a standard Chow diet, then given
a supplement of 0.5 mg alpha-tocopherol
(Aquasol E, U.S. Vitamin and Pharma-
ceutical Corp.) by intraperitoneal injec-
tion either 0.5, 3, or 18 hours prior to
study. Tocopherol deficiency was induced
in the other group of mice by feeding them
a tocopherol-free test diet (General Bio-
chemicals) for a minimum period of 6
weeks prior to study. Proof of tocopherol
status was obtained by determining lytic
sensitivity of RBCs from mice in each
group to hydrogen peroxide by a method
which we have described previously.!*
All food, water, and combustible ma-
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terial were removed from metal animal
cages which had been coated with a solu-
tion of equal parts saline and glycerine as
a fire safety precaution. The animals to be
exposed to OHP were placed in the cages
and put into the hyperbaric chamber (vol-
ume 12 ft*). Constant circulation within
the gaseous environment was achieved by
continual flushing with medicinally pure
oxygen from a cylinder. Expired CO,
was absorbed, and several determinations
performed during the exposure period re-
vealed no CO, in the gaseous environ-
ment, as measured in a micro-Scholander
gas analyzer. A pressure of 60 psia was
reached over a period of 30 min and main-
tained for 90 min. During this time, venti-
lation remained constant at a rate of 10
liters/min. Slow stepwise decompression
was carried out over a 30-min period, so
that total exposure time to 100% oxygen
was 2.5 hours. In each study, 40 toco-
pherol-supplemented and 40 tocopherol-
deficient mice of comparable age and sex
were used. Half of the mice from each
group were exposed to OHP and half
remained at normal atmospheric condi-
tions.

Blood was obtained from mice by sev-
ering axillary vessels surgically exposed
under ether anesthesia. It was collected
in heparinized pipettes or microhemato-
crit tubes, Blood from the mice exposed
to OHP was compared to blood from mice
left at normal atmospheric conditions.

Microhematocrits, reticulocyte counts,
and Heinz-body preparations were per-
formed.’> Whole-blood methemoglobin
levels were determined spectrophotomet-
rically.’® Reduced glutathione (GSH)
content of RBCs was determined by the
method of Beutler et al.’” RBC glucose-6-
phosphate dehydrogenase activity was de-
termined as described by Zinkham et al.,’®
except that a change of absorbance of
0.001 was taken as one enzyme unit and
activities were expressed as enzyme units/
ul packed cells/min. RBC catalase ac-
tivity was determined by the method de-
scribed by Feinstein.!®

H. E. Kann, Jr,, and C. E. Mengel

Lipid peroxides were determined by
measuring the chromagen formed by the
reaction of 2-thiobarbituric acid with
malonylaldehyde.?® The term “lipid perox-
ide” has been used in this report with the
understanding that products of lipid per-
oxidation and not lipid peroxide them-
selves were measured. RBCs were washed
twice in physiologic saline, and 0.2 ml of
RBCs from each study group was mixed
with 1.5 ml of 10% trichloroacetic acid
and filtered through Whatman #1 filter
paper. One milliliter of the filtrate was
added to 1.2 ml of 0.67% 2-thiobarbitu-
ric acid, thoroughly agitated, then heated
in a boiling water bath for 15 min. After
the mixture was cooled to room tempera-
ture, spectra were obtained on all samples
and final readings of absorbance taken at
535 mpu against a blank in which 0.2 ml
saline was used in place of 0.2 ml RBCs.

RESULTS

The in vitro lytic sensitivity of mouse
RBCs to hydrogen peroxide is shown in
Figure 1. RBCs from tocopherol-deficient
mice lysed much more than RBCs from
tocopherol-supplemented mice.

The effect of in vivo OHP on hemato-
crit, reticulocyte count, and plasma hemo-
globin is shown in Table 1. Before ex-
posure to OHP, no significant differences
in these parameters were noted between

Tocopheroi-Deficient

~
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FIGURE 1. In vitro lytic sensitivity of mouse

erythrocytes to hydrogen peroxide.
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TasLE 1. Hematologic Effects of in vivo Hyperoxia on Mice

Hematocrit Reticulocytes Appearance of
Study group (%) (%) plasma
Tocopherol-supplemented 45 0.8 Normal
Tocopherol-deficient 45 1.0 Normal
Tocopherol-supplemented, OHP 50 1.2 Normal
Tocopherol-deficient, OHP 28 14.0 Bright red

tocopherol-deficient and tocopherol-sup-
plemented mice. During OHP, hemolysis
occurred in tocopherol-deficient mice as
indicated by the fall in hematocrit and by
the appearance of hemoglobin in plasma.
No evidence of hemolysis was noted in
tocopherol-supplemented mice exposed to
OHP.

No Heinz-body or methemoglobin for-
mation occurred during OHP. RBC GSH
content and glucose-6-phosphate dehydro-
genase activity rose in tocopherol-deficient
mice exposed to OHP, but remained con-
stant in all other mice. Catalase activity
was unaffected by OHP.

Lipid peroxide content of mouse RBCs
before and after exposure to OHP is
shown in Table 2. Lipid peroxides were
present in RBCs obtained from tocoph-
erol-deficient mice immediately after ex-
posure to OHP. No lipid peroxides were
present in RBCs of tocopherol-supple-
mented mice after exposure to OHP or in
RBCs from either group of mice before
exposure to OHP.

Further studies were performed to de-
termine whether the lipid peroxides pres-
ent in RBCs of tocopherol-deficient mice
exposed to OHP had been formed in vivo

TaBLE 2. Lipid Peroxide Levels in Eryth-
rocytes from Mice

Lipid peroxides
(mumoles malo-
nylaldehyde/ml

Study group RBCs)
Tocopherol-supplemented 0
Tocopherol-deficient 0
Tocopherol-supplemented, OHP 0
Tocopherol-deficient, OHP 45

or in vitro. To prevent in vitro lipid per-
oxidation, tocopherol was injected into
tocopherol-deficient mice after their ex-
posure to OHP. One hour later they were
exsanguinated. Blood was collected in
pipettes rinsed with physiologic saline con-
taining alpha-tocopherol (0.5 mg/ml),
and all subsequent steps of the thiobarbi-
turic acid test were performed with solu-
tions containing alpha-tocopherol (0.5
mg/ml). Results of previous experiments
(Table 3) had shown that tocopherol used
in this fashion prevented in vitro peroxida-
tion of lipid in erythrocytes of mice fed
the tocopherol-deficient diet. As seen in
Table 4, lipid peroxide levels in RBCs of
tocopherol-deficient mice exposed to OHP
were not decreased when in vitro lipid
peroxidation was prevented.

Subsequent studies have further clari-
fied the chronological relationship between
RBC lipid peroxidation and lysis. These
studies differed from those already de-
scribed in three important respects. First,
mice used in these studies were maintained
on the tocopherol-free diet for 9 weeks
prior to study instead of the customary 6
weeks. Second, these studies were carried
out in a different hyperbaric chamber,
which was cylindrical in shape with a
diameter of 6 in., a length of 16 in., and a
total volume of approximately 450 in.®
The continual circulation of the gaseous
environment was maintained by a constant
influx of medicinally pure oxygen from a
cylinder and by a constant exhaust at a
rate of 10 liters/min. The mice (no
more than eight in any given exposure)
were placed directly in the tank. Third,
exposure times were shorter in these
studies. Mice were exposed to 100% oxy-
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TaBLE 3. Effect of in vitro Pro-oxidants on Lipid Peroxide Content of Tocopherol-
Deficient Mouse Erythrocytes ¢

mumoles malonylaidehyde/ml RBCs

Study group Bubbled O OHP H.O. UV radiation
Tocopherol-deficient 84 80 120 98
Tocopherol-deficient, supplemented with 0 0 0 0

tocopherol 1 hour before exsanguination®

* Values given are those obtained from pooled blood of 10 mice in a single experiment.
® Blood was collected and processed in solutions containing tocopherol.

gen at 60 psia for 60 min, with 15 min
allowed for compression and 15 min for
decompression. Hence, total exposure
time to 100% oxygen was only 90 min.
As seen in Figure 2, before and im-
mediately after exposure to OHP there
was no evidence of hemolysis. Ten min-
utes after exposure, while the mice were
maintained at normal atmospheric condi-
tions, hemolysis began, first indicated by
the appearance of visible hemoglobin in

50+
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Ficure 2. Hematologic effects of hyperbaric
oxygen on tocopherol-deficient mice. Note that
hemolysis began after exposure while the mice
remained at normal atmospheric conditions.

plasma. Thirty minutes after exposure,
the hematocrit had fallen to 30%, the
plasma was bright red, and hemoglobi-
nuria was observed. During this time
reticulocytes increased to a high of 17%.

The relationship between RBC lipid
peroxide content and lysis is shown in
Figure 3. Immediately after exposure, be-
fore hemolysis began, RBCs contained
high levels of lipid peroxides. These levels
decreased as hemolysis progressed.

The relationship between RBC and
plasma lipid peroxide content is shown in
Figure 4. Immediately after exposure,
plasma contained no lipid peroxides, while
RBCs contained high levels of lipid perox-
ides. Plasma lipid peroxides appeared for
the first time 10 min after exposure, when
hemolysis began. The appearance of
plasma lipid peroxides coincided with the
first decrease in RBC lipid peroxides.

Five hours after exposure, neither RBCs
nor plasma contained lipid peroxides.
Urine examined | hour after exposure
contained a substance which, on acid hy-
drolysis and heating with 2-thiobarbituric
acid, formed a pink pigment which ab-

TABLE 4. Lipid Peroxide Levels in Tocopherol-Deficient Mouse Erythrocytes After
Exposure to Oxygen at High Pressure

Study group

Lipid peroxides
(mumoles malonylaldehyde/m!l RBCs)

Tocopherol-deficient, OHP

Tocopherol-deficient, OHP, supplemented with
tocopherol after OHP | hour before
exsanguination *

36

36

“ Blood was collected and processed in solutions containing tocopherol.
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Ficure 3. Relationship between erythrocyte
lipid peroxide levels and lysis. Note that eryth-
rocytes contained high quantities of lipid per-
oxides immediately after exposure, before he-
molysis began.

sorbed maximally at 535 mp and was,
presumably, malonylaldehyde. Subsequent
in vitro studies have shown that formed
lipid peroxides disappear during incuba-
tion at 37°C in plasma but not during
similar incubation in saline.

DiscussioN

Peroxidation of lipid in vitro is a well-
known reaction. The possibility that this
reaction might occur in vivo has been sug-
gested previously>* but never proven.
Theoretically, if peroxidation of lipid does
take place in vivo, it should occur most
easily in tissues which contain either un-
usually high concentrations of unsaturated
fatty acids, high quantities of lipid pro-
oxidants, or some combination of these
factors. Because the levels of oxygen
reached in tissues in vivo during OHP are
far greater than those which can be
achieved by any other means, we hypoth-
esized that peroxidation of lipid in vivo
might occur during OHP.
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FIGURE 4. Relationship between erythrocyte and
plasma lipid peroxide levels. Note that immedi-
ately after exposure plasma contained no lipid
peroxides and that lipid peroxides appeared in
plasma when hemolysis began.

The results of this investigation have
established the fact that peroxidation of
lipid can occur in vivo. The observation
that RBCs from tocopherol-deficient mice
contained lipid peroxides after OHP but
not before OHP strongly suggested that
RBC lipid had been peroxidized in vivo
during OHP. However, this observation
alone was not conclusive, since lipid can
be peroxidized by exposure to atmospheric
oxygen, and in our study RBC lipid per-
oxide content was measured after RBCs
had been exposed to oxygen in room air
during the collection of blood and washing
of RBCs. Thus, the lipid peroxides de-
tected in RBCs could have been formed
in vitro. This interpretation could not in
itself explain the presence of lipid perox-
ides in RBCs of tocopherol-deficient mice
only when they had previously been ex-
posed to OHP. However, it could be
argued that the effect of OHP had been
merely to initiate processes leading to lipid
peroxidation, and that subsequent perox-
idation of lipid by atmospheric oxygen in
vitro had therefore proceeded more rap-
idly than usual. This question was an-
swered by designing an experiment which
permitted lipid peroxidation to occur in
vivo but not in vitro. When we employed
the technique which we showed prevented
peroxidation of lipid in vitro, RBCs from
tocopherol-deficient mice exposed to OHP
still contained the same high quantities of
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lipid peroxides. This proved that the lipid
peroxides present had been formed in
vivo.

Having established the fact that lipid
peroxides did form in vivo during OHP,
our next objective was to determine the
relationship between peroxidation of lipid
in RBCs and hemolysis. With regard to
this question, the following observations
were made. (1) During OHP, hemolysis
occurred in tocopherol-deficient mice but
never in tocopherol-supplemented mice.
This observation is compatible with the
hypothesis that in vivo RBC lipid perox-
idation can cause hemolysis, since the
only known biochemical effect of tocoph-
erol is inhibition of lipid peroxidation.
(2) Hemolysis never occurred during OHP
in the absence of RBC lipid peroxidation.
Conversely, whenever RBCs contained
lipid peroxides hemolysis occurred. This
observation established a direct associa-
tion between RBC lipid peroxidation and
lysis. (3) Peroxidation of RBC lipid oc-
curred well before hemolysis began. This
observation proved that RBC lipid perox-
ides did not form as a result of hemolysis.
(4) As hemolysis progressed after OHP,
RBC lipid peroxide levels decreased. This
observation suggested that hemolysis oc-
curred in those RBCs containing the high-
est quantities of lipid peroxides. (5) Evi-
dence of other possible causes of hemolysis
during OHP, such as oxidation of hemo-
globin or glutathione, or inhibition of en-
zymes such as glucose-6-phosphate dehy-
drogenase or glutathione peroxidase, never
was observed after OHP. These data taken
together permit the conclusion that hemo-
lytic anemia during OHP is caused by
peroxidation of RBC lipid.

The exact mechanism by which RBC
lipid peroxidation causes hemolysis is not
known. Two possible mechanisms will be
considered. First, unsaturated fatty acids
are present in phospholipid, which is a
structural component of the RBC mem-
brane. Their peroxidation might cause
rupture of double bonds in the fatty acid
chain with a resultant anatomic defect in
the cell membrane. An alternative mech-

H. E. Kann, Jr., and C. E. Mengel

anism of hemolysis was suggested by
studies in our laboratory of dogs exposed
to OHP.?2 In these studies, we found in-
creased osmotic fragility after OHP, in
association with decreased RBC acetyl-
cholinesterase activity. A cause-and-effect
relationship between these two changes
has not yet been established. However,
the inhibition of acetylcholinesterase ac-
tivity was proven to be an effect of lipid
peroxides, a finding which aroused specu-
lation that lipid peroxides might also in-
hibit other sulfhydryl enzymes. Glyceral-
dehyde-3-phosphate dehydrogenase is a
key sulfhydryl enzyme involved directly
in ATP formation in the RBC. Its inhibi-
tion by lipid peroxides might well lead to
hemolysis by decreasing ATP formation
with resultant failure of cation transport
culminating in osmotic lysis. We have
previously reported®® an alteration in the
pattern of RBC glycolytic intermediates
after OHP, which might be attributable to
glyceraldehyde-3-phosphate dehydrogen-
ase inhibition. We have not yet demon-
strated by direct enzymatic assay inhibi-
tion of the activity of this enzyme.

The relevance of these data to humans
was established in one patient we studied
who developed hemolytic anemia after
OHP.?* In vitro, his RBCs, both before
and after OHP, showed unusually high
lipid peroxide formation and lysis during
incubation with hydrogen peroxide. Al-
though he showed no evidence of tocoph-
erol deficiency, his RBCs behaved in vitro
like those of tocopherol-deficient mice. On
the basis of his unusual RBC lytic sensi-
tivity to hydrogen peroxide, we were able
to correctly predict his hemolytic response
to OHP.

This patient demonstrated another in-
teresting similarity to tocopherol-deficient
mice in that his central nervous system re-
sponse to OHP was abnormal. As reported
previously,?* we have consistently ob-
served an increased incidence of seizures
and mortality during OHP in tocopherol-
deficient mice compared to tocopherol-
supplemented mice. This observation, to-
gether with our observations in RBCs, is
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consistent with the hypothesis that in vivo
peroxidation of lipid during OHP is an
underlying biochemical abnormality re-
sponsible for oxygen toxicity.

The observation of Helvey?® that he-
molytic anemia occurs in normal humans
exposed to 100% oxygen at reduced at-
mospheric pressure in simulated space
capsule environments led us to speculate
that peroxidation of RBC lipid could also
be responsible for hemolysis under these
circumstances. If so, the information ob-
tained during this investigation will be
relevant to pathologic change that occurs
during exposure of animals and humans
to high oxygen environments, not only at
increased atmospheric pressure, but also
at normal or reduced atmospheric pres-
sure.

SUMMARY

Studies of the effect of in vivo OHP on
RBCs were carried out in tocopherol-de-

ficient and tocopherol-supplemented mice.
Hemolysis occurred only in tocopherol-
deficient mice exposed to OHP. In vitro
Iytic sensitivity of RBCs to hydrogen per-
oxide paralleled their in vivo lytic sensi-
tivity to OHP. These studies established
the in vivo formation of lipid peroxides in
RBC:s of tocopherol-deficient mice during
OHP and demonstrated the causal role of
RBC lipid peroxidation in hemolysis dur-
ing OHP.

The relationship between RBC lipid
peroxidation and hemolysis was discussed.
The relevance of these observations to
pathologic events that occur in animals
and humans exposed to high oxygen en-
vironments at normal or reduced atmo-
spheric pressure was suggested. The data
presented were consistent with the hypoth-
esis that peroxidation of lipid during OHP
is a basic underlying biochemical abnor-
mality responsible for oxygen toxicity.
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In vivo Effects of Hyperbaric Oxygen Toxicity
and Succinate as a Preventative

AARON P. SANDERS, I. H. HALL, P. J. CAVANAUGH, and BARNES WOODHALL

EFrFeECTS OF HIGH PRESSURE OXYGEN
in vivo

The general effects of high pressure oxy-
gen toxicity have been described in several
excellent review articles.*-* The depression
of tissue respiration associated with OHP
and the observation that the exposure of
brain tissue slices to OHP resulted in de-
creased brain potassium, increased brain
sodium, and a decrease in the ability to
accumulate glutamate,® has led to the hy-
pothesis that OHP exerts its toxic effect by
reducing the energy available to the cell.
To test this hypothesis, we measured
the concentrations of adenosine triphos-
phate (ATP) in brain, liver, and kidney
in control rats and in rats surviving expo-
sure to 100% oxygen at 5 ata for 30 min
and 90 min. When it was found that OHP
decreased the ATP concentration in these
tissues, we attempted to ascertain whether
irreversible damage had occurred to the
oxidative phosphorylation system during
the in vivo exposures which caused de-
pressed ATP concentrations by perform-
ing respiration and oxidative phosphoryla-
tion studies on these tissues using succi-
nate and alpha-ketoglutarate as substrates.
Succinic dehydrogenase activity was de-
termined in brain, liver, and kidney of
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control rats and rats exposed to 100%
oxygen at 5 ata for 1.5 hours, to see if a
correlation existed between succinic de-
hydrogenase activity and alterations in
respiration and oxidative phosphorylation
with succinate.

With depressed ATP concentrations re-
sulting from OHP exposure, the possibility
of the release of lysosomal enzymes and
subsequent cellular catabolism was investi-
gated by determining the percent of free
cathepsin activity and the percent of acid-
soluble nitrogen in brain, liver, and kid-
ney of control rats and rats exposed to
100% oxygen at 5 ata for 1.5 hours.

Methods

Fasted (16-20 hours) male Sprague-
Dawley rats (150-225 gm) were used in
all studies. Control animals were exposed
to air at 1 ata. OHP-exposed animals
were subjected to 100% oxygen at 5 ata
for 30 min or 90 min. All other experi-
mental procedures were the same for con-
trols and OHP-exposed rats.

To determine ATP concentration, tissue
was prepared by a technique which pre-
vented rapid ATP loss.” The ATP con-
centration in the tissue preparations was
determined by the firefly luminescence
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method ** and results expressed as a
percentage of control values.

Respiration and oxidative phosphoryla-
tion and succinic dehydrogenase activity
were determined in the following manner.
The cerebral hemisphere, kidney cortex,
and liver of the rat were rapidly removed
at the end of the exposure period and
homogenized as previously described.®*°
The polarographic method was used to
determine respiration and oxidative phos-
phorylation of the homogenates at
25°C.»1212 The respiration rate stimu-
lated by adenosine diphosphate (ADP
q0,), the basal respiration rate (basal
q0,) and the ADP-oxygen (ADP/O)
ratio were determined for each tissue ho-
mogenate with succinate and with alpha-
ketoglutarate. The method of Cooper-
stein, Lazarow, and Kurfess'® as modified
by Hall'* was used to determine succinic
dehydrogenase activity of similarly pre-
pared homogenates.

The free and total cathepsin activity
was determined by the method of Anson
as modified by Hall.** Total and acid-
soluble nitrogen was determined by micro-
Kjeldahl digestion coupled with Nessler re-
agent.

Results

Figure 1 shows ATP concentration and
succinic dehydrogenase activity as a per-
cent of control values, percent of free
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FIGURE 1. ATP concentration and succinic de-
hydrogenase activity in brain, liver, and kidney
of rats exposed to 100% oxygen at 5 ata.
Values expressed as percent of control values,
percent of free cathepsin activity, and amount
of acid-soluble nitrogen (in percent of total
nitrogen). Each point represents minimum of
six animals.

I/

cathepsin activity, and acid-soluble nitro-
gen as a percent of total nitrogen, for
brain, liver, and kidney of rats that were
exposed to 5 ata of 100% oxygen. Table 1
shows the results of the respiration and
oxidative phosphorylation studies on
brain, liver, and kidney for succinate and
for alpha-ketoglutarate.

At 5 ata of 100% oxygen, the ATP
concentration in all three tissues was re-

TaBLE 1. Effects of Hyperbaric Oxygen on Tissue Respiration and Oxidative

Phosphorylation
Succinate Alpha-ketoglutarate

N+ ADP/O ADP qO. Basal qO: ADP/O ADP qO: Basal qO:
Normal liver 7 2.05+0.12 7.96+098 3.12+0.03 3.05+0.22 326+0.59 1.68+0.22
1.5 hr at 8 193+0.09 13.06+0.73 4.57+0.38 2.94+0.15 5.56+0.88 2.78+0.31
3 ata P=0.04 P <0.01 P <0.01 P>0.S5 P > 0.05 P < 0.01
Normal kidney 8 2.05+0.06 1424072 6.59+0.20 2.97+0.15 6.96+0.25 2.72+0.13
1.5 hr at 7 1.97%0.15 11.60+1.81 7.18+1.58 2.96+0.16 6.00+0.98 3.68+0.70
3 ata P>0S5 P < 0.01 P=03 P>0.5 P <001 P <001
Normal brain 6 1.96+0.17 4.33+0.10 2.10=0.51 2.71+0.23 2.18+0.17 1.07%0.18
1.5 br at 6 181+0.11 587+0.03 329+0.23 2.80+0.17 3.36+0.13 2.05%0.10
3ata P=0.10 P < 0.01 P <001 P>0.5 P <0.01 P < 0.01

¢ N, number of animals from which organs were removed for preparation of homogenate.
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duced significantly (29-39% ) within 30
min, approximately 20—30 min before the
animals began to exhibit symptoms of
oxygen toxicity. After 90 min of exposure,
all tissues showed marked reduction in
ATP concentration (brain 53% decrease,
liver 44% decrease, kidney 63% de-
crease). Thus, high pressure oxygen
caused a decrease in tissue energy stores
which, theoretically, could result in dis-
turbances in metabolic functions of the
tissues.

When returned to normal oxygen ten-
sion, tissue homogenates obtained from
the OHP-exposed rats maintained their
efficiency for oxidative phosphorylation as
shown by the ADP/O ratio for succinate
and for alpha-ketoglutarate. The ADP-
stimulated respiration rate, which is a re-
flection of the ATP production capacity,
increased with liver (up 64% with succi-
nate, up 70% with alpha-ketoglutarate)
and with brain (up 35% with succinate,
up 54% with alpha-ketoglutarate). Kid-
ney cortex had decreased ADP-stimulated
respiration rate (down 20% ) after OHP
exposure. Basal respiration rates for all
three tissues were greater after rats were
exposed to OHP. It is interesting to note
that even though the maximum respiration
rate in brain and liver increased 35% and
54%, respectively, and decreased only
20% in kidney, the succinic dehydroge-
nase activity was reduced 57% in brain
and 69% in liver and kidney homogenates
from the OHP-exposed rats. Thus, the
succinic dehydrogenase activity level did
not reflect the capacity of the tissue to
utilize succinate when returned to normal
oxygen tensions.

All three tissues from the OHP-exposed
animals were found to have markedly in-
creased levels of acid-soluble nitrogen
(74%, 52%, and 59% of total nitrogen
for brain, liver, and kidney, respectively,
as compared with normal values of 13%,
10%, and 13% ). Total nitrogen concen-
trations were not significantly different
from normal.

The percent of free cathepsin activity in
all three tissues from the OHP-exposed

animals was significantly elevated (brain
450%, liver 640%, and kidney 119%).
The value for kidney is misleading since
the total cathepsin activity at this exposure
was significantly reduced only in the kid-
ney. (Kidney homogenates from rats
exposed to 100% oxygen at 3 ata for 2
hours had 88% free cathepsin activity,
total activity being unchanged).

Rapid inhibition of alpha-ketoglutarate
dehydrogenase activity and rapid depres-
sion of pyruvate oxidase activity has been
demonstrated in rat brain mitochondria
exposed to OHP.'* Such an inhibition
would result in the inhibition of three of
the four Krebs cycle intermediates that
result in ATP production when oxidized
(alpha-ketoglutarate, succinate, and ma-
late). Thus, a reduction in tissue ATP
concentration would be expected. Our
results indicate that rats exposed to OHP
show a definite decrease in tissue ATP
concentration, which, if it is due to inhibi-
tion of alpha-ketoglutarate and succinate
oxidation, should be rapidly reversible on
restoration of normal oxygen tensions.
That this is indeed the case is evidenced
by the near-normal or elevated respiration
rates in all three tissues with these sub-
strates.

Hall'* has shown that the percent of
free cathepsin activity in brain, liver, and
kidney from OHP-exposed rats increases
with increasing pressure of 100% oxygen.
Soluble nitrogen increases significantly in
brain, liver, and kidney only after the per-
cent of free cathepsin activity has been
increased.'®* The increased soluble nitro-
gen is indicative of catabolism within the
tissues and is similar to the situation re-
ported in anoxic liver where a marked
increase in free nitrogen occurs after pro-
longed periods of anoxia!” which have
been shown to significantly decrease ATP
concentration in tissues.®

SUCCINATE AS A PREVENTATIVE
OF OXYGEN TOXICITY

The decrease in ATP concentration of
tissues from animals exposed to OHP
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suggested that efforts to protect against
oxygen toxicity should be directed toward
maintaining normal tissue ATP concen-
tration and consequently metabolic func-
tions. Succinate has the highest ATP
production capacity (among succinate,
alpha-ketoglutarate, and glutamate) in rat
brain, liver, and kidney.? When succinate
is the substrate, 50% more oxygen is
utilized per ATP molecule formed than
when substrates linked with nicotinamide
adenine dinucleotide (NAD) are being
oxidized. Thus, succinate uses more oxy-
gen and causes a higher ATP production
than other oxidative phosphorylation sub-
strates. Both factors counteract local ef-
fects of OHP. It has previously been
shown in minced rat brain that succinate
oxidation is more resistant to oxygen ex-
posure than pyruvate or glucose oxida-
tion.** Dickens! observed that succinate
oxidation continued in brain slices exposed
to 4.6 ata and, to a lesser degree, L-gluta-
mate oxidation continued. This latter ob-
servation is particularly pertinent in view
of the postulation of the existence of a
glutamate — gamma amino butyric acid
(GABA) — succinate shunt.?® This shunt
operates around the alpha-ketoglutarate
system by withdrawal of alpha-ketogluta-
rate through transamination with GABA,
and re-entry of the carbon chain into the
Krebs cycle at the succinic acid level. The
inhibition of alpha-ketoglutarate oxidation
was mentioned above.?®

These observations and the observation
that GABA offers some degree of protec-
tion to rats'® further suggest that succinate
might serve as a protective agent against
OHP toxicity. Chance et al.?® have ob-
served that one effect of OHP is the rapid
inhibition of the reduction of NAD, and
that succinate slows the rate of inhibition
of the reduction of NAD significantly.?
The reduction of NAD is essential for
ATP production with all oxidative phos-
phorylative substrates except succinate.
Thus, succinate would not be affected by
such OHP inhibitory action on NAD re-
duction. Chance er al.*® further observed
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that there is minimal inhibition of electron
flow from succinate into the electron trans-
port chaim at 12 ata of oxygen pressure.
Succinate has been reported to monopolize
the respiratory chain and inhibit the oxida-
tion of reduced NAD.#

All of the above observations strongly
support the hypothesis that succinate
should be an effective protective agent
against the toxic effects of OHP. To test
this hypothesis, two sets of experiments
were performed. In the first experiments,??
four groups of fasted (16—20 hours) male
Sprague-Dawley rats (160-225 gm) were
exposed to 100% oxygen at 5 ata for 1.5
hours. Groups 1, 2, and 3 were injected
intraperitoneally with 7.5 ml of isotonic
saline, 0.4 M dextrose (at pH 7.4), and
0.4 M sodium succinate (at pH 7.4),
respectively, 1 hour before the OHP ex-
posure. Group 4 consisted of succinate-
injected control rats which were killed 2.5
hours after succinate injection, at which
time the ATP concentration was deter-
mined. Tissue ATP concentrations were
similarly determined in brain, liver, and
kidney in all rats which survived the OHP
exposure.

Ninety percent of the saline-injected
rats died during the exposure period. Sur-
viving animals had a significant decrease
in ATP concentration in brain (53% de-
crease), liver (49% decrease), and kid-
ney (63% decrease), and all survivors
died within 15 min of the end of the ex-
posure period.

Fifty percent of the 10 dextrose-
treated animals died during the exposure.
Thirty percent had symptoms of oxygen
toxicity (convulsions, loss of conscious-
ness) and significantly lowered ATP con-
centration in all three tissues. Two of the
10 animals appeared normal and had tis-
sue ATP concentrations within the range
of normal.

All of the succinate-treated animals??
survived the exposure period and ap-
peared normal and alert. Brain, liver, and
kidney ATP concentrations from these
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animals were normal or above normal
(Figure 1).

Subsequently, animals of another group
were injected intraperitoneally with so-
dium succinate (10 mmoles/kg of a
0.4 M solution) 1 hour preceding the
exposure to 100% oxygen given at 5 ata
for 1.5 hours. At the end of the exposure
period, succinic dehydrogenase activity,
percent of free cathepsin activity, and per-
cent of acid-soluble nitrogen were deter-
mined on brain, liver, and kidney of these
animals by the methods described above.

The succinate-treated OHP-exposed
rats were able to maintain normal levels
of ATP concentration, succinic dehydro-
genase activity, percent of free cathepsin
activity, and percent of acid-soluble nitro-
gen in brain, liver, and kidney (Figure 1).
Unprotected rats surviving the same OHP
exposure showed marked alterations in
ATP concentration, succinic dehydroge-
nase activity, percent of free cathepsin ac-
tivity, and percent of acid-soluble nitrogen
in brain, liver, and kidney when compared
with normal values.

These observations strongly support the
hypothesis that succinate is an effective
protective agent against hyperbaric oxygen
toxicity. Certain problems, however, at-
tend the effective use of succinate as a
protective agent against OHP toxicity. In-
traperitoneal injections did not, for exam-
ple, protect a fed rat. Animals fasted more
than 24 hours and animals that were given
intraperitoneal injections containing 15
mmoles of sodium succinate/kg body
weight frequently died within 1 hour of
the time of injection. Thus further work
is needed to determine a more effective
route of administration and the proper
dosage schedule to provide adequate pro-
tection against OHP toxicity without hav-
ing a sodium succinate toxicity problem.
Should the pharmacologic problems be
resolved, succinate has one distinct attri-
bute for OHP work: it should offer no
protection to anaerobic systems, which
have been shown to be particularly sus-
ceptible to OHP therapy.
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Discussion of papers by Gilbert (pp. 3-14),

Chance et al. (pp. 15-41), Gibson (pp. 42—45), Longmuir (pp. 46-51),
Hashimoto et al., (pp. 52-60), Hochstein (pp. 61-64),
Kann and Mengel (pp. 65-72), and Sanders et al. (pp. 73-78)

DRr. F. DIcKENS, Session Chairman (London,
England): We have been listening to a
fundamental contribution to this problem.
The application of these extremely elegant
methods to the actual changes in nucleotide
fevel in the tissues is something quite new.
Before throwing open the discussion, I should
like to present three figures pertinent to the
topic at hand.

Figure 1 shows the time of onset of toxic
symptoms or signs in animals and the pres-
sure in atmospheres absolute of oxygen

plotted against the log time in minutes.
Each of these groups is a series of observa-
tions by different authors with different
species, using different indicators of onset
of oxygen toxicity; therefore, it is not sur-
prising that the spread of the results is quite
broad. The solid line on the right is based
on the most extensive lethal results on ani-
mals, done on mice by Dr. Rebeca Gersch-
man. The time scale, being logarithmic, is
about six times that of the average first onset
of symptoms in these animals. For example,
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Figure 1. Times of onset of toxic signs (broken curve) and of death (upper continuous curve) at
various pressures of oxygen. The combined data of many authors and for various species are
represented. (Reproduced from Neurochemistry, 2nd ed., Charles C Thomas, 1962, p. 851.)
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FIGURE 2. Mean fall of respiration rate in
slices of rat brain cortex. (Reproduced from
Biochem. J. 40:151, 1946.)

at 3 atmospheres you will notice that about
45 minutes are required on an average for
onset of symptoms, and a longer period
(about 180 minutes) for the average period
of LD,, in mice.

Figure 2 compares these results with some
early measurements which I did on the effect
in vitro on brain cortex respiration (Q
values) of rats exposed to 2.9 atmospheres
oxygen (Biochem. J. 40:145, 1946). You
will see that in oxygen there was a marked
fall of approximately 50% in 180 minutes
at 2.9 atmospheres. This represents the time
required to kill 50% of the mice and is
roughly six times the time required for onset
of symptoms. Nevertheless, at this pressure,
there is a marked fall of respiration in the
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brain. This was also shown independently by
W. C. Stadie, B. C. Riggs, and N. Haugaard
in Philadelphia (J. Biol. Chem. 160:191,
1945). You will note that 1 atmosphere
of oxygen was also toxic, though much less
so, and in air at 0.2 atmospheres there was
a fall in respiration which, curiously enough,
was avoided in these experiments by using
air at 2.9 atmospheres.

Figure 3 shows an effect of metals on res-
piration. This study was done with slices of
brain cortex exposed to 4.4 atmospheres for
100 minutes. Respiration rate is represented
by the columns. The air control produces a
Q value of about 9; however, after exposure
of the slices to 4.4 atmospheres of oxygen,
it falls to 2 or 3. The succeeding plain
columns indicate the results produced by the
addition of various amounts of cobalt ions,
and the protection was quite definite under
these in vitro conditions. Dr. H. P. Marks,
who was working with us at the time, re-
peated some of these metal experiments in
animals (Report to the Royal Naval Per-
sonnel Research Committee, Medical Re-
search Council Publication RNP/44/101,
England, 1944) and achieved some protec-
tion with cobalt and zinc, and also with
nickel which we did not test. We did not
find any protection with zinc, but the fact
that the cobalt did afford protection not only
for glucose oxidation but also for oxidation
of lactate and pyruvate, and also protected
in the whole animal, would perhaps fit in
with some of the observations about anti-
oxidants, the action of which could very well
be influenced by cobalt.
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FiGure 3. Effect of some metal ions as protectors of brain cortex respiration against high oxygen
pressures. (Reproduced from Oxygen in the Animal Organism, Pergamon Press, 1964, p. 506.)
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Dr. B. CHANCE: I would like to emphasize
the difference in the experimental conditions
employed by Jamieson, Williamson, and me
as compared with those employed by Sanders
and Hashimoto. This is best illustrated by
the figure (Figure 27, p. 37) in which we
compared the rapidity of inhibition of the
pathway for energy-linked NAD reduction
with the rapidity of the inhibition of electron
transport in the respiratory chain. It is ap-
parent that the inhibition of the former
reaction is complete after 4 minutes of pres-
surization at 11 atmospheres. At this time,
reversed electron transport is completely
inhibited, whereas forward electron transport
is scarcely affected. The latter process is
inhibited in 60 minutes. A working hypoth-
esis is that the short-term process is related
to the short-term physiological effects of high
oxygen pressures. The longer-term effect is
probably the cause of lung damage in chroni-
cally exposed animals.

In the short-term effect, we find a rise of
ATP due to the blockage of energy utiliza-
tion in reversed electron transport. In the
long-term effect, there must be a fall of ATP
due to the inhibition of electron transport.

Since we identify your studies with the
long-term inactivation of electron transport,
it is difficult to find a biochemical reason
for the alleviation of high pressure oxygen
effects by succinate.

My position can be made clearer by look-
ing again at Figure 26 (p. 35), which indi-
cates the two pools of reduced pyridine
nucleotide, one directly reduced by dehydro-
genases, the other reduced by succinate
through a pathway of reversed electron
transport ( b-Q-fp) which requires the media-
tion of a high-energy intermediate (X ~ I).
This diagram illustrates that the reduction
of NAD in the energy-requiring pathway
can be inhibited without inhibiting the reduc-
tion and oxidation of NAD in the pathway
of forward electron transfer.

This distinction is elaborated in a more
complex diagram (Figure 1). This diagram
represents a current hypothesis of the se-
quence of action of the electron transport
and energy transfer components of the res-
piratory chain. The complete functional unit
of oxidative phosphorylation and reversed
electron transport is called the oxysome
(Science 140:379, 1963). The pathway of
forward electron transfer begins with malate
or succinate, which interacts respectively
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FIGURE 1.
oxysome.

Electron and energy flow in the

with the appropriate flavoprotein (FP) or
dehydrogenase (MDH). In the latter case,
DPN is reduced and activates the DPNH
dehydrogenase flavoprotein (FP). The com-
ponent immediately adjacent to the flavo-
proteins can be nonheme iron or ferridoxin-
like compounds, and a part of cytochrome b
as well. Electron transfer from the two
pathways joins and flows through the respira-
tory cytochrome c,, c¢,, and a;, reducing
oxygen to water. This pathway is designated
the pathway of forward electron flow.

Energy is tapped off from this electron
flow at three sites designated by the “~”
intermediates, ~ I,, ~1I,, ~1I;, which in-
teract further to form a common interme-
diate: X ~ I and a phosphorylated interme-
diated X ~ P, which in turn phosphorylate
ADP to ATP. The sum total of the reaction
for the three sites leads to the formation of
three molecules of ATP.

Electrons can flow in a “reversed” path-
way, that is to say, against the apparent
thermodynamic gradient from succinate at
zero volts to DPN or TPN at approximately
—320 millivolts. The system of carriers is
now completely identified, but, oddly enough,
most of the cytochrome b and quinone are
active in this pathway. Flavoprotein is indi-
cated to transport electrons to bring about
reduction of TPN, and with the aid of a
transhydrogenase to reduce TPN as well.
Energy is required for this pathway in order
to drive this reaction against the thermo-
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dynamic gradient of 320 millivolts, and a
possible point for the utilization of the high-
energy intermediate (X ~ I) to activate this
pathway is indicated.

This diagram emphasizes the two functions
of DPN, one in forward electron transfer
to feed electrons from substrates into the
respiratory chain, the other in reversed elec-
tron transfer toward reduction of DPN.
The data above indicate that it is either the
transport of electrons through the reversed
pathway or the utilization of X ~ 7 in this
pathway that is rapidly inhibited under
hyperbaric conditions.

Independent experiments indicate that re-
duction of the electron transfer carriers pro-
tects this pathway to some extent against
hyperbaric inhibition. It would seem rea-
sonable that any method of increasing the
intracellular succinate concentration might
protect in vitro, provided the succinate pen-
etrates the cell membrane.

DRr. Dickens: Dr. Chance, do you feel that,
in Dr. Sanders’ experiments, succinate has
traversed this reversed electron flow pathway,
thereby keeping the NAD reduced?

Dr. CHaNCE: This is a provocative question.
First, we have not determined whether or
not succinate, administered in the way Dr.
Sanders recommends, will maintain the NAD
level reduced under hyperbaric oxygen con-
ditions.* It would seem that an increase
in the intracellular succinate concentration
would tend to a more reduced state in the
mitochondria and thereby protect against
the high pressure oxygen conditions.

Dr. A. P. SANDERS: We have not determined
succinate levels. Obviously, this is the step
to be taken. My personal feeling is that
our data actually support your hypothesis.
If it does not revert, it must be that the
succinate has, within itself, the capability of
providing sufficient ATP. This seems some-

* Shortly after the conference, several experi-
ments were performed by Dr. Chance according
to the procedures described herein, except that
the rats were given massive injections of suc-
cinate (according to the understanding of Dr.
Sanders’ experimental procedure). Nevertheless,
the NADH oxidation in high pressure oxygen
was observed to persist. The explanation for
this result was that the succinate did not reach
the cells due to permeability barriers.
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what questionable. Let me make one addi-
tional comment. Dr. Dickens’ observation
that glutamate maintained to a lesser degree
in oxygen, and also the observation by Dr.
Wood that gamma-aminobutyric acid gives
protection, fit beautifully with the succinate
findings. The glutamate—gamma-aminobu-
tyric acid shunt into succinate indicates that
succinate is the actual final substrate being
fed in.

Dr. Dickens: Perhaps Dr. Wood will com-
ment on the effects of gamma-aminobutyric
acid. As he believes that these substances
are a source of succinate in the tissue, and
that the latter protects against high oxygen
pressures, his observations would be highly
pertinent to the topic now under discussion.

Dr. J. D. Woop (Toronto, Canada):
Gamma-aminobutyric acid has, of course,
two actions. One is its role in oxidative
metabolism, and the other its role in the
modulation of nerve transmission. Until
today, I was leaning more and more toward
the theory that its protective effect against
oxygen poisoning is due to its modulating
action, because we found that the specific
molecular structure required for a compound
to afford protection against oxygen poison-
ing was the same as that required for it to
have a depressant action on nerve trans-
mission. However, in view of what the
speakers have said today, I may have to
revise my thinking and consider also the pos-
sibility that the protective action of GABA
is mediated by the increased supply of suc-
cinate via the GABA shunt pathway.

DR. G. G. NAHAS (New York, N. Y.): How
important is it, Dr. Sanders, that your ani-
mals be fasted 72 hours before treatment
with succinate? It is known that starvation
itself protects against oxygen toxicity, and,
through activation of adenylcyclase and
cyclic 3',5-AMP, induces sympathoadrenal
stimulation and mobilization of fat stores
as well.

DR. SANDERs: 1 am afraid there has been
a misunderstanding. The fasting period in-
volved was 16 to 20 hours, not 72 hours.
Rats fed by the intraperitoneal injection are
not protected by this. It is probably a com-
petitive phenomenon involved with the ab-
sorption across the intestines. However, in
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another species, we found that protection was
afforded under this condition, so we cannot
clearly define it at this time. As all of this
work has taken place only within the last
6 months, there are still many problems
to be worked out.

Dr. NaHas: The question arises whether
peroxidation plays as large a role in oxygen
toxicity as Dr. Kann indicated, and I would
like to ask him if animals which are not
tocopherol-deficient present increased peroxi-
dation under conditions of high oxygen
pressure?

Dr. H. E. KaNN: There is good evidence
that lipid peroxidation does occur in tissues
of normal animals and humans exposed to
hyperbaric oxygen. For instance, our pa-
tient who developed hemolytic anemia after
exposure to hyperbaric oxygen was almost
certainly not tocopherol-deficient. Because
lipid peroxides are highly reactive, they are
often difficult to detect directly even when
indirect evidence strongly indicates that they
have been formed.

Dr. DickeNs: Dr. Kann, you mentioned
one case of hemolysis in a human patient.
Has this been observed frequently in man?

Dr. KANN: We have not found any other
patients who developed frank hemolytic
anemia after exposure to hyperbaric oxygen.
However, erythrocyte damage, indicated by
an increase in autohemolysis, regularly oc-
curs in humans exposed to hyperbaric
oxygen.

Dr. C. J. LAMBERTSEN (Philadelphia, Pa.):
I am impressed by the development of an
ability to put together some of the bio-
chemical aspects of oxygen poisoning and
the effects of oxygen on the whole animal.
The most striking observations are those
dealing with the apparent multiplicity of sites
of oxygen action at the biochemical level,
and the multiplicity of forms of gross oxy-
gen poisoning. I would like to suggest that
these different sites may have extremely dif-
ferent rates of development of toxicity. For
example, one may see a particular kind of
toxicity in the brain, which is different from
that in the lung. It is important to determine
whether these various rates of development
are entirely biochemical or are, in addition,
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related to the particular nature of the organ
which is being poisoned. In other words,
can one really compare the length of time
it takes the brain to be demonstrably poi-
soned with the length of time it takes an
entirely different kind of organ, such as the
lung, to demonstrate a toxic effect? It is
also important to consider the recovery
rate of the diverse chemical systems that are
involved in oxygen poisoning. Moreover,
once particular chemical sites have been
poisoned, can we expect reversibility of each
of these, or are some of these going to be
irreversibly damaged by oxygen?

DRr. DickeNs: This brings up the question
whether the change in the ATP or adenosine
nucleotide level is different in the various
tissues.

DRr. SANDERS: We have observed 1, 3, and
5 atmospheres and have seen a depression
in brain ATP preceding that of liver and
kidney. However, the really striking thing
to us has been that the animal does not
really develop acute trouble until the liver
and kidney also decline very drastically.
Thus, the question arises: is this a pure
phenomenon, or is there an interrelationship
here? Our slides show that at the time
the surviving animals are removed from the
chamber, the lowest percent of ATP con-
centration is found in the kidney. In addi-
tion, the percentage of free cathepsins seems
to affect the kidney very rapidly. I am not
making any proposals as to which mecha-
nisms are involved here, but I am saying that
even though we saw depressions in ATP in
the brain preceding the onset of convulsions
and the onset of trouble in the animal, these
depressions did not occur until we actually
observed these other phenomena. The other
very impressive thing, in comparing the
percentage of free cathepsins, such as acid-
soluble nitrogen, is the extreme rapidity with
which this takes place. Once it moves, it
starts into place much faster than under
conditions of anoxia or autolysis.

Dr. DickeNns: Just for the record, I might
mention that the order of sensitivity to
oxygen of various tissues found in vitro by
the Philadelphia workers and by ourselves
was: brain (most sensitive), spinal cord,
liver, testes, kidney, lung, and muscle. How-
ever, the percentage fall may not necessarily
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be an obvious indication of sensitivity, since
there may be an excess of ATP in some
tissues and only a barely adequate amount
in others.

Dr. CHANCE: Dr. Lambertsen’s question a
few moments ago probes at the limits of
our knowledge of the relationship between
enzymatic activity and physiological func-
tion. We may consider this relationship at a
number of levels. First, we may consider
that there is a direct relationship between
oxidation-reduction levels in mitochondria
and electrical activity of membranes. This
would appear to be an unlikely relationship,
but one that is certainly not disproved.
For example, it may be that the mitochon-
dria in the nerve endings serve a special
role in the excitability of the cortex and
may thereby provide the link between oxida-
tion—reduction states and excitability. On the
other hand, the oxygen-sensitive reaction
which we study in mitochondria may simply
be an example of a similar reaction, con-
cerned with the excitability of membranes,
which has not yet been discovered. In any
case, there may indeed be multiple targets of
high pressure oxygen. such as the short-term
and long-term effects which the discussion
above has already indicated.

Dr. Dickens: This re-emphasizes Dr.
Chance’s own observation that the effect is
not only very rapid but is reversible. This,
however, does not apply, as far as I know,
to poisoning of sulfhydryl groups, whether
in enzymes or other systems.

Dr. G. S. BaLLA (Dallas, Texas): In our
study involving the use of intra-arterial hy-
drogen peroxide. we observed the develop-
ment of acute hemolysis in two patients with
carcinoma of the cervix. within the first week
of the peroxide infusions. The hematocrit
levels dropped from 35 to as low as 15.
They responded to transfusions, and when
the hematocrit levels rose to 35 again, we
would resume the peroxide infusions and
radiation therapy without further hemolysis.
I do not know how to explain this phenom-
enon except by what Dr. Kann brought out
this morning.

Dr. R. RoseNBauUM (New York, N. Y.):
I have a comment and a question. The use
of the term “lipid” can be rather confusing
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to a morphologist. In the first place, there
are lipids such as the lipofuscins (so-called
“tissue linoleums”), which, when they are
oxidized, do not break down as does the
lipid of the red-cell membrane. Hence, cer-
tain oxidative states on certain kinds of
lipids can produce stabilization. Our own
results with lysosomes and lipid coats sur-
rounding the lysosome suggest that there
is a stabilization effect. This would some-
what disagree with Dr. Sanders’ data on
cathepsin. At this point I would like to ask
him why he used cathepsin as a lysosomal
membrane. It is a sulfhydryl-dependent en-
zyme, whereas acid phosphatase, which is
an equally reliable index of lysosomal pres-
ence or absence, is not. Dr. Sanders, did
you select cathepsin specifically because it is
a sulfhydryl-dependent enzyme? Did you get
a release?

Dr. SANDERs: Both free cathepsin and acid
phosphatase levels have been studied by our
group, and the cathepsin activities were ob-
served to be very sensitive to hyperoxia.
This dramatic increase in free cathepsin
activity (followed by increased soluble nitro-
gen) due to high pressure oxygen more
readily illustrated the severity of the effects
of OHP than did the observed changes in
free acid phosphatase. The free cathepsin
activity, the acid-soluble nitrogen, and the
free acid phosphatase activity were all main-
tained at normal levels during those OHP
exposures when succinate was used as indi-
cated.

Dr. F. BERNHEIM (Durham, N. C.): One
of the attractions of the lipid peroxide theory
is that lipid peroxidation rates are a function
of oxygen tension. Under normal conditions,
the tissue oxygen tension is quite low, but
under hyperbaric oxygen, if the animal is
not completely protected by antioxidants,
lipid peroxidation can occur. As Dr. Kann
has pointed out, you cannot find these per-
oxides, but you can show a greater rate of
lipid peroxidation in the isolated tissue.
In the brain, Wolman (Selective Vulner-
ability of the Brain in Hypoxaemia, Black-
well, 1963, pp. 349-356) and Becker and
Galvin (Aerospace Med. 33:985, 1962) have
shown that the brains of animals exposed
to high oxygen tensions show lipid peroxi-
dation rates twice that of normal. The de-
gree of respiratory inhibition which Dickens


http://www.nap.edu/catalog.php?record_id=20265

Discussion

finds in the various tissues parallels the rate
of lipid peroxidation in the tissues when they
are incubated in vitro. The fact that cobalt
inhibits peroxidation could explain its pro-
tective action. Also, lipid peroxides inhibit
a large number of enzymes, and this could
account for many of these effects in vitro.

Dr. Dickens: 1 am glad to have your com-
ments, but at the same time it should be
emphasized that the toxic effects on tissue
respiration do not coincide on the time scale
with what we believe to be the pharmacologic
effects of oxygen.

DRr. E. A. STEAD (Durham, N. C.): It is
possible to think of a situation in which the
circulatory failure would be a protection
against the toxic effects of hyperoxia. Was
there evidence of circulatory failure which
might have allowed the enzyme systems to
remain relatively unharmed?

DRr. SANDERs: In these experiments we did
not do any cardiovascular or circulatory
studies.

Dr. Q. GiBsoN: A number of years ago we
did some experiments to see whether malo-
nate would influence tissue metabolism. We
injected mice intraperitoneally with enor-
mous doses of malonate which served to
cut down metabolism, measured simply by
gaseous exchange, quite markedly. When
we did the controls, however, we observed
that succinate reproduced this effect exactly.
1 wonder if some of these effects are due to
the cause which has just been suggested.
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UNIDENTIFIED SPEAKER: Dr. Longmuir, how
did you measure the amount of carrier?

Dr. 1. S. LoNGMUIR: We used our polaro-
graphic technique for measuring oxygen ten-
sion. We placed in the cell a very large load
of liver slices, waited half an hour to allow
them to become fully cyanide-sensitive, and
then abolished their respiration with cyanide
or azide. At this point we generated oxygen
in the cell electrolytically at a constant rate.
In the absence of any carrier, we expected
the oxygen tension to rise linearly. There
was, in fact, a little peak in the curve, and
from that peak, we could calculate the
capacity of the carrier.

Dr. Dickens: In closing, I would like to
paraphrase a comment which Wallace Fenn
made at the symposium on Oxygen in the
Animal Organism (1. U. B. Symposium,
vol. 31, Pergamon Press, 1962). He was
pointing out, in relation to the cosmic devel-
opment, that oxygen produced by living
plants was accumulating, and that living
animals somehow appeared to make use of it.
At the same time, the cells, in order to
survive, must have built up antioxidant prop-
erties. These, however, have their limita-
tions, and when unphysiological oxygen ten-
sions are reached, the phenomenon which we
heard described this morning results. Per-
haps, these defenses are always rather in-
sufficient, and it has been suggested that the
basis of aging may be a slow oxidation of
all our tissues due to the fact that we have
to breathe this terrible stuff oxygen to the
extent of 20% of the atmosphere, whether
we like it or not!
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Role of Central Nervous System and Pulmonary Damage
as Cause of Respiratory Failure in Rats Exposed to

Hyperbaric Oxygen

DANA JAMIESON
Radiobiological Research Unit

Cancer Institute Board, Melbourne, Australia

Damage to the central nervous system and
lungs is recognized as the principal mani-
festation of oxygen toxicity in mammals
under hyperbaric conditions, but the in-
terrelationship between these effects re-
mains obscure.’* We have attempted to
analyze the sequence of events leading to
death of rats exposed to high pressure
oxygen by monitoring the electroenceph-
alogram (EEG), the -electromyogram
(EMG) from the diaphragm, respiratory
excursions, and cardiac rate.

METHODS

Rats were exposed to pressures of 4, 5,
and 7 ata of oxygen. During compression,
the EEG was recorded from bipolar elec-
trodes applied to the outer table of the
skull or beneath the inner dura. For the
EMG, bipolar electrodes were sewn into
the ventral abdominal surface of the origin
of the exposed right diaphragm to provide
a bioelectric signal of the motor activity
of the respiratory pathway. A thermistor
in the tracheal cannula monitored the
respiratory flow excursions. The electro-
cardiogram (ECG) was almost invariably
seen superimposed on the EMG tracing.
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RESULTS

The principal changes with time of expo-
sure to OHP recorded during these experi-
ments in urethane-anesthetized rats were
(1) the appearance of bursts of high-
amplitude activity on the EEG (termed
“spikes”), followed by initial depression
of EEG amplitude, followed finally by
electrical silence, (2) slight increase in
amplitude of respirations on pressuriza-
tion, followed by a gradual decrease of
respiratory rate and later by the onset of
a slow gasping which gradually diminished
in amplitude and frequency, (3) on com-
pression, a slight increase in EMG am-
plitude maintained until gasping com-
menced, and the accompaniment of each
gasp by large and prolonged bursts of
EMG activity, and (4) progressive de-
crease in heart rate throughout each ex-
periment.

The sequence of events is illustrated by
sections of the tracings obtained in a typi-
cal experiment. Figure 1 shows responses
of a rat anesthetized with urethane (1.2
gm/kg body weight) and compressed to
7 ata in oxygen. Control responses are
shown in Figure 1A. Immediately follow-
ing compression, a slight rise in amplitude
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and decrease in frequency of respirations
occurred, accompanied by a slight rise in
amplitude of the EMG. Within 27 min
(Figure 1C), spikes appeared on the
EEG. Respiration changed dramatically
3-5 min later, with the onset of gasping
and prolonged bursts of high amplitude
potentials appearing on the EMG (Figure
1D). In the period from 27 to 32 min
after compression, EEG activity de-

creased, and it continued to decrease fur-
ther over the next 30 min. Figure 1E
shows the final signs of EEG activity re-
corded in the experiment; 60 min after
compression, gas flux in the trachea had
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decreased, but the EMG showed a con-
tinued electrical activity of considerable
magnitude. During the next 6 min, res-
piration virtually ceased (Figure 1F) in
spite of continued bioelectric activity from
the diaphragm, suggesting that passage of
gas to the lungs was impeded by broncho-
alveolar changes such as spasm, collapse,
or consolidation. At necropsy the lungs
of this animal were grossly congested,
liverlike in appearance, and weighed 1.8
gm (normal lung weight for the experi-
mental animals used being approximately
0.9 gm*). Progressive bradycardia, as de-
scribed by Whitehorn and Bean® and

I_Z? min Iqt Tata 0
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66 mn at 7ata 0z

| sec

Sections of the tracings obtained from a urethane-anesthetized rat before and during

exposure to 7 ata of oxygen. The top tracing in each block shows the EEG, the middle tracing

the respirations, and the lower tracing the EMG.

Note the large increases in EMG amplitude in

sections D and E, although respiratory air movement has decreased.
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FiGURE 2. Selected portions of the recordings taken from a urethane-anesthetized rat before and
during exposure to oxygen at 4 ata. Top tracings in each block show the EEG, middle sections
show the respirations recorded from the tracheal thermistor, and the lower section shows the EMG.
The ECG can be clearly seen on the myogram record. Recordings at two different time scales

are presented for the EEG and respirations.

Taylor®, occurred throughout the ex-
posure to OHP (Figure 1), but the heart
continued to beat for 10 min after all the
evidence of respiratory activity had dis-
appeared.

Similar results were found for all other
rats compressed to 5 or 7 ata in oxygen.
At 4 ata, two of four rats died with only
partial lung damage, and in these two
cases, very large bursts of activity failed
to appear in the EMG, which showed only
progressively reduced activity consistent
with diminution of respiratory excursions.
(Records from one such rat compressed to
4 ata are shown in Figure 2.) As before,

EEG spikes appeared before respiration
showed marked change (Figure 2C, 2D).
At 227 min, respirations became deep
and slow and EMG activity also increased.
On the other hand, by this time EEG ac-
tivity had decreased except for a continua-
tion of some spike activity (Figure 2E).
Toward termination of this experiment
(at 240 min, Figure 1F), the EEG signal
had disappeared (only the ECG is seen on
the tracing), and respiratory amplitude
had also decreased. The EMG had also
decreased in amplitude and continued to
decline at equal pace with progressive res-
piratory failure, respiration ceasing 24
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min later. At necropsy the lungs of this
rat showed partial consolidation and dam-
age, weighing 1.2 gm. Slowing of heart
rate occurred during this experiment, but
slow beating continued for an hour after
breathing ceased. Apparently, in such
partly damaged lungs, sufficient oxygen
remains in patent alveoli and dissolved in
exudates to maintain cardiac action for
considerable periods during exposure to
OHP, provided the pulmonary circulation
is sufficiently intact for gas transport to
take place.

Similar experiments were performed in
anesthetized rats to examine the effects of
adding carbon dioxide to OHP on the
physiologic parameters recorded for the
previous experiment. Two percent CO,+
98% O. compressed to 4 or 7 ata and
5% CO,+95% O, compressed to 4 ata
were used. At 4 ata, 2% CO0.+98% O,
produced EEG spikes in two of four rats,
the remaining two animals showing no
spike activity. Depressions in amplitude
of the EEG, without spikes, occurred im-
mediately on compression with 2% CO, +
98% O, to 7 ata and with 5% CO,+
95% O, to 4 ata and also at an early stage
in the experiments with 2% CO.+98%
O. at 4 ata. The depression progressed
until EEG activity disappeared, and the
time required for this was relatively shorter
than in rats similarly compressed in oxy-
gen alone; such disappearance of EEG
activity always occurred before respira-
tion ceased.
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A major difference in response was also
seen in the EMG pattern. Immediately
upon compression in the CO,+0, gas
mixtures, respiratory amplitude increased
by threefold to fourfold, the respiratory
rate decreasing slightly while the EMG
amplitude approximately doubled. Brady-
cardia accompanied these changes. Com-
pared to animals compressed in oxygen
alone, the animals compressed in the
CO.+0, mixture usually showed little
further change in the EMG, until terminal
depression of both respiration and EMG
activity took place. Occasionally a short
transition period intervened, where mod-
erately increased EMG amplitude was re-
corded. Regardless of the latter, how-
ever, in the terminal phase respiratory
failure was accompanied by decrease in
EMG activity. In many of these rats com-
pressed in CO,+0O, gas mixtures, lung
damage (based on macroscopic evidence
at necropsy) was absent or slight, with
patent alveoli. In rats which showed some
increase in EMG activity, lung damage
appeared significantly more marked.

Tracings from a rat compressed to 7
ata in 2% CO.+98% O. are shown in
Figure 3. EEG amplitude decreased while
depth of respirations and EMG amplitude
rose considerably (Figure 3B), presum-
ably due largely to stimulation by CO.;
20 min after compression (Figure 3C) a
further depression of EEG activity took
place, with slowing of respiration. After
8 min more, EEG activity had almost dis-

20 min at Tata 28 min at 7ata
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Ficure 3. Records from a urethane-anesthetized rat before and during compression to 7 ata in
2% CO0.+98% O.. The top tracing in each block shows the EEG, the middle tracing the respira-

tions, and the lower tracing the EMG.
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appeared, respirations were very shallow,
and only small EMG potentials were re-
corded (Figure 3D). Over the next 7
min, respirations and EMG activity di-
minished further to eventual disappear-
ance. The heart continued to beat for 45
min longer. At necropsy, the lungs showed
slight reddening and their weight was
little in excess of normal values.

Di1scuUssION

These data show that in most anesthetized
rats exposed to OHP until cessation of
breathing, motor impulses continued to
be transmitted down the respiratory path-
way from the respiratory center to the
diaphragm, but pulmonary damage was
sufficiently severe to prevent significant
gas displacement. However, in most
anesthetized rats compressed in oxygen
supplemented with high concentrations of
CO., a block in the respiratory pathway
appeared to occur before severe lung dam-
age and alveolar consolidation developed.

Since large increases in EMG amplitude
appeared to correlate well with the degree
of lung damage, this point was tested
further by compressing four rats in oxy-
gen (without added CO,) to 5 ata. Five
minutes after the high-amplitude EMG
change was registered, the rats were de-
compressed at a rate of 1 ata per minute
and the lungs were immediately removed
and examined. All four rats showed con-
siderable lung damage both macroscopic-
ally and microscopically, similar to that
previously described,* with hemorrhagic
exudates and edematous changes. The
lungs weighed 1.4-2.0 gm. Three addi-
tional animals were similarly treated but
allowed to remain in air after decompres-
sion. In these animals, breathing ceased
1-2 hours after decompression and the
lungs showed similar damage at necropsy.
In this latter group, the EMG showed high
amplitude activity for 15-45 min after
decompression, succeeded by a gradual
decline in activity. In comparison, rats
that had been pressurized in oxygen for

time periods insufficient to cause increase
in EMG amplitude showed little lung
damage when sacrificed and examined
after decompression.

Anesthesia has been shown to modify
central nervous system and pulmonary
damage due to high pressure oxygen *-°
and would also contribute to the results
obtained in these experiments. All the
rats were anesthetized with urethane and
survived considerably longer than simi-
larly pressurized unanesthetized animals,
the latter all showing very severe lung
damage at necropsy when pressurized in
oxygen, with or without the addition of
CO..

The manifestation and severity of con-
vulsions in unanesthetized rats or the
occurrence of EEG spikes in anesthetized
animals did not affect the eventual ap-
pearance of pulmonary damage. Also,
changes in the EEG correlated poorly
with survival times and with the onset of
EMG changes.

These results and those reported previ-
ously'® do not support the suggestion that
pulmonary damage is primarily depen-
dent on neurogenic factors.® Nevertheless,
anesthetic agents, including urethane, are
potent in protecting against pulmonary
damage, as shown previously.* *

Indeed, the data suggest that in acute
oxygen poisoning a “race for death”
occurs between primary organic lung dam-
age and neurologic damage causing a
block in the respiratory pathway, with
death from pulmonary damage predomi-
nating in the unanesthetized rat. In the
anesthetized rat, however, a preferential
protection of lung tissues sometimes al-
Jows central nervous system effects to
predominate and cause a progressive res-
piratory depression through neuronal and
motor failure. The addition of CO. to
OHP exposures has been shown to poten-
tiate central nervous system damage in
both unanesthetized and anesthetized
rats.” The present results in anesthetized
rats further support this previous result
in that neurogenic respiratory motor fail-
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ure appears to predominate under such
conditions of hypercapnia.

The location of this neurogenic block
was not ascertained in the present experi-
ments in which the diaphragmatic EMG
was monitored. Some further preliminary
experiments have been performed, how-
ever, in which the thoracic phrenic nerve
was stimulated to determine the threshold
for contraction of the diaphragm. Such
thresholds were measured in anesthetized
control rats and in rats decompressed
from 5% CO.+95% O, at 4 ata immedi-
ately after cessation of respiration. The
thresholds registered were significantly
different: 129 + 12 mv for control animals
and 193+ 12 mv for treated rats. This
preliminary result may indicate that in-
hibition of excitability or conduction in
the phrenic nerve, or inhibition of neuro-
muscular transmission plays a part in the
respiratory depression. Direct stimulation
of the diaphragm muscle in curarized
artificially respired rats may also provide
information in this respect but has not yet
been attempted.

SUMMARY

1. In rats exposed to high pressure
oxygen, cerebral cortical damage regis-
tered by the EEG appeared much earlier
than damage to medullary centers.

Dana Jamieson

2. In rats compressed in oxygen with-
out added CO,, the respiratory pathway
usually remained intact and active at a
time when breathing stopped, the latter
appearing to be due predominantly to
mechanical factors resuiting from lung
damage and impeding the excursions of
gas in the broncho-alveolar tract during
respiration.

3. In anesthetized rats exposed to hy-
perbaric oxygen supplemented by raised
CO, concentrations, respiratory depres-
sion and cessation often occurred before
the lung tissue was significantly damaged
and such cessation appeared primarily due
to central nervous system damage pre-
dominating and causing a depression of
centrifugal impulses from medullary cen-
ters. However, such respiratory pathway
block may also have been partly due to
changes in the peripheral neuromuscular
structures and their connections.

4. General anesthesia preferentially
protected rats against pulmonary damage
and may have allowed central nervous sys-
tem damage to predominate and cause
changes in respiration which dominate the
clinical picture.

5. Central nervous system effects and
lung damage both contribute in causing
respiratory failure in rats exposed to OHP,
but the two effects appear to be at least
partly independent.
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DISCUSSION

DRr. G. G. NaHas (New York, N. Y.): With
2% carbon dioxide at 7 atmospheres, the
partial pressure of the pCQO, in the expired
air is about 100 mm Hg, and pH is very
low. This, in turn, should produce sym-
pathoadrenal stimulation and catecholamine
output. I wonder to what extent this stimula-
tion can account for the difference in your
two groups.

Dr. JaMiesoN: [ do not know the mecha-
nism of the difference between the groups, so
I cannot answer your question fully. Our
own studies and much of Dr. Bean’s work
do indicate this sympathetic hormone release
seems to occur with oxygen anyway. How
much more occurs with carbon dioxide plus
high pressure oxygen I do not know. Perhaps
you have some comments on this, Dr. Bean.

DRr. J. W. BEAN, Session Chairman (Ann
Arbor, Mich.): 1 would like to ask you,
Dr. Jamieson, whether you tried different
concentrations of carbon dioxide.

DRr. JaMiesoN: No, but it certainly would
be worth doing, particularly since we can
still get such respiratory stimulation even at
7 atmospheres of oxygen with carbon di-
oxide. It would be helpful to see just where
you can stop this reaction and how much
carbon dioxide you need to get respiratory
stimulation at different oxygen pressures—
but I am sure Dr. Lambertsen’s group will
be doing that sort of work.

DRr. BEaN: I am interested because we have
experimented on unanesthetized rats and
found that carbon dioxide, up to about 2%,
increases the lung damage, but with an in-

crease equivalent to about 300 mm partial
pressure, you get no lung damage. The ques-
tion is whether this is a depression of the
CNS because of the excessive carbon dioxide
which approximates an anesthetized state;
this, of course, does protect against convul-
sions and the lung damage. 1 am not sure
whether Dr. Jamieson would agree, but there
is probably a sympathetic involvement asso-
ciated with convulsions—not necessarily by
direct sympathetic action on the lungs to
give local vascular changes and neurogenic
pulmonary edema, but possibly by its influ-
ence on cardiovascular hemodynamics. You
cannot deny, when you look at these lungs,
that a circulatory response is causally in-
volved in some of this lung damage rather
than simply a toxic effect of oxygen directly
either on the lung tissue itself or on the
CNS.

DR. JaMiesoN: I agree. The reason for say-
ing that pulmonary damage and CNS effects
are partly independent can be seen in the
example of anesthesia. A group of anesthe-
tized animals after 1 hour, for example, have
neither convulsed nor developed lung dam-
age—but leave them for 2 hours, and they
all die of lung damage. So, you have pro-
tected them by prolonging the time for devel-
opment of lung damage, but you have not
stopped the lung damage by stopping the
convuisions, and this is also true of the
carbon dioxide. However, there may also be
partial linking of central and pulmonary
effects.

Dr. BEAN: It is true that you cannot separate
them entirely. The first effects are really
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not very evident sometimes, but they are
there.

Dr. D. G. McDowaALL (Glasgow, Scotland):
I have anesthetized dogs at 2 atmospheres for
11 hours, and these dogs were protected
against pulmonary oxygen damage the same
way as your anesthetized rats. However, the
dogs that were breathing spontaneously de-
veloped respiratory arrhythmia going on to
respiratory arrest, and when artificial ventila-
tion of these dogs was done with air and
they were decompressed, spontaneous regular
respiration returned. I wonder if you have

Discussion

any experience on the reversibility of this
process.

Dr. JamiesoN: No. Artificial ventilation
is something we have planned to do for
some time but have not gotten around to yet.
I would very much like to look at this.

DRr. E. L. NAGEL (Miami, Fla.): Was there
an effort to keep the alveolar ventilation
comparable between the two groups of
animals?

DRr. JAMIESON: No, none at all.
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The Independent Effects of Restraint and
Ammonium Salts on Susceptibility of

Mice to Oxygen Toxicity

SHELDON F. GOTTLIEB and ALLEN CYMERMAN

Departments of Physiology and Anesthesiology

In oxygen toxicity experiments on mice,
some type of cage is usually used to
permit simultaneous observation of many
separate animals. This involves restraint
of the animal, which is a stressor ! and
results in stimulation of the sympathetic
nervous system. Physiologic responses of
restrained animals to experimental pro-
cedures may be drastically altered from
responses of the same animals when they
are unrestrained.>®* The study of this
factor, therefore, is a prerequisite for
defining standard environmental condi-
tions for oxygen toxicity experimentation.

Acidosis is known to decrease the inci-
dence of epileptogenic seizures in man.*
Studying the effects of acidifying agents
under hyperbaric oxygen conditions may
provide insight into the biochemical me-
chanism of oxygen toxicity. Ammonium
chloride was selected as the principal drug
for our studies because: (1) it is an excel-
lent acidifying agent, and (2) cerebral
ammonia detoxification mechanisms may
sufficiently modify central nervous system
(CNS) biochemistry to result in an altera-
tion of the animals’ responses to the CNS

97
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manifestations of oxygen toxicity. (The
term “ammonia,” as used herein, signifies
the sum of the ammonium ion and the
free base.)

METHODS

Restraint of male Swiss mice (ICR strain)
weighing 20—-35 gm was accomplished by
placing the animals in individual com-
partments of a rectangular plexiglass
holding chamber containing enough holes
to permit gas circulation. The space
within the compartments was varied with
plexiglass inserts, also containing holes for
gas circulation. .

In separate experiments, drugs were
administered intraperitoneally, the ani-
mals were immediately placed in individ-
ual compartments of a rectangular plexi-
glass chamber of which they occupied no
more than 10% in volume, and a 10-min
absorption period was permitted before
pressurization. Another 5 min of absorp-
tion was allowed in a small-animal hy-
perbaric chamber (Bethlehem) while it
was being flushed with 100% oxygen (8
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liters/min) to denitrogenate both the
chamber and the animals.

Compression to 5 ata was accomplished
at a uniform rate of 1.2 ata/min, the
temperature change from adiabatic com-
pression being less than 3°C. During
exposure to 5 ata of oxygen, the chamber
was flushed at a rate of 1 liter/min to
prevent carbon dioxide accumulation.
Animals were observed continually during
the 40-min exposure. Onset of toxicity
was recorded as the time of the first
detectable sign of seizure activity, as
measured from the time full pressure was
attained.® Companion experiments were
run simultaneously on unpressurized ani-
mals outside the chamber to determine
possible direct effects of the test sub-
stances. All experiments were paired so
that control and experimental animals
were observed simultaneously in the
chamber. Animals were decompressed at
a constant rate of 0.6 ata/min.

RESULTS

Effect of Restraint

In four separate series of experiments
(Table 1), marked restraint decreased
the mean preconvulsive latency period by
approximately 50%. The restrained ani-
mals occupied approximately 40% of the

cage volume, whereas the controls oc-
cupied approximately 10%.

Effect of Ammonium Salts

NH,CI up to 350 mg/kg did not signifi-
cantly alter the susceptibility of mice to
oxygen-induced convulsions (Figure 1).
The degree of protection against convul-
sions was highly significant with NH,Cl
and (NH,).SO, above 400 mg/kg. Since
the question arose whether the protec-
tion against oxygen-induced convulsions
was due to a possible acidosis or to the
ammonia,? included in the experiments
was a series of animals given injections
of NH,C] neutralized to pH 7.2 with
NaOH and exposed to OHP simultane-
ously with the NaCl-treated and unneu-
tralized NH,Cl-treated animals. The
degree of protection from oxygen toxicity
with unneutralized NH,Cl doses above
400 mg/kg was highly significant, as was
that which occurred with the neutralized
NH,Cl-treated animals. Although there
was no significant difference in the degrees
of protection between unneutralized and
neutralized NH,Cl in the same dose range,
animals treated with neutralized NH,CI
tended to convulse sooner than the cor-
responding unneutralized NH,Cl-treated
animals.

The data also revealed that high con-
centrations of NaCl had no significant

TABLE 1. Effect of Restraint on Susceptibility of Mice to Oxygen Toxicity®

Av.
mouse
Expt. Cage area Cage vol. mouse vol. No. Convulsion

no. Treatment (cm?) (cm*) wt. (gm) (cm®) mice time (sec)  Probability

i Restrained 15.7 79.2 29.6 332 18 519+249 <0.001
Control 41 266 28.5 323 16 1174 +612

2 Restrained 11.3 73.5 26.7 30 4 320+15 <0.05
Control 40-87 266-568 273 30 4 555+127

3 Restrained 11.3 73.5 26.5 29.5 8 160 + 59 <0.005
Control 40-87 266-568 25.6 29.5 8 360+ 105

4 Restrained 11.3 73.5 24.2 275 4 187 +13 <0.01
Control 40-87 266-568 27.5 32 4 390+ 65

¢ Exposure conditions: 5 ata of oxygen.
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Figure 1. Effect of ammonium salts on the susceptibility of mice to oxygen toxicity, under
exposure conditions of 5 ata of oxygen. Numbers in parentheses represent numbers of animals
used. Vertical line in center of each bar represents one standard deviation from the mean. P repre-
sents significance from the control. Na,SO. and (NH.).SO. were equimolar in concentration.
The 740-mg/kg dose of (NH.).SO: and the 600-mg/kg dose of NH.Cl contained the same con-

centration of ammonia.

physiologic effects on the CNS symptoms
of oxygen toxicity. The concentration of
chloride in the high-NaCl test solution was
equivalent to the chloride concentration
given to mice in a 600 mg/kg dose of
NH,Cl. Thus, neither the sodium nor
the chloride ions exerted any measurable
effect on the susceptibility of mice to oxy-
gen poisoning. The large number of ani-
mals in the control group represent the
pooled controls from all experiments.
The above experiments, however, did
not eliminate the possibility that a protec-
tive effect may have resulted from acidosis
associated with unneutralized NH,Cl or
(NH,).SO, administration. To ascertain
whether the hydrogen ion has a beneficial
effect in protecting against oxygen toxicity
and simultaneously to eliminate the pos-
sibility of ammonium ion effects, HCI
was administered to the mice in molar
concentrations equal to the molar concen-
tration of 400 mg/kg NH,Cl. The data
indicated that treatment with HCl gave

significant protection against oxygen-
induced convulsions (Figure 2). Unneu-
tralized NH,Cl gave a significantly greater
degree of protection than HCIl.

In contrast to their protective effects on
the CNS manifiestations of oxygen toxic-
ity, neither neutralized or unneutralized
NH,CI nor HCI displayed any protective
effect against the pulmonary aspects of
oxygen poisoning (Figure 3). These sub-
stances had no appreciable effect on the
ratio of lung weight to body weight of un-
exposed animals. It should be noted that
all oxygen-exposed animals had signif-
icantly higher mean lung-weight:body-
weight ratios than exposed animals. These
data indicate a direct effect of oxygen on
the lungs.

DiscussION

The data on restraint indicate that en-
vironmental conditions may markedly
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Ficure 2. Comparison of NH.Cl and HCl on
the susceptibility of mice to oxygen toxicity,
under exposure conditions of 5 ata of oxygen.
Numbers in parentheses represent total num-
ber of animals. Vertical line in center of each
bar is the standard deviation. P values repre-
sent significance from control unless otherwise
indicated.

alter physiologic responsiveness of ani-
mals and that caution should be exercised
in the use of restraint for convenience in

Sheldon F. Gottlieb and Allen Cymerman

OHP experimentation. In these experi-
ments, the decrease in the preconvulsive
latency period was probably due to stimu-
lation of the sympathetic nervous system.?
Bean® reported that epinephrine increased
the sensitivity of animals to oxygen toxic-
ity. We suggest that careful considera-
tion be given to environmental conditions
under which OHP experiments are per-
formed. Additional significance of these
data may become evident when the results
obtained by different investigators are
compared.

The drug data presented herein suggest
a specific protective effect for ammonia
against the CNS manifestations of oxygen
toxicity. This conclusion is based on four
observations: (1) at equimolar concen-
trations, unneutralized NH,Cl gave signif-
icantly more protection than HCl, (2)
NH,CI neutralized to pH 7.2 in order
to preclude acidotic effects also afforded
highly significant protection, (3) the pro-
tective effect was not due to the chloride
anions, since NaCl containing a chloride
concentration equivalent to that in a
600-mg/kg dose of NH,Cl exerted no
measurable protective effects, and (4)
(NH,).SO, also gave significant protec-
tion against oxygen toxicity.

It is interesting that ammonia, which

18,
2 16
o t
Z 141 (145)
s |
=
2 I W
z .l S
o IO AN
o (6
= [ ®
S 8f
o
$ t
2 8
3 r o pH 7.2 ===Exposed

4 ® pH 54 === Unexposed

6.0 75 56 66 75 9.4 1.2
NaCl! HCI NH C/
m moies/ kg

Figure 3. Effect of ammonium salts, HC], and NaCl on the lung-weight:body-weight ratio of

mice exposed to 5 ata of oxygen.
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in high concentrations is a convulsant,’
failed to potentiate the oxygen and thereby
decrease the preconvulsive latency time.
The absence of potentiation may be due
to differences in the site of action of these
two substances, however. Ammonia con-
vulsions are thought to originate in the
spinal cord,® whereas oxygen is thought
to exert its effects primarily in the brain.

Ammonia-induced acute pulmonary
edema, as reported by Koenig and
Koenig,® was observed only rarely because
toxic doses of NH,Cl were not used in
these experiments. In view of the work
of these investigators, it is noteworthy that
there was no evidence that oxygen and
NH,CI potentiated each other to produce
a greater degree of lung damage than
would have been produced by either
agent alone.

The protection against oxygen toxic-
ity by acidifying agents may illuminate
the mechanism whereby starvation in-
creases resistance to oxygen toxicity.?o1
Since starvation also results in metabolic
acidosis, and our data indicate that acidi-
fying substances increase resistance to
oxygen toxicity, one might postulate that:
starvation—acidosis—increased resistance
to OHP. Of course, there is the second
possibility that starvation-induced meta-
bolic changes occur that also increase re-
sistance to oxygen convulsions.

Several mechanisms could explain the
data presented in this paper. The first is
based on physiologic effects resulting from
the acidifying agents; the rest have a more
biochemical basis, involving ammonia
metabolism.

NH,Cl- and HCl-treated animals
showed a marked hyperpnea before pres-
surization. In addition, the NH,Cl-
treated animals had a conspicuous behav-
ioral depression. If the observed hyper-
pnea resulted in hyperventilation (reliable
blood pH and gas measurements on un-
anesthetized mice were not obtained),
then the concomitant elimination of car-
bon dioxide would result in a cerebral
vasoconstriction and thereby decrease
cerebral blood flow, with a consequent
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decrease in mean cerebral pO,.1? Animals
treated with neutralized NH,C] also ex-
hibited increased ventilatory responses,
but these responses appeared less marked
than those seen in animals treated with
unneutralized NH,Cl or HCl. This ob-
servation implies that there may be a
direct respiratory-stimulating effect of
ammonia. Brassfield er al.’® and Koenig
and Koenig® also reported respiratory-
stimulating effects of ammonia.

The observation that unneutralized
NH,Cl gave more protection than equi-
molar concentrations of HCI, coupled
with the observation that neutralized
NH,CI also produced marked protective
effects and that both NH.Cl solutions
tended to depress animal behavior, implies
that more may be involved in protecting
mice against the CNS manifestations of
oxygen toxicity than just hyperventilation.
Cerebral ammonia detoxification mecha-
nisms are important for the removal of
endogenous and exogenous sources of
ammonia. These detoxification reactions
may provide clues to the molecular mech-
anism for the defense against oxygen-
induced convulsions, as well as to the
defense against convulsive disorders in
general,

A key reaction in ammonia removal is
the reductive amination of alpha-ketoglu-
tarate («-KGA) to glutamate. Glutamate
can be readily decarboxylated 1-2¢ to form
gamma aminobutyrate (GABA), which
has been shown to protect against oxygen-
induced convulsions.!” Roberts et al.'*
have shown that the pH optimum of the
glutamic decarboxylase is on the acid
side; thus, an acidosis might be expected
to favor the formation of GABA. In-
creased GABA could play an important
role in the GABA metabolic shunt to
bypass an oxygen-inhibited alpha-keto-
glutaric dehydrogenase.

The reductive amination of «-KGA
to glutamate results in the removal of a-
KGA, thereby decreasing the amount of
dicarboxylic acid available for function-
ing of the tricarboxylic acid (TCA) cycle.
Any decreased functioning of the TCA
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cycle may result in a protection against
oxygen toxicity or may bring into play
alternate metabolic pathways which may
result in protection against oxygen toxic-
ity.

The major mechanism for the fixation
of free ammonia in the CNS is the ATP-
dependent formation of glutamine from
glutamate and ammonia.’®* Increases of
glutamine concentration were found in rat,
dog, and cat brains after ammonia infu-
sion.”® Glutamine formation involves the
consumption of ATP, resulting in a de-
crease of the total available supply of
ATP. This decrease in available ATP
may be the explanation for the inhibition
of various reactions, including synthesis
of acetylcholine, and the inhibition of re-
sponses to electrical stimuli.20-

The above three biochemical explana-
tions for the protective effect of NH,Cl
against oxygen toxicity are based on the
stimulation or activation of various en-
zyme systems. Another explanation for
ammonia protection is based on enzyme
inhibition. It is well known that ammonia
production by nerve increases with in-
creased neural activity. It is conceivable
that exogenously supplied ammonia could
depress biochemical reactions leading to
ammonia formation and thereby depress
nervous system activity. Such a mecha-

Sheldon F. Gottlieb and Allen Cymerman

nism implies that the addition of ammonia
should induce a behavioral depression or
a sleeplike state. Ammonia production is
decreased during anesthesia and sleep.
Indeed, ammonia-treated animals did re-
veal a marked behavioral depression. It
is doubtful whether exogenously supplied
ammonia could induce narcosis or sleep
since higher concentrations of ammonia
cause convulsions. It would be of interest
to understand the biochemical relation-
ship between ammonia-induced depres-
sion and ammonia-induced convulsions.
The data presented herein and available
information of the physiology and bio-
chemistry of ammonia suggest that am-
monia may be an important regulatory
substance for nerve activity.

Although drug administration may alter
overt responses to oxygen toxicity to give
the impression of protection, there is no
assurance of true protection on the cel-
lular and subcellular levels of organiza-
tion, as opposed to a masking effect.?
Only a detailed study of structure and
function will show us whether true cel-
lular protection against oxygen toxicity
occurs. Studies such as the one reported
in this paper serve to delineate physiologic
and biochemical systems that may be
worthy of more intensive study.

ACKNOWLEDGMENT
This investigation was supported by a grant from the Smith, Kline & French Company.

REFERENCES

1. Bartlett, R. G., Jr, and M. A. Miller.
Adrenal cortex in restraint hypothermia
and in adaptation to stress of restraint.
Endocrinology 14:181, 1956.

2. Winter, C. A, and L. Flataker. Cage de-
sign as a factor influencing acute toxicity
of respiratory depressant drugs in rats.
Toxic. Appl. Pharmacol. 4:650, 1962.

3. Bartlett, R. G, Jr, and P. D. Aliland.
Effect of restraint on altitude tolerance in
the rat. J. Appl. Physiol. 14:395, 1959,

4. Livingston, S. The Diagnosis and Treat-
ment of Convulsive Disorders in Children.

Charles C Thomas, Springfield, IHlinois,
1954,

5. Gottlieb, S. F., and R. V. Jagodzinski.
Role of THAM in protecting mice against
convulsive episodes caused by exposure to
oxygen under high pressure. Proc. Soc.
Exp. Biol. Med, 112:427, 1963.

6. Bean, J. W, and P. C. Johnson. Epineph-
rine and neurogenic factors in pulmonary
edema and CNS reactions induced by O, at
high pressure. Amer. J. Physiol. 180:438,
1955.

7. Sollman, T. A Manual of Pharmacology.


http://www.nap.edu/catalog.php?record_id=20265

Discussion

W. B. Saunders, Philadelphia, 1957, pp.
1047-1950.

8. Agmore-Marsan, C., M. F. Fuortes, and
F. Marossero. Influence of ammonium
chloride on the electrical activity of the
brain and spinal cord. Electroenceph.
Clin. Neurophysiol. 1:291, 1949.

9. Koenig, H., and R. Koenig. Production of
acute pulmonary edema by ammonium
salts. Proc. Soc. Exp. Biol. Med. 70:375,
1949,

10. Campbell, J. A. Body temperature and
oxygen poisoning. J. Physiol. (London)
89:17, 1937.

11. Gilbert, D. L., R. Gerschman, W. O. Fenn,
and P. Dwyer. Effects of fasting and x-
irradiation on oxygen poisoning in mice.
Amer. J. Physiol. 181:272, 1955.

12. Lambertsen, C. J., R. H. Kough, D. J.
Cooper, G. L. Emmel, H. H. Loeschcke,
and C. F. Schmidt. Oxygen toxicity. Ef-
fects in man of oxygen inhalation at 1 and
3.5 atmospheres upon blood gas transport,
cerebral circulation and cerebral metabo-
fism. J. Appl. Physiol. 5:471, 1953.

13. Brassfield, C. R., E. T. Hansen, and R.
Gesell. Acid effects of ammonium com-
pounds. Fed. Proc. 5:10, 1946.

14. Roberts, E., M. Rothstein, and C. F. Bax-
ter. Some metabolic studies on y-amino-
butyric acid. Proc. Soc. Exp. Biol. Med.
97:796, 1958.

15. Bessman, S. P, J. Rosen, and E. C. Layne.
¥-Aminobutyric acid—glutamic acid trans-
amination in brain. J. Biol. Chem. 201:
385, 1953,

16. Albers, R. W, and R. O. Brady. The dis-
tribution of glutamic decarboxylase in the

103

nervous system of the rhesus monkey. J.
Biol. Chem. 234:926, 1959.

17. Wood, J. D., and W. J. Watson. Protec-
tive action of y-aminobutyric acid against
oxygen toxicity. Nature (London) 195:
296, 1962.

18. Takagaki, G., S. S. Berl, D. D. Clarke,
D. P. Purpura, and H. Waelsch. Glutamic
acid metabolism in brain and liver during
infusion with ammonia labelled with nitro-
gen-15. Nature (London) 189:326, 1961.

19. Tower, D. B,, J. R. Wherrett, and G. M.
McKhann. In S. S. Kety and J. Elkes,
eds., Regional Neurochemistry. Macmil-
lan, New York, 1960, pp. 65-88.

20. Weil-Malherbe, H. Observations on tis-
sue glycolysis. Biochem. J. 32:2257, 1938.

21. Crane, R. K., and E. G. Ball. Factors af-
fecting fixation of C"O, by animal tissues.
J. Biol. Chem. 188:819, 1951.

22. Gore, M. B. R, and H. J. Mcliwain. Ef-
fects of some inorganic salts on metabolic
responses on sections of mammalian cere-
bral cortex to electrical stimulation. J.
Physiol. 117:471, 1952.

23. Braganca, B. M., P. Faulkner, and J. H.
Quastel. Effects of inhibitors of glutamine
synthesis on inhibition of acetylcholine
synthesis in brain slices by ammonium
jons. Biochim. Biophys. Acta 10:83, 1953.

24. Findlay, M., W. L. Magee, and R. J. Rossi-
ter. Incorporation of radioactive phos-
phate into lipids and pentose nucleic acid
of cat brain slices: The effect of inorganic
jons. Biochem. J. 5§8:236, 1954.

25. Gottlieb, S. F. Hyperbaric oxygenation.
Advances Clin. Chem. 8:69, 1965.

DISCUSSION

DRr. J. SENDROY (Bethesda, Md.): What
were your criteria for establishing that you
had acidosis?

Dr. GotTLIEB: Unfortunately, we had no
real criteria since we were unable to obtain
reliable blood gas measurements on these
animals. We were guided by the respiratory
and behavioral responses of the animals to
the test solutions, as well as by the fact that
the solution of ammonium chloride had a
pH of approximately 5.4, and that the con-

version of ammonia to urea results in the
production of hydrogen ions.

Dr. SENDROY: But in spite of what you said
about the role of ammonia in the biochem-
ical discussion, injected ammonia is cleared
almost instantly as urea. The BUN goes up
immediately, and therefore protects the or-
ganism from acidosis. Did you measure
BUN?

Dr. GortLIEB: We did not measure BUN.
I doubt if the ammonia is cleared instantly
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as urea. This is supported by the observa-
tion that mice treated with 500 and 600
mg/kg ammonium chloride manifested a
prolonged behavioral depression. In addi-
tion, I should like to point out that BUN
does not protect against acidosis but against
ammonia intoxication. The metabolism of
ammonium chloride to urea results in the
production of hydrogen ion and thus leads
to an acidosis.

DRr. SENDROY: How do you know that the
amount of ammonium salts you gave did not
act per se as a convulsant?

Dr. GorTLIEB: The only way we know that
these concentrations were not in themselves
convulsant was by observations made on
control animals, identically treated, but kept
outside the chamber. In addition, I should
like to point out that the ammonia-treated
animals had a longer preconvulsive latency
than did the untreated animals. Thus, it
would be unlikely that ammonia convulsions
would detract from our conclusions.

UNIDENTIFIED SPEAKER: Was the tempera-
ture outside the same as the temperature
within?

DRr. GoTTLIEB: Yes, within 1 to 2 degrees.
The temperature was approximately 23°C.

UNIDENTIFIED SPEAKER: It is known, of
course, that oxygen toxicity follows the tem-
perature very closely.

Dr. GoTTLIEB: I am not sure how this re-
lates to my work. As I understand it, oxy-
gen toxicity follows body temperature and
not the ambient temperature. I think that
ambient temperature will affect the sensitivity
of animals to oxygen toxicity only insofar
as it affects the animals’ ability to gain or
lose heat. Since we were operating at es-
sentially a constant temperature, 1 do not
think that temperature affected our work at
all.

UNIDENTIFIED SPEAKER: The temperature of
the gas mixture you breathe is the most im-
portant factor.

Dr. GotTLIEB: 1 do not think it is. The
effect of environmental temperature on oxy-
gen toxicity has been studied by many peo-
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ple (Aerospace Med. 35:563, 1964, and
Amer. J. Physiol. 206:49, 1964). It is my
impression that when one works with an
animal that loses heat primarily through the
respiratory system, any change of ambient
temperature that will result in prevention
of heat loss will increase the animal’s sus-
ceptibility to oxygen toxicity.

UNIDENTIFIED SPEAKER: Just recently, work
has been done at the Broad Naval Physi-
ological Establishment, in Portsmouth, Eng-
land (unpublished data), that shows that
the temperature of the inhaled gas may be
quite critical.

Dr. GorTLIEB: This may be so. However,
since my control and experimental animals
were exposed simultaneously to oxygen in
the same chamber, I do not see how this
study, which I cannot critically evaluate,
has any bearing on my results or conclusions.

Dr. F. Dickens (London, England): 1 was
very interested in Dr. Gottlieb’s biochemical
observations, and, while it is difficult to ex-
plain the action of some of the compounds
which proved effective, there is perhaps a
little more direct evidence about the action
of ammonium salts on the metabolism of
cerebral cortex slices. My colleague, Dr. H.
Weil-Macherbe (Biochem. J. 32:2257, 1938)
has shown that ammonium chloride has pe-
culiar actions on brain metabolism, in that
concentrations of about 0.001 molar have
effects similar to high potassium chloride
concentrations. That is, the brain respira-
tion is doubled, and at the same time there
is a large outpouring of lactic acid. I think
that possibly some of these effects might
be related, that if they were actually due
to this type of metabolic change, I would
expect much lower concentrations of am-
monium chloride than you used to be ef-
fective.

Dr. GorrLIEB: 1 can't answer that, Dr.
Dickens. One thing we want to do is to
measure the actual ammonia concentrations
that reach the brains of these animals, which,
I think, would give us a better idea. We
are administering the ammonia on a milli-
gram per kilogram basis, and it is, of course,
distributed throughout the entire body, but
how much of that actually gets into the
brain we do not know.
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Dr. D. JaMIEsoN (Melbourne, Australia):
Did you ever try THAM in your experi-
ments? We found this agent to be very
effective against post-OHP paralysis in rats,
and Dr. Nahas has had considerable experi-
ence with this agent.

Dr. G. G. NAHAS (New York, N. Y.): It
has been shown by Dr. Gottlieb and by Dr.
Bean that THAM confers a significant
amount of protection against onset of con-
vulsion in rodents, but how that observation
could account for the present observation
of Dr. Gottlieb, 1 do not know. I personally
believe that the mechanisms would be en-
tirely different.

DRr. A. R. BEHNKE (San Francisco, Calif.):
If lactic acid is infused in large amounts,
one gets the same type of protective effect.
We tried to separate acidosis associated with
hypercarbia and acidosis induced by infu-
sion of an organic acid that reduced the pH
to 6.9. There was a protective effect associ-
ated with the infusion procedure, so we con-
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cluded that the effects which have been
described by Dr. Bean were specific carbon
dioxide effects and not dependent upon a
lowering of pH per se.

Dr. J. W. BEAN, Session Chairman (Ann
Arbor, Mich.): 1 have always been inter-
ested in carbon dioxide and acidosis, and
our earliest experiments showed the im-
portance of these in oxygen toxicity. Dr.
Behnke has also pointed this out, and so
this question of reversal is of special inter-
est to me. Could it be that you have de-
pressed the centers to a point where you
got an anesthetic effect from your procedure?

Dr. GorrLIEB: This is a possibility that
we had thought of, but the animals that were
treated with ammonium chloride were de-
pressed. Whether this was anesthetic effect
or not I don’t know. Of course, the de-
pression could be explained by the theory
that if you increase the GABA concentra-
tion you should essentially have a depressant
effect.
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Since oxygen at high concentrations pro-
duces toxic manifestations in almost all
species of animals and plants, a single
mechanism of O, toxicity seems unlikely
and O, in toxic concentration might be
presumed to have multiple metabolic and
functional effects.! To further test the
hypothesis that O, toxicity has multiple
causes, we designed two series of experi-
ments—the first to determine whether re-
peated exposure to clinical ranges of OHP
could produce residual effects similar to
those following exposure to radiation, and
the second to determine the effects of al-
terations in lipolysis on O, toxicity. These
alterations were produced by starvation,
which increases the release and turnover
of free fatty acids (FFA),* and by treat-
ment with Butoxamine (N-tertiary butyl-
methoxamine),® which inhibits lipolysis.
In all these experiments, the index of O,
toxicity was taken as the time required
for the appearance of convulsions in mice.

METHODS

Male Paris mice weighing 25-35 gm were
exposed to O, at 3 ata in a small trans-
parent Lucite pressure chamber described

previously.* The floor of the chamber was
covered with a CO, absorbent, Baralyme
(barium hydroxide lime), and, before
pressurization, the chamber was flushed
with 100% O, for 5 min and then pres-
surized to 3 ata in 3-4 min. Gas flows
were adjusted to maintain a constant pres-
sure in the chamber while allowing some
O, to continuously escape. The mice were
constantly observed throughout the expo-
sure to O,, and the time of onset of any
convulsions was noted.

Two exposure methods were used—in-
termittent and continuous. The mice sub-
jected to intermittent exposures were pres-
surized at 3 ata for 15 min or at 4 ata for
5 min; they were decompressed over 3—4
min. They were then given a similar ex-
posure after 1 hour, or at various intervals
during the course of 1 week. The con-
tinuous-exposure groups were maintained
in O, at 3 ata until all animals in the
chamber had convulsed.

First Series: Residual Effects
of Hyperbaric Oxygen

In the first group of experiments, 144
mice received intermittent exposures to
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3 ata of O, for 5 days: 24 mice were ex-
posed four times a day, 24 twice a day,
48 once a day, and 48 once every other
day (three exposures). In the second
group, 288 mice, divided into six sub-
groups, received an initial exposure to 3
ata of O,, and each subgroup received a
single additional exposure on one of the
following 6 days. The delay between ex-
posures in this second group thus varied
between 1 and 6 days. In the third group
of experiments, 144 mice received inter-
mittent exposures to 4 ata of O, for §
days: 24 mice were exposed four times a
day, 48 twice a day, 24 once a day, and
48 once every other day (three expo-
sures).

At the end of the procedure, the ani-
mals were sacrificed and a gross exami-
nation was made of the lungs. The testi-
cles were removed and prepared for
microscopic examination. Any mice that
died during the experiments were autop-
sied and their lungs carefully examined.

Second Series: Alterations in Lipolysis

This series of experiments was performed
on two groups of animals. One group was
divided into mice fasted 24 hours, mice
fasted 48 hours, and control mice fed ad
lib. The fasted animals were weighed
before starvation and again just before
pressurization. Mice in the second group
were given, by intraperitoneal injection,
either 20 or 40 mg Butoxamine/kg body
weight 1 hour before OHP exposure, or,
in the case of controls, 0.5 ml of saline.
No more than six animals were exposed
to OHP at any one time: two animals
served as controls, while the other two
pairs either received the two dose levels
of Butoxamine or were selected from the
two different periods of starvation.

Two separate exposures to OHP at 3
ata were given to 24 animals pretreated
with 40 mg of Butoxamine/kg body
weight, 24 pretreated with 20 mg/kg, and
24 saline-injected mice which served as
controls. Similar exposures were given to
100 mice fasted 24 hours, 100 mice fasted
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48 hours, and 50 untreated control ani-
mals.

Another group of animals was given
continuous exposure to OHP: 52 mice
were pretreated with Butoxamine 40 mg/
kg, 51 mice were given Butoxamine 20
mg/kg, and 53 saline-injected animals
were used as controls. In further starva-
tion experiments, contiftuous exposure to
OHP was used on 49 mice starved 24
hours, 47 mice starved 48 hours, and 50
untreated mice. Another series of 50
mice were fasted 48 hours and then given
Butoxamine 40 mg/kg before exposure.

Plasma FFA levels were determined by
the method of Novak® in animals starved
24 and 48 hours, in those receiving Bu-
toxamine 20 and 40 mg/kg intraperito-
neally, and in an untreated control group.
Six samples were taken from each of the
above five groups of mice. In order to
obtain the volume of plasma required for
the analysis, two mice were decapitated
and their blood pooled for each sample.

RESULTS

First Series: Residual Effects of
Hyperbaric Oxygen

In the first group of experiments at 3 ata,
none of the mice convulsed on first ex-
posure. On the second exposure, 29-
94% of the animals convulsed. The sub-
group of mice subjected to four exposures
per day did not have a higher percentage
of convulsions (Table 1). Average time
to onset of convulsions after full pressure
was attained ranged from 4.2 to 10.8 min
and could not be related to the number of
exposures. The onset of convulsions fol-
lowing the initial pressurization also varied
widely among the individual animals,
ranging from 0.5 to 14.5 min.

Figure 1 summarizes results of the sec-
ond group of experiments at 3 ata pres-
sure in which six subgroups received one
additional exposure, each at a different
time interval. One mouse convulsed on
initial pressurization and two suffered me-
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TaBLE 1. Incidence of Convulsions in Mice after Successive 15-Minute Exposures to
OHP at 3 ata

No. No. Incidence of convulsions (%)
exposures mice Day 1 Day 2 Day 3 Day 4 Day §
4/day 24 0 83 88 83 96 46 42 58 100 75 79 100 100 75 79 70 100 88 67 70
2/day 24 029 100 83 100 100 83 88 96 92
1/day 48 0 56 72 73 66
1/alternate 48 0 — 94 — 100
day

o yZSB 2%7 4%8 2?/48 I%? '5/4_8 '%_e
]

80t
60

40+t

Incidence of convulsion (%)

20¢

FiGURe 1. Incidence of convulsions in mice
following two exposures to 3 ata of O: for 15
min (second exposure given 1 to 6 days after the
first). (Reproduced from Proc. Soc. Exp. Biol.
Med. 119:788, 1965.)

chanical trauma during the first exposure
and died within 24 hours. On autopsy,
these two animals had normal lungs. On
second exposure, between 32% and 94%
of the mice convulsed, the lowest percent-
ages occurring during the exposure given
5 days after the first, and the highest inci-
dence occurring when the second expo-
sure was 2 days after the first.

Table 2 summarizes results obtained
when mice were exposed to O, at 4 ata
for 5 min, Of a total of 144 animals, two
convulsed during the first pressurization
(1% ). None of the mice pressurized only
once a day or on alternate days died. In
the group receiving two exposures a day,
one mouse died on the second day and
another on the fourth day (4% ). Two of
24 mice (8% ) exposed four times a day
died after the first day. On autopsy, all
of these mice exhibited the classic “liver-
like” lungs observed in O, toxicity. Con-
vulsions occurred at any time from the
beginning of full pressurization to the start
of decompression. The average time of
onset of convulsions ranged from 2.0 to
4.5 min.

Second Series: Alterations in Lipolysis

Table 3 summarizes the results obtained
in mice receiving various pretreatments
and two 15-min exposures to O, at 3 ata.
Animals receiving intraperitoneal Butox-
amine before pressurization convulsed in
highly significant numbers on the first
exposure. With the higher dose of Butox-

TaBLE 2. Incidence of Convulsions in Mice after Successive 5-Minute Exposures to

OHP at 4 ata
No. No. Incidence of convulsions (%)
exposures mice Day 1 Day 2 Day 3 Day 4 Day §
4/day 24 0333329 2741 5045 64 36 5936 5573 45 64 45 32 50 55
2/day 48 4 38 45 55 57 68 74 50 80 72
1/day 24 0 33 67 58 54
1/alternate 48 0 — 63 — 69

day
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TaBLE 3. Incidence of Convulsions in Mice after Two Successive 15-Minute

Exposures to OHP at 3 ata

Incidence of convulsions (% )

Pretreatment No. mice Exposure 1 Exposure 2
None (control) 24 0 42
Butoxamine (20 mg/kg) 24 20 46
Butoxamine (40 mg/kg) 24 46 66
None (control) 50 0 42
Fasting (24 hours) 100 0 21
Fasting (48 hours) 100 0 13
. . 100 4
amine (40 mg/kg), almost twice as many i
animals convulsed on the first exposure as _
those receiving 20 mg/kg of Butoxamine. & 80[ Control
None of the control animals convulsed 2 [
during their first exposure to O,. In con- & 60~
trast, none of the starved animals con- 2 E 5’,"2"‘,’%’7"
vulsed during their first exposure to OHP, & 40
and there was a marked decrease in the § |
number of animals convulsing on t.he TE: 20+ Starvation
second exposure when compared with « | (48 hr)
controls. 0 1 1 15 1o
Figures 2, 3, and 4 summarize the re- o] I0 20 30 40 50 60
sults when mice were continuously ex- Time (min)
posed to O, at 3 ata until all animals in FiGure 3. Cumulative convulsion times of

any one experiment convulsed. There was
no significant difference between the con-
trols for the Butoxamine experiment and

100 p

80—
60

Butoxamine
O (40 mg /kg)

Butoxamine
(20 mg/kg)
Control

L b 1

20 30 40
Time { min)

40

20

Animals convulsing (%)

Figure 2. Cumulative convulsion times of mice
exposed to 3 ata of O following treatment with
Butoxamine.

fasted mice exposed to 3 ata of O,.

100
N Butoxamine
(40 mg/kg+
g 80} fasting)
o R
£
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the controls for the fasted group. Increas-
ing doses of Butoxamine shortened the
latent period from time of pressurization
until convulsions. By contrast, starvation
significantly increased this latent period.
Butoxamine given after a period of fast-
ing abolished the increased latent period
before the onset of convulsions regularly
seen in fasted animals. Analysis of the
FFA content from pretreated and control
animals is presented in Table 4. The
average weight loss was 13% in mice
starved 24 hours and 23% in those
starved 48 hours.

DiscussioNn

First Series: Residual Effect of
Hyperbaric Oxygen

In all the experiments on the second ex-
posure to OHP, convulsions occurred in
a significant number of mice although they
had no apparent reaction to an earlier
identical first exposure. This effect per-
sisted 6 days after the initial pressuriza-
tion. Aside from an increased mortality
rate in the groups of mice exposed to 4
ata, there was no apparent pattern of
cumulative toxic symptoms or of tolerance
to OHP. Some of the animals did not con-
vulse after the second exposure, indicating
a wide range of individual tolerance to
hyperbaric oxygen, a finding which is
well documented. Administration of chlor-
promazine (20 mg/kg intraperitoneally)
to the mice before the first exposure did

TaBLE 4. Influence of Butoxamine and
Fasting on Mean Serum Free Fatty Acids

in Mice

FFA
Treatment (mEg/liter)
Butoxamine (40 mg/kg) 0.09
Butoxamine (20 mg/kg) 0.20
Control (untreated) 0.23
Fasting (24 hours) 0.69
Fasting (48 hours) 0.31

R. S. Matteo and Gabriel G. Nahas

not alter the incidence of convulsions fol-
lowing a second exposure.

These observations confirm those of
Almeida,® who reported in 1934 that rats
exposed to O, at 6 ata until they con-
vulsed would, in subsequent exposures,
convulse within one-third to one-fourth of
the initial time. Bean’ reported that rats
exposed to “subconvulsive periods” of
hyperbaric oxygen two or three times daily
would develop paralysis. Fenn* observed
that daily exposures of the fruit fly to 1
ata of O, for 6 hours every day reduced
its life span by 10-15%. This residual
effect of high O, tension indicates that
OHP profoundly alters the metabolism of
the central nervous system of rodents.
The mechanism of this phenomenon and
the extent of its presence in man remain
to be established.

Second Series: Alterations in Lipolysis

These experiments extend and confirm the
results of those done by Almeida,® which
simply indicated that fasting gave protec-
tion against the central nervous system
symptoms of toxicity from OHP. His
data, however, were difficult to evaluate.
Fasting has been reported to be asso-
ciated with an increased turnover of free
fatty acids, and this observation was con-
firmed in our experiments.? The highest
FFA levels were observed in mice starved
for 24 hours (Table 4). At 48 hours,
the FFA declined, although still remaining
above control values, and the greatest
resistance against convulsions occurred in
mice starved 48 hours, when fat depots
were most significantly reduced.
Lipolysis associated with an increased
turnover of FFA is a complex process
which is dependent upon the activity of
at least three enzymes: (1) adenylcyclase,
which forms cyclic 3,5-adenosine mono-
phosphate (AMP) and is stimulated by
catecholamines, (2) phosphodiesterase,
which inactivates cyclic 3,5-AMP, and
(3) lipase, the activity of which depends
upon the actual amount of cyclic 3,5-
AMP present. Some of these enzymes
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are also involved in carbohydrate metab-
olism. It is of interest to note that Butox-
amine, which inhibits lipolysis and gly-
cogenolysis® (probably as a result of
inhibition of adenylcyclase), completely
removes the protective effect of starvation
on convulsions induced by OHP. This
might indicate that OHP also has a de-
pressant effect on the adenine nucleotides,
AMP, ADP, and ATP,® which are also
involved in lipid metabolism and accelera-
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tion of FFA turnover. In this case, one
might expect that Butoxamine and OHP
might have a synergistic effect—and the
present experiments indicate that this is
the case, since Butoxamine significantly
accelerates the onset of convulsions.

All of these experiments suggest that
the toxic effects of hyperbaric oxygen are
associated with mulitiple and basic enzy-
matic and metabolic alterations, some of
which may persist for as long as 6 days.
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DISCUSSION

Dr. J. D. Woop (Toronto, Canada): We
did some experiments with rats and found
no difference in susceptibility to oxygen con-
vulsions during repeated exposures. Patel
and Gowdey (Canad. J. Physiol. Pharmacol.
42:245, 1964) have done similar experi-
ments and came to the same conclusion.
However, on one occasion they did get
increased susceptibility after the first ex-
posure and, on examining the lungs, they

found that there was some mild infection
which they could pick up microscopically.
I was wondering first whether you had done
any similar studies on rats, and second,
whether you had looked at the lungs of
some of the mice before exposure to see if
there was a mild infection.

DRrR. MATTEO: NoO, we have not done this
work on rats, primarily because we needed
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large numbers to get significant results, and
mice were much more practical to use with
our chamber. We did examine a number
of untreated mice; an autopsy was routinely
done on all mice pressurized and their lungs
were examined. I did not mention this,
but at 3 atmospheres with our intermittent
15-minute exposures, the lungs of none of
these animals seemed to show any signs of
oxygen toxicity. This is not to say that
perhaps 5 to 10% would show the atelec-
tasis that we all see in laboratory rodents,
but it was a scattered patchy sort of ate-
lectasis, one lobe that you see in a perfectly
normal rodent. On the contrary, at 4 at-
mospheres with the intermittent exposures,
perhaps 5 to 10% of these animals grossly
showed diffuse pulmonary infiltration which
was compatible with the change you see in
hyperbaric oxygenation.

DRr. E. NEPTUNE (U. §. Navy): Do infused
free fatty acids or free fatty acid levels
elevated by use of growth hormone have any
effect in this sort of a situation?

DR. MaTTEO: We have not infused free
fatty acids. We have tried to approach this
another way—we fed animals a pure-fat diet
for several days. This appreciably raises
the free fatty acid content and has abso-
lutely no protective or detrimental effect on

Discussion

the animal. We feel that the level of free
fatty acids per se is not responsible for the
protection or sensitization of the animals,
but that rather it reflects derangement of
basic enzyme mechanisms caused by hyper-
baric oxygenation.

DRr. D. GILBERT (Bethesda, Md.): 1 would
just like to mention that we used fasting
some time ago (Amer. J. Physiol. 181:272,
1955) and noticed that with fasting pro-
longed over 72 hours, there was an ex-
tremely marked increase in protection in
survival time of mice at 6 atmospheres of
oxygen.

DRr. MATTEO: I am sure that is true. We
stopped at 48 hours because at 72 hours
the mice began to die, and we did not feel
that we could carry the experiment this far.

Dr. 1. W. BEAN, Session Chairman (Ann
Arbor, Mich.): 1 believe that this question
of starvation was quite well documented
by A. O. De Almeida (C. R. Soc. Biol.
[Paris] 116:1225, 1934) and a few years
later by A. J. Campbell (J. Physiol. 89:17P,
1937). To carry this somewhat further, what
relationship does this have to cholesterol?

DRr. MatTEO: I am sorry, but I could not
even offer a guess at this.
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Chemical Protection Against the
Toxic Action of Hyperbaric Oxygen

T. HORNE

Medical Division, Vickers Ltd., and The Medical School

Several authors have suggested a similarity
in the mode of action of ionizing radiation
and hyperbaric oxygen. It is possible that
both could act by causing the increased
formation of oxidizing free radicals in the
tissues of the body. This is consistent with
the readily observed inactivation of SH-
containing enzymes in vitro by hyperbaric
oxygen. Several reports have appeared
showing that substances known to exert
a protective effect against ionizing radia-
tion can, under some circumstances, re-
duce the symptoms of oxygen toxicity.!

We have studied a series of recently
discovered radiation-protective agents to
determine their effect on the time to death
of mice exposed to hyperbaric oxygen.
We have also studied the effectiveness of
some oxygen-protective agents against
radiation.

METHODS

Fed female white mice (weighing about
20 gm) were exposed to oxygen at 45
psig in a standard Vickers baby chamber.
During exposure, the mice were kept in
a Lucite container consisting of individual
compartments about 3 X 2 X 2 in., where
they were clearly visible and identifiable

Guy's Hospital, London, England

at all times. The container was so ar-
ranged in the chamber that the oxygen
flowed through each compartment, in
through holes in the bottom, and out
through a loosely fitting lid, thereby keep-
ing the percentage of carbon dioxide in
the gas breathed to a minimum. The oxy-
gen flowed at a rate sufficient to give ap-
proximately 12-15 changes per hour.

At the start of each experiment, each
animal was injected intraperitoneally with
0.5 ml of a solution of the substance un-
der investigation., Control animals were
injected with 0.5 m! of distilled water.
The injections were given 10-25 min
before the set pressure of 45 psig was
reached. The time between reaching pres-
sure and the cessation of visible respira-
tion was recorded for each animal by
visual observation.

RESULTS

The average survival time for all control
animals in this series (nearly 200) was
130 min. Table 1 shows the effect on
average time to death of four radiation-
protective agents (each tested on 24
mice). The only significant protective
effect was obtained with aminoethyliso-

113


http://www.nap.edu/catalog.php?record_id=20265

114

thiuronium bromide HBr at a dose of 4
mg/mouse. It was interesting that, at a
dose of 8 mg/mouse, reported as the
optimum for radiation protection, we ob-
served death in a preliminary series of six
animals at an average time of only 20
min. We failed to observe any significant
protection with the other three compounds
at the levels tested, although all are re-
portedly quite effective against radiation
when used in this range of concentrations.
Thus, our series offered little evidence to
suggest that radiation-protective agents
also protect against the toxic action of
hyperbaric oxygen.

We then studied a number of other
compounds which might be expected to
exert some protective effect (Table 2).
Thomas et al.®* suggested that impaired
oxidative ability of brain homogenates
could be due to the destruction of thioctic
or o-lipoic acid. However, injection of
this compound appeared to exert no pro-
tective effect in our studies. The sodium
salt of y-hydroxybutyric acid is known to
produce unconsciousness at doses in the
range of 20-40 mg/mouse.®> Doses this
large were rapidly toxic in hyperbaric oxy-
gen, even 15 mg/mouse giving an average
time to death of only 70 min. y-Amino-
butyric acid, as already shown,* offers
significant protection, but only at a high
dosage, one which would be quite imprac-
ticable in man. Penicillamine was tried
because of its action in complexing cop-
per ions, and it appeared to increase the
toxic action of hyperbaric oxygen slightly.

The most significant protective effect
in these series was obtained with vitamin
K, and vitamin K, (Table 3). Vitamin K,
was used as the water-soluble sodium
bisulfite addition compound of menaph-
thone and showed maximal protection at
a dose of only 2 mg/mouse. Vitamin K,,
phytomenadione (an oil-soluble sub-
stance), was given by mouth in even
smaller doses, and was still quite effective.
Probably we have not yet used the most
effective analogue of vitamin K or the
most effective method of administration,

T. Horne

and work is continuing on these aspects.

In order to determine the protective
effect in another way, animals were in-
jected with vitamin K; (distilled water
in controls) and subjected to a near-lethal
exposure to oxygen, after which the num-
bers of survivors were recorded (Table
4). Two groups, of 36 mice each, were
exposed to oxygen at 45 psig for 120 min;
mice in one group received 2.0 mg of
vitamin K, in 0.5 ml of water by intra-
peritoneal injection, and the control mice
received 0.5 ml of distilled water only.
Mortality was much higher, both during
decompression and over the next 15 days,
in the control group than in the treated
group.

The ultimate survival rate was nearly
five times greater for the treated animals
than for the controls, although the time to
death was only doubled—reflecting one
problem in this kind of work. In addition
to oxygen toxicity, or perhaps as a con-
tributing feature, marked diuresis occurs
in animals exposed to hyperbaric condi-
tions. Thus, in a separate project we noted
that over a 150-min period, albino rats
lost twice as much body weight in oxygen
at 45 psig as animals in air at ambient
pressure at the same gas flow rate. This
weight loss represented the sum of urine
excreted and the water and carbon dioxide
expired, with almost all of the loss due to
urine. For male rats, it amounted to
nearly 15 gm lost per 250 gm body weight
in oxygen but only 7 gm in air, and, for
female rats, it amounted to 11.5 gm lost
in oxygen compared to 5.25 gm in air.
(All animals were fasted overnight.)
Clearly, then, dehydration is going to af-
fect the state of an animal kept for more
than 4 hours in oxygen, and no protective
substance will fully maintain its effect.

As a corollary to the determination of
protection against oxygen, we also tested
the effectiveness of vitamin K, and
y-aminobutyric acid as radiation-protec-
tive agents. Figure 1 shows the survival
rate of white mice treated with 800 rads of
gamma radiation approximately 20 min
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TABLE 1. Effectiveness of Radiation-Protective Compounds Against Toxicity from

Hyperbaric Oxygen ¢

Aminoethylisothiuronium

Guanylthiourea

bromide HBr p-toluenesulfonate 3,5-Diaminothiadiazole Mercaptoethylamine
Dose (mg) Time (min) Dose (mg) Time (min) Dose (mg) Time (min) Dose (mg) Time (min)
3 150 5 108 2 147 2 108
4 175 10 121 4 132 3 137
5 157 20 130 8 127 4 148
30 77 10 126 5 127
« Each survival time shown above represents the average time for 24 mice exposed to oxygen at 45 psig.
TABLE 2. Protective Action of Four Compounds Against Toxicity from Hyperbaric
Oxygen ¢
a-Lipoic acid Na y-hydroxybutyrate y-Aminobutyric acid Penicillamine
Dose (mg) Time (min) Dose (mg) Time (min) Dose (mg) Time (min) Dose (mg) Time (min)
0.5 136 1 126 40 142 1 123
1 138 2 109 80 210 2 128
2 133 3 125 120 205 3 123
3 102 4 110 160 144 4 103

¢ Each survival time shown above represents the average for 24 mice exposed to oxygen at 45 psig.

STI1
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TABLE 3. Protective Action of Vitamin K Analogues Against Toxicity from Hyper-
baric Oxygen ¢

Menaphthone NaHSO, Phytomenadione
Vitamin K. Vitamin K, (orally)
Dose (mg) Time (min) Dose (mg) Time (min)
0.5 194 0.2 178
1 220 0.4 181
2 260 0.6 139
4 184

« Each survival time shown above represents the average for 24 mice exposed to oxygen at 45 psig.
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FIGURE 1. Mouse survival after 800 rads of

gamma radiation. Control group received no
pretreatment, while treated groups received 40
or 80 mg ~-aminobutyric acid approximately
20 min before irradiation.

after injection with 40 or 80 mg of
y-aminobutyric acid. There was a slight
protective effect, although the deaths
among the control animals in this series
occurred sooner than usually observed,
tending to emphasize the protective effect
perhaps more than is justified. When ani-
mals were treated with 1 or 2 mg of
vitamin K, 20 min before irradiation, no
significant difference occurred between
control and treated animals (Figure 2).
Vitamin K is believed to participate in
the transfer of electrons from the sub-
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FIGURE 2. Mouse survival after 800 rads of
gamma radiation. Control group rcceived no
pretreatment, while treated groups received 1
or 2 mg vitamin K, approximately 20 min be-
fore irradiation.

strates of Krebs cycle intermediates be-
tween the pyridine nucleotide coenzymes
and the cytochromes and coenzymes Q.>¢
Chance and Jamieson’ have shown that
the pyridine nucleotide system is inhibited
by hyperbaric oxygen, and our work on
the protective effect of vitamin K would
seem to empbhasize still further the possi-
bility that this series of reactions may be
the locus for one of the major biochemical
effects of hyperbaric oxygen.

TaBLE 4. Effect of Vitamin K. on Mouse Survival at 45 psig Oxygen

Survivors after:

Group No. mice Decompression 5 Days 10 Days 15 Days
Control 36 16 10 7 5
2.0 mg K. 36 29 25 24 24
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DISCUSSION

DR. D. JaAMiesoN (Melbourne, Australia):
I have a comment about the site of action
of coenzyme Q. Looking at Dr. Chance's
rather complicated table again, it appears
that he has coenzyme Q sitting in the re-
verse electron track, if perhaps a little tenta-
tively. We did find in the last few days that Q
changed and changed quite rapidly under hy-
perbaric conditions, at least in mitochondria.
We have done only a few of these experi-
ments, but Q is changing along with our
DPNH being oxidized to DPN. There is
much doubt about just where Q is and what
it is doing, but, for the purpose of this dis-
cussion, it is quite possible that it is indeed
in the reversed electron path.

DR. HorNE: Thank you, Dr. Jamieson. I
was going by all I could find in the litera-
ture. I have no personal experience with
Q other than this bit of work here.

UNIDENTIFIED SPEAKER: I would just like
to confirm the result which was obtained
here with gamma-hydroxybutyric acid. We
have tried it, and it is more of a poison in
high oxygen pressure experiments on rats.
We have also repeated Dr. Wood's experi-
ments as you have done with gamma-hy-
droxybutyric acid and we have found there
is a protective action.

DR. P. V. VAN TasseL (U. S. Navy): If
I recall correctly, Dr. Gerschman (Proc. Soc.
Exp. Biol. Med. 85:75, 1954) some years
ago reported a protective effect of beta-
mercaptoethylamine at 6 atmospheres of
oxygen, using mice as you did. She showed
something like a 70% increase in survival
time. Do you know about this and whether
it is due to a dosage difference or simply
represents the effects of the different pres-
sures?

DRr. HORNE: Yes, as I recall, the effect of
this substance was dependent both on the
pressure and the drug concentration used,
and it appeared to be quite variable. Per-
haps Dr. Gilbert knows better about that.

DRr. D. L. GILBERT (Bethesda, Md.): Yes,
that is why I asked whether you had tried
various pressures, because we did find that
the effect of these substances was dependent
upon the pressure (Amer. J. Physiol. 192:
563, 1958). Using survival times of mice
as an index of oxygen toxicity, we found
that as the oxygen pressure was decreased
below 6 atmospheres, the protective action
of beta-mercaptoethylamine (cysteamine) and
glutathione decreased.

1 would like to make one further com-
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ment. This morning Dr. Dickens mentioned
that cobalt was a very good protective agent.
We found that cobalt did protect mice at
the low oxygen pressure of 1 atmosphere.
For paramecia, cobalt had a protective ef-
fect against oxygen toxicity at the high
oxygen pressure of 9 atmospheres (Amer.

Discussion

J. Physiol. 192:572, 1958). Have you tried
the influence of other pressures on the effect
of these substances which you reported on
today?

Dr. HorNE: Our work has been limited
to 45 psig.
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Effects of Hyperbaric Oxygenation on

Tissues in Organ Culture

NICHOLAS A. HALASZ* and HERBERT A. STIER

Harbor General Hospital, Torrance, California, and
Department of Surgery, School of Medicine
University of California, Los Angeles, California

Techniques for organ culture were first
developed in 1926 by Strangeways and
Fell,! who cultured fragments of chick
embryo organs in plasma clot. While this
method provided new vistas for the em-
bryologist, adult tissue stubbornly resisted
life apart from the body. Parker 2 and
others soon drew attention to the higher
oxygen requirement of adult tissue, which
limited the cultured specimens to a maxi-
mum diameter of 2 mm. Larger tissue
fragments routinely showed anoxic cen-
tral necrosis. To circumvent this problem,
various attempts were made to culture
adult organs at a high oxygen concentra-
tion. In 1948, Medawar 3 cultivated adult
mammalian skin in a “rocker flask” with
70% oxygen. In 1952, Trowell ¢ devised
a method for culturing adult organ frag-
ments on cotton wool in oxygen, and later
he developed his ingenious Perspex cham-
ber which uses circulating 95% O, + 5%
CO,.®* More esoteric approaches included
the utilization of oxygen produced by elec-
trolysis from water (Petrovic and Heus-
ner,® 1963).

In contrast to some of the successful
attempts to sustain mature tissue in vitro

* Markle Scholar in Academic Medicine.

by the use of increased oxygen, Rueckert
and Mueller * found that 95% oxygen at
ambient pressures caused inhibition and
irreversible damage in HeLa cell cultures.
Brosemer and Rutter ® reported similar
responses in AH (human sarcoma) cell
cultures exposed to oxygen concentrations
above 35% at ambient pressure. Fischer
and Anderson® found damage to Rous
sarcoma cells in hyperbarically oxygen-
ated cultures, while normal fibroblasts tol-
erated this environment better. Heppleston
and Simnet ' reported that hyperbaric
oxygenation had some cytotoxic effects
on cultures of prostate, epididymis, and
lung.

In the face of the above conflicting
evidence, we undertook the current stud-
ies to ascertain whether increasing the
pressure of a high oxygen concentration
would prolong the in vitro growth and
maintenance of fragments of adult tissue
larger than 2 mm, by providing the culture
with more oxygen in physical solution.

METHODS

Canine and human organs were obtained
aseptically from living donors and washed
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in a balanced salt solution containing
penicillin and streptomycin. The tissues
were sliced 3—-5 mm thick for culture.

Culture chambers consisted of Conway
dishes with stainless-steel screens placed
over the inner rings. Cultures were main-
tained on these screens on the surface
of the media, and cell yield was harvested
in the well below. The entire unit was
placed in a 12-cm petri dish, and the
excess space was filled with water-satu-
rated cotton wool in order to minimize
evaporation of the culture media. Tissue
slices were turned (inverted) every 48
hours when the media were changed. Dis-
posable S5-cm petri dishes were used for
immersion cultures.

Eagle’s solution containing glutamine,
10% calf serum, penicillin, and strepto-
mycin was used as the culture medium.
When Eagle’s culture medium was pres-
surized with the standard gas mixture
(95% O, + 5% CO,.) used in hyper-
oxic tissue culture, immediate severe aci-
dosis occurred (Table 1). This finding
can be accounted for by the fact that
Eagle’s solution is designed for use at a
pCO; of 40 mm Hg. Reducing the per-
centage of carbon dioxide in the gas mix-
ture to 2% (pCO. of 60 mm Hg at 45
psig) adequately corrected the acidosis
(Table 2). The addition of 0.05 M tris
buffer to the media helped to maintain an
acceptable pH over the 48-hour culture
period. Terminal pH ranged between
7.14 and 7.38 in 71 cultures.

An 8-ft* (30-in. diameter) cylindrical
cast-iron tank, safety-coded for 75 psig,
was used for our early OHP studies. The

TaBLE 1. Effect of OHP (95% O.+
5% CO.) on Acidity of Eagle’s
Solution

Nicholas A. Halasz and Herbert A. Stier

TABLE 2. Effect of OHP (98% O.+
2% CO;) on Acidity of Eagle’s
Solution

Atm pH

7.55
7.43
7.32
7.20
6.95

N WN =

chamber is fitted with three plexiglass
ports for observation and four instrument-
access plugs. A sealed heating element
within the chamber is covered with a de-
flector; a fan, magnetically driven from
outside the vessel, further insures a homo-
geneous temperature. The heater is regu-
lated by a proportional-controlled ther-
mostat to +1°C regardless of room
temperature. For our experiments with
this chamber, the culture dishes were first
placed in polyethylene bags and the bags
were filled with the gas mixture utilized
for that experiment. The gas-filled bags
were then placed in the chamber, which
was pressurized with compressed air.

Later, to simplify operations, the large
chamber was replaced by four smaller
ones measuring 24 X24 X 6 in. These are
made of aluminum, with aluminum or
1-in. Lucite tops. They are coded for 75
psig and have four access plugs and a
safety valve set at 60 psig. These cham-
bers require no internal heat source, since
they fit into standard bacteriologic incu-
bators. They are gassed directly. A Clark
oxygen electrode read through an Astrup
meter and a special Beckman pressure-
compensated pH electrode were tapped
into the chambers for pO, and pH mea-
surements.

All cultures were maintained at 37°C.
The experimental cultures were pressur-
ized in the chamber to 45 psig in 98%
0. + 2% CO.. Controls were run at
ambient pressures in 95% O, + 5% CO,
and also in room air. Cultures contami-
nated by bacteria or fungi were discarded.

The criteria employed to determine
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viability depended on the individual tis-
sues studied. The standard tissue culture
techniques of eosin vital staining,'' mea-
surement of cell yield, determination of
glucose consumption, histologic cxamina-
tion, and counting of mitoses were
supplemented with autoradiography to
measure the incorporation of tritiated
thymidine (*H-thymidine) and thus cell
multiplication rates. The isotope was
added to the media (8 pc/10 ml, activity
6.4 mc/mmole) for 3-hour pulses at vari-
ous stages of culture. Both impressions
and sections were studied with autoradiog-
raphy by the methods of Craddock er al.!?

RESULTS

Tissue Survey

Ninety cultures (both human and canine)
of liver, spleen, lymph node, pancreas,
ureter, and skin were successfully cultured
for periods of 10-14 days (Figure 1A).
Mitotic counts and *H-thymidine incor-
poration were highest at 3-5 days (Figure
1B), dropping to less than 3% by 12
days. Pyknotic nuclei began to appear on
the surface of these slices at 6 days
(5-10%), and gradually extended into
the core by 11-12 days. Control cultures
at ambient pressure in 95% O, + 5%
CO. or in room air consistently showed
autolysis and central necrosis within 24—

A
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36 hours. The maximum and average
mitotic rates observed at 3—4 days in three
hyperbarically oxygenated cultures of cach
tissue are listed in Table 3.

In hyperbarically oxygenated cultures
(both human and canine) of brain, lung,
and thyroid tissue, no mitoses, *H-thymi-
dine uptake, or glucose utilization could
be demonstrated. Uniform cell death of
neural and glial, alveolar, and acinar cells
was scen. Vascular stroma and bronchial
epithelium were preserved.

Cell Yield

In hyperbarically oxygenated cultures,
canine lymph nodes consistently yiclded
3.2-8.0x 10" cells/gm/day for 7 days
with 75-929% viability. Yields were
higher and better maintained when slices
were cultured on a screen at the air—fluid
interface than when fully immersed in

TABLE 3. Mitotic Rates Observed at 3—4
Days in OHP Tissue Cultures ¢

Mitotic rate

Tissue Maximum Average
Liver 7% 3%
Spleen 14% 9%
Pancreas 3% 1%
Ureter 13% 9%
Skin 4% 2%

= Average of three cultures for each tissue.

Figure 1. A, canine lymph node from a 5-day culture at 45 psig in 98% O, 4+ 2% CO. B,
autoradiograph of hyperbarically oxygenated canine spleen culture pulsed with *H-thymidine

at 72 hours.
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media (Table 4). Dog spleen slices cul-
tured on screens tripled the original num-
ber of spleen cells in 10 days, with 83%
viability. Addition of phytohemagglutinin
M to the media doubled this yield further.

Compression and Decompression

Five-minute periods in the large chamber
and 1-min periods in the small chambers
were allowed for compression and decom-
pression. When the gas was stored at
room temperature (in G-tanks) +5°C
excursions in temperature occurred. Gas-
sing was repeated four times to 30 psig
prior to the final pressurization to 45 psig.
Oxygen concentration was raised consis-
tently to above 96% by this method. In
the large chamber, the oxygen and carbon
dioxide concentrations in the polyethylene
bags remained unaltered at the end of the
48-hour culture periods.

Eight triplicate studies of cell yield were
performed in the small chambers using
both canine spleen and lymph nodes, with
1-, 3-, and S5-min compression and de-
compression periods. Yields were com-
parable at 2, 4, 6, and 8 days, suggesting
that the more rapid pressure changes
produced no harmful effects.

Bacterial Contamination

The contamination rate was consistently
under 1% despite much handling, un-

Nicholas A. Halasz and Herbert A. Stier

avoidable turbulence, and entry of gases
into culture dishes during compression.

Tumor Cultures

Slices of human tumors obtained fresh
from the operating room were cultured
in 98% O, + 2% CO, at 45 psig, using
standard tissue culture methods.

Adenocarcinomas. Three breast, three
prostate, two stomach, and two pancreas
adenocarcinomas retained their histologic
pattern in 6- to 15-day cultures, even in
marginal outgrowths, and showed no fi-
broblastic transformation. Desmoplasia
was diminished, and, indeed, fibrous tissue
seemed to survive poorly, often develop-
ing early metachromasia and pyknosis.
Metabolism was assayed by glucose con-
sumption, which diminished after 11 days,
dropping to 30% by 15 days. Mitotic
counts were maximal at 4-7 days (10—
14%), falling off by 12 days to less than
2% . *H-thymidine incorporation corre-
sponded well to mitotic counts.

Epidermoid Carcinomas. Three lung, two
esophagus, and two larynx carcinomas
plus two melanomas (Figure 2) followed
a pattern similar to adenocarcinomas.
Signs of differentiation in terms of keratin-
ization and intercellular bridge formation
appeared in two l-week-old cultures in
which these traits had not originally been
present.

TaBLE 4. Cell Yield from OHP-Cultured Lymph Node Tissue

Cell yield

On screen at Fully immersed
air—fluid interface in dish

Day of No. cells/gm % No. cells/gm %

culture of lymph node viable of lymph node viable
1 8.0 x 10* 92 6.0 x 10* 85
2 7.4 X 10° 84 5.1x10° 82
3 7.0 % 10* 83 3s5x 10t 58
4 5.7 x 10¢ 78 1.7 X 10* 40
5 34 x10* 76 0.87 X 10* 38
7 32x 10 75 0.8 X 10° 30
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2

a v
FiGURe 2. Imprint of human malignant mela-

noma after 7 days of culture at 45 psig in 98%
Os 4 2% CO:.

Undifferentiated Carcinomas. Three un-
differentiated carcinomas grew rather
poorly, at least partly because of difficul-
ties in obtaining satisfactory tissue slices.
When plasma-clot techniques were used,
fair outgrowths were obtained.

DiscussioN

Significant inhibition of enzymatic ac-
tivity, cell metabolism, and cell multipli-
cation have been well-recognized in vitro
effects of high oxygen tensions since the
days of Paul Bert. Interference with SH-
containing enzymes appears to be rather
specific.’® Normal glucose utilization is
blocked in many instances,” presumably
because of conversion to anaerobic path-
ways. For this reason, measurements of
glucose utilization cannot be relied upon
as indicators of tissue metabolism. Re-
cent studies have shown less interference
with glucose metabolism as such, suggest-
ing instead a block in the a-ketoglutarate
and pyruvate ' utilization and high-energy
phosphate bond formation.’? Peroxide
formation is apparently not involved in
any of these processes, since catalase does
not prevent their occurrence.®? Metabolic
studies in vitro have shown consistent de-
pression of oxygen utilization at high
pressure.’® Horne’s study '® of rats taken
to the point of toxicity, convulsions, and
death, however, does not bear out these
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findings in a well-controlled in vivo sys-
tem. The toxic effects described in some
other recent studies * may have been
partly due to different carbon dioxide
concentrations and the altered pH of the
media.

The effects of the above factors cannot
be clearly analyzed in the studies reported.
Within tissue slices, which presumably
have oxygen gradients extending to their
core, a variety of phenomena must occur.
True hyperoxia is present on the surfaces,
and early cell death in some of these zones
has indeed been demonstrated. Some dis-
tance from the surface (in a region con-
sidered by some as the limit of oxygen
diffusion at the pressures employed) there
is a marked facilitory effect allowing good
survival and rapid growth. It is unclear
why this survival and growth are limited
to 10-14 days and whether ultimate fail-
ure is the result of oxygen toxicity.

Certain differences between results ob-
tained in in vitro brei studies and those
of the slice cultures reported here must
be noted. An immediate toxic effect on
nervous tissue consistently occurred with
both techniques. However, tissue respira-
tion of the liver in brei was only slightly
less affected by hyperoxygenation than
that of the brain, whereas, in tissue slice
culture, liver performed as well as other
tissues considered far more resistant to
OHP. In contrast, the metabolic function
of lung appeared fairly resistant in brei,
while in tissue slice culture it did no better
than brain. The latter is easier to corre-
late with clinical observations (the Lor-
rain-Smith effect) than with the respira-
tory metabolic studies. A study of oxygen
toxicity in this system would appear
promising.

The consistently good proliferative
response of lymphoid tissue is noteworthy,
and of potential practical value as a source
of antigen for exhaustive sensitization.
Our low rate of bacterial contamination
could have resulted from a bacteriostatic
effect of OHP, as suggested by the studies
of McAllister and others.!’
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DISCUSSION

DRr. G. G. NaHAs (New York, N. Y.): In
vivo high oxygen pressure has deleterious
effects on two fast-growing tissues, bone
marrow and gonads. Have you any data
on these two tissues?

DR. HaLasz: No, I did not work with either
of these myself. Dr. Jankay at the Long

Beach VA Hospital has been growing bone
marrow in culture and has had good luck
with it. He is finding that both the mye-
locytic and the erythrocytic series proliferate,
the latter being somewhat more vigorous
(Sangre [Barc.] 9:199, 1964). As far as
gonads are concerned, I do not know of
anyone who has done this.
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An oxygen-pressurized immersion cham-
ber (Figure 1) has been used as a fetal
incubator in our laboratory for 3 years.®
Within the chamber, fetal exchange of
oxygen and carbon dioxide occurs through
the skin as well as the lungs, and nutrients
are absorbed by swallowing. Our ultimate
goal is to sustain extrauterine fetuses for
prolonged periods of time, providing
techniques for study of fetal physiology
and perhaps for clinical utilization.

Following is a report of the effects of
brief exposure of mouse and rabbit fetuses
to hyperbaric oxygen.

MATERIALS AND METHODS

The fetal incubator is a 25-liter stainless-
steel chamber, partially filled with White’s
balanced salt solution and 1% tris buffer,
pH 8. The chamber is equipped with
view-ports, oxygen inlets and exhaust, and
facilities for recording electrocardiogram,
tissue pO,, immersion fluid pO,, and pH,
plus a pumping system which regularly
exposes the immersion fluid to room air
and ultraviolet light (Figure 2).
Estimations of tissue pO, were made
with an Instrumentation Laboratory

O ——ExhausT

o chamber

—~—

ater bath

FiGure 1. A schematic diagram of the fetal
incubator. In the present study, the fetal mem-
branes were ruptured.

needle electrode in the fetal peritoneal
cavity, and immersion fluid pO, was
determined with a Beckman 777 oxygen
analyzer.

Mouse fetuses (Balb/C strain) were
delivered by hysterotomy at term (19
days) under ether anesthesia and rabbit
fetuses (New Zealand) at term (30 days)
under pentobarbital (10 mg/kg) anes-
thesia. After dclivery, alternate fetuses
were selected as controls and the re-
mainder (experimental fetuses) were im-
mersed within the chamber before onset
of breathing. Oxygen pressure within the
chamber was then raised to 150 m H.,O
over 30 min; when the fetal skin became
pink, the oxygen pressure was reduced to
100 m H,O. Immersion fluid pO, deter-
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FiGure 2. The fetal incubator: top left arrow indicates the immersion chamber, top right arrow

. 2

the reserve tank, and bottom arrow the external circulating system.

minations indicated that constant vigorous
stirring of the fluid was necessary to raise
the oxygen tension within the fluid to the
expected level. The temperature of the
immersion fluid was raised from 18°C
initially to 37°C during the 4 hours of
fetal immersion. Control fetuses were set
aside in sawdust nests at 30°C.

After decompression over 30 min, and
with no effort at tracheal aspiration, new-
born animals were placed in 50%
oxygen until they established normal
breathing pattern and activity. The next
morning, both experimental and control
newborn animals were placed with foster
mothers.

Mixed venous blood was obtained from
neck veins of rabbit fetuses before their
placement in the chamber and at the time
of decompression. Immediately after
death, brains, eyes, liver, kidneys, and
lungs were fixed in 10% formalin and
histologic sections were made.

A T-maze was used to evaluate mouse

intelligence, the score depending upon the
number of runs required for the mouse to
learn which arm contained food.

Pressure-volume characteristics were
determined for fetal rabbit lungs of ani-
mals sacrificed before and after immer-
sion, according to the techniques of Avery,
Frank, and Gribetz.' In order to avoid
injury associated with dissection after
thoracotomy, the pressure—volume mea-
surements were taken in situ.

RESULTS

During immersion, the breathing rates of
rabbit fetuses varied from one respiration
every 15 min to 50/min. Histologic
studies of fetuses after immersion in fluid
containing carbon particles showed carbon
within many of the alveoli, indicating
alveolar lavage by immersion fluid (Fig-
ure 3). Intraperitoneal pO, estimation of
rabbit fetuses immersed in the chamber



http://www.nap.edu/catalog.php?record_id=20265

Effects of OHP During Fetal Life

Photomicrograph of lung tissue
from a 32-gm fetus, previously immersed for
6 hours in fluid containing carbon particles,
demonstrating carbon in many of the alveoli.
(Reproduced from Amer. J. Obstet. Gynec.
91:953, 1965.)

FIGURE 3.

gave individual maximal values ranging
between 45 and 230 mm Hg.

Table 1 shows the number of new-
born animals alive after exposure to 4
hours of immersion. After decompres-
sion, an animal was not considered alive
unless it began respiring. The high rabbit
mortality reflects our difficulty in finding
effective foster mothers and the high in-
cidence of pneumonia in our colony.
With immersion times of 4 hours, some
fetuses of every litter always survived
for at least 8 hours.

Table 2 lists the range of various lab-
oratory values of mixed venous blood
before and after immersion. The high
postimmersion blood sugar reflects, in
part, fetal swallowing of immersion fluid
with a sugar concentration of 1500 mg%.

127

TABLE 2. Range of Laboratory Values of
Mixed Venous Blood from Rabbit Fetuses
Sacrificed Before and After 4 Hours of

Immersion
Before After

immersion immersion
No. fetuses 11 10
pH 7.0-7.5 6.6-7.2
pCO, (mm Hg) 3241 84-129
Sodium (mEg/liter) 137-143 124-149
Chlorides (mEq/liter) 96-104 82-101
Potassium (mEq/liter) 46-52 5.1-129
Glucose (mg/100 ml) 61-85 110-568

Osmolarity (milliosmoles) 284-293 294-331

Figure 4 shows photomicrographs of
lungs from newborn rabbits dying in the
postimmersion period. The lungs were
generally immature, demonstrating vary-
ing degrees of edema, congestion, and
interstitial as well as intra-alveolar hem-
orrhage. Hemorrhages were absent in
postimmersion apneic fetuses and ap-
peared to be of maximum intensity in
those animals dying 6-8 hours after im-
mersion. Late deaths were due to pneu-
monia and expansion atelectasis, sugges-
tive of hyaline membrane disease. Sections
of other organs showed similar vascular
congestion but no other obvious patho-
logic features.

Comparison of preimmersion and post-
immersion air pressure—volume curves of
the lung demonstrated reduction in volume
at similar pressures in dying postimmer-
sion fetuses, suggestive of reduced surface-

TasLE 1. Survival of Mouse and Rabbit Fetuses after 4 Hours of Oxygen-
Pressurized Immersion

Survivors after decompression

No. before
immersion 0 hr. 6 hr. 24 hr. 12 wk.
Mice
Experimental 58 34 26 23 17
Control 22 22 22 20 15
Rabbits
Experimental 63 35 23 19 5
Control 51 51 48 45 9

* Twenty-five apparently normal controls were removed from the study because of space problems.
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FiGURE 4. A, photomicrograph of lung tissue from 26-gm fetus, immediately after decompres-
sion, demonstrating vascular congestion. B, photomicrograph of lung tissue from 41-gm fetus
which died after decompression, demonstrating interstitial and intra-alveolar hemorrhages. C,
photomicrograph of lung tissue from 43-gm fetus which died 6 hours after decompression, dem-
onstrating marked pulmonary hemorrhage. D, photomicrograph of lung tissue from a 110-gm
8-day-old rabbit, demonstrating expansion atelectasis and pneumonia.

acting agent. Preimmersion lungs, when
analyzed by a staff member from the De-
partment of Pediatrics for surfactant,’
were judged as “active,” while the lungs
of fetuses dying in the postimmersion
period were judged “inactive.” Pressure—
volume curves were also determined on
a random basis in fetuses immediately
after decompression and found to be nor-
mal. The abnormal lungs were found,
then, only in the dying fetuses.

Mouse intelligence estimations at 3
months of age showed an average of 2.8
runs in the maze for the 17 postimmersion
animals, compared with a 3.3 average for
the 15 controls (no oxygen), a nonsignifi-
cant difference. Detailed studies of rab-
bit weight, sensory development (pain
perception, sight, and hearing), and ac-
tivity demonstrated no differences between

control and experimental rabbits at var-
ious ages up to 6 months.

DiscuUSSION

Conclusions regarding the specific effects
of drugs administered to the gravid fe-
male upon intrauterine fctuses should be
made with caution unless conditions of
the fetal milieu are known. For example,
Fujikura,® in studies on rabbit fetuses,
found that previous exposure of the
mother to 100% oxygen for 15 hours on
the 26th or 27th day of gestation resulted
in an increased incidence of retrolental
fibrosis, retinal detachment, microphthal-
mia, stillbirth, and neonatal death in the
offspring. As inferred by Fujikura, the
toxic effects on fetuses of maternal oxy-
gen exposure may have represented the
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effects of hypercapnea, acidosis, and elec-
trolyte imbalance rather than fetal oxygen
tension levels (these determinations not
having been made).> The fetal incubator
provides an experimental tool to study the
extrauterine fetus free of maternal influ-
ence and to assay its internal and external
milieu.

Rabbit and mouse fetuses have estab-
lished effective postdecompression breath-
ing patterns even after 36 hours of im-
mersion, but in our experience none have
successfully made the transition to air-
breathing unless immersion time was less
than 8 hours. Thus, an immersion time
of 4 hours was selected in order to obtain
sufficient animals for study.

Fetuses appeared to have normal lung
expansion curves at the time of de-
compression, and those dying in the
postimmersion period had abnormal (or
reduced) expansion curves, but the mecha-
nism is unclear. Animals dying in the im-
mediate postimmersion period also had
pulmonary hemorrhages, and many
showed laboratory evidence of severe re-
spiratory acidosis. While the cause of
death after decompression appeared to
be respiratory failure, the significance of
reduced surfactant was unclear.

The accepted view of oxygen toxicity
is that oxygen damages alveolar lining,
which, in turn, is followed by capillary
congestion progressing to alveolar exu-
dates and hemorrhage.? In the present
study, it was frequently impossible to dis-
tinguish histologically between lungs of
litter mates autopsied immediately after
delivery and those autopsied immediately
after decompression. In some experi-
ments, however, lungs after decompres-
sion demonstrated vascular congestion
and edema.

The inconsistent survival rates of litter
mates suggested variability of pulmonary
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reaction to hyperbaric oxygen and fluid-
breathing, but this possibility was not
confirmed in our study. The fetuses were
inbred strains, all delivered of anesthetized
females, and equal degrees of hypother-
mia were utilized throughout the study;
these factors are known to influence pul-
monary reaction to oxygen.?

Durfey * reported that when mice were
exposed to 100% oxygen for 48 hours,
pulmonary hemorrhage was absent in
those autopsied immediately, but it did
occur in mice killed in oxygen and kept
there until autopsy. The suggestion that
pulmonary hemorrhage is a rapid post-
mortem change due to oxygen was tested
by killing five postimmersion rabbit fet-
uses when they appeared near death.
Three of the fetuses showed marked pul-
monary hemorrhages, leaving the question
unanswered, as the other two could con-
ceivably have survived.

Among the survivors of the rabbits and
mice exposed to hyperbaric oxygen, there
appeared to be no residue of toxic effects.
The apparent benign effects of brief hy-
perbaric oxygen exposure on fetal devel-
opment noted in the present study cannot
be compared to other in utero data on the
effects of maternal oxygenation. The cause
of respiratory failure in some postdecom-
pression fetuses is unclear and requires
further study.

SUMMARY

Sixty-three rabbit fetuses and 58 mouse
fetuses were delivered at term abdominally
and immersed in an oxygen-pressured salt
solution for 4 hours. After decompres-
sion, there was a high immediate mortality
associated with respiratory failure, but no
apparent ill effects of the hyperbaric oxy-
gen were noted in the long-term survivors.

ACKNOWLEDGMENTS

This investigation was supported by USPHS Research Grant HD-00226.
We wish to thank Dr. M. Klaus, Department of Pediatrics, for analyzing fetus lungs used in

this study.


http://www.nap.edu/catalog.php?record_id=20265

130

Discussion

REFERENCES

1. Avery, M., N. Frank, and I. Gribetz. The
inflation force produced by pulmonary vas-
cular distention in excised lungs. J. Clin.
Invest. 38:456, 1959.

2. Bean, J., and D. Zee. Metabolism and the
protection by anesthesia against toxicity of
O; at high pressure. J. Appl. Physiol. 20:
525, 1965.

3. van den Brenk, H. A. S, and D. Jamieson.
Pulmonary damage due to high pressure
oxygen-breathing in rats. Austral. J. Exp.
Biol. Med. Sci. 40:37, 1962.

4. Durfey, J. Q. Postmortem pulmonary

changes occurring in mice exposed to 100
percent oxygen at 740 mm Hg. Aerospace
Med. 35:265, 1964.

5. Fujikura, T. Retrolental fibroplasia and
prematurity in newborn rabbits induced by
maternal hypoxia. Amer. J. Obstet. Gynec.
90:854, 1964,

6. Goodlin, R. Foetal incubator. Lancet 1:
1356, 1963.

7. Klaus, M., O. Reiss, and W. Tooley. Alveo-
lar epithelial cell mitochondria as a source
of the surface-active lung lining. Science
137:750, 1962.

DISCUSSION

DrR. G. MarcGoLis (Hanover, N. H.): 1
thought it would be of interest to show two
examples of what might happen to animals
in the fetal stage exposed to OHP at a
little earlier phase than shown here, just
to have these findings recorded in the con-
ference. These figures are from my col-
league, Dr. Ferm, who exposed in utero
the fetuses of pregnant hamsters during early
stages of pregnancy for either 4, 3, or 2
hours at either 3 or 4 ata (Proc. Soc. Exp.
Biol. Med. 116:975, 1964). In his studies,
a small but significant number of congenital
malformations were encountered, including
examples such as this exencephaly (Figure 1).
In another experiment, he has used the
combination of colchicine and OHP. Fig-
ure 2 shows the results of exposure to this
pair of toxic agents. This is a far more
severe malformation—neither OHP nor col-
chicine alone would produce such a severe
deformity of the nervous system and re-
lated skeletal system.

DR. G. G. NaHAs (New York, N. Y.): This
very elegant work reminds one of Dr. Kyl-
stra’s experiments in which adult mice were
immersed in saline at 8 atmospheres (Trans.
Amer. Soc. Artif. Int. Organs 8:378, 1962).
Now, I want to ask Dr. Goodlin, what was
the temperature of his medium and what
was the exact pressure of oxygen in his
hyperbaric chamber. Also, why was there

FiGURe 1. Thirteen-day-old hamster fetus from
mother exposed to 40 psi of 100% oxygen for
3 hours on 6th day of gestation. Note marked
exencephaly. (Reproduced with permission from
V. H. Ferm: Proc. Soc. Exp. Biol. Med. 116:
975, 1964.)

such a high pCO, and low pH after 4 hours,
and how much carbon dioxide absorber was
there in his medium?
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Ficure 2. Thirteen-day-old hamster fetus from
mother exposed to 40 psi of 100% oxygen for
3 hours on 8th day of gestation. Note complete

craniorachischisis. (Reproduced with permis-
sion from V. H. Ferm.)

Dr. GoopLIN: The temperature was ini-
tially started at 18°C because we found that
the animals would not survive unless the
temperature was low. As soon as the oxy-
gen pressure on our gauge reached 225 psi
and as soon as the animal began to respond
and move about, we lowered the oxygen
down to 150 psi and raised the temperature
slowly to 37°C. You asked why the high
pCO,. Well, we added a lot of THAM
to this solution, and we thought this was
the buffering effect of the THAM. As a
matter of fact, these animals were fairly
acidotic and I think that is really why they
died, since they were unable to get rid
of their carbon dioxide.

Dr. A. R. BEHNKE (San Francisco, Calif.):
It seems to me that this type of investigation
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is of tremendous importance. The gravid
animal evidently is an extremely sensitive
organism for evaluation of both oxygen and
drug toxicity. My question is whether the
offspring of gravid animals subjected to oxy-
gen inhalation at high pressures have been
observed throughout their life span or stud-
ied systematically over shorter periods?

DRr. MarcoLis: I am encouraged by your
words, Dr. Behnke. I will urge Dr. Ferm
to continue this work. Within 24 hours he
can tell whether any drug now on the market
is teratogenic. He uses gravid hamsters at
about, if I remember correctly, the eighth
day of the gestation cycle, which is 16 days
(Lab. Invest. 14:1500, 1965). During this
time, so rapid a change is going on in the
fetus that any drug or any change in the
environment such as we have just discussed
may induce crucial defects in development.
I think this is probably the most sensitive
example that I have seen of such an ex-
periment, being essentially an almost im-
mediate test for teratogenic activity.

DRr. GoopLIN: 1 would just like to defend
this system that I have used here. There
have been other studies in which pregnant
rabbits were exposed to high oxygen concen-
trations and fetal anomalies were subse-
quently found, but, of course, nobody knows
what alterations of fetal environment oc-
curred in these situations. There is a great
deal of discussion as to whether the oxygen
tension in the fetus is necessarily elevated
just because the mother happens to be ex-
posed to an elevated oxygen tension (Amer.
J. Obstet. Gynec. 93:583, 1965).

DRr. B. SMiTH (Miami, Fla.): Pertaining to
the question about hyperbaric oxygen caus-
ing teratogenic defects, we have been carry-
ing out this kind of work for quite some
time. We were a little unimpressed with
the hamster as a test animal because of the
lack of really uniform genetic stock and
the fact that it is a hibernating, high-altitude
animal. We did attempt to reproduce this
work of Dr. Ferm, and found that his con-
ditions presented an extremely challenging
stress for the hamster. A good portion of
these hamsters will die, and I think in go-
ing to the mammal for this type of study
it is easy to disregard some of the extreme
effects on physiology of the mother from
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this stress. There is no argument, however,
that hyperbaric oxygen can be teratogenic.
We went further and used several hundred
chicken embryos. We chose progressive
stages of gestation for the stress and found
a highly reproducible and marked increase
of the sensitivity to hyperbaric toxicity with
increasing age of the embryo. It is our
current unsubstantiated hypothesis that this
progression in sensitivity may be related to
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the developing enzyme systems and the de-
pendence of the chick upon more sophis-
ticated metabolic pathways as they grow
older. However, in general, I think it is
important not to infer too much from
mammalian teratology studies which do not
control or consider the toxic effects of the
stress substance on the maternal physiology,
which, when deranged, presents an uncon-
trolled teratogenic stress for the fetus.
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Pulmonary and central nervous system
sequelae have long been recognized as the
major overt manifestations of oxygen tox-
icity, but the pathogenesis and therapeutic
management of these toxic effects remain
unresolved. Our studies have indicated
that the eye is a consistent and early indi-
cator of oxygen toxicity. Following is a
description of this pathologic manifesta-
tion and a discussion of the possibility that
multiple mechanisms of hyperoxic injury
may operate simultaneously.

METHODS

Adult healthy dogs were subjected, under
standard U.S. Navy compression and de-
compression techniques,® to either a single
exposure or a series of daily exposures to
increased oxygen pressures, according to
the schedule summarized in Tables 1-3.
For tests with 100% oxygen, a 35-ft* ex-
perimental hyperbaric chamber was used.
Oxygen inflow was regulated to maintain
the desired pressure while the chamber
was vented at 0.5 ft*/min, with soda lime
used to extract carbon dioxide. The
roles of carbon dioxide, anesthesia, and
events attending convulsions (apneic hy-
poxia, excess utilization of oxygen and

Durham, North Carolina

TaBLE 1. Consistent Manifestation of
Cytoid Body Change in Retinas of Dogs
Exposed to 100% O, at 30 psig for Over

4 Hours ¢
Exposure Cytoid body
(min) change
210 —
225 —
242 +
259 ++4
261 ++
265 +
269 +4++
270 +
278 +
295 +
300 +
312 ++4
326 +++
362 +++
+, few.

+ 4, moderate numbers.

+ 44, numerous.

* At this exposure, no neurologic deficit was de-
tectable, and pathologic change in central nervous
system tissue was absent,

lactic acid formation associated with mus-
cular activity, and exhaustion of high-
energy compounds by discharging neu-
rones) in potentiating the toxic action of
oxygen were explored by studies in a clin-
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TaBLE 2. Incidence of Cytoid Body
Change in Retinas of Dogs Given Multiple
Daily OHP Exposures to Onset of
Convulsion ¢

Exposure (min)

Cytoid body
Dog no.  Average Range change

1 15 15 —

1 18 18 —

4 63 30-105 —_
15 31 3-112 (died)
19 70 22-120 +
21 20 4-59 +
22 53 9-94 —_
22 36 10-75 —
22 38 9-148 —_

* OHP consisted of 100% O, administered at 58
psig. At this exposure, no neurologic deficit was
detectable, and pathologic change in central nervous
system tissue was absent.

ical hyperbaric chamber vented at 12
liters/min. These experimental conditions
enabled us to maintain respiration with a
Harvard (or Bird) respirator, to admin-
ister selective anesthesia, to block convul-
sive activity with succinylcholine (Anec-
tine), to sample arterial and venous pH,
pO;, and pCO, with IL-113 meter, and
to monitor the electroencephalogram,
electrocardiogram, and arterial pressure
through a Gilson recorder.

In the single-exposure series, tests were
run for a predetermined period, unless the
condition of the animal warranted termi-
nation of exposure. In the multiple-expo-
sure series, each test was terminated at
onset of convulsive activity. Surviving ani-
mals were observed for 5-21 days after
exposures, particularly for the presence of
neurologic deficits, and pathologic studies
were focused particularly upon the central
nervous system. Artifact-free preparations
were obtained by a perfusion-fixation
method of sacrifice, by the technique of
Cammermeyer? or of Malm.* Routine and
special neurohistologic methods* were
used. Splanchnic organs were fixed in
Zenker-formol fixative (formalin concen-
tration 10% ) and prepared for study by
standard techniques.
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RESULTS

In all animals exposed to 100% oxygen
at 30 psig for more than 4 hours, a char-
acteristic ocular lesion was observed
(Table 1) which occurred in the absence
of evidence of neurologic impairment and
in advance of recognizable structural dam-
age to the central nervous system. Mani-
fested by the presence of clusters of globu-
lar bodies in the nerve fiber layer of the
retina, it presented features typical of the
microscopic aspects of the “cotton-wool
spot,” the entity characteristic of the vas-
cular retinopathy associated with certain
syndromes in man.>® The occurrence of
this ocular lesion in animals given multiple
exposures at higher pressures (Table 2)
provides confirmatory data, albeit difficult
to evaluate on a quantitative basis. In the
absence of other central nervous system
lesions, the focal degeneration observed
in optic nerves in this series was inter-
preted as secondary to the eye injury, not
as a manifestation of the direct toxic ac-
tion of oxygen.

Table 3 clearly shows the predictable
increase in oxygen toxicity produced by
adding CO, to the respiratory gas. Mani-
festly, a major shift has taken place in the
locus of the toxic action from the eye to
the central nervous system. Convulsive
activity, whether directly observed or re-
corded by electroencephalogram in ani-
mals maintained on Anectine, was accel-
erated in onset, occurred more frequently,
and was more severe. A striking increase
in mortality was observed, and a high inci-
dence of functional and/or structural brain
injury was recognized in survivors, even
though exposure periods were necessarily
shorter. The use of a short-acting barbi-
turate and the inhibition of convulsive
activity failed to significantly influence the
toxic action of oxygen. This increase in
neurotoxicity took place in the face of a
virtual disappearance of ocular injury.
While chlorpromazine appeared to protect
the eye without increasing vulnerability of
the brain to hyperoxia, these studies were
too limited to allow definitive conclusions.
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TABLE 3. Influence of Carbon Dioxide upon Toxic Effect of Oxygen at 30 psig®

Respiratory Anesthesia pCO;* Exposure Total no. Neurologic Pathology
gas Induction Maintenance (mm Hg) (hr) dogs Deaths deficit CNS* Eye?
100% O: — —_ — 3.5-6.0 16 2 0/14 0/14 12/14
100% O: Chlorpromazine — 3.5-5.0 4 0 0/4 0/4 1/4
98% 0:4+2% CO: Nembutal Nembutal 64-100 1.5-3.5 14 3 8/11 1/11 1/11
98% 0.4-2% CO: Nembutal Anectine 76-79 1.5-3.5 3 1 2/2 2/2 2/2
98% Oy+2% CO;s Brevital Anectine 79-84 1.5-3.5 13 8 1/5 3/5 0/5

< Note the increase in toxicity and shift in major locus of action from the eye to the brain. The chlorpromazine series, while still too small to be critically

evaluated, indicates the possibility of a therapeutic approach which protects from retinal injury without intensifying CNS injury.
® Measured after equilibration.

< Selective neuronal necrosis.
“ Cytoid body change.

Sel


http://www.nap.edu/catalog.php?record_id=20265

136

The work reported herein represents
one of the first experimental productions
of the cytoid body, a lesion whose nature
and pathogenesis have been the subject of
speculation for the past century. There
have been two earlier reports of the ex-
perimental production of the cytoid body
change. In 1962, Okun and Collins’ pro-
duced this change by photocoagulation of
the canine retina and choroid, but this
technique would render the analysis of the
pathogenesis of the process extremely dif-
ficult. In 1964, however, Gay, Goldor,
and Smith® created the cytoid body by
occluding the chorioretinal vasculature of
the canine eye by the injection of latex
microspheres. Manifestly, this study, pro-
viding clear evidence that cytoid body
lesions are secondary to nerve fiber isch-
emia, can be used as supporting evidence
for our postulated basis of the pathogene-
sis of the retinal lesion of oxygen toxicity.

Following is a condensed description of
the lesion to assure its identification, and
a discussion of its pathogenesis and thera-
peutic implications.

THE OcULAR LESION

The ocular lesion is found in the posterior
polar region of the retina, neighboring
and sometimes involving the margins of
the optic nerve head. In the latter location,
it resembles the pathologic picture of pap-
illedema,® except that commonly only one
margin of the papilla may be involved.
The lesion is focal, sometimes perivascu-
lar or paravascular, and characterized by
clusters of discrete globular and pyriform
bodies in the nerve fiber layer of the retina.
Strongly eosinophilic, these bodies display
no specific tinctorial or histochemical fea-
tures. A significant feature in some glob-
ules is the presence of a prominent, but
vaguely defined, moderately hematoxy-
philic central or eccentric body (pseudo-
nucleus). The bodies are unequivocally
related to swollen disrupted axones (Ca-
jal swellings), which can be visualized in
both hematoxylin—eosin and axone stains.
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In the latter, the termination of axones in
a bulbous enlargement surrounded by a
weakly argyrophilic zone of pseudocyto-
plasm is clearly demonstrable. An un-
usual and characteristic feature in these
lesions is the orientation of the Cajal swell-
ings. The bulbous severed end appears
always to face the periphery of the eye and
the tail of related axone to stretch toward
the optic nerve head. Wolter has described
this orientation as occurring in a minority
of these structures, thus furnishing evi-
dence of centrifugal fibers in the ret-
ina.®1°11 Necrosis of a few ganglion cells
may be found in association with the
cytoid body change; some cytoid bodies
lie deep in the nerve fiber layer or origi-
nate from dead neurones in the ganglion
cell layer, as described by Wolter.’* The
absence of changes in the visual cells of
the retina is a notable feature. The photo-
micrographs in Figure 1 demonstrate the
salient features of this lesion.

DiscussioN

In the past, studies regarding the effect of
oxygen toxicity upon the eye have been
largely limited to the work of Behnke,!?
Noell,’* and Beehler.***5 In 1932, Behnke
et al.*? observed in man a progressive con-
traction of visual fields and impairment of
central vision after exposure to 100%
oxygen at 3 ata for periods over 4
hours. More recently, Noell'? studied the
effect of oxygen toxicity on the retina of
the rabbit and found that despite the
avascularity of rabbit retina, the visual
cells were a sensitive target for the toxic
action of oxygen, with limits of tolerance
remarkably close to those reported herein.
An exposure to 100% oxygen at 3 ata
produced a maximal depression of the
electroretinogram after 3 to S hours; irre-
versible injury was regularly recognized at
S to 6.5 hours, and frequently with shorter
exposures. Hitherto, retinal separation has
been considered the most common mani-
festation of hyperoxic injury in the ca-
nine eye.!¢1®
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FiIGURE 1. (A) Canine optic papilla and bordering retina, Scattered globular bodies are present
in the nerve fiber layer. This change is not present on the opposite margin of the optic disc.
Holmes axis cylinder stain (¢ 30). (B) Retina adjacent to papilla shown in A. Numerous globu-
lar eosinophilic bodies are distributed at all levels in the nerve fiber layer. A hematoxyphilic pseu-
donucleus is visible in many of these cytoid bodies. The remaining layers of the retina are not
altered. Hematoxylin and eosin () 70). (C) Canine retina showing numerous cytoid bodies
in nerve fiber layer, many having a pyriform shape, with a short axonal tail extending from the
apex. All of these bodies are oriented in the same direction, with the axonal extensions directed
to the left, toward the optic nerve. Hematoxylin and eosin (3 70). (D) Retina showing in the
nerve fiber layer a perivenous edematous zone containing numerous globular cytoid bodies. A pseu-
donucleus is clearly seen in the body to the right of the vessel. Grossly this lesion would probably
have the appearance of a “soft exudate” or “cotton-wool spot.” In the absence of acute changes
affecting ganglion cells, the paucity of neurones in that layer (which varies greatly in the canine
retina) is not considered abnormal. Note the absence of changes in the visual cells. Hematoxylin
and eosin (X 70). (E) Canine retina with scattered interrupted axones having swollen terminal
bulbs (Cajal swellings) in the nerve fiber layer. Two of these appear to be derived from the gan-
glion cell layer. Again, all of these structures show a similar orientation, with the bulbous endings
directed to the right and away from the optic nerve head, which is to the left. This centrifugal orien-
tation has been observed uniformly in these experimentally produced axone lesions. Holmes axis
cylinder stain () 50). (F) Canine retina showing two centrifugally oriented Cajal terminal
swellings. The terminal bulb (black) shows the characteristic relationship to the pseudonucleus,
and the surrounding substance (grey) to the pseudocytoplasm of the hematoxylin and eosin stain.
Holmes axis cylinder stain (3¢ 280). (G) Canine retina showing two Cajal terminal swellings
which appear to be derived from necrotic ganglion cells. Again, their orientation is centrifugal,
with the optic nerve at the left. The pseudocytoplasmic features are clearly shown here. Holmes
axis cylinder stain () 175). (H) Canine retina with a periaxonal eosinophilic substance envelop-
ing a fiber which is tortuous, slightly swollen, basophilic, but not interrupted. This would appear
to represent one of the earliest recognizable stages of the cytoid body formation. Hematoxylin
and eosin (X 175). (I) Canine retina showing edematous nerve fiber layer with several cytoid
bodies. Just beneath the internal limiting membrane is an axis cylinder exhibiting the early
phase of development of a Cajal bulb and the surrounding eosinophilic substance. Just above a
ganglion cell is a more advanced cytoid body, again with an axonal extension. Between these
two cytoid bodies is another, in which a dumbbell-shaped pseudonucleus is seen. Hematoxylin
and eosin (X 175).
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The fact that this ocular manifestation
was observed in the dog is particularly
significant, the dog being the most com-
mon “proving ground” for therapeutic
procedures in the cardiovascular field.
Furthermore, the lesion has occurred after
OHP at pressures close to those now ap-
plied to man.

Aside from its relationship to hyper-
baric medicine, the discovery of this lesion
is an important event for investigative
ophthalmology, for it presents a means of
experimentally producing the cytoid body,
an entity of disputed pathogenesis. Once
the structural identity of the experimen-
tally induced and the naturally occurring
lesions was recognized, our next step was
to consider what our present knowledge
of the pathogenesis of the retinal lesion of
hypertension could tell us about the gene-
sis of the hyperoxic retinal lesion, and,
ultimately, about the basis of the toxic
action of oxygen. The work of Ashton on
the nature and pathogenesis of the cytoid
body®-*® was helpful in this regard. Using
flat preparations and trypsin-digested
specimens of retinas perfused post mortem
with india ink, Ashton was able to identify
and study cotton-wool spots which had
been observed during life. The failure of
the injection mass to reach the zone oc-
cupied by the cotton-wool spot, the pres-
ence of microaneurysms in the adjacent
vascular bed, the occurrence of mural
fatty changes, and the absence of endothe-
lial cells and pericytes in the vessels within
the lesion indicated that the patency and
integrity of function of the involved ves-
sels were doubtful. These studies pro-
vided cogent arguments favoring a vaso-
spastic and/or ischemic background for
the retinal lesion of hypertension.

The question was next posed whether
the same pathogenesis applies to hyper-
oxic retinal lesions. Despite the strong
vasoconstrictive reaction of the retina to
oxygen,'’-2! increased oxygen transport
in OHP may more than compensate for
reduced blood flow, as suggested by ob-
servations of the arterialized appearance
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of retinal veins,'*-** and by the prolonga-
tion of retinal function afforded by OHP
in retinal ischemia.?*>?®* Furthermore, the
retina is notably resistant to anoxia. Our
own studies of the protection afforded by
hyperoxia against anoxic sequelae of cir-
culatory arrest, reported at the same
time,** have yielded not a single instance
of anoxic retinal injury, even in the pres-
ence of severe brain damage. Still, the
possibility had to be considered that a
profound, prolonged, and excessive vaso-
spastic response to oxygen could produce
the paradoxical situation of localized
anoxia in the presence of an oxygen-rich
environment.

If the lesion has a vasospastic back-
ground, it would be reasonable to predict
that it should be readily prevented by an
elevation of pCO, with its vasodilating
action. Conversely, if the lesion results
from the direct toxic action of oxygen,
its onset should be accelerated and its
severity increased by the addition of CO,*
which would eliminate the possible pro-
tective constrictor vascular response to
hyperoxia, a mechanism postulated as
long ago as 1921.%¢ Studies probing this
question are summarized in Table 3.
These results strongly favor the existence
of a vasospastic mechanism for the pro-
duction of the retinal lesion.

The lack of parallelism between the
ocular and central nervous system mani-
festations of oxygen toxicity can be rea-
sonably explained by the following recog-
nized facts concerning the action of
oxygen and carbon dioxide at high partial
pressure: 2:2* (1) the retina, resistant to
anoxia, is vulnerable to hyperoxic injury
because of its strong vasospastic response
to oxygen; (2) protection against this
anoxic effect may be achieved by adding
CO, to the respiratory gas mixture; (3)
the brain, susceptible to anoxia, is vul-
nerable to hyperoxic injury through the
direct action of oxygen, and actually may
be protected by the physiologic autoregu-
latory response of its vascular bed to this
gas; (4) potentiation of the histotoxic ac-
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tion of oxygen upon the brain is produced
by the vasodilating action of CO., result-
ing in an elevated pO. in the central ner-
vous system; and (5) the absence or de-
layed onset of vasospastic injury to the
brain in OHP is postulated to be based
on the low degree of reactivity of the cere-
bral vascular bed.

To support the hypothesis in (5), a
different order of reactivity must be dem-
onstrated in the retinal and cerebral vas-
culature. There is abundant evidence of
the superiority of the peripheral vessels
over those of the central nervous system
in responses to vasoactive agents.*® 3"
Studies by one of us (G.M.), using di-
rectional shunting of roentgen contrast
agents and electromagnetic measurements
of blood flow, have demonstrated that
when one vascular bed is pitted against
the other the vessels of the central nervous
system play an essentially passive role,
with their primary responses being readily
overridden and reversed by the more pow-
erful reactions of the peripheral vascula-
ture.**-** In view of this lower order of
reactivity of the cerebral vascular bed, its
constrictor response to hyperoxia would
be unlikely to be strong enough and sus-
tained enough to result in focal ischemic
anoxia.

The significance and even the existence
of retinal vasospasm has long been de-
bated.** The previously quoted studies of
the physiologic responses of retinal vas-
culature to variations in inspired oxygen
and carbon dioxide,’"** plus Byrom’s
studies on the pathogenesis of hyperten-
sive encephalopathy,®® have erased all
doubt regarding the high reactivity of
these vessels. We know of only a few
studies which permit a comparison be-
tween the reactivity of the retinal vascular
beds and that of the cerebral vascular
beds. Hickam er al.*® 3" have shown that
with advancing arteriosclerosis a parallel
impairment of reactivity occurs in both
of these vascular beds. Byrom’s stud-
ies?- 3* demonstrated a strong spastic re-
sponse in both trees in the presence of
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severe elevations of blood pressure. Fray-
ser and Hickam*' concluded that the re-
activity of the retinal vessels to both oxy-
gen and carbon dioxide was greater than
that of cerebral vessels. Porsaa* has pub-
lished an extensive review of the older
literature concerning retinal vasomotor
activity and has reported his own inten-
sive study of the effects of pharmacologic
agents, variations in systemic blood pres-
sure, and changes in intracranial pressure
upon the caliber of the retinal vessels of
the cat. As a result, he concluded that
“retinal arteries . . . and those of the
brain . . . in all respects behave physio-
logically alike” but did not himself make
parallel observations between these two
vascular beds. The recent studies of
Lende and Ellis** ' were concerned par-
ticularly with the spasmolytic effects of
pharmacologic agents. Studies of dynam-
ics of retinal blood flow, using a fluores-
cent indicator* * and measurements of
retinal venous blood oxygen saturation,*’
and the possible use of reflective densi-
tometry to measure ocular blood flow and
volume** under conditions of chronic hy-
peroxia could add critically needed in-
formation in this area of incomplete
knowledge. Studies based on our own ex-
perimental model, pitting the cerebral and
extracerebral vascular beds against each
other,**- 3* could be readily adapted to the
pursuit of this knowledge.

An important therapeutic lead is sug-
gested by these studies. Two distinct
mechanisms of hyperoxic injury appear
to be operative, and therapy directed to-
ward the protection from one may po-
tentiate the other. Thus, these findings
complicate rather than simplify the prob-
lem of the treatment of oxygen toxicity.
To obtain maximum protection from the
toxic effects of oxygen it may, therefore,
be necessary to use a double-barreled
therapeutic approach. Conceivably, if an
effective prophylactic is developed against
the direct histotoxic effects of oxygen, car-
bon dioxide may be needed in the respira-
tory gas to protect the eye from the vaso-
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constrictor action of oxygen. It is theo-
retically possible, however, that a single
agent may inhibit the eye lesion without
accelerating or accentuating brain dam-
age. Our own limited trials of chlorpro-
mazine (based on earlier studies of
Bean'?), if confirmed by extended studies,
would point to this likelihood. Tranquil-
izers, because of their dual inhibitory ef-
fects upon vascular smooth muscle** and
upon neurone function, might theoreti-
cally be expected to exert a dual protec-
tive action against the toxic action of
oxygen.

SUMMARY

A characteristic ocular injury is described
in dogs as the earliest irreversible mani-
festation of oxygen toxicity. This injury
is manifested as a focal lesion in the nerve
fiber layer of the retina, comparable to the
microinfarcts associated with retinal vas-
cular disease in man, and featured by the
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cytoid body change. Protection from this
injury is achieved by adding carbon di-
oxide to the respiratory gas mixture. This
observation, and the pathologic features
of the lesion, support the interpretation
that the injury has a vasospastic back-
ground. The protective effect of carbon
dioxide for the retina is compounded by
the acceleration and intensification of cen-
tral nervous system effects of oxygen tox-
icity. Thus, two distinct mechanisms of
hyperoxic injury appear operative—one
vasospastic, and the other histotoxic—and
therapy directed toward protection from
one may potentiate the other. The prob-
lem of the therapy of oxygen toxicity
may, therefore, be more difficult than
hitherto considered. It is conceivable that
a double-barreled therapeutic approach
may be required, in which CO, may be
prerequisite for the protection of the eye.

(A preliminary report of this work has
recently appeared elsewhere,*® and a more
detailed report of the pathologic features
of the lesion is in preparation.®?)
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DISCUSSION

Dr. E. J. BURGER (Boston, Mass.): 1 have
just a couple of points upon which I would
appreciate your comments. Dr. Noell (in
Schaefer, K. E.: Environmental Effects on
Consciousness, Macmillan, New York, 1962,
pp- 3-18) chose rabbits for his experiments
on the effect of oxygen on the eye because
the rabbit lacks a retinal blood vessel sys-
tem and the retinal nutrition seems to be
entirely from the choroidal vasculature. The
point of all this is that the rabbit pre-
sumably could not suffer from a disease
like retrolental fibroplasia, which originates
from changes in vascular caliber in the
presence of high oxygen tensions, but does
show apparent direct toxic changes among
visual cells. My first question is whether
the dog retina resembles our own or that
of the rabbit in terms of vascular supply.

Dr. MarcoLis: To answer this question
graphically, Figure 1 shows three beautiful
examples of capillaries in the nerve fiber
layer. This is an injection preparation, so
that the capillaries stand open. You can see
other injected capillaries in the ganglion cell
layer and elsewhere, which helps differentiate
between the vascular pattern of the canine
and rabbit retina. According to Dr. Noell’s
studies (and I believe he will verify this)
the visual cell is the critical site for oxygen
toxicity in the rabbit.

Dr. BURGER: He also observed that by in-
creasing the partial pressure of oxygen and
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FiGURe 1. Normal retina of dog ()< 188, hema-
toxylin-eosin). The capillary network is par-
ticularly well shown in the ganglion cell layer.

by prolonging the duration of exposure, the
retinal lesion appeared to proceed from
the area of the macula outward toward the
periphery. Was this your experience?

Dr. MarcoLis; We have seen enough to
suggest that it is most commonly demon-
strated early around the optic nerve head in
the posterior polar region. I believe this is
somewhat comparable to his studies, and
when the process advances, we find that it
spreads toward the retina. It sometimes ex-
tends into the optic nerve head, but this
is rare. I think that he also demonstrated
a depression of electroretinographic activity
in the rabbit after about 4 hours (the same
time at which we observed the canine le-
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sion), with a permanent depression after
5% to 6 hours. Dr. Behnke has shown that
in man, after the same time under the same
conditions of exposure to hyperoxia, there
is constriction of the visual field and also
diminution of visual acuity. How closely
this time corresponds to the critical toxic pe-
riod in man makes me shudder,

DRr. BURGER: One final point is worth mak-
ing. This is a reminder that in a recent
series of experimental human exposures to
100% oxygen at low ambient pressures for
varying times, photographs of the fundi
showed some striking constrictive changes
in vascular caliber. It would seem that this
might have contributed to the picture you
have described. 1 am puzzled by your dis-
tinction in terms of vascular reactivity to
oxygen between cerebral and retinal blood
vessels.

Dr. MarcoLis: [ think this whole problem
needs to be studied a little bit more. I
would like to show these illustrations in the
hope of stimulating people to study this
problem more thoroughly. I have long been
impressed with the tremendous reactivity of
the vessels of the eye. These cerebral angio-
grams of the dog, made by injecting the
common carotid artery with 4 ml of 70%
Hypaque, illustrate how well one can demon-
strate the various phases of circulation in
the canine eye, and how this technique might
afford an interesting model for further study.

FiGure 2. Cerebral angiogram in the dog, arte-
rial phase. The ophthalmic arterial flow is
clearly seen, and the globe is beginning to be
outlined by the injection of its intrinsic arterial
bed. The relatively inconspicuous component
of intrinsic cerebral circulation is notable in this
series.
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Figure 2 shows the arterial flow to the eye.
Figure 3 shows the optic globe outlined like
a pale moon by the choroidal, and possibly
the retinal, capillary circulation. Finally, in
Figure 4 the venous return from the eye
is demonstrated, with the choroidocapillary
phase still evident, after the venous phase
of the cerebral circulation has passed. In
studies we have just begun at Dartmouth,
it can be demonstrated that these circulation
rates may be strikingly altered by the use
of vasoactive substances. As yet, we are
unable to draw any direct conclusions about
differential reactivity of retinal and cerebral’
vascular beds to variations in blood gases.
We hope that such approaches will supple-
ment information obtained from direct ob-
servations of the retinal responses to hyper-
oxia.

DRrR. B. ANDERsON, JR. (Durham, N. C.):
1 would like to ask Dr. Margolis if these
animals convulsed and if, during the con-
vulsion, they became anoxic. We have seen
cotton-wool exudates in humans after hemor-
rhagic shock, and I, too, would believe this
may be an ischemic lesion. The reactivity
of the retinal vessels is well known, and
perhaps there is evidence that the smaller
the vessel the more constriction you get
with high oxygen tensions (Lancet 2:291,
1964). I wonder if you would comment on
that.

DR. MarGoLIs: In some of these experi-
ments convulsions were deliberately elimin-
ated by an Anectine drip. I do not know

FiGURE 3. Capillary phase of cerebral angio-
gram in the dog. Injection of the choroidal and
retinal vascular beds clearly outlines the globe
against background structures.
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Ficure 4. Late venous phase of cerebral angio-
gram in the dog. The globe is still outlined,
but the large, opacified venous channel drain-
ing the eye is the outstanding feature. The
venous phase of the cerebral blood flow is not
evident at this time,

whether this has been completely covered,
but certainly it appears significant. Perhaps
Dr. Brown, who is actually running the ani-
mal chambers here, or one of his team,
could comment on a more informed basis.

Dr. G. Moor (Durham, N. C.): The ani-
mals in 100% oxygen did have convulsions.
I cannot vouch that they were not hypoxic
for short periods during convulsion. The
animals with the additional carbon dioxide
were on a mechanical respirator with an
endotracheal tube. The ones anesthetized
with Nembutal did not have seizures, and
I could say that they were not anoxic. The
ones anesthetized lightly with Brevital and
Anectine all convulsed within 30 minutes.
They were also on a mechanical respirator
and were not anoxic. All of these animals
with the additional carbon dioxide were
severely damaged.

Dr. MARrGoLIs: Severely neurologically im-
paired?

Dr. Moor: Yes, sir.

DRr. MARGOLIS:
retinal damage?

But they did not exhibit

Dr. Moor: That is correct.

Discussion

Dr. W. 1. HoPkiINsON (Sunninghill, Ascot,
England): I would like to ask if you have
examined the lens and ciliary body in your
experimental animals? Both Dr. Slack of
Whipps Cross Hospital and I have observed
changes in vision in patients exposed to
hyperbaric oxygen. In the two cases, there
was a change toward what was considered
to be presbyopia. The first patient had had
60 hours of exposure at 2 ata spread over
3 weeks. Although the change was quite
marked, it was comparatively short-lived,
and the visual acuity returned to normal in
about 3 weeks. A similar effect occurred in
a second patient with 31 hours of treat-
ment spread over 3 weeks. This man was
initially myopic and after hyperbaric treat-
ment required new spectacles. About 3 weeks
later his vision returned to its normal myopic
state. No fundal abnormality was found in
either case. 1 wonder if anybody here has
similar observations and perhaps has ex-
amined the lens, as this effect appears to
be of lenticular rather than retinal origin.

Dr. MARGOLIS:
briefly—no.

I can answer that very

DRr. D. G. McDowaLL (Glasgow, Scotland) :
I would like to make an anesthetist's com-
ment which may or may not be helpful. I
think Anectine is a trade name for suxa-
methonium, and there is some recent evi-
dence that suxamethonium increases the eye
blood flow. This is based on some evidence
on intraocular pressure even after the sup-
pression of muscle fasciculations.

Dr. G. G. NaHAs (New York, N. Y.): This
very beautiful work was interesting to us
because we made similar observations in the
paralyzed, mechanically ventilated monkey.
This antagonistic action of carbon dioxide,
beneficial to the retina and yet deleterious to
the brain, is certainly perplexing. We at-
tempted to approach it by associating ad-
ministration of carbon dioxide and of THAM
at the same time. By this method, one main-
tains a normal pH, or an elevated pH and
elevated pCO, at the same time.
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Selective central nervous system (CNS)
lesions have been produced in rats exposed
daily to 1 hour of oxygen at 57 psig until
they developed limb paralysis.® These
lesions have two morphologic patterns:
Type A, random necrosis of individual
neurons within generally preserved nuclei,
and Type B, necrosis of large parts of, or
entire, nuclear groups with involvement of
axons, myelin, and glia within the nuclei.
The Type B lesions are always accompa-
nied by pallor and cystic changes inter-
preted as edema. The two types have dis-
tinctive distributions within the CNS.
Type A lesions are found principally in
the spinal cord, hindbrain, and midbrain,
consistently involving the medial anterior
horn cells, the superior olivary complex,
the ventral cochlear nucleus, and the nu-
cleus of the spinal tract of the fifth cranial
nerve. Type B lesions occur chiefly in the
midbrain and forebrain, constantly affect-
ing the substantia nigra and globus palli-
dus but frequently involving specific areas
in the olfactory brain and thalamus. The
cerebral peduncles are damaged where
they are contiguous with massive necrosis
of the substantiae nigrae in many animals,
suggesting a correlation with the paralysis.
The lesions differ in either type or distri-

bution from those of generalized cerebral
ischemia, cerebral hypoxia, and decom-
pression illness.

The purpose of our study was to deter-
mine the influence of anesthetic dosages
of pentobarbital sodium on the occur-
rence and distribution of the CNS lesions
induced by oxygen at high pressure
(OHP).

MATERIALS AND METHODS

The same hyperbaric chamber used in the
previous study® was employed. The cham-
ber operations were identical® except that
the ventilation rate was increased to 18-20
liters/min. Oxygen tensions from the out-
flow valve were measured on an Instru-
mentation Laboratory gas analyzer (which
was used for all gas determinations) after
flushing the chamber and prior to each
compression, and these values were found
to vary from 703 to 712 mm Hg. Carbon
dioxide tensions were measured during
and at the end of each exposure and were
always zero.

Forty white female rats of the Osborne-
Mendel strain weighing 160-175 gm were
divided into two groups of 20 and each
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was exposed to 57 psig of oxygen for 1
hour on consecutive days until limb paral-
ysis developed. From 30 to 60 min prior
to exposure, each was anesthetized with
6-6.5 mg (34-41 mg/kg body weight) of
pentobarbital sodium administered intra-
peritoneally. Animals awakening during
exposure (16) or dying before paralysis
occurred (7) were eliminated from the
study. Three paralyzed rats were omitted
because of incidental CNS lesions, leaving
a final basis of 14 animals reaching the
experimental end-point and hence suitable
for histologic study. They were sacrificed
from 6 to 120 hours after their last expo-
sure. Five control rats of the same speci-
fications as the experimental animals were
anesthetized in a similar manner on 3
consecutive days and were sacrificed 72
hours after the last day.

The method of sacrifice by perfusion
with Susa’s solution and the histologic
techniques were identical to those previ-
ously described.! Sections of brain were
taken at 70- to 200-. intervals serially
and sections of spinal cord at every 300
to 400 n. All sections were stained using
Luxol fast blue with hematoxylin and
eosin.

RESULTS

The onset of paralysis in the 14 experi-
mental animals occurred after the first ex-
posure in six rats, after the second in six
rats, and after the third in two rats. The
mean onset of paralysis was at 1.71 ex-
posures. All rats had CNS lesions identical
in character to those described as Type A
in the previous work,! i.e., random necro-
sis of neurons within generally preserved
nuclei (Figure 1). Two animals had Type
B lesions, i.e., necrosis of large portions
of (or entire) nuclear groups with involve-
ment of axons, myelin, and glia within the
nuclei (Figure 2). No white matter lesions
were present.

The distribution of CNS lesions in the
unanesthetized group from the previous
study? is given in Figure 3. Figure 4 shows
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FiGURe 1. Type A lesion: random necrosis of
individual neurons (arrows) in the nucleus of
the spinal tract of fifth cranial nerve. Luxol
fast blue with hematoxylin and eosin (X445).

the distribution of CNS lesions in the
anesthetized group from the present ex-
periment. Comparison of the two figures
reveals that the Type A lesions in both
groups have a similar distribution. Type B
lesions were found only in the pericentral
grey matter of the cervical spinal cord in
the animals from the anesthetized group.
The five control animals remained
anesthetized 2-5 hours each day and
demonstrated no CNS lesions.

DiscussioN AND CONCLUSIONS

This investigation establishes the presence
of selective CNS lesions in rats anesthe-
tized with pentobarbital sodium and para-
lyzed by repeated 1-hour exposures to
oxygen at 57 psig. The mean onset of
paralysis was potentiated in the anesthe-
tized rats (1.71 exposures) when com-
pared to that of the unanesthetized rats
(5.375 exposures), confirming the find-
ings of van den Brenk and Jamieson.?
The rare occurrence of Type B lesions
in the anesthetized animals may be re-
lated to the shorter total exposure time in
this group, since it has been suggested in
the previous investigation that Type B
lesions occur later than do Type A.* The
presence of Type B necrosis in the spinal
cord in the present study points to a
possible regional exception to this rule.
Although the Type B lesions were rare in
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FIiGURE 2. Type B lesion: necrosis of pericentral grey matter of spinal cord (arrows) at the level
of the cervical enlargement. Axons, myelin, and glia in the area are destroyed as well as neurons.
The lesion is accompanied by pallor and cystic changes interpreted as edema. Luxol fast blue
with hematoxylin and eosin ()¢25.7).
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FicUure 3. Distribution of CNS lesions in unanesthetized rats daily exposed for 1 hour to oxygen
at 57 psig until the onset of paralysis. Rat brain model, sagittal plane. Type A lesions, random ne-
crosis of neurons in generally preserved nuclei; Type B lesions, necrosis of all or large parts of
nuclear groups with frequent involvement of axons, myelin, and glia within the nuclei; damage to
myelin, demyelination with preservation of axons in white matter contiguous with massive neuronal
necrosis.
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FIGURE 4. Distribution of CNS lesions in anesthetized rats daily exposed for 1 hour to oxygen at
57 psig until the onset of paralysis. Rat brain model, sagittal plane. See Figure 3 or text for de-
scription of lesions. Note rare occurrence of Type B lesions and absence of damage to white matter.

the anesthetized group, Type A lesions
were enhanced, as indicated by the fact
that they did not appear until after the
third exposure in unanesthetized rats.!
The occurrence of CNS lesions in the
unanesthetized rats exposed to OHP
clarifies the pathogenesis of the oxygen-
induced lesions only to the extent of dem-
onstrating that they are not dependent
upon prior convulsive episodes. The po-
tentiating effects of pentobarbital anes-
thesia on the delayed CNS signs and the
Type A lesions of oxygen toxicity remain
unelucidated. Carbon dioxide retention
resulting from impaired ventilation during
anesthesia has been suggested,’-? but this
may be an oversimplification of the matter
in view of the complex biochemical
changes in the CNS associated with bar-

biturate anesthesia and with OHP.** Pos-
sibly both have similar influences on some
phase of cellular metabolism that may be
additive in producing a toxic effect. For
example, both have been shown to inter-
fere with adenosine triphosphate produc-
tion.3-*

A correlation between damage to the
cerebral peduncles and the limb paralysis
was suggested in the study of the unanes-
thetized rats.' The present investigation
detracts from the likelihood of this cor-
relation unless a preceding phase of func-
tional paralysis is postulated. Perhaps
stronger consideration should be given to
the possibility that the paralysis is pro-
duced by selective lower motor neuronal
necrosis, which has been consistent in
both studies.
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DISCUSSION

Dr. J. W. BEaN, Session Chairman (Ann
Arbor, Mich.): To me this is quite interest-
ing because some years ago we did some
studies on the central nervous system (Proc.
Soc. Exp. Biol. Med. 55:20, 1945) and
found there was a good deal of damage done,
such as perivascular edema, anemic necrosis,
and degeneration in the CNS among other
things. Did you find some?

DR. BaALENTINE: We could not readily
identify or evaluate edema because the ani-
mals were perfused with fixative. In fact,
the evaluation of edema is a great problem
in the whole area of neuropathology. We can
state, I think, that the type B lesions are
associated with some change that may be
reasonably interpreted as edema because of
the pallor and cystic changes that are dis-
cretely localized to the area of necrosis. No
discrete pallor of this sort was seen in the
absence of necrosis. The perfusion artifact
tended to be patchy, diffuse, and not sym-
metrically localized to certain areas.

DRr. H. A. S. VAN DEN BRENK (Melbourne,
Australia): I would like to ask two ques-
tions. First, did you notice any change or
any difference between the symptomatology
of the animals that had the barbiturate and
the ones that did not? And second, did you
notice whether there was any improvement
in the paralysis of the animals observed for
some time afterwards? In our work, we
did notice some improvement of paralysis
and considerable recovery in the animals

that were less severely paralyzed. Had you
made histologic observations on this?

DRr. BALENTINE: In both groups, the ani-
mals were sacrificed very soon after the
onset of the end point, so I can say nothing
as to the permanency of the paralysis. We
have had some animals with this model that
have survived 6 months with no significant
improvement of their paralysis. The only
sign that we followed consistently was the
paralysis. We did observe other signs be-
tween exposures, such as hyperexcitability,
ataxia, spasticity, and rigidity, but we made
no effort to compare these signs in the two
groups or to correlate them with histologic
findings.

Dr. BEAN: Dr. Edstrom corresponded with
us some years ago when he was interested
in some work we did, and he claimed he
could not find any lesion whatsoever except
some very slight swelling of nuclei, an in-
creased nucleolar size in the stellate ganglion.
Dr. Balentine's paper is particularly inter-
esting to me because it brings out one of
the points which I think has been neglected—
that is the possibility that permanent lesions
can occur in the central nervous system
under these conditions. Now, Dr. Jamieson
and Dr. van den Brenk were the first
investigators that I recall who found per-
manent lesions in these animals. What also
interested me in this paper was the differ-
ence between the effects of pentobarbital
and the other anesthetics. I have been under
the impression that, clinically, anesthesia of-
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fered a great advantage in relieving oxygen
toxicity. Now, we have heard evidence that,
in certain circumstances, the anesthesia prob-
ably enhances this toxicity. Is this correct?

DRr. BALENTINE: The pentobarbital anes-
thesia does potentiate the onset of paralysis
and the type A lesions, and the absence of
the second type of lesion may be related to
the short exposure time in the anesthetized
group. It is of interest that Dr. Gutsche and
myself have been engaged in drug studies
concerning the effects of certain drugs on
mortality and morbidity of the same type
of rat, and we were relatively unsuccessful
at producing signs of CNS toxicity both in
rats sedated with one-half the dosage of
pentobarbital and in rats on Librium. We
carried four rats to 22 exposures on Librium
without producing any signs; 1 looked at
two of these in relative detail and have found
no lesions. So this again presents the prob-
lem of dosage as far as drugs are concerned.

Dr. BeEaN: Speaking of permanency, some
of the rats I used were observed for 18

Discussion

months and there was no recovery evident
whatsoever.

Dr. G. Marcoris (Hanover, N. H.): 1
would like to make a comment. Dr. Balen-
tine’s studies and his own statements perhaps
underestimate the role of carbon dioxide,
but I think all of these things that we talked
about, taken together, could indicate a
greater influence of carbon dioxide. This
gas would act by relieving whatever vaso-
constrictive action is produced by oxygen
in the nervous system. The topography of
these lesions certainly suggests to me a direct
histotoxic effect. We have found that multi-
ple exposures also produce neurologic dam-
age, even though they were terminated
immediately at the onset of convulsions. In
one study, we exposed a series of animals
up to 22 times, and during each exposure
a convulsion occurred. These animals some-
times developed the cytoid body change, at
other times a definite destruction of the
myelin in the optic nerve, and, occasionally,
neuronal necrosis within the deep centers of
the brain.
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Reports in the literature vary widely as to
the time during which oxygen at normal
and increased atmospheric pressure is
tolerated. Gillen! found that some healthy
young males suffered convulsions within
30 min of oxygen inhalation at less than
3 ata; in contrast, Schwartz? reported an
absence of apparent oxygen toxicity in
patients exposed to 100% oxygen at 4
ata for up to 130 min. Other reports also
seem to disagree with one another.* It
may be that only small differences in the
condition of man or animal or in the cir-
cumstances of the observation result in
great differences in real or apparent oxy-
gen tolerance. Some workers are even so
pessimistic as to imply that the neuro-
logic hazards of high pressure oxygen
overshadow its benefits and that hence
its ultimate therapeutic value is almost nil.

Our clinical and experimental experi-
ence, however, suggests OHP to be a rela-
tively safe therapeutic tool. Exposure to
oxygen at 3 ata for 2 hours (compression
and decompression time included) seldom
had adverse effects, although occasionally
oxygen treatment had to be stopped
earlier. Bean' has raised the question
whether some data concerning the thresh-
old and tolerance of man to oxygen are

thoroughly reliable; he suggests that be-
cause of an absence of rigid controls the
subjects may actually inspire oxygen in
concentrations appreciably different from
those supposed. His point is well taken:
in most of our patients, we had no figures
of the real oxygen tensions, and the same
applies to many of the figures reported in
the literature.

Our knowledge of what happens at 3
ata during oxygen treatment is very lim-
ited. To select a uniform exposure time of
2 hours is actually somewhat arbitrary;
for some patients this is too long, but for
others a much longer exposure may effect
no harm to brains and lungs and have
great value in the management of the dis-
ease under treatment. In a number of
experiments, we exceeded the exposure
time of 2 hours in order to determine the
effect of long-duration oxygen trcatment
under special conditions—for, in selected
cases, prolonged oxygen therapy could
prove to be life-saving if oxygen toxicity
were not too great a hazard. The time
limits for OHP might be more easily de-
fined if more experimental and control
data were available.

The purpose of our investigation was to
find answers to the following questions:

151
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(1) After how much time does hyperoxic
anoxia occur during oxygen ventilation at
3 ata? (2) After how much time does so
much pulmonary damage occur that it
results in a drop of arterial pO.,? (3)
What is the biochemical response to ex-
tended oxygen ventilation at 3 ata?

METHODS

Dogs weighing 13-26.5 kg were anesthe-
tized with kemithal and injected with 0.5
mg atropine and 50 mg succinylcholine.
Artificial ventilation was begun with air,
using a semiclosed system without CO,
absorber. A constant level of anesthesia
was maintained by frequent injections of
small doses of Nembutal. The ventilation
was standardized with a high and constant
gas flow and a constant inspiratory period
occupying 40% of the cycle. The fre-
quency of ventilation was 18-20 respira-
tions/min. The femoral artery was cannu-
lated for pressure recording and blood
sampling, using a pressure transducer.
The pressure recording was made inside
the high pressure chamber; the left femoral
vein was cannulated for blood sampling
at the level of the bifurcation and for
blood replacement. Electroencephalogram
and electrocardiogram were monitored
continuously and a recording made every
5 min. Six experiments were performed
inside a high pressure chamber. Artificial
ventilation was started with air. Fifteen
minutes after cannulation, arterial and
venous samples were drawn for determi-
nation of pH, bicarbonate, pCO,, potas-
sium, hematocrit, blood glucose, and lactic
acid (pyruvic acid and fatty acids were
also measured but the results of these ex-
periments will be discussed separately).
After the samples had been drawn,
oxygen ventilation was substituted for air
ventilation; 15 min later samples were
drawn again. Subsequently, the pressure
in the chamber was raised to 3 ata, oxygen
ventilation was continued, and arterial
and venous samples were drawn after
each half hour. In five cases, decompres-
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sion was started after a 4-hour stay at 3
ata. Ten minutes after decompression,
blood samples were drawn again; finally,
air ventilation was substituted for oxygen
ventilation, and, after 15 min of this,
samples were drawn and the experiment
was terminated. Three control experi-
ments were performed with oxygen venti-
lation at 1 ata. Finally, one cxperiment
was performed with oxygen ventilation at
3 ata for 8 hours.

All animals were slightly hyperventi-
lated. The anesthetic level was kept con-
stant at a rather deep level. The response
in dogs with light anesthesia and high
CO. levels will be discussed in a separate
study. We tried to keep the temperature
at a constant level by covering the animal
with sheets, preventing spontaneous cool-
ing. Levels of pH, pCO,, and bicarbon-
ate were determined using the Astrup ap-
paratus. Potassium values were measured
using a flame photometer, and lactic acid
levels in the blood were determined by a
modification of the enzymic method of
Hohorst. Oxygen tensions were measured
polarographically on the Astrup appara-
tus. Glucose determinations were per-
formed using a glucose oxidase method.

All determinations were performed on
decompressed samples.

RESULTS

Four Hours at 3 ata

None of the animals subjected to hyper-
ventilation and deep anesthesia for 4
hours at 3 ata suffered convulsions. In
contrast, other experiments using light
anesthesia have shown us that oxygen
ventilation at 3 ata, especially when the
CO, level in the blood is high, usually
results in convulsions within 45 min.
Occasionally, spike potentials that some-
times precede convulsions were observed
after 90—150 min at 3 ata.

In five experiments carried out at 3 ata,
one animal was sacrificed at the end of
the experiment; of the four remaining
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animals, one which had been used 3 days
earlier for another experiment died from
pulmonary complications; the three others
were long-term survivors and were sacri-
ficed after several weeks. Two of the
three control animals tolerated the pro-
cedure well; the third died at the end of
the experiment because of mechanical
failure of the respirator.

Oxygen Tensions. The average arterial
oxygen tension (Table 1, Figure 1) in
Cases 1, 2, 3, 4, and S rose from 90 to
550 mm Hg when air ventilation was re-
placed by oxygen ventilation. At 3 ata,
the average values stayed between 1598
and 1684 mm Hg; after decompression,
the values dropped to precompression
values. Also, the control arterial oxygen
tensions were relatively constant during
the procedure. The venous oxygen ten-
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sions rose to rather high levels in several
instances shortly after compression; usu-
ally this rise was followed by a sudden
drop to levels that were still significantly
above the precompression values. These
changes occurred without changes in ven-
tilation and without changes in the posi-
tion of the cannula. The average venous
pO. during oxygen ventilation at 1 ata
was 44 mm Hg. At 3 ata, this value
ranged from 255 to 97 mm Hg. In the
control experiments, the venous oxygen
tensions stayed at constant levels; the
average values during oxygen ventilation
ranged from 69 to 46 mm Hg.

Lactic Acid. After the start of compres-
sion to 3 ata, the lactic acid level (Table
1, Figure 2) usually dropped rapidly and
stayed at a low level during the entire
4-hour period of oxygen ventilation at 3
ata. After decompression, there was a
rise to the precompression values. The
arteriovenous differences were small and
rather constant during the whole pro-
cedure. In the controls, the lactic acid
levels dropped gradually during the pro-
cedure, and after 4 hours they were at
the same level as in the high pressure
group, despite the fact that they had been
higher at the start of the experiment. In
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TABLE 1. The Effect of 3 ata Oxygen on Canine Arterial and Venous Blood Parameters ¢
Before O, at 3 ata (compared with After
Parameter studied compression controls at { ata O:) decompression

Air O:15min 60min 120 min 180 min 240 min  O. 10 min  Air 15 min

pO: (mm Hg) Experimental 90 550 1598 1618 1614 1684 514 91

Aorta Control 100 560 543 553 553 560 — 120
pO: (mm Hg) Experimental 40 44 255 135 97 172 41 32
LV.C. Control 53 69 53 46 50 46 — 35
Lactic acid (mg%) Experimental 23.3 238 13.4 12.3 12.8 12.1 24.5 24.8
Aorta Control 27.3 34.8 37.2 26.3 18.3 13.7 — 8.0
Lactic acid (mg%) Experimental 22,1 24.0 12.2 12.1 13.7 119 26.2 26.4
LV.C. Control 28.8 36.3 39.5 30.0 21.0 16.5 — 11.2
pH Experimental ~ 7.51 7.47 7.33 7.35 7.37 7.36 7.53 7.49
Aorta Control 7.49 7.55 7.60 7.62 7.65 7.67 — 7.64
pH Experimental 744 7.41 7.28 7.26 727 7.26 7.41 7.42
LV.C. Control 7.47 7.51 7.52 7.53 7.58 7.59 — 7.60
pCO: (mm Hg) Experimental 28 26 46 44 43 44 24 28
Aorta Controt 33 25 22 20 20 18 — 18
pCO: (mm Hg) Experimental 34 35 61 59 58 64 36 38
LV.C. Controt 34 29 28 28 26 24 — 21
HCO, (mEgq/L) Experimental 206 19.2 23.4 23.3 233 23.3 18.3 19.7
Aorta Control 23.4 21.1 20.1 19.8 20.1 19.5 — 17.5
HCO: (mEq/L) Experimental 2 g 21.0 26.1 25.5 26.0 26.7 21.8 21.9
LV.C. Control 23.6 21.9 21.7 22.3 219 20.8 — 18.6
Glucose (mg%) Experimental 92 88 87 80 80 94 91 93
Aorta Control 86 86 89 107 76 78 — 99
Giucose (mg% ) Experimental 86 83 85 78 7S 92 79 82
LV.C. Control 84 81 91 94 77 77 —_ 93
Potassium (mg%) Experimental 2.7 2.5 2.9 3.1 3.3 1.5 3.3 30
Aorta Control 26 26 2.4 23 2.4 2.4 - 2.2
Potassium (mg%) Experimental ;¢ 2.6 29 3.2 34 3.7 33 3.2
LV.C. Control 3.0 2.6 24 2.4 24 2.4 —_ 2.4
Hematocrit Experimental 49 49 50 49 51 52 52 52
Aorta Control 50 50 50 50 52 52 — 52
Blood press. (mm Hg) Experimental {93 166 169 168 166 171 140 139
Systolic Control 143 147 149 148 148 148 — 150
Blood press. (mm Hg) Experimental 130 118 130 129 125 127 98 97
Diastolic Control 13 116 111 116 116 120 — 95
Pulse rate Experimental 168 150 135 130 117 133 178 168

(per min) Control 179 173 172 168 179 183 _ 180

L.V.C,, inferior vena cava.

¢ Experimental values represent the averages of data from five dogs exposed to oxygen at 3 ata; control values are the averages of data from
three animals given oxygen at normal atmospheric pressure.
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almost all cases, the venous level was
slightly higher than the arterial.

Levels of pH, pCO,, and HCO;~. The
levels of pH, pCO,, and HCO;~ are shown
in Table 1 and Figures 3-5. After com-
pression to 3 ata, the average arterial pH
(Table 1, Figure 3) dropped from 7.47
to 7.32-7.33 and stayed rather con-
stantly at this level. The same was true
for the venous pH; this dropped from
7.41 to 7.25. After decompression, the
pH values rose to 7.53 for arterial blood
and 7.41 for venous blood. In the con-
trols, the pH values remained significantly
higher during a long procedure.

The average arterial pCO, (Table 1,
Figure 4) rose from 26 mm Hg before
compression to 45 mm Hg after 30 min
at 3 ata. During 4 hours, only very small
changes occurred. After decompression,
the pCO, dropped to 24 mm Hg. The
comparable figures for the venous pCO,
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FiGURE 5. Bicarbonate levels during oxygen
ventilation at 3 ata for 4 hours.

were 35, 57, and 36 mm Hg. In most of
the controls, the pCO, values were lower
than 35 mm Hg and the arteriovenous
differences were smaller than at 3 ata.

The bicarbonate (Table 1, Figure 5)
rose slightly after compression to 3 ata,
dropping after decompression. This did
not occur in the control group.

Glucose. In Cases 2, 3, and §, the glu-
cose levels (Table 1, Figure 6) were
rather constant during the whole pro-
cedure. In Case 1, the arterial glucose
level rose from 107 mg% before com-
pression to 124 mg% after 90 min at 3
ata; thereafter there was a sudden de-
crease. In Case 4, a gradual and con-
tinuous rise was seen during the whole
experiment. Also, in one control (Case
8) a sudden drop occurred after 2 hours
of oxygen ventilation; the other figures
were at a constant level.

The potassium levels (Table 1, Figure
7) in the chamber group showed a slight
continuous rise from 2.5 mEq/liter be-
fore compression to 3.5 mEq/liter after
4 hours at 3 ata. In the controls, the
potassium stayed at a constant level. The
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FiGURe 6. Glucose levels during oxygen ven-
tilation at 3 ata for 4 hours.
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hematocrit levels were constant in dogs
treated in the chamber as well as in con-
trol animals. Also, the blood pressures
were rather constant in chamber and
control animals (Table 1). The pulse
rate dropped during the period at 3 ata.

Eight Hours at 3 ata

One animal (Case 9) was subjected to 3
ata for 8 hours, during which time no
convulsions occurred. The electroenceph-
alogram showed no important changes
until after 6 hours, when gradual de-
terioration was seen. After decompres-
sion, the blood pressure could be kept
at a normal level only by administration
of pressor amines. During the whole
period at 3 ata, the arterial pO, remained
at a high level: between 1800 and 2100
mm Hg. The venous pO, ranged between
35 and 65 mm Hg. After decompression,
the arterial and venous pO, dropped to
82 and 27 mm Hg, respectively, with
oxygen ventilation, and to 29 and 19 mm
Hg, respectively, with air ventilation.
The lactic acid values during the first
4 hours were comparable to those in
Cases 1-5; thereafter, a slight rise oc-
curred, while a positive arteriovenous
difference in the first period changed to
a ncgative difference in the last 4 hours
(Figure 8). Changes in the pCO, level
occurred after 3.5 hours at 3 ata; the
arterial pCO, rose to high levels and the
arteriovenous difference became greater.
After 30 min at 3 ata, the pCO, arterio-
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FiGure 8. Lactic acid levels during oxygen ven-
tilation at 3 ata for 8 hours.

venous difference range was 38—44 mm
Hg; after 3 hours it was 45-62 mm Hg,
and after 8 hours it was 47-80 mm Hg.
During the same period, the pH dropped
gradually: in the first 4 hours from 7.35
to 7.25, in the last 4 hours from 7.25 to
7.15.

The glucose levels decreased slightly.
Potassium levels rose slightly from 3.3
to 3.5 mEq after 4 hours and to 4.5 mEq
after 8 hours. The hematocrit rose
slightly, particularly in the last 4 hours.

DI1scuUssION

The dangers of hyperbaric oxygenation,
especially the risk of cerebral and lung
damage, have been stressed in the litera-
ture; and, certainly, a thorough recogni-
tion and knowledge of the limitations and
associated problems is essential to clinical
application. Frequently, however, diffi-
culties in general are emphasized in re-
ports in which exact information about
the conditions under which difficulties
occurred is lacking. It seems to us that
many of the hazards of OHP can be cir-
cumvented if certain conditions will be
fulfilled; at least convulsions can be pre-
vented if the anesthesia in ventilated ani-
mals is deep enough and if hyperventila-
tion is performed. It should be noted,
however, that in Case 9, the dog that was
ventilated for 8 hours at 3 ata, no convul-
sions occurred, but at the end of the ex-
periment a certain amount of cerebral
damage was present. Thus, cerebral
damage will occur without convulsions,
convulsions being a symptom (probably



http://www.nap.edu/catalog.php?record_id=20265

Oxygen Tolerance, Biochemical Response in Anesthesia and OHP

the earliest and most frequent). The
question then arises whether the animals
ventilated at 3 ata for 4 hours may have
suffered cerebral damage. The autopsy
reports are still under study, but three of
the five animals were long-term survivors
and, after the experiment, behaved quite
normally. The fact that all animals were
slow to awaken after the procedure may
have indicated some reversible damage,
but it can also be explained as a conse-
quence of the deep Nembutal anesthesia.
Electroencephalographic evidence (Fig-
ure 9), however, tends to exclude serious
damage.

As long ago as 1932, Bean * reported
that he had evidence of diminished oxida-
tive processes with exposure of an animal
to high oxygen pressures. In his study,
exposure of dogs to pressures of about 5
ata was usually accompanied by an in-
crease in blood lactic acid, occurring in 15
of 19 experiments. Recovery from the
higher lactic acid levels was practically
complete in six experiments on decom-
pression. Six others showed only partial
recovery, and in three more the lactic acid
continued to increase during and after
decompression. This was not observed in
our study during a 4-hour period at 3 ata.

The possibility of blockage of enzyme
systems by oxygen under increased pres-
sure has been demonstrated several times.
It can be expected that, despite great
availability of oxygen, anaerobic metab-
olism occurs in many areas of the body.
The oxidation of pyruvate, the glycolytic
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end-product of glucose or glycogen deg-
radation, requires sulfhydryl-containing
enzymes, and a prolonged exposure to
hyperbaric oxygen might inactivate these
enzymes with the result that pyruvate is
converted to lactate. The enzyme studies
reported in the literature were usually
performed at pressures much higher than
at 3 ata.

In our study, it was shown that block-
ing sufficient to result in anaerobic
metabolism did not occur within 4 hours
of oxygen administration at 3 ata. Case
9, where ventilation was carried out with
oxygen for 8 hours, clearly indicated
when the difficulties started. After 4
hours, the lactic acid level in this animal
rose slowly and the previously positive
arteriovenous difference turned negative.
This probably shows that anaerobic
metabolism starts in peripheral body areas
where it was not present before. This
change in arteriovenous difference must
be explained as tissue anoxia, perhaps due
to blockage of enzymes. Because it oc-
curs when the arterial pO, is still at a
high level, this lactic acid rise can be
considered a symptom of so-called “hy-
peroxic anoxia.” ¢ The potassium rise in
the last part of this study may be explained
on the basis of tissue anoxia, although re-
sponse to increased CO, levels will also
play a role.”

At about the same time in the experi-
ment, impairment of pulmonary gas ex-
change started, the arterial CO, level rose,
and the arteriovenous difference in-
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FIGURE 9. Electroencephalogram and electrocardiogram during oxygen ventilation at 3 ata for

4 hours.
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creased. It appears that the fourth hour
at 3 ata is a critical time under these
experimental conditions, for in the five
experiments in which decompression was
started after 4 hours, the aforementioned
changes did not occur. In all these cases,
the lactic acid remained at a constant
level, and the CO, did not rise after the
initial rise during compression.

The blood glucose levels during oxygen
ventilation under increased atmospheric
pressure have been a point of debate for
many years. It can be expected that gly-
colysis increases when oxygen blocks
enzyme systems necessary to anaerobic
metabolism. Although this is usually de-
tectable in decreased blood glucose val-
ues, the blood glucose level may remain
constant at the expense of glycogen stores
in liver and muscles.

Historically, Bert (1878)® found that
the uptake of glucose was diminished in
animals by exposure to oxygen under in-
creased pressure; then, in 1934, Iwanow ?
reported an increase in glucose; and in
1939, Ishikawa ** found the blood glu-
cose to be increased in rabbits which had
been exposed to compressed air from 60
up to 130 psi. In 1957, Sullivan and
Bean * concluded from experiments on
rats exposed for 20-40 min to oxygen
at 90 psi that elevation of blood glucose
preceding exposure provided some pro-
tection against OHP and that the initial
elevation of glucose induced by oxygen
under increased pressure is a part of a
defense mechanism operating through the
hypothalamus anu sympathetic nervous
pathway. In our 4-hour exposure experi-
ments, changes were very small; in the
8-hour exposures a slight drop occurred
in the glucose level after several hours.
In other experiments, where convulsions
occurred, the glucose level rose after con-
vulsions, probably as a stress effect. It
is unlikely that critical changes in metab-
olism occur within 4 hours, when lactic
acid and blood glucose levels remain re-
latively constant. During the 8-hour
exposure, the drop in glucose level was
rather small, and it may be that there was

N. G. Meijne and J. P. Straub

a concurrent decrease of stores in the
liver.

In all animals exposed to 3 ata of
oxygen, blood pH levels were lower than
in control animals at 1 ata. In a pre-
vious study,’> we found no significant
differences in pH, but possibly the ani-
mals in that study were more ventilated
at 3 ata. On the other hand, in this study
the venous pO, levels were higher and the
oxygenation better, because no thora-
cotomy was performed (higher venous
pO. levels mean more difficulty in CO,
removal). In these cases, we kept the
gas flow constant, but we did not calcu-
late possible changes in recording of the
flowmeters by density changes of the
gases.’* The pH drop and pCO. rise
point to the necessity of a higher pCO,
and a greater arteriovenous CO, differ-
ence to keep the blood CO, constant. It
is unlikely that impairment of the car-
bonic anhydrase plays an important role
during the first 4 hours at 3 ata because
of the rather constant levels of pH and
pCO, after reaching 3 ata. The increase
in bicarbonate can be explained as a re-
sponse of the kidneys to restore the nor-
mal ratio of H,CO, to NaHCO;, in case
of increased pCO,. Over a 4-hour period,
it appears that a constant level is reached
quickly and that it persists during that
period. Over an 8-hour period, changes
occur toward the end of exposure time.

The fact that systolic and diastolic
blood pressures remained at the same
levels excludes the possibility of large
areas of vasoconstriction, even after sev-
eral hours; this is in agreement with pre-
vious findings for shorter periods of time.
The definite decrease of pulse rate with
the unaltered blood pressure is likely to
result in decrease of cardiac output.

SUMMARY

As a result of studies on nine dogs ven-
tilated with oxygen at 1 ata and 3 ata for
periods from 4 to 8 hours, the following
conclusions were drawn.
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Discussion

If the anesthetic level is deep and hy-
perventilation is carried out, convulsions
can be prevented. Biochemical signs of
inadequate tissue oxygenation and im-
paired gas elimination start after 4 hours.
Consequently, we believe that hyperbaric
oxygenation can be safely employed in
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clinical situations at 3 ata for more than
2 hours if (1) the disease process makes
OHP therapy advisable, (2) the above-
mentioned conditions are observed, and
(3) electroencephalographic and bio-
chemical monitoring are carried out.
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DISCUSSION

Dr. C. HrrcHcock (Minneapolis, Minn.):
Dr. Meijne, in the animals that were under
anesthesia for a long time (5 to 8 hours
at 3 atmospheres) how much trouble did
you have with the lungs? In our experience,
we have had a significant number of animals

which developed, even in that period of time,
what we considered to be the Lorrain-Smith
phenomenon. Also, did you do any patho-
logic studies on the brain, kidney, or liver
of the animals that had been kept at 3 at-
mospheres for 3 or more hours?
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Dr. MEWUNE: We only studied the lungs.
Those animals that were ventilated at 3 at-
mospheres for 4 hours and then died after
a few days did have lung changes that cor-
related with oxygen toxicity. Those that
survived were slow to recover from the an-
esthesia, but they appeared clinically normal,
and no pathologic studies were made. Of
the animals that were given carbon dioxide,
many had brain damage and changes in
the lungs. One important point is that they
can be ventilated for a long time if they are
in good condition. They do not get brain
damage from one or two convulsions. On
the other hand, if they are ventilated for a
long time and have many convulsions, most
will fail to wake up and will eventually die.

Dr. 1. LEpINGHAM (Glasgow, Scotland):
Was the respirator output kept constant,
while changing from air at 1 atmosphere
to oxygen at 3 atmospheres? Did I under-
stand correctly that the arterial pCO, rose
and arterial pH fell? Were the venous sam-
ples taken from the right atrium or from
the low vena cava?

Discussion

DRr. MEewNE: The venous samples were
drawn from the low inferior vena cava.
The ventilation was a semiclosed system kept
at a constant rate. The pH did fall and the
pCO, increased. In fact, there was always
some increase in pCO, during compression.
The level of pCO, remained constant up to
4 hours of oxygen ventilation. After 4 hours
there may be a further increase in pCO,,
which may be due to lung damage.

Dr. R A. CowLEY (Baltimore, Md.): Dr.
Meijne, did most of your animals convulse
by the end of 4 hours with light anesthesia?

Dr. MEWNE: With light anesthesia, they do
convulse early.

Dr. CowLeYy: Did the animals survive if
the anesthesia was deepened after 4 hours,
or had they already developed pulmonary
damage?

Dr. MENE: If the animals had convulsed,
we did not try to continue beyond 4 hours.
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Biochemical Pathology of Oxygen Toxicity:
Enzymic Studies at the Cellular Level
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Paul Bert, with his description of the in-
hibition of *“ferments” by hyperbaric
oxygen concentrations in 1878, was the
first to recognize the toxic effect of oxygen
on some enzyme systems.! His studies
of proteolytic inhibition in meat, blood,
urine, and egg albumin were largely ig-
nored, however, and the first systematic
biochemical studies of oxygen effects on
enzymes involved oxidative enzymatic
activity almost exclusively.*® This was
extremely fortunate, since the need of
many oxidative enzyme systems for sulf-
hydryl groups led to recognition of the
role of oxygen in oxidizing thiol com-
pounds of biological importance and
thereby inactivating the dependent en-
zyme system.’

It is important that one recognize that
enzyme systems other than those directly
in the scheme of intermediary metabo-
lism may be affected by oxygen, especially
when one seeks to explain mechanisms of
oxygen toxicity in the production of spe-
cific pathology in exposed experimental
animals, and even in humans. Generally,
at the cell and tissue levels, interference
with normal schemes of oxidative metab-
olism leads to alternative pathways of
oxidative phosphorylation with a signif-

icantly lower energy yield, to anaerobic
metabolism for varying periods, or to
abrupt cessation of basic cellular metab-
olism and cell death. In short, the or-
ganism as a whole could not long survive
under these conditions, and there would
scarcely be time for any characteristic
pathology to occur other than that con-
cerned with death. On the other hand,
interference with enzymic mechanisms
other than those involved in basic cellular
respiratory function can result in the pro-
duction of specific pathology, especially
in situations where the organism would
still be surviving and perhaps even
recover.

For this reason, we became interested
in studying the proteolytic enzyme sys-
tems originally described by Paul Bert
as inhibited by oxygen. We chose a
series of intracellular peptidases known
collectively as cathepsins because these
are known to be SH-dependent and can
be studied both by in vitro assay and by
reasonably reliable cytochemical visuali-
zation methods. Furthermore, they ap-
pear to be present in nearly all kinds of
cells, from single-celled protozoa to
metazoan cells and tissues.

161
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MATERIALS AND METHODS

Two hundred and fifty male and female
rats of the Holtzman strain (250-300
gm) were used for the experiments. For
in vitro studies of lung, tissue was re-
moved from the animal with only moder-
ate aseptic precautions. All glassware
used was autoclaved. Animals were ex-
posed to 100% oxygen at normal atmos-
pheric pressure for various times up to 60
hours. Animals were kept in cages en-
closed in a polyethylene case fitted with
inlet and outlet tubes for gas delivery.
These were placed to achieve maximal
circulation; some outlets served for tem-
perature and gas monitoring of the con-
tents. With this arrangement, 30 or more
animals could be treated simultaneously
for several days while in their own cages.
Continuous monitoring of all cages for
oxygen concentration was done with a
Beckman polarographic oxygen analyzer.
Determination of carbon dioxide with gas
chromatography was undertaken every 60
min at first, but with the rapid oxygen de-
livery (10-12 liters/min), two or three
daily monitorings for carbon dioxide
sufficed to establish no accumulation.
Two kinds of biochemical determina-
tions were performed. The first, used to
indicate any changes in amount of pro-
tein in a constant mass of lung tissue,
was done by a modification of the method
of Hirs et al.,® involving tryptic hydrolysis.
Lung tissue was homogenized in an Elvej-
hem glass homogenizer and denatured
with 6.8 M urea; S-S bonds were split
with performic acid. Protein was hydro-
lyzed at room temperature at pH 7.5 with
5% -crystallized trypsin (in 50% mag-
nesium sulfate solution). Enzymatic
hydrolysis took place in phosphate buffer,
and sample tubes were removed at times
from zero to over 72 hours of exposure to
trypsin. Complete hydrolysis (100% )
generally occurred by 60 hours in our
experimental material. The product of
hydrolysis, as determined by hydroxyl
groups of liberated amino acids, was
read with ninhydrin reagent at 570 mp

Robert M. Rosenbaum and Murray Wittner

in a Beckman spectrophotometer. Since
the time required for complete hydrolysis
of lung tissue made automatic titrations
desirable, this was accomplished by using
salt-free solutions ® in which hydrolysis
was carried out and then measuring the
alkali consumption required with time to
maintain pH at a constant value. The
amount of titrating solution (0.1 ™M
triethylamine) utilized for maintenance
of constant pH at 60-min intervals was
taken as a direct measurement of carbon
dioxide absorption from the atmosphere,
as compared to alkali consumption from
a blank.

The second biochemical determination
was an assay for endogenous catheptic
activity, using known protein substrates.
For this, denatured bovine hemoglobin
was digested under standard conditions
by enzymic activity contained in a homog-
enate of normal rats’ lungs as well as
lungs from animals exposed to 100%
oxygen at atmospheric and hyperbaric
pressures. The undigested hemoglobin
was precipitated with trichloroacetic acid
and the remaining soluble hydrolytic
product measured by ultraviolet spectro-
photometry at 280 my.'* This method
was also used to determine catheptic
activity in a variety of biological materials,
including protozoa.

RESULTS

Endogenous Enzymic (Catheptic) Activ-
ity in Normal Lungs

The normal level of catheptic activity
detectable in lungs of the animals assayed
is shown in Figure 1. By 8 hours,
95-98% hydrolysis of the hemoglobin
substrate was achieved. Frequently, maxi-
mal hydrolysis occurred by 6 hours. We
were initially concerned that some of this
activity could be derived from bacterial
action. Similar results, however, were ob-
tained with lung tissue excised and kept
under aseptic conditions. Indeed, the
data from such excised sterile lung frag-
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Ficure 1. Catheptic activity in constant-volume
samples of lung homogenate shown as a func-
tion of hydrolysis of substrate with time (E, =
extinction coefficient at time #; E, = extinction
coefficient of the blank; E. = extinction co-
efficient of complete digestion). Enzymic ac-
tivity of normal lung tissue removed from a
normal animal, left in air for 6 hours and then
placed under 4 ata of O, (shaded area).

ments showed essentially the same pat-
tern as that from lungs freshly removed
and assayed with no sterile precautions.
When excised lung fragments were ex-
posed to hyperbaric conditions (4 ata of
oxygen), however, there was an abrupt
decline in the hydrolytic activity of the
tissue toward a hemoglobin substrate
(Figure 1).

Catheptic Activity in Cells and Tissue
Exposed to OHP in vitro
Figure 2 summarizes some experiments
designed to illustrate that pressure itself
100— % < ' S
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FiGURE 2. Catheptic activity with time of con-
stant-volume samples of a homogenate of Para-
mecium caudatum. Aliquots were exposed for
60 min to 120 psi O,, to 105 psi N; 4- 14 psi air,
and to thermal shock, after which the assay
was begun.
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played no role in the catheptic inhibition
by oxygen at elevated pressures under the
conditions we employed. While the graph
deals specifically with protozoa, lung
homogenates showed similar results.
With 7 ata of pure nitrogen superimposed
on 1 ata of air, hydrolysis of hemoglobin
proceeded at the level seen with cells
exposed to air at normal atmospheric
pressure or killed with a thermal shock
(10 min at 37° C). Under 8 ata of pure
oxygen, however, nearly complete inhibi-
tion of proteolytic activity occurred
(Figure 2).

Several factors appeared to influence
the degree of inhibition of catheptic ac-
tivity by oxygen, including the pressures
employed and the duration of oxygen
exposure, both of which determined the
overall concentration of gas available for
inhibition of enzymic activity. A third
factor, temperature, also played a signifi-
cant role in the oxygen-mediated inhibi-
tion. Figure 3 illustrates differences in
maximal hydrolysis obtained from homog-
enized protozoa after three different ex-
posure times (in vitro) to 120 psi of pure
oxygen. Under these pressures, there
was little or no indication of catheptic
activity with the 60-min exposure. With
10- and 20-min exposures to 120 psi
oxygen, however, enzymic activity re-
covered upon return to air; with 45-min
exposure to 120 psi oxygen, partial re-
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FIGURE 3. Catheptic activity with time of con-
stant-volume samples of a homogenate of Para-
mecium caudatum as a function of exposure to
120 psi O. for different times.
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covery appeared to take place upon re-
turn to air.

Effects of OHP on Total Tissue SH in
vitro

We assayed total tissue SH in in vitro
studies under a variety of conditions, us-
ing both normal atmospheric air and hy-
perbaric oxygen at several exposure times.
Sulfhydryl groups were determined by an
amperometric titration or by stoichio-
metric binding with mercaptides. These
results showed that levels of tissue SH
decreased with increased exposure to
oxygen (Figure 4). Indeed, even the SH
levels in tissue used as controls and ex-
posed to normal air decreased. This might
be expected, however, in view of the labil-
ity to oxidation on the part of these
radicals. Treatment with a variety of “SH-
protective” agents during oxygen expo-
sure (glutathione, cysteine, thiosuccinate,
aminoethylisothiuronium, and mercap-
toethylamine) appeared to alter the rate
of oxidation of tissue SH but did not
provide a continuous protective effect.
Since it was now possible to relate the

Robert M. Rosenbaum and Murray Wittner

presence or absence of SH to enzymic
activity, a second series of experiments
dealt with the possible protective effect
of SH reagents on pulmonary tissue
catheptic activity. Using in vitro systems
(Figure 5) similar to that described
above, it could be demonstrated that
glutathione or cysteine provided increased
enzymic activity only following exposure
of homogenate to oxygen (in other words,
when the homogenate had been returned
to normal air). Potentially protective
compounds used while tissue homogenates
were exposed to hyperbaric oxygen had
no influence on inhibited catheptic ac-
tivity (Figure 5).

Hydrolysis of Peptide Bonds in Pulmo-
nary Tissue of Untreated and Oxygen-
Exposed Rats

Another series of experiments, performed
to extend our in vitro experiments out-
lined above, used tissue from intact ani-
mals exposed to oxygen. When normal
rats are exposed to 1 atm of 100% oxy-
gen, by 3640 hours their lungs become
filled with a proteinaceous effusion lead-
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FIGURE 4. Percent of total tissue SH in lung homogenates from normal rats exposed in vitro
to various pressures of O, for different times. Various protective compounds were added to the
homogenates while under pressure.
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FiGure S. Recovery effect of SH-protective
compounds on catheptic activity added after
exposure of lung homogenate from a normal
rat to 120 psi O, for 45 min. Samples of pro-
tozoa homogenate exposed to identical Os con-
centrations with SH-protective reagents showed
no increase in enzymic activity (compare with
Figure 3).

ing to pulmonary consolidation (widely
termed “oxygen pneumonia™), first de-
scribed by J. Lorrain Smith.'* The effusion
contains variable amounts of protein
showing considerable quantitative and
perhaps qualitative variation.'>'* It is
doubtful that the criteria separating tran-
sudates from exudates in humans 4 can
be applied to studies with rats, and we
are as yet uncertain how to more accu-
rately describe this protein.

When aliquots of homogenized normal
rat lung were assayed by trypsin hydrol-
ysis for the amount of peptide bonds
present (as a measure of protein content),
maximum alkali consumption based on
the automatic titration of the products of
hydrolysis occurred by 10 hours. On a
constant-weight basis, these values can
serve as a base line for protein content
of normal rat lung (Figure 6). For these
experiments, we preferred this method
to the more standard nitrogen determina-
tions, especially since our protection
experiments used high levels of com-
pounds themselves containing nitrogen.

Rats maintained in pure oxygen at
normal atmospheric pressure were killed
at various times after initial exposure, and
aliquots of their homogenized lungs were
examined by the trypsin hydrolysis
method for quantitative assay of peptide
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FiGure 6. Alkali consumption (triethylamine)
with time required to maintain constant pH of
the tryptic hydrolysate of normal rat lung ho-
mogenate. CO, absorption from the atmosphere
was controlled by a blank which was employed
in the final determination of the I'" equivalent to
relative protein concentration as a function of
peptide bonds available. These values are essen-
tially those employed on the ordinate in Fig-
ure 7.

bonds. As indicated in Figure 7, f_or up
to 16 hours the level of demonstrable
peptide bonds fell at or below the range
of 1.0 established as normal by our ex-
periments with lungs from normal control
animals. With 24-hour exposure to 100%
oxygen, there was a significant rise in the
amount of peptide bond material (pro-
tein) which reached a plateau by 28
hours. There was a second, less abrupt
rise in protein after 40-hour exposure to
oxygen. These assays for the presence of
peptide bonds signified to us the increase
in protein trapped in the alveolar spaces
as a result of pulmonary effusion. At
present, we are unable to distinguish
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FiGure 7. Increase in alkali consumption as
indicative of the amount of peptide bonds avail-
able in lung homogenate from rats exposed to
100% O. at normal atmospheric pressure for 4,
16, 24, 36, 44, and 50 hours.
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any possible qualitative differences
between the “early” and “late” effusion.
We are currently exploring this problem
with electrophoretic and cytochemical
methods.

In association with this data, the endog-
enous proteolytic capacity of lungs from
such oxygen-exposed animals decreased
steadily as the animals were subjected to
oxygen for increasing times (Figure 8).

Under pure oxygen, therefore, the level
of proteolytic activity in the lungs of living
animals appeared to fall, as described for
in vitro lung homogenates (Figure 1) and
for protozoa under hyperbaric concentra-
tions of oxygen (Figure 3).!*

DiscussioN

The observations presented here show the
capacity of hyperbaric oxygen to suppress
or totally inhibit some kinds of cellular
proteolytic activity. We have previously
reported on the prevention of cytolysis in
protozoa'® and in amphibian eggs.'® Aside
from Bert’s early observations, no studies
have dealt with hyperbaric oxygen in pro-
ducing such inhibitions, although several
investigators have reported inhibition of
necrosis under conditions favoring local
oxidation.1"#

The inhibitory action of oxygen on pro-
teolytic enzymic activity has implications
with respect to etiology of the pulmonary
pathology in oxygen toxicity. This be-
comes most evident in experimental situa-
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FiGURe 8. Catheptic activity in lung homoge-
nates from rats exposed to 100% O: at normal
atmospheric pressure for various times. Ac-
tivity is expressed as percent of normal.
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tions where animals exposed to oxygen
are removed from such atmospheres and
recover. These animals invariably show
beginnings of alveolar protein accumula-
tion, but it does not appear to be of the
same nature as that seen in the acute stage
characteristic of the Lorrain-Smith “oxy-
gen pneumonia.” This early pathology is
reversible and shows a characteristic mor-
phology, including many macrophages
with high levels of esterase and acid phos-
phatase activity. Also, similar enzymic
activity is present in the alveolar epithe-
lium of such animals.’* Most of this ester-
ase activity is fluorophosphate-resistant
and thus appears related to c-type cathep-
sins, the same class of enzymes that we
are here concerned with biochemically.
This same class of enzymes is also known
to be SH-dependent. Possibly oxygen acts,
in this early reversible stage of oxygen
poisoning, to inhibit that kind of enzymic
activity which ordinarily breaks down
protein, and the oxygen thus provides a
more suitable substrate for subsequent
phagocytic activity by macrophages. It is
doubtful whether inhibition of cathepsins
or any SH-dependent protease activity
would have any direct effect on those ef-
fusions taking place during the terminal
stages of oxygen toxicity in the rat, pre-
sumably by increases in capillary perme-
ability.>> The action of oxygen on SH-
labile proteases is perhaps the basis for
the recent methods of organ preservation
using hyperbaric oxygen in conjunction
with decreased temperatures.®

The question remains whether our in
vitro data with rat lung homogenate can
be applied to the situation in the intact
animal exposed to oxygen. While the rapid
oxidation of tissue SH in homogenates
exposed to oxygen might be expected,
in this material even atmospheric con-
centrations of oxygen readily cause loss
of unstable SH radicals. Whether this oc-
curs so rapidly in intact animals is ques-
tionable. For instance, continuous turn-
over of redox states occurs in intact tissue
and, as yet, we have been unable to test
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the capacity of this tissue to maintain re-
duced SH under hyperbaric oxygen con-
centrations.

A final question concerns the site of
oxygen damage at the cellular level, es-
pecially with respect to the catheptic en-
zymes that we are here concerned with.
One possibility is that the SH-dependent
enzymes themselves are directly affected
by oxygen, a situation which would be
similar to that described for oxidative
enzymes.*®? On the other hand, many
intracellular proteolytic enzymes are re-
stricted to subcellular particulate struc-
tures, the lysosomes,?? which themselves
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may be affected by oxygen. We have else-
where suggested'™¢ that oxygen in suffi-
cient concentration may prevent the dis-
ruption of the lysosomal lipid membrane,
which could prevent leakage of enzyme
into cytoplasmic compartments. Alterna-
tively, stabilization of the lysosome mem-
brane by oxygen in sufficient concentra-
tion could prevent substrate from coming
into contact with retained enzyme. We
are currently exploring this question, using
tissue-culture methods and techniques em-
ploying protozoa similar to those discussed
in this report.
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DISCUSSION

UNIDENTIFIED SPEAKER: I would like to
comment on lysosomes and lipid peroxida-
tion, as they explain some of the phenomena
of oxygen toxicity. We have observed very
little, if any, effect on the lysosomal enzymes
under 100% oxygen. However, I would
disagree partly with the opinion expressed
that peroxidation attacks lysosomal mem-
branes. We have done some experiments
that show that this is not the case.

DRr. RosenBaUM: It is certainly equivocal
whether bound hydrolases are released from
all mammalian tissues by oxygen and
whether they can then be inactivated by
further exposure to it. The easiest in vitro
system to employ for a study of effects of
oxygen on lysosomal membrane is, of course,
liver. The enzyme assay of choice would,
in this case, be acid phosphatase. However,
acid phosphatase activity within lung is
largely confined to macrophages where there
is a rich lysosomal population. This locali-

zation makes it quite difficult to separate
activity in pulmonary epithelium from that
within macrophages. There is a very high
activation in pulmonary epithelium, and
therefore most of our studies employ cathep-
sin activity. Sometimes, the oxygen inacti-
vation of the lysosome—-enzyme complex
takes so long (up to 18 hours) that we feel
there may be stages in the inactivation. Per-
haps this reflects stages in the oxidation of
the lipid membrane. We are still quite un-
certain whether the lysosomal membrane is
affected by oxygen, or whether the effect
is primarily on released or contained bound
hydrolase. Perhaps it is both. Finally, I sus-
pect that, especially with in vitro experiments
with oxygen inactivation, one must always
be aware of the problem of adequate
amounts of gas being at the proper site for
a sufficient length of time. For this reason,
hyperatmospheric pressures should be used,
even with final oxygen concentrations of
100%.
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Quantitative Electron Microscopic Studies of
Murine Lung Damage after Exposure to 98.5% Oxygen
at Ambient Pressure: A Preliminary Report

GONZAGUE S. KISTLER, PETER R. B. CALDWELL, and EWALD R. WEIBEL

Department of Anatomy, University of Zurich, Zurich, Switzerland, and
6570th Aerospace Medical Research Laboratories

The therapeutic application of oxygen at
high partial pressures has brought with it
the hazard of lung damage resulting from
prolonged exposure to a hyperoxic envi-
ronment. This danger has been well docu-
mented.»? The most important altera-
tions known to occur in the respiratory
tract of men and animals are: changes
in airway structure,** vascular bed,®*:°
and lung tissue®>™'' and the appearance
of exudate and hemorrhage in the chest
cavity.”

Changes in airway structure include:
(1) atelectasis,” (2) alveolar exudate with
accumulation of leukocytes, erythrocytes,
and macrophages,* * and (3) formation of
“membranes” at the alveolar wall.?

Changes in the vascular bed include:
(1) hyperemia,”® (2) agglomeration of
blood cells in capillaries,*'* and (3) cap-
illary proliferation.?*

Changes in lung tissue include: (1)
peribronchial and perivascular edema,®”?
(2) accumulation of fluid and cells in the
interstitium,** and thickening of the bar-
rier,>'" and (3) swelling of mitochondria
in the alveolar epithelium.

These pathologic changes are obscrved,

Wright-Patterson Air Force Base, Ohio

for the most part, in terminal phases of
oxygen toxicity. The observations re-
ported in this paper are concerned with
events prior to terminal toxicity and trace
the time-course of alterations from their
inception until the final stages. Morpho-
metric methods were used to quantita-
tively evaluate the results.

MATERIALS AND METHODS

Seventy-six purebred male Sprague-Daw-
ley rats born on the same day were di-
vided into four groups and simultane-
ously exposed in individual cages to
98.5% oxygen at 765 mm Hg for 6, 24,
48, and 72 hours. Fourteen rats, kept
in room air under comparable conditions,
were used as controls. (Vital statistics of
the animals studied appear in Table 1.)
Exposure of the test groups to oxygen was
done in one of the environmental cham-
bers at the 6570th Aerospace Medical
Research Laboratories, Wright-Patterson
Air Force Base, Ohio. Technical design
and facilities of this chamber have been
described elsewhere.'? A special study
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TaBLE 1. Exposure of Sprague-Dawley Rats to 98.5% Oxygen

Vol. of
O. exposure Age at Body wt. fixed lungs
Group (hours) sacrifice (days) (gm) (ml)
1 6 47 116 = 1.6 52+74
2 24 48 119 +78 6.4 + 041
3 48 49 123 +9.6 6.6 + 0.37
4 72 50 102 + 133 44 + 033
Control 0 44 123 + 5.7 5.6 = 0.60

=+, standard deviation.

failed to demonstrate the presence of toxic
contaminants.”® The conditions of the
chamber atmosphere during the course
of the experiments are shown in Table 2.

At the end of the exposure period, the
animals were deeply anesthetized by
intraperitoneal injection of pentobarbital
(Nembutal, 5§ mg/100 gm body weight),
brought out of the chamber, and weighed.
A tracheostomy was performed immedi-
ately and the chest was punctured to col-
lapse the lungs. A fixative solution of
2.5% glutaraldehyde buffered to pH 7.4
with 0.03 M potassium phosphate was in-
stilled into the lungs through a tracheal
cannula. The instillation pressure was
standardized at 20 cm H,0. The trachea
was then ligated and the heart and lungs
were removed en bloc and submerged in
the fixative for 2 hours. After dissection of
heart and mediastinal tissue from the lung,
the lung volume was measured by fluid
displacement. Subsequently the lungs were
sliced into alternately thick (3-5 mm)
and thin (1 mm) slices. The thick slices
of each lung were embedded in celloidin—
paraffin for light microscopy. The thin
slices were cut into about 250 small cubes,

TaBLE 2. Conditions of Exposure in.

Chamber
O. concentration 98.5 + 1%
CO. concentration <0.1%
Total ambient pressure 765 mm Hg ¢
Relative humidity 46 = 1%
Temperature 233 £ 1°C

%, standard deviation.
*740+25 mm Hg.

approximately 2-3 mm?, washed in three
changes of 0.11 M potassium phosphate
buffer for 2 hours, placed in 1% OsO,
buffered to pH 7.4 for 90 min, and em-
bedded in Epon 812 according to the
method of Luft.!* Sections of 600-900
A in thickness were obtained on an LKB
Ultrotome using a DuPont diamond knife;
they were picked up on 150-mesh copper
grids fitted with a thin Formvar film rein-
forced by carbon. Section contrast was
enhanced by lead citrate.!®

All measurements were made using
stereologic principles.’®'” The volumetric
composition of the tissue was analyzed by
point-counting.'® Surface areas were esti-
mated on the basis of probability of inter-
section with randomly placed linear
probes,'® and surface:volume ratios were
calculated by the method of Chalkley.*°
Arithmetic mean and harmonic mean of
the air-blood barrier thickness were ob-
tained by methods previously described.

A systematic procedure of random
sampling of the various sections was
utilized so that only a minute sample of
the total material need be studied.'® This
technique was applied in: (1) sampling
of sections for light microscopy, (2) sam-
pling of sections for electron microscopy,
and (3) sampling of test points for meas-
urement.

RESULTS

Gross Observations at Autopsy

The first two experimental groups
breathed oxygen for 6 and 24 hours. At
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autopsy, the pleural cavity was free of
exudate and the gross appearance of the
lungs was normal. In animals removed
after 48 hours of exposure, the pleural
surface of the lung was mottled; dark
red and light patches a few millimeters
in diameter were present. In all cases
after 48 hours of exposure, the pleural
cavity contained a yellowish exudate
which was occasionally hemorrhagic.
After 72 hours of exposure, the pleural
cavity of all animals contained large
amounts of partly hemorrhagic exudate,
and the mottling of the pulmonary sur-
face was pronounced.

Changes in Fine Structure of the Alveolo-
capillary Region

Alveoli. In the first three groups and in
the controls (Figure 1A), alveoli ap-
peared normal in the light microscope
with the exception of a few scattered foci
of exudate formation in the lungs of ani-
mals that had breathed oxygen for 48
hours. In contrast, the light microscope
revealed striking changes in a large frac-
tion of alveoli of those lungs which had
been exposed to oxygen for 72 hours
(Figure 1B). These alveoli were filled
with exudate which often contained a net-
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work of fibrin strands and numerous
macrophages, erythrocytes, and leuko-
cytes. Volumetric analysis showed that
65% of the terminal airways were obliter-
ated by this exudate, while 35% appeared
air-filled (Table 3). Profuse alveolar
exudate developed, then, during the third
day of oxygen-breathing.

The total alveolar epithelial surface
area was measured as 0.38 m? in electron
microscope preparations. Figure 2 shows
that no significant changes in this alveolar
surface area were observed. This may
be interpreted to indicate that the archi-
tectural structure of the lung did not
change in the course of the experiments,
although electron microscope studies
showed no clear differentiation between

TABLE 3. Volume Fractions of Normal
and Damaged Alveoli

Alveolar volume

Rats exposed
Untreated to 72 hours of
Type of alveoli controls O, at 1 atm
Normal 100% 35+05%
Obliterated by edema
fluid — 39 +0.5%
Fibrin—containing — 26 +0.5%

*, standard deviation.

FiGure I.
capillaries (C)

A, phase-contrast mlcrograph of a control lung (XX 340)
Note red blood cells (EC) in the capillary bed.

Normal alveoli (A) and

B, phase-contrast micrograph of lung after 72 hours of oxygen exposure (X 340). Alveoli
(A) filled with exudate (EX) containing erythrocytes (EC), cell debris, and fibrin threads (FN).
Note marked thickening of interalveolar septa with increased number of cells and obliteration

of capillaries.
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FiGURE 2. Total alveolar surface area of rats
exposed to 98.5% oxygen. Circled points (0)
represent measurements of foral alveolar sur-
face area (Sir). Triangular point (A) is an
estimate of the alveolar surface area available
for gas exchange based on measurements of
that fraction of total alveolar volume which
was filled with exudate.

fluid-filled and  air-filed alveoli.
Volumetric determination of free lung
space made it apparent, however, that
after 72 hours of oxygen exposure no

Gonzague S. Kistler et al.

more than one-third of the total alveolar
surface remained in contact with the gas
phase.

The changes seen were distributed
throughout the lungs with no particular
lobular localization. Under light micros-
copy, edema was seen primarily in those
alveoli which had alterations in the inter-
alveolar septa. Even in the heavily dam-
aged lungs (after 72 hours of exposure
to oxygen), however, there were areas in
which no pathologic changes were appar-
ent by either light or electron microscopy.

Capillary Bed. The light microscope re-
vealed no striking changes in the pul-
monary capillary bed after any of the
periods of oxygen exposure. Electron
microscope examination, however, showed
the first signs of destruction of capillary
endothelial cells after 48 hours of ex-
posure. In some scattered areas, the
endothelial lining lost its continuity and
sharp definition. After 72 hours, the
capillaries of large areas of the lung were
almost unrecognizable as such; the capil-
lary endothelial cells were necrotic and
the lumen contained distorted and frag-
mented red blood cells. In some areas,
the endothelium had completely disap-
peared and erythrocytes” were in direct
contact with the boundary membrane
(Figure 3). Morphometric measurements

N\

B

LN ‘ ".‘ -~
f@'c

FIGURE 3. A, electron micrograph of control lung (X 2400). Alveolocapillary tissue barrier
(ACB). Interstitial space, containing a fibroblast (FB) and collagen fibrils (CF). Alveolar epi-
thelial cell (EP) with lamellated bodies (LB). Capillaries containing erythrocytes (EC) and
thrombocytes (T). Alveoli (A), capillary endothelial cell (EN), mitochondria (M).,

B, electron micrograph of lung after 72 hours of oxygen exposure (X 1600). Interstitial edema
(ED) containing fibrin threads (FN) and erythrocytes (EC’'). Note marked thickening of the
interalveolar septum and destroyed capillaries.

C, electron micrograph of lung after 72 hours of oxygen exposure (X 1600). Interstitial edema
(ED) with leukocytes (LC’). Alveoli contain exudate (EX). Note absence of red blood cells
and increased number of other cellular elements.
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confirmed the microscopic observations;
during the second and third days of oxy-
gen exposure, the capillary volume
dropped from 0.38 ml to 0.17 ml (Fig-
ure 4) while the surface area of capillary
endothelium fell from 0.34 to 0.17 m?
(Figure 5).

Air-Blood Tissue Barrier. The tissue
barrier which separates air and blood
comprises the alveolar epithelium, an in-
terstitium, and the capillary endothelium.
In the normal animal, the interstitium
disappears in some regions, so that the
boundary membranes of alveolar epithe-
lium and capillary endothelium are con-
tiguous. In other regions, the interstitial
space is wider and contains fibroblasts,
collagenous fibrils, and elastic fibers. It
should be emphasized, however, that the
ground substance between these formed
elements normally occupies only a very
narrow space (Figure 3A). In the lungs
of the control animals, this air-blood
barrier had an average thickness of 1.5 p,
the alveolar epithelium measuring 0.67 p,
the interstitium 0.55 u, and the capillary
endothelium 0.28 » (Figure 6).

During the first 24 hours of oxygen
exposure, there were no significant
changes from these values. Between the
first and second day, however, a striking
enlargement of the interstitium could be

m | Ve
05} :
04 } ,//% \\\\\\\ \ ]
\\\
021 AN
i
01+ ]
cC 6 24 48 72
HOURS 0, EXPOSURE

FiGure 4. Capillary volume (V) changes
during oxygen exposure.

w,cm’ Ser
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FiGURE 5. Capillary endothelial surface area
(Ser) changes during oxygen exposure.

observed (Figure 7A, 7B) in scattered
areas of the lung, which accounts for the
doubling of the average thickness of the
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FiGURE 6. Changes in distribution of com-
ponents of alveolocapillary barrier during oxy-
gen exposure.
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FIGURE 7. A, electron micrograph of lung after 48 hours of oxygen exposure ()X 2600). Note
enlargement of the interstitial space due to imbibition with edema (ED), separation of capillaries
(C) as well as of collagen fibrils (CF) and elastic fibers (EL). Capillary endothelium (EN) and
alveolar epithelium (EP) are apparently intact.

B, electron micrograph of lung after 48 hours of oxygen exposure (X 2600). Note capillary

(C) completely surrounded by edema (ED).

interstitial space shown in Figure 6. This
enlargement of the interstitium was due to
accumulation of fluid in the ground sub-
stance, which caused a wide separation of
formed interstitial elements as well as of
alveoli and capillaries. As a result, the
thickness of the air-blood barrier in-
creased to about 2.0 u. In more severely
affected regions, infiltration of the tissue
by leukocytes and interstitial fibrin forma-
tion occurred. At this stage (48 hours),
epithelium and endothelium still remained
normal in appearance.

At the end of the third day, the inter-
stitial edema fluid was largely replaced by
numerous interstitial cells (some of which
could be identified as polymorphonuclear
leukocytes and lymphocytes), by frag-
ments of destroyed cells, by thrombocytes,
and by fibrin strands (Figure 3B, 3C).
The interstitial space had tripled its aver-
age thickness to 1.7 p (Figure 6). This
enlargement, combined with the thicken-
ing of the epithelium by 50%, led to a
total thickness of the air-blood tissue
barrier of 2.9 p—despite a decrease of the
average thickness of the capillary endo-
thelium by 60% due to destruction of
capillaries. The changes in the harmonic
mean thickness (r,) of the air—blood
barrier paralleled the changes in average
thickness (7) (Figure 8).

Interestingly, the alveolar epithelial
cells did not undergo dramatic morpho-
logic changes, although there was an ap-
parent increase in their number during
the period between 48 and 72 hours.

The sequence of events may be sum-
marized as follows. Toward the end of
the first day of oxygen exposure, fluid

M

3r {'
/
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C 6 24 48 72
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FiGure 8. Changes in mean ( r) and harmonic

(ra) alveolocapillary tissue barrier thickness
during oxygen exposure.
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starts to move from the capillary bed into
the ground substance of the interstitial
space. At this stage, no morphologic
changes are observed in the endothelium.
During the second day of exposure, the
imbibition of fluid by the tissue is associa-
ted with the first signs of visible damage
to the capillary endothelial cells and the
interstitial space becomes widened by
edema accumulation, causing a separation
of the alveoli from the capillaries. During
the third day, this process accelerates.
Capillary endothelial cells become ne-
crotic, and numerous erythrocytes undergo
fragmentation. In some areas, the altered
endothelial lining disappears completely.
Cellular elements and fibrin infiltrate the
edematous interstitium. Copious exudate,
composed of protein-containing fluid,
leukocytes, macrophages, cell debris, and
fibrin strands, fills 65% of the peripheral
airways. The air-blood barrier becomes
markedly thickened and the capillary bed
of the lung is concomitantly reduced in
size.

DiIsCUSSION

Our findings on the morphologic appear-
ance of the terminal stages of oxygen
toxicity are in general agreement with
previously cited observations of others.
QOur results differ, however, in several
respects.

First, with regard to the ultrastructure
of these changes, we found no generalized
edematous swelling of alveolar epithelial
cells. We would tend to characterize the
thickening of alveolar epithelium which
we observed in terminal stages as cell pro-
liferation rather than cytoplasmic swell-
ing. The cytoplasmic changes accompany-
ing the alteration of the capillary
endothelial lining likewise differed in
many respects from simple cytoplasmic
edema; in heavily damaged areas, a clear
disintegration of endothelial cells could be
observed.

In the terminal stages, we did note
occasional swelling of mitochondria in
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some alveolar epithelial cells, but our re-
sults did not suggest this change to be a
characteristic lesion of oxygen toxicity;
rather, it appeared to be related to other
degenerative signs in these cells.

Finally, in contrast to Pratt’s '° reported
finding of capillary proliferation in human
lungs after oxygen therapy, we observed
no increase in capillary volume, surface
of the capillary bed, nor in the volume
of capillary endothelium. On the contrary,
the capillary volume dropped during the
second and third day to half its original
value. The limited resolving power of
the light microscope does not allow clear
recognition of destroyed capillaries, and
this may account for these discrepancies.
The importance of engorged blood ves-
sels, on the other hand, may actually be
overestimated unless objective quantita-
tive methods are employed.

Studies of physiologic changes in men
breathing oxygen under the same condi-
tions as those of the present study showed
a drop in diffusing capacity to 81% of
the control value after 48 hours and to
73% after 74 hours of exposure. The
total lung capacity fell to 72% of the
control value after 74 hours.!* These
results might readily be explained on the
basis of thickening of the air-blood tissue
barrier, a decrease in pulmonary capillary
surface area, and alveolar edema forma-
tion, as observed in the present study.

Since, in the experiments reported here,
principal structural elements related to the
air-blood barrier diffusing capacity could
be measured, it was possible to estimate
its capacity for gas exchange from the
proportionality relationship:

Ser
Th
where D, is the gas-exchange capacity
of the air-blood tissue barrier, Scr is the
capillary surface area, and , is the har-
monic mean thickness of the air-blood
tissue barrier.

The results, expressed as percent of
control value, indicated a fall of diffusing
capacity of the air-blood barrier to 25%

D, «
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after 72 hours of oxygen exposure (Table
4, Figure 9). Taking into consideration
the obliteration by edema of 65% of the
functional air units at 72 hours, the esti-
mated diffusing capacity fell to 9% of
the control values (Figure 9).

SUMMARY

Rats were exposed to 98.5% oxygen at
765 mm Hg in a controlled-environment
chamber, while a control group breathed
room air. Groups exposed to oxygen were
sacrificed at 6, 24, 48, and 72 hours, and
the lungs were prepared for electron and
light microscopic examination. Rats which
breathed oxygen for 6 and 24 hours
showed no observable changes in lung
structure. After 48 hours of exposure,
the interstitial space of the air-blood
tissue barrier had become enlarged by
accumulation of fluid, and early destruc-
tive changes of the capillary endothelial
lining were found.

After 72 hours, the widened interstitial
space contained numerous leukocytes,
thrombocytes, and other cells, and fibrin
strands were numerous. There was marked
destruction of the pulmonary capillaries.
Sixty-five percent of all alveoli were filled
with an exudate containing leukocytes,
erythrocytes, macrophages, and fibrin
strands. Capillary blood volume and
endothelial surface area had decreased
in the 72-hour group. The thickness of

Gonzague S. Kistler et al.
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FiGuRE 9. Decrease in estimated diffusing

capacity (Da) of the air-blood tissue barrier
during exposure to 98.5% oxygen. The closed
circle represents the additional effect of func-
tional obliteration of 65% of the air units by
edema.

the air-blood barrier was increased after
48 hours and doubled after 72 hours, the
barrier thickening being mainly due to
an increase in the interstitial space. Ter-
minally, the epithelium was also thick-
ened, although the endothelium became
thinner, on the average, due to destruc-
tion.

As a result of these alterations, there
was a marked fall in estimated gas-ex-
change capacity of the air-blood tissue
barrier.

TaBLE 4. Estimated Decrease in Diffusing Capacity (D,) of Air-Blood Barrier
During Oxygen Exposure

(hours)
0 6 24 48 72
Total alveolar surface area (m®) 0.38 0.34 0.36 0.39 0.32
Capillary surface area (m') 0.34 0.30 0.33 0.32 0.17¢
Harmonic mean thickness, v (u) 0.45 0.42 0.44 0.51 0.90*
D.. test/Dn control (%) 100 95 99 83 25

D,,, gas exchange capacity of the air-blood tissue barrier.

<P <001
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DrR. R. RoseENBaAUM (New York, N. Y.):
This was a beautiful presentation. Did you
see any indication of hemolysis of the
trapped red cells?

Dr. KISTLER: After 72 hours of oxygen ex-
posure, a number of erythrocytes in heavily
damaged lung capillaries had indeed a de-
creased electron density. This may well in-
dicate a loss of cell content, that is, of
hemoglobin. Such brighter red blood cells
could be found in scattered areas of many
of our sections.

Dr. RosenBaUM: Did you see any separa-
tion of cell membranes from adjacent alve-
olar lining cells that would indicate intercel-
lular pathways permitting leaking between
cells?

Dr. KisTLER: No, we did not. At the end
of the second day, the epithelium appeared
actually normal. After 72 hours of oxygen
exposure, we noted an apparent increase
in the number of alveolar epithelial cells,
some of which had signs of intracellular
edema. There were no indications for inter-
cellular leakage.

DRr. F. SPENCER (Lexington, Ky.): 1 won-
dered if you have observed any animals
taken out of oxygen after 48 hours, then
examined 1 or 2 weeks later to see if these
changes were reversible?

Dr. KisTLER: No, we sacrificed all our
animals :mmediately after bringing them out
of the chamber. The only thing 1 can say
is that after 72 hours of exposure almost
all animals would have died. When brought
back to room air, the rats started gasping
and becanic rapidly cyanotic. Some died
within a few minutes.

DRr. P. C. PRATT, Session Chairman (Colum-
bus, Ohio): Such studies have been made,
and I think there is little doubt the changes
scen after only 48 hours are highly re-
versible.

Dr. C. J. LAMBERTSEN (Philadelphia, Pa.):
The question I raised about reversibility is a
rather important one, and relates to whether

Discussion

the actual toxic process is reversible or
whether healing of tissue takes place, as if
one had a chemical wound of the lungs
with a replacement of the cells by the normal
process of healing and growth. This differs
from the reversal of a toxic process.

DRr. KisTLER: Well, 1 think there are two
possibilities. First, the interstitial edema can
be reabsorbed, leading to a complete heal-
ing. On the other hand, it is known that
edema can be followed by cell infiltration.
We have seen this in the lungs after 72
hours of oxygen exposure, where the initial
interstitial edema was more or less replaced
by cells. These cells had to come from some-
where, and, since we could not observe
dividing cells, we concluded that they came
from the blood vessels. With their appear-
ance, the alveolocapillary tissue barrier in-
creased once more in thickness.

DRr. E. J. BURGER (Boston, Mass.): Is there
any suggestion that there is a primary change
in vascular caliber which precedes any of
the things you spoke of?

Dr. KisTLER: No, we did not observe any-
thing like that. There is obstruction in the
capillary bed beginning after 48 hours and
proceeding rapidly between 48 and 72 hours.
We did not note earlier changes in the di-
ameter of the capillary lumen.

Dr. PrATT: Before one could make obser-
vations along that line, it would be neces-
sary to know more about your fixation
procedures and solutions, efc.

DRr. KiIsTLER: We used standardized pro-
cedures throughout our experiments. After
puncture of the chest on both sides to col-
lapse the lungs, we instilled buffered isotonic
glutaraldehyde through a fine polyethylene
catheter inserted into the trachea. The ini-
tial hydrostatic pressure was always 20 cm
and flow continued until equilibrium was
reached. The trachea was then ligated, and
lung. mediastinum, and heart were removed
together and immersed in glutaraldehyde for
2 hours. None of the changes described in
the animals exposed to oxygen could be seen
in our controls, which were processed in the
same way.
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That animals exposed continuously to a
single atmosphere of pure oxygen die in
several days with respiratory distress has
long been known,! but the mechanism of
this response remains unclear. The oft-
described pulmonary manifestations of
oxygen-breathing include severe atelec-
tasis, vascular congestion, hyaline mem-
branes, and pulmonary edema.’* Thick-
ening of alveolar septa and pulmonary
capillary endothelial proliferation have
also been reported.>’

Apparently, many factors influence pul-
monary susceptibility to oxygen toxicity:
body temperature, partial pressure of oxy-
gen, metabolic state of the organism, and
age, among others. Although no mammal
is known to be fully resistant to the toxic
effects of oxygen, the threshold of sus-
ceptibility varies among species, and in-
traspecies variations are often marked.

Some workers believe that the pulmo-
nary response to hyperoxia might be due
to histamine release,®® while others have
suggested that the toxic effects of high
oxygen concentrations are related to sulf-
hydryl inactivation. More recently, ex-
periments employing oxygen toxicity as a
“model” for studying the respiratory dis-
tress syndrome of the newborn have indi-

cated abnormal alveolar surface tension
properties, %! suggesting that loss of pul-
monary surfactant causes alveolar insta-
bility, leading to atelectasis. Neuroen-
docrine stimulation *? resulting from the
severe stress imposed by exposure to high
oxygen tensions, as well as altered acid—
base balance, has also been considered
as the fundamental disorder of oxygen
toxicity.

These diverse opinions of the patho-
physiology of oxygen toxicity prompted us
to undertake the present studies, with the
hope of clearly delineating some of the
tissue changes and the mechanisms which
bring these about.

MATERIALS AND METHODS

Male albino rats of the Holtzman strain
(160-180 gm) and albino guinea pigs
(300-325 gm) were divided into six ex-
perimental groups (Table 1) and de-
pleted of histamine and S5-hydroxytrypt-
amine as described below.

During oxygen exposure, the animals
were placed in a small hyperbaric chamber
in their usual cages with food and water.
Pure oxygen (> 99%) at 1 ata was al-
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TasBLE 1. Injection Schedule for Depletion of Histamine and 5-Hydroxytryptamine ¢

No.

animals Treatment Day 1 Day 2 Day 3 Day 4 Day § Day 6 Day 7
60 Polymyxin B ® — 2.5 mg/kg 5 mg/kg 7.5 mg/kg 7.5 mg/kg —_ —_
2%
Polymyxin B ® — 2.5 mg/kg 5 mg/kg 7.5 mg/kg 7.5 mg/kg — —
60 © and 2x
promethazine — — —_ —_ —_ 50 mg/kg 50 mg/kg
Polymyxin B * 2.5 mg/kg 5 mg/kg 7.5 mg/kg 7.5 mg/kg — —_ —
60 and 2x
reserpine — 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg — —
55 Reserpine — 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg —_ —_—
—_ — —_ —_ — 50 mg/kg 50 mg/kg

53¢ Promethazine
40 None (controls)

« Exposure to 100% oxygen began on the seventh day.

® Given in dosage of 7266 units/mg.
¢ In addition to the treatment indicated in the table, these animals received promethazine 50 mg/kg daily during oxygen exposure.
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lowed to flow through the chamber, and
its concentration was continuously moni-
tored and recorded with a Beckman polar-
ographic oxygen analyzer. Oxygen flow
was maintained at 10-12 liters/min. The
flow rate was controlled with Fisher—
Porter flowmeters corrected for oxygen.
Oxygen concentrations after the initial 20-
min flushing never fell below 99%. Tem-
perature was continuously recorded and
remained between 25°C and 26°C
throughout the exposure period. Initially,
carbon dioxide concentrations were de-
termined with a Scholander apparatus but
later were done by gas chromatography.
Carbon dioxide levels always remained
below 0.5%.

Histamine and 5-Hydroxytryptamine
Depletion

Because histamine and 5-hydroxytrypt-
amine (5-HT) have been suggested as
important factors in the pathogenesis of
oxygen toxicity,*® we wished to consider
the possible roles of these two compounds
under hyperoxic conditions. Parrot and
West!*1* demonstrated that rat lungs con-
tain large amounts of 5-HT as well as his-
tamine, and high concentrations of hista-
mine in the guinea-pig lung have been
known for many years.

Rats and guinea pigs were depleted of
their body stores of histamine by intra-
peritoneal injections of polymyxin B on a
weight basis (Table 1). More than 90%
of the total body histamine, including
more than 85% of the lung histamine,
was released. Recovery occurred slowly
over a 56-day period. Tissue histamine
levels were determined on a Farrand mi-
crospectrophotofluorometer by the method
of Shore.’* A second group of animals re-
ceived reserpine to deplete the tissue 5S-HT
stores. By this method, over 92% of the
total body 5-HT was released, as deter-
mined with the microspectrophotofiuo-
rometer by the method of Udenfriend.'s'?
A third group received polymyxin B and
reserpine. A fourth group received the
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antihistamine promethazine (Phenergan)
on a body-weight basis. A fifth group
served as untreated oxygen controls. A
series of normal air controls was main-
tained for each treated group.

Degassing Experiments

Although total atelectasis has been re-
ported as a regular feature of pulmonary
oxygen poisoning, it seemed possible that
atelectasis may have resulted from termi-
nal resorption of oxygen. To test this hy-
pothesis, 180-gm male albino rats of the
Holtzman strain were placed in a small
hyperbaric chamber in their usual cages
with food and water. They were exposed
continuously to either 50% O, + 50%
N, at 1 ata, 35% O, + 65% N, at 3 ata,
or 20% O, + 80% N, at 5 ata. Tempera-
ture was maintained at 25-26°C. Gas
concentrations were monitored continu-
ously as described above.

Morphologic Observations

Lung tissue from each experiment was
fixed in either ice-cold calcium formol or
Rossman’s fixative, or was fresh-frozen at
—70°C. Sections were stained with
Harris’ hematoxylin and eosin, periodic
acid-Schiff (PAS) and elastica~van Gie-
son. Frozen sections of formalin-fixed
lungs were cut at 10 p, air-dried, and
mounted in glycerin jelly after brief hy-
dration in distilled water. They were ex-
amined with a Zeiss ultraviolet micro-
scope. Excitation was with the entire emis-
sion of a Zeiss-Osram HBO-200 mercury
burner; Zeiss —65 and 44 barrier filters
were used for observation.

RESULTS

Histamine and/or S5-HT depletion in
either guinea pigs or rats, with or without
promethazine, had no influence on sur-
vival time (55-60 hours), compared with
survival times of untreated oxygen-ex-
posed controls.
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Postmortem examination usually re-
vealed bilateral pleural effusions of clear
thin fluid, with a volume up to 7 ml in
rats and about 10 ml in guinea pigs. Mild
ascites was frequently found in both spe-
cies. Total atelectasis was absent in only
five of 328 animals exposed to 100%
oxygen at 1 ata.

Histologic examination of lungs from
each of the experimental and oxygen-ex-
posed controls revealed no appreciable
differences. It was usual to find severe
edema and congestion of the alveolar septa
(Figure 1A,1C). A proteinaceous exu-
date was noted in the alveolar space (Fig-
ure 1C). Smaller pulmonary artery and
arteriolar constriction was evident through-
out the parenchyma, resulting in marked
narrowing and frequently almost complete
obliteration of the vessel lumen (Figure
1). Many foci of arterial and arteriolar
vasculitis were noted in both species; pul-
monary phlebitis was more frequently ob-
served in rats (Figure 1B,1D).

Acute inflammation was unusual, al-
though occasional scattered areas did re-
veal polymorphonuclear leukocytes and
fibrin strands within alveolar spaces. In-
terlobular septa and peribronchial, peri-
arterial, and periarteriolar edema were
characteristically found (Figure 1B,1C,
1D).

Animals exposed to 5 ata of 20% O. +
80% N. died with minimal atelectasis in
the usual time (Figure 2A). The lungs
were pink but heavy with edema fluid, and
pleural effusion was present. The lungs of
animals exposed to 50% O, + 50% N.
at 2 ata showed partial atelectasis with
only patches of “hepatization™; the lungs
of animals that died in 35% O. + 65%
N, at 3 ata (Figure 2B) revealed atelec-
tasis approximately between that of the
20% O. + 80% N, group and the 50%
0.4+50% N. group.

Ultraviolet microscopy of oxygen-poi-
soned lungs (Figure 2D) revealed a dimi-
nution in or absence of the characteristic
green autofluorescent alveolar lining (Fig-
ure 2C). (These studies will be reported
in more detail elsewhere.)

Murray Wittner and Robert M. Rosenbaum

DiscussioN

Previous studies of pulmonary oxygen
toxicity in experimental animals® have
indicated that antihistamines prevent or
delay the onset of pulmonary edema, at-
electasis, and vascular congestion. Our
findings, however, failed to confirm this.
Moreover, examination of pulmonary tis-
sues by a variety of techniques suggests
that continuous exposure to high oxygen
concentrations for short periods of time
provokes severe arterial and arteriolar
vasoconstriction, vasculitis, and possibly
arterial medial hyperplasia. We believe
that these vasoconstrictive changes lead to
pulmonary hypertension and possibly to
reduced blood flow. An occasional obser-
vation of the beating heart of an oxygen-
poisoned animal in the terminal state
usually revealed a prominent right ven-
tricle and a dilated distended conus ar-
teriosus. Furthermore, direct toxic effects
of oxygen on alveolar cells and anoxemia
may lead to “leaking” cell membranes as
well as to altered metabolic and synthetic
capacities. Such metabolic changes are
indicated by the absence of the alveolar
phospholipid lining layer and in vitro
hydrolytic enzyme inactivation of pul-
monary parenchyma, as well as in vivo
sulfhydryl inactivation.

Pulmonary vascular resistance mea-
sured in the presence of elevated intra-
alveolar oxygen tensions has been re-
ported to either increase' or decrease.'™*"
Pratt™’ has described alveolar capillary
proliferation in man as a result of hyper-
oxia, and he relates this change to capil-
lary dilatation. Increased pulmonary ar-
terial pO., however, has frequently been
associated with pulmonary arteriolar vaso-
constriction,?!** and it has been suggested
that pulmonary venous or venular con-
striction is the basis of the resulting hyper-
tension.'™ Our histologic evidence indi-
cates that arterial, arteriolar, and venular
constriction occur frequently. We have
been unable to demonstrate capillary pro-
liferation, but perhaps such changes are
peculiar to human pulmonary endothe-
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FIGURE 1. A, section of lung of rat that died after 58-hour exposure to 100% O, at 1 ata;

note

D, section of lung of rat that died after 58-hour

and periarterial edema and vasculitis with a mod-
arterial vasconstriction and perivascular edema

note marked vasoconstriction and perivascular edema. C, section of lung of
-hour exposure to 50% O: 4+ 50% N, mixture at 2 ata. Vasocon-

severe vasoconstriction and edema. B, section of lung of rat that died after 54-hour exposure to

erate infiltrate of inflammatory cells are evident.

striction and pulmonary edema are prominent,
exposure to 20% O, + 80% N, mixture at 5 ata;

guinea pig that died after 61

100% O, at 1 ata;

are prominent.
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FiGURE 2. A, lung described in Figure 1D; note gencral pale color (pink). Atelectasis is minimal.
B, lung from rat that died in 35% O: + 65% N: mixture after 56-hour exposure. Focal areas of
complete collapse appear as darker areas. Hepatization would appear grossly similar to that of
the heart, the dark structure in the center of the photograph. C, autofluorescent (bottle-green)
alveolar lining layer (arrow) in normal rat lung. D, absence of fluorescent lining in lung of Or
poisoned rat.

184


http://www.nap.edu/catalog.php?record_id=20265

Pathophysiology of Pulmonary Oxygen Toxicity

lium. Our observations resemble those
previously described in rats chronically
exposed to air at the equivalent of 83.6%
oxygen.?*-2%

Atelectasis and hepatization, regarded
as common features of oxygen poisoning,
may actually be unimportant or may not
even represent genuine lesions of oxygen
poisoning. Our experimental animals,
continuously exposed and eventually killed
in 20% oxygen at 5 ata, consistently re-
vealed only minor degrees of atelectasis
(Figure 2A); however, alveolar stability
was markedly diminished, as judged by
their inability to retain air when artificially
inflated. This instability may have re-
flected diminished or absent alveolar lining
layer (i.e., surfactant), as evidenced by
diminished autofluorescence under ultra-
violet microscopy. Possibly oxygen inac-
tivates surfactant, as in vitro studies have
indicated,?*?" or redistributes surfactant
within alveoli as a result of pulmonary
edema fluid “washing off” surfactant from
alveolar surfaces. Complete atelectasis
(“hepatization™) seems to be a terminal
event, inasmuch as the experiments at S5,
3, 2, and 1 ata have clearly demonstrated
that the degree of atelectasis-varies directly
with the oxygen percentage in the gas
mixture. In support of this, it was demon-
strated that atelectasis could be delayed
by artificial periodic pulmonary insuffla-
tion.?®

Finally, the question arises as to the im-
portance of pulmonary surfactant in rela-
tion to atelectasis. Animals (rats, guinea
pigs, hamsters, or mice) in 100% oxygen,
sacrificed during the first 24-48 hours of
exposure, never showed discernible lesions
typical of oxygen toxicity. Only in the
last few hours before death (as judged by
comparison with litter mates) were many
of the typical changes found. Vasocon-
striction, alveolar instability, and atelec-
tasis were absent. Correlated with these
findings, fluorescence and surfactant mea-
surements were within normal limits dur-
ing these first 48 hours, becoming ab-
normal only just before death, although
respiratory distress was evident after 24—

185

30 hours. If there are early morphologic
counterparts of these symptoms, they must
be readily and rapidly reversible,

Figure 3 summarizes our current con-
cept of the mechanism of pulmonary oxy-
gen toxicity. Although not all aspects of
this proposal are proven, we believe it
comes close to explaining many of the
findings of this most perplexing disease.
Our in vitro and in vivo studies?®-3? have
clearly demonstrated enzymic inhibition
associated with exposure to high oxygen
concentrations—which could certainly ac-
count for the proposed alveolar cell de-
fects leading to the complex gross and
microscopic pulmonary changes.

SUMMARY

1. Hyperbaric oxygenation causes
marked pulmonary vasoconstriction affect-
ing small muscular arteries, arterioles,
and venules.

2. Vasculitis commonly affects these
vessels.

3. Histamine and serotonin are not
responsible for these vasconstrictive
changes.
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Instaditity
- o 4
Alveolar Cali Damoge
Surfoctant
3 Drermoned Symvronis Oeficiency

1
T =l PN

FIGURE 3. Sequence of interrelated pathophysi-
ologic events leading to pulmonary oxygen tox-
icity in mammals.
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4. Total atelectasis with “hepatization”
of the lung parenchyma is a result of

terminal resorptive atelectasis.

5. The alveolar lining layer, as visu-

alized by autofluorescence, is absent in

oxygen-poisoned animals. This may be
responsible for alveolar instability typi-
cally found in these animals.

6. A pathophysiologic correlation is

suggested.
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DISCUSSION

Dr. K. H. SMiITH (Fort Collins, Colo.):
Have you found that this pulmonary vaso-
constriction has a central origin or is directly
caused by oxygen tension? We have noticed
that in hypoxic cattle with reduced oxygen
tension we get a vasoconstriction from an
increase of the media in vascular tissue.

Dr. WITTNER: We do not know whether
it is central, but we think that the vaso-
constriction is probably secondary to in-
creased pO, and pCO, changes, and these
may act both directly and indirectly on pul-
monary vessels.

Dr. P. C. PRATT, Session Chairman (Colum-
bus, Ohio): The present situation, though,
is that hyperoxia and hypoxia both produce
vasoconstriction. This seems questionable
to me.

UNIDENTIFIED SPEAKER: | believe you
showed two lungs, one of which was redder
than the other, and I thought you said it was
exposed to 50% oxygen. Why was there
a greater hepatization at 50% oxygen, less
at 35% oxygen, and even less at 20%
oxygen?

DRr. WITTNER: We think that what happens
is that hepatization results from terminal
resorption atelectasis of the oxygen from
alveoli. The experiment we presented
demonstrated that the degree of atelectasis
varied directly with the amount of oxygen in
the gas mixture, keeping in mind, of course,
that in each experiment the pO, was always
close to 760 mm Hg (i.e., the equivalent of
100% oxygen at 1 ata).

DRr. PRATT: We have confirmed this inter-
pretation in a different way by exposing mice
to 100% oxygen, killing them, and autop-
sying them, some immediately and some
3 hours after death. We find greater col-
lapse and congestion of the lung in those
with delayed autopsy.

Carr. G. Bonp (Washington, D. C.):
There were two other factors not men-
tioned: (1) the increased density of the
breathing medium, which would naturally
add to the work of breathing, and (2) the
nitrogen narcotic effect. Would you care to
comment on how much that might play a
part in your picture?
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Dr. WITTNER: The animals that were at
S ata with the 80% nitrogen and 20% oxy-
gen died within the same time range as our
controls that were in 100% oxygen at 1 ata.
We really did not notice anything particu-
larly different about them.

DRr. J. A. MENDELSON ( Edgewood Arsenal,
Md.): 1 just wanted to make a practical
point that may not apply to your slides
particularly, but we have noticed that in
some rabbits perivascular thickening and
constriction do, at least, appear somewhat
similar to those shown in your slides. It
was pointed out by our veterinary pathologist
that this could excite people a great deal
except that it occurs very often under other
conditions in rabbits and perhaps in other
small animals.

DRr. WITTNER: We know this occurs very
rapidly in guinea pigs and rabbits following
endogenous histamine release as a result of
hypersensitivity or anaphylaxis. Moreover,
injection of histamine and/or S5-hydroxy-
tryptamine usually produces lesions similar
to ours. The animals in our experiment, how-
ever, were depleted of their tissue amines
s0 that we know this was not a factor in
causing vasoconstriction. We think these ef-
fects are real since our control series never
showed these changes.

Dr. J. D. HackNeY (Downey, Calif.): 1
have one comment. In judging lung stability
and instability and resorption when animals
are breathing 100% oxygen, it would be
worthwhile to expand the specimen fully

Discussion

just before the observations are made, then
let them come down to low or zero distending
pressure, and then judge grossly whether
they are unstable. It is even better to
do pressure-volume measurements, though
this is sometimes very difficult because of
holes in the specimen. However, if you are
going to use gross appearance to judge lung
stability, I think it would be worthwhile to
expand the specimen just before the ob-
servations.

DRr. WITTNER: We have done numerous
pressure—volume curves using inflation tech-
niques similar to those described by Gruen-
wald at Johns Hopkins ( Anat. Rec. 139:471,
1961) and Craig (Amer. J. Dis. Child 106:
174, 1963). We consistently found that
greater work was necessary to move a known
volume of air in an oxygen-poisoned lung
than in a normal lung. Poisoned lungs also
showed a greater tendency to collapse; that
is, they were markedly unstable. This was
true for animals killed at 5 ata in 20%
oxygen as well as at 1 ata in 100% oxygen.
Furthermore, one cannot expand the oxy-
gen-poisoned lungs with liquid, since the
fluid runs through them just like water
through a saturated sponge. At this time,
we have no really concrete ideas as to why
this occurs. We do think, of course, that
the cell membrane, as well as the alveolar
lining layer (surfactant), are disrupted or
impaired. I think the electron micrograph
studies just presented at this session support
our suggestions as to the reason for these
leaking membranes, and may be part of the
reason why we cannot inflate lungs with any
kind of fluid.
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Fatal Pulmonary Injury from Prolonged Inhalation of

Oxygen in High Concentrations

F. C. SPENCER, P. BOSOMWORTH, and WILLIAM RITCHER

Departments of Surgery and Anesthesiology
University of Kentucky School of Medicine, Lexington, Kentucky

The experiments described in this report
were designed to measure specifically the
effects of prolonged breathing of oxygen
at different partial pressures (pOz 140—
700 mm Hg) upon dog lungs. This work
evolved from our experiences in 1963
with fatal pulmonary injury in a patient
after mechanical ventilation for several
days with high concentrations of oxygen.
Serious preexisting pulmonary disease
prevented evaluation of the specific role
of oxygen in the production of the fatal
pulmonary lesion.

The increasing use of mechanical venti-
lators in man, capable of delivering oxy-
gen at partial pressures over 600 mm Hg,
has made recognition of the hazards in-
volved in administering oxygen in different
concentrations extremely important. Fol-
lowing is a report of our experimental
data on dog studies and our clinical find-
ings in patients in whom respiration was
being assisted by mechanical ventilator.

MATERIALS AND METHODS

Experimental Studies

The studies were performed in an air-
conditioned building (temperature 21-

24°C, humidity 38-50% ). Healthy mon-
grel dogs (weighing 6-20 kg) were placed
in a barrel modified to permit continuous
exposure to oxygen of different concen-
trations (Figure 1). The capacity of the
barrel was about 180 liters (length 75
cm, width 55 cm). Food, water, and a
small container of soda lime to absorb
carbon dioxide were placed in the barrel
with the dog. The open end was then
sealed with a lid of transparent rigid
plastic material through which the ani-
mal could be observed. Small openings
in the plastic lid were made for the en-
trance and exit of oxygen. The rate of
oxygen flow into the barrel varied from

pO, 150-650 mmHg
pCO,;: <10 mm Hg
Humidity 95-97 %
Temperature 24°C
Dog Wt 10-15Kg

FIGURE 1. Sketch of barrel used for experi-
ments. The open end was closed with rigid
transparent plastic. Openings provided entry
and exit for oxygen. Food, water, and a small
container of soda lime to absorb carbon dioxide
were placed in the barrel.

189
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TABLE 1. Group 1 Experiments: Exposure of Dogs to Compressed Air ¢

O; tension Duration of Pulmonary
Dog Wwt. daily range observation findings
no. (kg) (mm Hg) (days) at autopsy
1 9 140-150 5 N
2 12 — 14 N
3 14 — 14 N
4 13 — 14 N
5 9 135-140 14 N
6 8 135-143 14 N
7 7 137-149 12 N

N, lungs normal on both gross and microscopic autopsy examination at end of observation period.
¢ Chamber humidity was 75-95%; carbon dioxide tension was less than 10 mm Hg.

5 to 20 liters/min, depending upon
the oxygen concentration desired.

The animal moved about freely inside
the barrel, eating and drinking. No re-
straints, anesthesia, or cannulas were used.
Two or three times daily the atmosphere
inside the barrel was sampled to deter-
mine concentrations of oxygen, carbon
dioxide, and water vapor. Except for
one time each day when food and water
were changed, the atmospheric conditions
inside the barrel remained uniform
throughout the period of study.

Thirty-three dogs were studied, and
these were divided into three groups: (1)
In control experiments, seven animals

were exposed to a continuous flow of
compressed air (5 liters/min) for 5-14
days (Table 1). (2) Eight animals
breathed oxygen at a partial pressure of
295-345 mm Hg for 10-14 days (Table
2). (Originally, this group comprised
nine animals, but the dog in experiment 16
died of unknown causes after 8 days.)
At the end of the experimental period,
the animals were killed by the intravenous
injection of sodium pentobarbital and
autopsy was performed. (3) Seventeen
animals breathed oxygen at a tension
between 300 and 720 mm Hg (Table 3)
until death occurred from respiratory
insufficiency.

TABLE 2. Group 2 Experiments: Exposure of Dogs to Oxygen at Tensions of
295-345 mm Hge®

Gross
O:. tension Duration of pulmonary
Dog Wwt. daily range observation findings at
no. (kg) (mm Hg) (days) autopsy *
8 —_ 300-320 10 N
9 15 305-345 14 N
10 14 305-325 14 N
11 15 305-315 11 N
12 15 305-315 14 N
13 15 310-325 14 N
14 11 295-305 14 N
15 10 300-310 14 N
16 8 205-325 8° N

N, lungs normal on gross examination,

¢ Chamber humidity was 75-95%; carbon dioxide tension was less than 10 mm Hg.
* Microscopic examination of lungs at autopsy (at end of observation period) showed frequent alveolar

thickening.

¢This animal died of an unknown cause before termination of the experiment.
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TasLE 3. Group 3 Experiments: Exposure of Dogs to Oxygen at Tensions of
300-720 mm Hg*

O: tension Survival
Dog Wt. daily range time Pulmonary findings
no. (kg) (mm Hg) (days) at autopsy

17 8 300-515 5% Atelectasis, edema

18 10 360460 2% Hemorrhage, edema

19 9 380415 2Va Edema

20 11 310-410 2% Edema

21 13 420-550 31 Hemorrhage, consolidation

22 13 380-490 4 Hemorrhage, edema

23 20 350-640 2% Edema, consolidation

24 15 620-720 414 Edema, consolidation

25 13 620-642 214 Edema, consolidation

26 13 420-640 215 Hemorrhage, edema, consolida-
tion

27 12 670-680 2 Hemorrhage, edema, consolida-
tion

28 12 490-535 214 Massive hemorrhage, consolida-
tion

29 18 460-560 214 Edema, consolidation

30 15 465-660 414 Edema, consolidation

31 10 600-615 21 Patchy edema, consolidation

32 6 620-700 3 Hemorrhage, edema

33 6 300-580 9 Sacrificed, lungs normal

* Chamber humidity was 75-95%; carbon dioxide tension was less than 10 mm Hg.

Autopsy was performed upon cach ani-
mal, with examination of the heart, lungs,
and abdominal viscera. Care was taken
to occlude the trachea with a clamp before
the thorax was opened in order to pre-
vent postmortem collapse of the lungs.
Microscopic examination of the lungs was
routincly done, with histologic sections
stained with hematoxylin and eosin. His-
tologic examination of the heart, liver,
and kidneys was performed in only a few
experiments, as no significant abnormali-
ties were found.

Clinical Studies

Thirty-two patients in whom respiration
was supported with a pressure-cycled me-
chanical ventilator because of postopera-
tive respiratory insufficicncy (usually fol-
lowing cardiopulmonary bypass for
valvular heart disease) were studied twice
daily. The ventilator was connected to
the patient through a cuff tracheostomy
tube. Oxygen tensions in the inspired gas

immediately proximal to the tracheostomy
were measured simultaneously with oxy-
gen tensions in arterial blood. The dis-
crepancy between the oxygen concentra-
tion indicated by the oxygen dilution
valve on the ventilator (usually 40-60% )
and that measured in the inspired gas was
noted.

RESULTS

Experimental Studies

Group 1 Experiments. Animals breathing
compressed air showed no changes during
the 5-14 days of observation. They ate
and drank normally and showed no ad-
verse effects from confinement in the
barrel. At autopsy, the lungs were normal
on both gross and microscopic examina-
tion (Table 1).

Group 2 Experiments. All nine animals
breathing oxygen at a tension of 295-345
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mm Hg for 10-14 days survived but one
(Dog 16, Table 2). This death was prob-
ably due to an unrecognized intercurrent
iliness, for no pulmonary injury was
found. During the experiments, the only
abnormality noted was a tendency for the
animals to become drowsy and not eat
well. Dyspnea was not apparent. At
autopsy, the lungs appeared normal on
gross examination, but often microscopic
examination revealed thickening of the
alveolar walls (Figure 2). Hemosiderin
deposits were also frequently seen, sug-
gesting previous hemorrhage into the
alveoli. There was no cellular infiltration
or accumulation of fluid in the alveoli.

Groun 3 Experiments. All but one of
the 17 animals breathing oxygen at a
tension above 300 mm Hg died in 2-5'2
days from respiratory insufficiency (Table
3). The sole survival (Dog 33) can prob-
ably be explained by inadvertent interrup-
tion in the continuous flow of high con-
centrations of oxygen, for the measured
oxygen concentrations varied widely, and
the lungs appeared normal at autopsy. In
all other experiments, the animals first
became drowsy and stopped eating. Soon
afterward, dyspnea appeared, gradually
becoming more severe, until death oc-
curred in 12-24 hours. There was no cor-
relation between oxygen concentration
and survival time, for the clinical course

S .'-“‘-uhh »
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FiGure 2. Histologic section of lung from
Group 2 experiment, showing thickening of the

walls of the alveoli. No fluid is seen in the
alveolar lumen, nor any inflammatory cells.

F. C. Spencer et al.

of animals breathing oxygen at a tension of
400-500 mm Hg was similar to that of
animals breathing oxygen at a tension of
600-700 mm Hg (Figure 3). Neither
was there a correlation between body
weight and survival (Tables 1-3).

At autopsy, the lungs were usually a
fiery red color from intense congestion
and hemorrhage (Figure 4A, 4B). Severe
pulmonary consolidation was often found,
with large amounts of pulmonary edema
fluid in the trachea and bronchi. When
the lungs were incised, large amounts of
fluid poured from the cut surfaces (Fig-
ure 4C). Often the areas of consolida-
tion were irregularly distributed through-
out the lungs, the lower lobes being most
frequently involved.

In two animals, the pulmonary artery
to one lung was ligated 6-8 weeks before
the animal was placed in the oxygen bar-
rel to determine whether the absence of
mixed venous blood in a lung would in-
fluence pulmonary sensitivity to oxygen.
Autopsy examination of both dogs showed
the degree of injury in the lung containing
the intact pulmonary artery to be similar
to that found in the lung with the ligated
pulmonary artery.

Histologic sections of the lungs showed
varying degrees of congestion, edema,
hemorrhage, and deposition of fibrin
within the alveoli (Figure 5A, 5B). Ex-
cept for the occasional deposition of
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Ficure 3. Comparison of the mortalities in
dogs exposed to different concentrations of
oxygen showed no correlation between oxygen
concentration and mortality once the oxygen
tension exceeded 400 mm Hg.
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FiGURE 4. A, photograph of lungs at autopsy in Group 3 experiment. There was massive consoli-
dation and edema and a fiery red color consistently found from congestion and hemorrhage.
B, view of the margin of one of the lobes of the lungs shown in A, illustrating the liverlike appear-
ance due to massive consolidation. C, incision of the same lobe, showing the large amount of
pulmonary edema fluid that poured from the cut surface.

strands of fibrin within the alveoli, most
of the pathologic changes appeared to be
of recent origin. Infiltration of cells was
seldom found. No intrinsic changes were
seen in the cells lining the alveoli except
for those due to the distortion produced
by the extensive congestion and edema.

Clinical Findings

In the 32 patients ventilated with a pres-
sure-cycled mechanical ventilator, great

variation was found in the oxygen con-
centrations in the inspired gas, depending
upon the degree to which the nebulizer
attached to the ventilator was used. Be-
cause the nebulizer was activated by
oxygen flowing through it, gas leaving the
nebulizer had a high oxygen concentration
which accordingly raised the oxygen
concentration in the gas from the venti-
lator when mixed with it. In 23 patients
ventilated with one type of respirator, the
oxygen dilution valve was adjusted to

FIGURE 5. A, histologic section of lung in Group 3 experiment, in an area of moderate injury.
There was patchy consolidation and congestion throughout the lung field. B, high-power view of
lung tissue in Group 3 experiment, showing the typical massive edema and congestion regularly

found in these experiments.
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deliver an oxygen concentration of 40%.
When the nebulizer was not used, the
oxygen concentration in the inspired gas
varied from 48 to 63%. When the nebu-
lizer was activated with oxygen, the con-
centration in the inspired gas rose to
78-96% (Table 4).

In another type of pressure-cycled
ventilator, studied in nine patients, where
the oxygen dilution valve was set to
deliver an oxygen concentration of 40%,
the oxygen concentration when the nebu-
lizer was not used varied from 43 to
46%. When the nebulizer was used,
however, the oxygen concentrations
ranged from 49 to 68%, depending upon
the peak pressure developed by the venti-
lator during inspiration (Table 4).

Observations were made on 11 pa-
tients ventilated with a volume-cycled
piston respirator, in which varying
amounts of oxygen were introduced into
the gas mixture entering the piston cham-
ber. In all of these, the partial pressure
of oxygen in the gas from the ventilator
was below 250 mm Hg. This oxygen
tension was sufficient to maintain an
arterial oxygen tension between 88 and
108 mm Hg.

F. C. Spencer et al.

TABLE 4. Oxygen Concentration Variation

in Inspired Gas with Pressure-Cycled

Respirators: Oxygen Dilution Valve Set
to Deliver 40% Oxygen

Inspired O. concentration

Respira- No. Without With

tor used pts. nebulizer nebulizer
A 23 48-63% 78-96%
B 9 43-46% 49-68%

Most of the patients were ventilated
for only 1-2 days. In this period of
time, no pulmonary injury was recognized
as having resulted from the oxygen ten-
sions employed. The fact that serious
pulmonary disease was present, however
(which was the reason the ventilator was
used), made it impossible to detect any
subtle harmful effects from oxygen.

Two patients who were treated before
these studies were undertaken developed
fatal pulmonary injury after ventilation
with high tensions of oxygen (450-500
mm Hg) for 4-5 days. In both patients,
serious preexisting pulmonary disease
made it impossible to separate the effects
of oxygen from other factors. At autopsy,

FIGURE 6. A, photograph of heart and lungs removed at autopsy from a patient who died
after ventilation for 5 days with oxygen tensions greater than 400 mm Hg. The diffuse hemor-
rhagic consolidation of both lungs closely resembled that seen in the experimental studies
(Figure 4A, 4B). B, incision of one of the consolidated lobes of the lungs shown in A, showing
a diffuse hemorrhagic consolidation throughout the pulmonary tissue,
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extensive pulmonary congestion and con-
solidation was found in one patient (Fig-
ure 6A,6B), which closely resembled the
changes found in the lungs of the dogs
in the Group 3 experiments (Figure 4A,
4B).

DiscUssION

Pulmonary Injury from Oxygen in Dogs

The experimental results clearly demon-
strate the uniformly lethal action of oxy-
gen in dogs exposed to environmental
oxygen tensions above 350-400 mm Hg.
The absence of any pulmonary injury in
the control studies in the Group 1 ex-
periments with compressed air would
seemingly exclude any etiologic factor
other than oxygen. It was of interest
that the minimum lethal partial pressure
of oxygen was near 350400 mm Hg,
since animals consistently survived oxy-
gen pressures of 300350 mm Hg (Group
2). Above 40 mm Hg, however, there
was little correlation between the rate at
which the fatal pulmonary injury de-
veloped and the actual oxygen tension.
Dogs breathing oxygen at a temsion of
400 mm Hg had a course very similar
to that of dogs breathing oxygen at a
tension of 600 mm Hg. From the data
available, one cannot make any inferences
with certainty. Only 17 experiments were
performed. Possibly a larger series might
reveal a correlation between the actual
oxygen tension and the rate of develop-
ment of pulmonary changes. Another
possibility is that individual animals vary
in susceptibility to injury from oxygen.
Such a spontaneous variation has been
found in experiments with smaller animals
and could easily obscure a correlation
between oxygen tensions and pulmonary
injury.

The results in these experiments are
very similar to those reported in 1941]
by Paine, in studies of dogs inspiring
oxygen at concentrations of 95-100% .
Oxygen concentrations of 75-80% were
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well tolerated for 7 days, but only two
experiments were performed. Many in-
vestigations of the effects of oxygen on
smaller animals (mice, rats, guinea pigs,
and rabbits) have been performed, one
of the best early studies being that of
Karsner in 1916, who found that high con-
centrations of oxygen caused fatal pul-
monary injury in rabbits.®* His descrip-
tions of the pathologic alveolar changes
of congestion and edema closely resemble
those in this report. An excellent sum-
mary of the different experimental studies
appeared in Bean’s detailed report on
oxygen poisoning in 1945.* Fatal pul-
monary injury was almost invariably
found in experiments on small animals,
but often additional factors such as car-
bon dioxide concentration or humidity
were not controlled. Hence, the appli-
cability of the findings in small animals to
large animals and man has long been
debated.

The pulmonary manifestations of oxy-
gen toxicity have been consistently found
to be a combination of congestion, hemor-
rhage, and edema, producing a massive
hemorrhagic consolidation in the lung.
This picture suggests a direct irritant
effect of oxygen on the pulmonary capil-
laries and alveoli. Signs of chronic in-
flammation, such as infiltration by in-
flammatory cells, have not been found,
although the occasional finding of strands
of fibrin within the alveoli indicates a
subacute injury. Whether a chronic sub-
lethal pulmonary injury can be produced
by oxygen is unknown. Such a possibility
is suggested by the irregular thickening
of the alveolar walls in the Group 2 ex-
periments after exposure to oxygen for
14 days, but only limited observations
were made. Possibly such changes may
subside when oxygen inhalation is stopped.

Hazards of Pulmonary Injury from
Oxygen in Man

With the experimental findings described
in the preceding paragraphs, the risks of
pulmonary injury from oxygen in man
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have naturally long been considered. As
early as 1783, Lavoisier expressed con-
cern over the risk of pulmonary injury.®
In 1899, J. Lorrain Smith considered in
detail the experimental findings indicating
pulmonary injury from oxygen.* In later
years, however, morc than one experi-
enced investigator expressed the opinion
that there was very little risk in man of
pulmonary injury from oxygen. Un-
doubtedly these opinions arose partly from
the fact that methods of administering
oxygen to man before 1955 seldom pro-
duced oxygen concentrations greater than
50%. In 1945, Bean stated that a fatal
pulmonary injury in man had not been
recognized.’

One of the best early studies of oxygen
toxicity in man was performed in 1945
by Comroe ef al.,* who administered 97—
99% oxygen to 90 healthy adult volun-
teers for 24 hours. The most frequent
symptom produced was substernal dis-
tress, occurring in 82% of the subjects.
Signs of nose and throat irritation were
also common. The vital capacity was
significantly reduced, although the chest
roentgenogram was normal. In parallel
studies with inhalation of 50% oxygen,
no symptoms were produced.

Similar findings were later reported by
several other investigators. In 1947,
Ohlsson studied six normal adults in an
oxygen chamber for 50-60 hours.* The
longest studies were performed in 1962
by Dolezal, who studicd 12 adults re-
maining in an oxygen chamber for 42-
110 hours.® In 1963, Lec ef al. demon-
strated a decrease in pulmonary diffusion
capacity associated with other symptoms
of oxygen toxicity in voluntecrs breath-
ing 98% oxygen at 1 atm.” The data
now available have fairly well defined the
clinical picture resulting from continuous
breathing of 100% oxygen. Symptoms
appear between 6 and 30 hours, the usual
limit of tolerance being 50-75 hours.
Substernal pain is the carliest and most
frequent symptom. Other symptoms in-
clude irritation of the nose and throat,
anorexia, and paresthesia. The chest

F. C. Spencer et al.

roentgenogram remains normal, and
symptoms subside soon after oxygen
inhalation is stopped.

The oxygen tension at which symptoms
develop is apparently near 400-425 mm
Hg. Michel et al. maintained six men at
an oxygen tension of 418 mm Hg for 7
days and found that substernal distress
developed but did not prevent completion
of the experiment.® This level of oxygen
tension is close to the minimal lethal oxy-
gen tension of 350-400 mm Hg found in
our experiments, described herein. What
changes evolve from longer periods of
exposure to oxygen in lesser concentra-
tions is uncertain. Welch er al. have
recently reviewed the existing data in this
regard.”

The risks of oxygen injury to the lungs
have been largely overlooked in the clini-
cal use of mechanical ventilators employed
with a tracheostomy.'™'" Part of this
oversight is due to the faulty design of the
pressure-cycled ventilators, with nebu-
lizers that negate dilution of oxygen in
the ventilator.’ A false sense of security
easily results from relying upon the oxy-
gen dilution valves in the ventilator. By
contrast, with volume-cycled piston res-
pirators, utilizing oxygen only to enrich
the inhaled concentration to levels re-
quired to maintain normal arterial tension,
inadvertent administration of oxygen in
high concentrations has not occurred.

Another reason for the difficulty in
detecting pulmonary injury from oxygen
is that ventilators are frequently used only
for serious pulmonary disease. Hence, if
a death occurs after use of a ventilator,
one can casily attribute it to progression
of the original disease, not recognizing
additional injury produced by high oxy-
gen tensions. While proof cannot be ob-
tained, it is highly probable that such a
lethal pulmonary injury was produced by
oxygen in the two patients described in
this report.

At present, it would seem best to moni-
tor the inspired gas for cach patient in
whom respiration is supported with a
mechanical ventilator by measuring the
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oxygen tension in the inspired gas at least
twice daily. Only in unusual circumstances
should oxygen tensions above 300 mm
Hg be used and then only for short periods
of time.

SUMMARY

1. Thirty-three unrestrained dogs were
exposed to different concentrations of
oxygen in a closed chamber for 5-14
days. In control studies using compressed
air, the animals showed no ill effects.
With oxygen tensions at 300-350 mm
Hg for 14 days, the animals became
drowsy but not dyspneic. Thickening of
the walls of the pulmonary alveoli was the
only abnormality found at autopsy. Oxy-
gen tensions above 350-400 mm Hg
regularly produced fatal pulmonary injury
in 2-6 days. The prominent pathologic
changes were congestion, edema, hemor-
rhage, and consolidation.
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2. Pressure-cycled ventilators used in
man for mechanical ventilation through a
trachcostomy have a serious mechanical
defect, as a result of which oxygen may
be given in much higher concentrations
than the oxygen dilution valves on the
ventilator indicate. The error results from
activation of the nebulizer in the ventilator
with undiluted oxygen. Two (fatalities
from pulmonary insufficiency have been
seen in man after ventilation with oxygen
at a tension above 400 mm Hg for longer
than 4 days. Although exact conclusions
cannot be reached, the data strongly sug-
gest that the pulmonary injury was related
to the high concentrations of oxygen used.

3. When a patient is ventilated with a
mechanical ventilator through a tracheos-
tomy, the oxygen tension in the inspired
gas proximal to the tracheostomy should
be measured twice daily. For most pa-
tients, the oxygen tension should be kept
well below 300 mm Hg.
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