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Survival of Mammals Breathing Organic Liquids
Equilibrated with Oxygen at Atmospheric Pressure

Abstract. Because oxygen and carbon dioxide are very soluble in certain sili-
cone oils and fluorocarbon liquids, these liquids will support respiration of mam-
mals. Mice and cats respiring silicone oil die shortly after return to air breathing,
while those breathing fluorocarbon survive for weeks. The respiration of mice
is optimally supported by these organic liquids at about 20°C. In cats, arterial
oxygenation is excellent, but there is some impairment of carbon dioxide elimi-
nation. All animals have suffered some pulmonary damage from breathing
fluorocarbon liquids. Continued investigation of organic fluid respiration may
lead to development of a safe method to support the respiration of man- by
liquids equilibrated with gases at atmospheric pressure.

Oxygen is at least ten times as sol-
uble in silicone and fluorochemical
liquids as in plasma or saline. A given
volume of oxygen-saturated silicone oil
contains half-again as much oxygen as

the same volume of air or whole blood,
while a given volume of oxygen-satu-
rated fluorochemical liquid- contains
three times as much (7, 2). It therefore
seems reasonable to expect that they
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Fig. 1. Brain oxygen cathode current during liquid fluorocarbon breathing in the
mouse. The polarographic brain oxygen cathode current is indicated as the solid line
and colonic temperature as the dotted line. Time in minutes is shown on the horizontal
axis. Pulse and respiration rates are indicated by P and R. The gas being breathed
or being equilibrated with the fluorocarbon is indicated on the bar at the top of the
graph. Cathode: platinum, 40 gauge, 4 mm; reference: AgCl-Ag; respiration fluid:
fluorocarbon FX-80, continuously bubbled with the gas indicated.
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might be capable of supporting the res-
piration of intact animals. These organic
liquids are available in viscosities near
that of water, they are poor solvents,
and are generally regarded as biologi-
cally inert (3). The silicone oils (poly-
methylsiloxanes) are immiscible with
the fluorocarbon liquids (perfluorobutyl-
tetrahydrofurans) and with water. Both
have significant vapor pressures.

Preliminary experiments (4) indicated
that mice and rats could survive com-
plete immersion in oxygen-saturated sili-
cone oils for prolonged periods and that
the length of time they were able to
continue breathing the oils was related
to its viscosity and temperature. Thus,
in groups of five mice, survival aver-
aged 4, 5, 16, and 35 minutes in oxygen-
saturated oil at 24°C, having viscosities
of 10, 5, 2, and 1 centistoke, respective-
ly. Silicone oils having a viscosity of
0.65 centistoke proved to be too toxic
to use. The optimum temperature for
survival was about 18°C; several ani-
mals breathed oil at this temperature
for over 6 hours, while respiration usu-
ally ceased after 5 minutes at 35°C.
The mean brain oxygen cathode current
(5) at 20°C was approximately half
that obtained during air breathing at the
same temperature. Several cats survived
respiration with 1-centistoke silicone oil
for 1 hour, but the arterial pO, fell, the
pCO, increased, and the pH decreased.
All of the mammals succumbed between
10 minutes and 5 hours after removal
from the silicone fluid. Goldfish sur-
vived under silicone oil for several
weeks.

Mice breathing the liquid fluorocar-

_bon for 1 hour, in contrast to those

breathing the silicone oils, survived for
several weeks after removal from the
fluid. Immersion survival times aver-
aged about 4 hours at 18°C, 40 minutes
at 25°C, and 15 minutes at 30°C. One
animal continued to breath the liquid
for 20 hours at 18°. Schlieren could be
seen in the expired liquid even after
the temperatures of the mice were the
same as that of the oil, indicating a
change in the refractive index or
density of the liquid, depending on its
gas content. The addition of Fluothane
(1 cm? per liter of FX-80) arrests the
swimming motions of the mice when
submerged and the animals survive.
Brain oxygen cathode currents were
recorded in a number of mice before,
during, and after immersion in the
fluorocarbon and a typical result is
shown in Fig. 1. It can be seen that the
cerebral oxygen tension during fluid
breathing is roughly equivalent to that

1755



observed during air breathing and that
after the animal is removed from the
liquid, the brain oxygen level returns to
control values. If the liquid tempera-
ture is increased from 20° to 35°C
while the animal remains submerged,
the brain oxygen current rapidly falls
to zero. If the pO, of the liquid is
lowered from 600 to 140 while the
animal remains submerged at 20°C, the
brain oxygen cathode current decreases
to zero.

Anesthetized cats spontaneously res-
piring  oxygen-bubbled fluorocarbon
through a tracheal cannula maintain
arterial oxygen tensions between 140
and 300 mm, using tidal volumes be-
tween 12 and 60 cm?® and endotracheal
pressures of 10 to 15 cm of water. The
arterial pCO, increases from 50 to 80
mm and the pH falls from 7.35 to 7.10.
On return of the cats to O, breathing,
the arterial pO, ranges between 300 and
400, the pCO, between 40 and 44, and
the pH between 7.33 and 7.39. Arterial
blood pressure ranges between 70 and
135 mm. One cat was observed for 5
days following liquid breathing; this
animal walked about and drank milk but
was in respiratory distress during this
time and succumbed within 15 minutes
after the subcutaneous administration
of hydrocortisone (50 mg), with copi-
ous loss of bloody fluid from the
trachea. All of the organs were grossly
normal except the lungs, which ap-
peared congested when collapsed but
appeared normal when inflated. Sev-
eral of the apparently normal mice
sacrificed on the fifth day showed red
areas distributed on the lungs in a
polka-dot pattern.

A mouse supported in a stoppered,
inverted funnel held so that the large
end is just below the surface of a
slowly stirred liquid, and having a gas
volume of 125 cm? and a gas-liquid
interface of 50 cm?, survives for hours
if air-saturated fluorocarbon is used as
the liquid but succumbs within 20 min-
utes if air-saturated water is used.

The diffusion of oxygen through the
fluorocarbon is four times as fast as
through saline, as measured by an
oxygen electrode and liquid-soaked fil-
ter paper.

Mice survive the breathing of oxy-
gen saturated with fluorocarbon vapor
for over 24 hours, and survive as well
the intraperitoneal, subcutaneous, and
even the intravenous injection of 2 cm?
of FX-80. Silicone oils and fluorocar-
bon appeared to improve, with use,
in their ability to maintain life during
fluid respiration.
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The observations in mice strongly
suggest that "the tracheal diameter
limits the gas exchange, meeting the
requirements only in hypothermia, at a
high fluid pO,, and a viscosity near
that of water. In the cat, arterial oxy-
genation is entirely adequate but car-
bon dioxide elimination is impaired.

These findings resemble those of
Kylstra (6), who studied the respira-
tion of saline and other liquids hyper-
barically equilibrated with oxygen and
concluded that pulmonary gas ex-
change in liquid-ventilated lungs is dif-
fusion limited. Fluorochemical liquid
respiration should prove to be more
efficient than aqueous liquid respira-
tion because of its remarkably higher
solubility for oxygen and carbon di-
oxide, its higher diffusion coefficient for
gases, and its'somewhat lower viscosity.

Whether the pulmonary damage ob-
served is due to solvent activity, the
presence of toxic impurities, a chemi-
cal interaction of the fluorocarbon
structure with the lung, or some other
factor is not yet clear. It is certain
that the fluorocarbon liquid is superior
to the silicone oils.

These organic liquids should prove
to be of value in studies of gas ex-
change in living tissues and animals.
Organic liquids, since they can support
respiration with oxygen at atmospheric
pressure and have other unique quali-
ties, may find use in submarine escape,
undersea oxygen support facilities, and
medical research. The pulmonary dam-
age caused by the breathing of the or-
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ganic liquids available at the present
time remains a major complication of
their use in man.

Note added in proof. Since this re-
port was submitted for publication,
Kylstra et al. [J. Appl. Physiol. 21, 177
(1966)] have reported survival of dogs
ventilated with hyperbarically oxyge-
nated, modified Ringer solution.
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Transformation of G-Form to ¥-Form

Abstract. The volume change occurring on polymerizing actin was measured
by dilatometry. A large positive value of + 391 ml/mole was obtained for the
volume change during the transformation of G- to F-actin. This large increase
in volume could be interpreted as arising from the local change in the ordered
water structure on the protein’s surface at polymerizing sites.

The muscle protein, actin, character-
istically exists as a globular monomer,
G-actin, in salt-free solutions, and it is
polymerized by the addition of salt (/)
to a fibrous double-stranded helical
molecule, F-actin (2). A study (3)
of the effect of pressure on actin solu-
tions showed that F-actin may be easily
depolymerized in the presence of aden-
osine triphosphate (ATP) by applying
a pressure of approximately 2500
kg/cm?2. This result suggests that actin
in the G-form has a smaller volume

than in the F-form, since Le Chatelier’s
principle may be applied to this sys-
tem. Furthermore, the G-F transforma-
tion is favored by elevating tempera-
ture, that is, the polymerization is an
endothermic reaction (4). Recently,
Hayashi et al. (5) have obtained a
highly purified G-ADP (adenosine di-
phosphate) actin which shows the re-
versible G—F transformation simply by
varying the temperature. Analysis of
their results indicates that this trans-
formation is endothermic, with large
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