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Abstract. Rats and mice were exposed for periods of up to six months and two successive generations 
of mice were raised in a ground-level chamber system filled with 80% helium - 20% oxygen, 
at 24~ A duplicate chamber for controls contained a comparable nitrogen-oxygen mixture, and in 
both the other environmental parameters were well-controlled and nearly identical. Animals adapted 
to helium showed no greater increase in oxygen consumption (P > 0.05) when placed in helium- 
oxygen than did those raised in air. Growth rates were identical, but the helium mice consumed 
more food and water. 

Selected biochemical analyses were made on the parent and two successive generations of mice. 
These included blood indices; electrophoretically separated tissue protein patterns from liver, 
skeletal muscle, and cardiac muscle; quantitative determinations of LDH, MDH, and G6PDH from 
the same tissues; serum insulin; and semi-quantitative histochemical estimates of liver glycogen. 
No cases of statistically significant difference or consistent trends were seen between the experimental 
environmental groups. Additional analyses of liver nucleotides and redox-coenzymes also failed to 
show a significant difference. 

The relative weights of liver, heart, kidney, and diaphragm (wet and dry) were the same in both 
groups. Histopathological examination of kidney and adrenal tissue produced unremarkable findings 
and none that were attributable to the nature of the gaseous environment. 

It must be concluded that prolonged exposure to helium-oxygen, relative to air, does not produce 
detectable changes in several key subcellular factors which might be altered by serious metabolic 
disturbances, and therefore the helium exposure is well tolerated. 

1. Introduction 

The search for the op t imum atmosphere for long dura t ion  space flights and  the current  

general acceptance of the two-gas concept  has produced the suggestion that  a mixture 

of  hel ium and  oxygen be used (Hargreaves et al., 1966; Roth,  1965). Hel ium will 

p robably  offer advantages f rom an engineering poin t  of view (Bonura  et aI., 1967), and  

there is evidence that  its peculiar physical properties will give the as t ronaut  a slight de- 

compression advantage (Roth,  1965; Hami l ton  and  Schreiner, 1967). In  any case, 

there are good reasons for renewed interest in the physiological effects of l iving in 
helium. 

There is no reason to expect that  hel ium can exert a strictly biochemical  effect on 
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living systems. Although compounds of  heavier 'noble' gases have been produced 
(Allen, 1965), there are no known 'chemical' combinations involving helium. Inert 
gases do affect biological systems, examples of such action being diver's nitrogen 
narcosis (Bennet, 1966) and general anesthesia by xenon. These effects are attributed 
to weak intermolecular forces; they are not expected to be seen with helium (Schreiner, 
1964). But the physical properties of helium are sufficiently different from those of 
nitrogen that possible environmental effects cannot be ignored. Different inert gases 
have different effects on growth rates of certain microorganisms (Schreiner et al., 

1962) and mammalian cell systems (Bruemmer et  al., 1967). 
Exposure to helium has been shown to have measurable effects on higher animals. 

Small mammals show a consistent increase in metabolism as evidenced by an increase 
in oxygen consumption, carbon dioxide production, and food consumption (see 
Roth, 1965, for a review). This phenomenon seems to be due to the thermal properties 
of helium, since the increase is typical of the thyroxine-induced overdose that follows 
cold exposure (Leon and Cook, 1960). Further indirect evidence that heat loss is 
causing the helium effect is shown in a previous report from this laboratory (Hamilton 
et al., 1966b) which reveals a convincing correlation between oxygen consumption and 
convective heat loss in small animals exposed to atmospheres having different thermal 
properties. 

But that the 'thermal' explanation may not be the whole story is suggested by several 
reports on variations in oxygen consumption of  isolated tissues as a function of  the 
nature of  the inert gas present in the incubator. South and Cook (1953) found evidence 
of such an increase under conditions where thermal properties of the gas are unlikely 
to be important. Succeeding investigations have not always agreed with these findings 
(Rodgers, 1966; Maio and Neville, 1966): the question of whether or not helium exerts 
an effect on metabolism at the cellular or molecular level has not been settled. 

That  helium-oxygen atmospheres can be tolerated by man has been well established 
in two extensive and well-documented experiments conducted at the USAF School of 
Aerospace Medicine (Epperson et al., 1966; Hargreaves et aI., 1966). No prominent 
metabolic effects of helium were seen in either experiment, but temperatures were held 
at a comfortable level and inert gas partial pressures were low - these were fractional- 
atmosphere experiments to simulate practical spacecraft conditions. 

Yet another experiment involving helium has left an area of doubt. In a previous 
unpublished experiment in this laboratory (Schreiner, 1964), tissues from mice raised 
in helium-oxygen were subjected to a broad but not thorough biochemical survey. 
Most analyses failed to reveal any definite changes that could be attributed to the 
helium, but in one instance, electrophoretic separation of heart muscle protein revealed 
a prominent unidentified band. Many of these electrophoretic bands reflect enzymes 
involved in metabolic pathways, and some of these enzymes may be involved in t h e  
metabolic increase induced by helium. This experience is indeed limited, based on a 
single experiment, but the signs are portentous and cannot be ignored; the experi- 
ments being reported here were aimed in part at the resolution of  this issue. 

Possible anomalies in heart muscle protein as a result of  exposure to helium provide 
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a focal point, but it is pertinent as well to look at other metabolic factors which might 
be involved. To this end we conducted a six-month experiment in which mice from an 
original and two succeeding generations were acclimatized to and kept in either a 
helium-oxygen atmosphere at sea level pressure or a similar atmosphere in which 
nitrogen was the inert gas. Analyses included tissue electrophoresis, quantitative 
assay for metabolic enzymes, surveillance of various other metabolic and hematologic 
factors and a pathological survey. In addition, the effect of living in helium on the 
metabolic response to helium was assessed. 

Also, two preliminary experiments were conducted on the response of poikilo- 
thermic animals to helium, since this type of animal might have been expected to 
respond in the opposite direction from one which increases its metabolism when cool- 
ed. 

The work reported herein was conducted during the period 28 September 1966 to 
27 September 1967. 

2. Chronic Exposure to Helium-Oxygen and Nitrogen-Oxygen Atmospheres 

A.  S U M M A R Y  

Three generations of mice were exposed continuously at ground level pressure to 
helium-oxygen (80:20) and nitrogen-oxygen (80: 20) in two specially designed semi- 
closed controlled environmental chambers maintained at 24~ During the six- 
month period of this experiment one generation (F1) of mice was born and raised and 
a second (F2) generation was conceived, born, and raised in these environments. 

Metabolic studies conducted on groups of female mice from each generation showed 
a statistically significant increase in food and water consumption of the helium-ex- 
posed animals but no concomitant increase in growth rate. 

Biochemical analyses of several selected tissue enzymes and of electrophoretically 
separated tissue protein patterns for cardiac muscle, skeletal muscle, and liver were 
made on several animals from each generation (parent, F 1 and F2) and from each 
experimental environment (N 2 and He). Semi-quantitative histochemical estimation 
of liver glycogen was made. Electrophoretic protein patterns were determined by disc 
electrophoresis on polyacrylamide gels at high pH (8.6) and on cellulose acetate strips 
at low pH (5.4). Quantitative enzyme analyses were made for representative dehy- 
drogenases of major metabolic pathways: lactate dehydrogenase, malate dehydro- 
genase, and glucose-6-phosphate dehydrogenase. 

In no instance were statistically significant (P < 0.01) differences or consistent trends 
in any biochemical parameter observed between animal generations or experimental 
environmental groups. It must be concluded that prolonged exposure to helium-oxygen 
(relative to air) does not produced detectable changes in macromolecular tissue con- 
stituents (proteins) of mice at least in so far as could be demonstrated in the tissues and 
macromolecule components considered in this study. 

In addition, Dr. Henry A. Leon of the Ames Research Center, National Aeronautics 
and Space Administration, compared plasma insulin levels in a number of mice of the 
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study with similar negative results. Adenine nucleotide redox-coenzymes, pyruvate 
and lactate levels in liver tissues of mice of the present study were determined by 
investigators at the Illinois Institute of Technology Research Institute. Their anal- 
yses produced no statistically significant differences in the levels of these parameters 
that could be attributed to chronic exposure to helium. 

There were no significant differences in hematocrit, hemoglobin, and red blood 
cell counts between helium-exposed and nitrogen-exposed mice. 

Histological examinations of kidney and adrenal tissues and liver glycogen stains 
produced unremarkable findings, and none that could be attributed to the nature of the 
gaseous environment. Likewise, no trend or consistent difference in the weights of 
liver, kidney, heart, or diaphragm could be discerned between the helium and nitrogen- 
exposed group of animals. 

B. I N T R O D U C T I O N  

Inert gases of the helium group, i.e. helium, neon, argon, krypton, and xenon, while 
evidently not essential to life, do manifest certain physiological activities when employ- 
ed as the inert diluent of a breathing gas mixture. Narcosis, decreased responses to 
stimuli, alteration of metabolism, decreased oxygen-dependent sensitivity to radiation 
and altered rate of development are some of the effects that helium group gases are 
capable of producing in the intact organism (Cook and Leon, 1959; Rinfret and 
Doebbler, 1961; Featherstone and Muehlbaecher, 1963; Roth, 1965). 

Most of the work previously done in the field of inert gas physiology has involved 
short-term exposures to inert gases under moderate to high pressures. However, the 
problem at hand is not one of short-term or high-pressure exposure, but rather the 
chronic effect of exposure to a helium-oxygen environment at ground-level pressure. 

Helium has been shown to accelerate metamorphosis of the fruit fly, Drosophila 
melanogaster, and the meal worm, Tenebrio molitor (Cook, 1950), and a remarkable 
acceleration of oxygen consumption was seen in mice breathing an 80:20 mixture 
of helium and oxygen (Cook et al., 1951). Leon and Cook (1960) demonstrated that 
the accelerated metabolism of rats exposed to a helium-oxygen environment was most 
likely due to the greater heat loss in the presence of helium since the magnitude of this 
response decreases as the temperature differential between the animal and its gaseous 
environment decreases. This was confirmed in subsequent studies conducted at our 
laboratory (Schreiner et al., 1965). The degree of metabolic acceleration, in the pres- 
ence of helium, also diminished when the standard metabolic rate of the animals was 
increased by a variety of means (Leon and Cook, 1960). Hamilton et al. (1966a) at this 
laboratory showed convincingly, for a variety of inert gas-oxygen environments at 
ground level and at reduced pressures, that metabolic rates of rats and rabbits tend to 
be a function of their relative convective heat loss into the gaseous environment. The 
questions which are then posed are whether (1) succeeding generations of animals 
will adapt to living in a helium-oxygen atmosphere, (2) the effects of helium are indeed 
purely physical, and (3) metabolic interactions take place on chronic exposure to 
helium that can reset a new and homeostatic metabolic rate. 
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Very little published evidence is available to document the chronic effects of ex- 
posure to helium at ground level. Chickens and rats maintained in a 79 ~ helium - 21 

oxygen atmosphere for three and two weeks, respectively, showed a depression of 
oxygen consumption on exposure to air to a level significantly below that of controls 
maintained in air. As expected, the helium-exposed animals showed an increase in 
metabolism as compared with air controls (Rhoades et al., 1965; Weiss and Rhoades, 
1965). Rats maintained in a 7 9 ~  he l ium-  2 1 ~  oxygen atmosphere for 24 days did 
not show changes in urine volume or water consumption but food intake was increased 
(Weiss and Rhoades, 1965). A 68-day exposure of  four human subjects to an oxygen- 
helium atmosphere at reduced pressure (Hargreaves et al., 1966) revealed no important 
physiological alterations. In that study a partial pressure of  helium was maintained 
which may not have been high enough to modify the physical properties of the gaseous 
environment sufficiently to bring about such alterations. In our study, a helium partial 
pressure of approximately 600 mm Hg, and an environmental temperature of 24 ~ 
were maintained. These conditions are known to produce the characteristic accelera- 
tion of metabolism associated with exposure to helium (Schreiner, 1965). 

C. EXPERIMENTAL P L A N  

1. General  

The exposures involved in this experiment present a somewhat difficult ecological 
problem in that the presumably inert component of the atmosphere is the primary 
variable. Every effort had to be made, therefore, to screen out the effects of other 
environmental parameters of well-known physiological significance. To this end an 
appropriate group of control animals was included in the experimental plan to mini- 
mize environmental influences that are unrelated to the nature of the inert gas. 

Our attempt to achieve this led us to design a pair of environmental chambers in 
which parallel groups of  rats and mice could be maintained, so that all measurement 
could be made in duplicate on both control and experimental animals. 

A total pressure of approximately one atmosphere was selected for two reasons. 
First, it is simpler and less costly to operate at one atmosphere, and this simplicity 
makes the maintenance of stable environmental conditions much easier. Also, ex- 
posure at reduced pressure (though perhaps more realistically simulating a real space- 
craft atmosphere) reduced the partial pressure of the inert gas and consequently its 
relative importance as an atmospheric component. 

The oxygen partial pressure selected was set to be as near to normal sea level as 
possible: 150 mm Hg was chosen as the optimum set point, with a band width of 
_ 20 mm Hg. This level of PO2 gives these experiments an advantage over others 
designed to investigate inert gas effects, in that toxic aspects of oxygen need not be 
considered. In many other experiments, including one conducted at this laboratory, 
effects of slightly increased oxygen tension could not be separated convincingly from 
possible effects of helium, and indeed there may have been some synergism involved 
(Hamilton et al., 1966c). 
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A temperature of  24 ~ was selected arbitrarily for this experiment, and is not 
necessarily optimal. A higher temperature, around 29 ~ could have been used to 
minimize thermal effects of  helium, but this would have interfered with the investiga- 

tion of possible adaptations to the metabolic stimulation by helium. We recognize 
that, f rom the viewpoint of heat transfer, 24 ~ does not represent the same environ- 
ment in helium-oxygen as it does in air, but then that is a primary variable in the 

experiment. 
Relative humidity, as measured, likewise may not strictly represent an identical 

environment in the two gases, but the range of 40 -60~  is broad enough and easily 
enough handled by both man and our experimental animals that  we felt it was a good 
choice. Since humidity and helium both may affect thermal balance, we considered it 
important  to maintain humidity in an innocuous range. 

Cage conditions were intended to be typical of  the standard methods of housing 

laboratory animals. The cages were chosen because they would fit into the chambers, 
and afforded an easy method of handling animal wastes that would be practical under 
the somewhat difficult conditions of  isolation that were involved. 

The animal population was, of  course, of  initial importance to the experiment. For 
mice, an inbred strain (Manor Swiss MF-1) was chosen and obtained pathogen-free. 
This we felt would minimize the possibility of an infection in one chamber confound- 
ing the result. Animals were acclimated to our laboratory conditions under strict 
isolation f rom all other animals which might not be free from infection. An inbred 
strain of mice was chosen to preclude differences between generations following sib- 

ling matings. 
A standardized method of obtaining samples for analysis was worked out. Mice 

were taken f rom both chambers in equal numbers, and as a rule, the source was not 
revealed to the analysts until analyses were complete. As far as possible, sampling times 
were so adjusted that animals f rom succeeding generations were of the same age at 

necropsy. 
Forty parent generation mice were randomly divided into eight groups of five each. 

Four  of  these groups were then randomly placed into each of two semi-closed con- 
trolled environmental systems collectively referred to as CES-4. This apparatus,  which 
is described in detail in the report by Hamil ton et al. (1969), contains two completely 

TABLE I 

Animal and chamber terminology 

CES-4 

Chamber A 
Chamber B 
P Generation 
F1 Generation 
F2 Generation 

Complete chamber system for experimental and control chronic exposure study at 
ground level pressure 

Semi-closed environmental system containing 20 ~ oxygen. '-- 80 % helium 
Semi-closed environmental system containing 20 ~ oxygen -- 80 ~ nitrogen 
Parent generation of mice - the only individuals not born in CES-4 
First generation born in CES-4 
Second generation born in CES-4 
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separate but identical chambers identified as Chamber A and Chamber B (cf. Table I 
and Figure 1). Offspring (F 1 generation) of matings in the P generation were randomly 
culled to forty individuals. Offspring (F 2 generation) of matings in the Fj generation 
were randomly culled to forty individuals of either sex. This terminology is summar- 
ized in Table I. 

Fig. 1. Closed environmental system (CES-4). A dual chamber system for the chronic exposure of 
animals to potential spacecraft cabin atmospheres. Chamber A (helium-oxygen) is shown on left, 
chamber B (nitrogen-oxygen) at right. Master control unit for both chambers is shown beneath 

chamber A. 

During the experimental exposure, a total of 160 F1 mice and 60 F 2 mice were culled 
from the helium-oxygen environment (Chamber A), and 196 F1 mice and 98 F 2 mice 
from the nitrogen-oxygen environment. The actual numbers may underestimate the 
actual population increase in view of  known incidents of cannibalism among the 
experimental populations. 

Both chambers of the CES-4 system were maintained at 24__ 1.0 ~ (gas temperature 
throughout the six-month experiment. Carbon dioxide was maintained within the 
range for 0.1 to 0.6~ and nitrogen levels, particularly after the initial shakedown of 
the system, rarely exceeded 1 ~ with an average value of  about 0.5~. Relative humidity 
was maintained between 40 and 60~  and an automatic light-dark cycle of 12 hours 
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was maintained throughout the experiment (lights on 7 a.m. - 7 p.m., lights off 
7 p.m. - 7 a.m.) to achieve standard diurnal conditions. 

Throughout  this study, animals were randomly selected from the breeding colonies 
in Chambers A and B and were subjected to exsanguination and necropsy. 

In addition to the parent generation of mice, six rats were placed in each chamber at 
the beginning of the experiment. They failed to breed in the chambers and were used 
for oxygen consumption studies after a six-month exposure. 

2. Food and water consumption, and growth 

Metabolic studies were conducted on five to ten female mice of each generation present 
in the two controlled environmental systems by placing them in separate cages where 
complete measurement of food and water consumption could be accomplished. Five 
animals each of the parent generation were placed in their metabolic cages and re- 
mained there for the duration of the experiment. Ten members of the F 1 generation 
were placed in each of the metabolism cages for a five-week period at which time the 
number of animals was randomly reduced to five. The F a generation was treated in 
the same manner as the F I generation. All animals in this study were weighed as a 

cage group twice weekly. 
The metabolism cages were designed so that food and water consumption could be 

measured. Originally, 11�89 in. x 6 in. x 6 in. plastic cages were used; however, in order 
to measure food consumption, the cage covers had to be modified. The food-contain- 
ing portion of the lid was covered with a piece of screening, attached in a hinge 
fashion. More food could be added easily by lifting the screen, but it could be 
closed to prevent any food from failing out of the feeders causing error in the con- 
sumption figure. Initially each screened cage cover was weighed when empty and then 
300 grams of food (Rockland Rat Diet) was added to each food holder. Subsequent to 
the initial weighing, only pre-weighed amounts of food were added to each cage. The 
covers were re-weighed weekly and food consumption was cMculated and expressed as 
grams of food consumed per gram animal per week. 

Water was initially supplied by means of a baby bottle screwed into a metal cup- 
like cap ('ckizken' type) from which the animals drank. Water level readings were 
taken daily; however, this arrangement soon proved to be cumbersome and inefficient 
because water loss introduced an inconstant error. The designed system to prevent 
water losses consisted of leaning the bottles in their normal, tilted position on the cage 
cover and replacing the caps with sippers containing ball bearing vanes. This system 
minimized errors and allowed easy and accurate water measurement. 

3. Biochemistry 

During the course of operation of the environmental chambers, mice representing 
parent (initial population) as well as first and second generation animals born in the 
chamber environments, and all of  approximately equal age (2 months), were removed 
at intervals. Animals were sacrificed by anesthetizing them with ether followed by 
exsanguination and removal of heart, liver, and skeletal muscle specimens for bio- 
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chemical analyses. Liver specimens were fixed and stained for glycogen (semi-quanti- 
tative) using the periodic acid-Schiff's technique (cf. Section 2.C.5). Livers, hearts, and 
skeletal muscle specimens were washed with cold saline, blotted, weighed, and aliquots 
homogenized at 0 ~ with distilled water in glass Potter-Elvehjem homogenizers to 
give a 10~ (w/v) homogenate. 

Homogenates were centrifuged in a No. 40 rotor at 20000 rpm (26-36 000 x g) using 
a Spinco Model L preparative ultracentrifuge. Supernatant fractions were frozen in 
glass tubes in liquid nitrogen and stored at - 170 ~ Just prior to use, supernatant 
fractions were thawed for quantitative enzyme analyses or were freeze-dried and re- 
constituted with water to a protein concentration of 100 mg/ml for electrophoretic 
separations. 

Enzyme analyses included: lactate dehydrogenase (L-lactate: NAD oxidoreductase, 
IUB 1.1.1.27), malate dehydrogenase (L-malate: NAD oxidoreductase, IUB 1. l. 1.37), 
and glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate: NADP oxidore- 
ductase, IUB 1.1.1.49). These enzymes, designated respectively LDH, MDH, and 
G6PDH, are key cellular enzymes of major metabolic pathways. LDH catalyzes the 
terminal glycolytic path reaction: 

L-lactate + NAD = pyruvate + NADH 2 ; 

MDH catalyzes the citric acid cycle reaction: 

L-malate + NAD = oxaloacetate + NADH2 ; 

G6PDH catalyzes the hexose monophosphate shunt reaction: 

D-glucose-6-P + NADP = 6-phosphogluconate + NADPH 2. 

LDH was assayed by measuring the decrease in pyruvate in the presence of NADH. 
Pyruvate was determined colorimetrically as the dinitro-phenyl-hydrazone (Sigma 
Chemical Company, Technical Bulletin on LDH and Wroblewski, 1957). One unit 
of LDH converts 4.8 x,10 -4/~moles pyruvate/min at 25 ~ MDH was measured as 
decrease in absorbance at 340 nm in a system of phosphate buffer, oxaloacetate, and 
NADH (Bergmeyer and Bernt, 1963); one unit is equal to an optical density (O.D.) 
change of 0.001/min. G6PDH was measured as the increase in absorbance at 340 nm 
in a triethanolamine buffer system containing NADP and D-glucose-6-phosphate 
(Lohr and Waller, 1963); one unit was equal to an O.D. change of 0.001/min. 

Electrophoretic separations of soluble tissue proteins were effected on cellulose 
acetate strips (12 x 1 in.) and on polyacrylamide gels (discontinuous electrophoresis) 
using aliquots of reconstituted freeze-dried tissue homogenate supernatant fractions 
(100 mg protein/ml). Methods were those described in the Gelman Instrument Com- 
pany technical instructions for Sepraphore III for cellular acetate electrophoresis and 
by Rendon (1965) for polyacrylamide disc electrophoresis, and are summarized in 
Table II. 
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TABLE II 

Conditions for electrophoresis 

Cellulose acetate (Sepraphore III) Polyacrylamide gel 

Current 250 volts 2.5 m amp/tube 
Time 5 hours 75 min 
Sample 5 gl (500 r protein) 2/zl (200/zg protein) 
Staining 0.5 % Ponceau S in 5 ~ TCA, 5 rain Amido Black, 60 rain 
Destaining Three times, 5 ~ acetic acid Electrophoretic destaining in 7 ~ acetic 

acid 15 ma/tube, 90 min 
Detection Photovolt densitometer, wet, Photographic, high contrast film 

uncleared strips, 505 nm filter, 
response setting 5 

TABLE III 

Enzyme summary 

Supernatant 
fraction 

Protein Liver homogenate enzyme activities, units/ml e 
concentration mg/ml a MDH G6PDH LDH 

Crude ~ 24.5 1.65 • 105 2.73 • 103 3.96 • 104 
Mitochondria-free b 9.2 1.53 • 10 a 3.10 • 103 3.92 • 104 
True e 5.2 1.37 • 105 3.64 • 103 3.84 • 104 

a Supernatant following centrifugation (600 • g, 10 min). 
b Supernatant following centrifugation (8500 • g, 10 min). 
~ Supernatant following centrifugation (18000 • g, 60 min). 
d Determined by absorbance at 280 m/x relative to albumin. 
e Homogenate: 10 ~ wet weight tissue in distilled water, prepared with Potter-Elvehjem homogenizer 
at 0~ 

Preliminary studies demonst ra ted  the adequacy of  the homogenizat ion,  centri- 

fugation,  and assay methods to give a soluble tissue fraction o f  reasonably constant  
enzyme composi t ion relative to the crude homogenate ,  and free of  particulate matter  

(see Table III). Electrophoretic separations in each medium were done at p H  8.6 and 

5.4. Op t imum separation o f  bands was obtained using the gel disc electrophoresis at 

p H  8.6 with tris buffers (Rendon,  1965) (see Figure 2) and the cellulose acetate electro- 

phoresis at p H  5.4 (0.2 M tris-Malate buffer). 

4. Hemato logy  

Exposure to operat ional  spacecraft atmospheres has resulted in disturbances of  the 
red b lood cell system in chamber  tests (Helvey et al., 1965; Brooksby et al., 1966) 

and  spaceflights (Swisher and Fisher, 1966). I t  has been hypothesized that  these 
hematologic  effects were a result, at least in part, o f  increased levels o f  oxygen partial 

pressure. 
Hami l ton  et ai. (1966b) reported reduct ion in hematocri t ,  hemoglobin,  red cell 

count,  and red cell volume in animals exposed to helium-oxygen atmospheres for  
seven days. The possibility o f  a compensat ing erythropoiesis was suggested by the 
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Fig. 2. Photographs of disc electrophoresis patterns of mouse muscle (M) or heart (H) extracts 
resolved under low (L) (pH 5.4) or high (H) (pH. 8.6) Ph conditions. The eight M tubes are on the 

left; H tubes to the right. The tubes with the darker, clearer patterns were done at high pH. 

trends toward an increased reticulocyte count and greater iron uptake values. In dis- 

agreement with this hypothesis, these authors found no change in survival of injected 

donor red cells. Because of these earlier observations made in this laboratory, it was 

decided that hematocrits, red blood ceil counts, and hemoglobin content shouId be 
determined. 

Hematocrits were measured by the micro-capillary method and red blood cells were 
counted in an Improved Neubauer hemocytometer. Hemoglobin was measured by the 

cyanmethemoglobin method in which 5 ml of Drabkin's reagent were added to 0.020 
ml of  well-mixed whole blood. The optical density of the resultant mixture was de- 
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retrained on a Band L Spectronic 20 Spectrophotometer and the result was translated 
into gram per cent of hemoglobin by use of a calibration curve based on an Acuglobin 
hemoglobin standard.* 

5. Pathology 

No pathological changes attributable to a helium-oxygen environment have been re- 
ported in the literature, but to our knowledge no exposures have been made for the 
duration accomplished in the present study. We therefore undertook histopathological 
examination of kidney and adrenal sections. In view of the fact that helium atmo- 
spheres increase the metabolic rate of mammals, it was also decided to measure liver 
glycogen content. The periodic acid-Schiff stain (PAS) was employed for this test, 
realizing that in most instances a positive reaction should be taken as denoting the 
presence of polysaccharides, glycoproteins or glycolipids (Lillie, 1954). Samples were 
stained with a PAS stain and classified as to the number of cells containing much 
glycogen and the staining intensity graded 1 to 4 of those cells that do contain glycogen. 

Tissue samples for histological examination were preserved in alcoholic formalin, 
PAS samples in aqueous formalin. Gross necropsy was performed on all animals taken 
out of the chambers. An attempt was made to estimate the amount of body depot fat, 
but the confounding influence of  sex, age, and size made this impractical. The entire 
liver, heart, left kidney, and diaphragm were dissected from randomly selected ani- 
mals. These organs were washed with physiological saline, blotted, and weighed. The 
diaphragms were then dried at 96 ~ to constant weight and this dry weight was re- 
corded. Liver, hearts, and representative samples of skeletal muscle were subjected to 
biochemical analyses (cf. Section 2.C.3.). 

D.  RESULTS 

1. Food and water consumption, and growth 

The following general conclusions may be drawn from our results: parent generation 
helium mice, as well as mice born in the helium-oxygen environment (F 1 and F 2 
generation), ate more food and drank more water but did not grow faster than animals 
raised in nitrogen-oxygen. The difference in the rate of water consumption was statis- 
tically significant only if the animals were not crowded (5 instead of 10 mice per cage). 

Food consumption in grams of  feed consumed per gram mouse per week, and water 
consumption in milliliters of water consumed per gram mouse per day were compared 
using the paired t-test (basis of pairing: date of  measurement). Comparison was also 
made of data obtained with the metabolism cages containing both 5 and 10 animals to 
determine if the number of mice per cage affected the metabolic parameters. A statisti- 
cal summary is given in Table IV. 

Without exception the helium mice in all generations consumed more food than the 
nitrogen mice. This is illustrated in Figure 3. The F1 and F2 mice were reduced from 

* Ortho Pharmaceutical Corporation, Raritan, N.J., U.S.A. 
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TABLE IV 

Statistical summary of food and water consumption of mice maintained in chambers 
A and B 

Comparison t df P Result 

Food consumption: 
(gm/gm mouse/week) 

Parents He vs. N2 7.380 15 < 0.001 He mice > N2 mice 
F~, He vs. N2 6.747 13 < 0.001 He mice > N2 mice 
F2, He vs. Nz 4.245 5 < 0.005 He mice > N~ mice 

Water consumption: 
(ml/gm mouse/day) 

Parents, He vs. N2 6.700 99 < 0.001 He mice > N2 mice 
F1, He vs. N2 

10 mice/cage 1.298 22 > 0.05 no difference 
5 mice/cage 14.943 69 < 0.001 He mice > N~ mice 

F2, He vs. N2 
10 mice/cage 1.136 37 > 0.05 no difference 
5 mice/cage 4.589 27 < 0.001 He mice > N-2 mice 

Fig. 3. 
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TABLE V 

Mean values of food consumption 

Generation P F1 F2 
Inert gas He N2 He N2 He Nz 
Food consumption 1.19 0.913 1.35 1.06 1.60 1.12 
(gm/gm mouse/week) 

The steady increase with generation shown here is due to the fact that the older generations were 
summated over a period of their life cycle when metabolism was lower. 
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10 to 5 animals  per  cage at  the breaks  in the growth  curves. Mean  values are l isted in 

Table  V. 
T h r o u g h o u t  the exper iment ,  the P genera t ion  animals  in the hel ium chamber  d rank  

more  water  than  d id  the con t ro l  mice in the n i t rogen chamber .  The same observa t ion  

was made  with F~ and  F2 genera t ion  mice when the an imal  popu la t i on  was five sub- 

jects  per  cage (Figure  4). Wi th  ten mice per  cage, no s tat is t ical ly significant difference 

in water  consumpt ion  could  be seen between he l ium and  ni t rogen mice (Table  IV). 

Mean  values  o f  water  consumpt ion  _+ one s t anda rd  devia t ion  and number  o f  measure-  

ments  (in parentheses)  are given in Table  VI  for  an imal  popu la t ions  o f  five mice per  

cage. A stat is t ical  summary  is given in Table  IV. 
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T A B L E  VI 

Water  consumpt ion ,  five mice per cage 

Generation P 
Inert gas He Nz 
Water consumption 0.34 0.31 
(ml/gm mouse/day) • 0.04 (94) ~ 0.04 (99) 

Generation F1 
Inert gas He N2 
Water consumption 0.41 0.34 
(ml/gm mouse/day) = 0.07 (69) • 0.04 (69) 

Generation F2 
Inert gas He N2 
Water consumption 0.43 0.39 
(ml/gm mouse/day) ~= 0.05 (25) ~= 0.06 (27) 

71 

Reduction of the animal population f rom 10 to 5 in the F~ and F 2 generation study 
resulted in an apparent increase in water consumption in both the helium and the 

nitrogen environments (Figure 4). This increase was greater for the helium mice than 
for the nitrogen controls. 

The F~ mice in the nitrogen chamber were on the average about 10~o heavier than 
the helium mice when the cages contained ten mice each, a condition which lasted for 
62 days. When the number of  mice per cage was reduced to five, this difference dis- 
appeared. Even though the helium animals consumed significantly more food than the 
nitrogen animals, no systematic difference could be discerned in the rate of weight 
gain of the two animal populations (Figure 3). 

2. Biochemistry 

Dehydrogenase enzyme activities. We measured malate dehydrogenase (MDH),  lactate 
dehydrogenase (LDH),  and glucose-6-phosphate dehydrogenase (G6PDH) enzyme 
activities in the 26000 x g supernatant fraction of aqueous homogenates of liver, 

cardiac muscle, and skeletal muscle taken f rom three generations of  mice living in air 
(nitrogen-oxygen) and in helium (helium-oxygen). Results are presented in Table VII  
for the parent generation, pooled first and second generation offspring, and pooled 
total population groups and for the respective tissues and environments. 

Considerable variation among individual animals for each enzyme of a particular 
tissue was found. Standard deviations on the average values for each group were 
usually 20-30~o of the mean; in several instances (i.e. some L D H  and most G6PDH)  
it was as great as 50~o of the mean for a group. Where averages for different animal or 
environment groups appeared to differ, unpaired standard t-test statistical analyses 
were made. In no case were differences significant at the P<0.01  level. In two instances 
differences significant at the P = 0.05 level were found. When the P-generation animal 
group in nitrogen was compared to the P-generation group in helium, M D H  levels 
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(but not L D H  or G6PDH)  were found to be higher in nitrogen (1.45 x 106 units/gin 
average) than in helium (1.29 x 106 units/gm) for heart tissue (P<0.05).  When the 

P-generation mice in helium were compared to the pooled F~ + F 2 generation mice 
also in helium with respect to heart tissue MDH,  significantly lower levels of the 
enzyme were found for the P-generation mice (1.29 x 106 units/gm) than for the pooled 
F 1 + F 2 generation mice (1.38 x 106 units/gin) (P>0.02).  In no other comparison of 
groups were differences found significant at P~< 0.05. 

From the pooled group data of  Table VII, relative tissue dehydrogenase activities 
were calculated for respective tissue types. For L D H  the decreasing order of  relative 
activities was: heart (H) > skeletal muscle (SM) >l iver  (L); Wroblewski (1957) has 

reported the same order, H > SM > L, for human and animal tissue LDH.  Meister 
(1950) and Dixon and Webb (1964) show relative L D H  activities: S M > L > H .  
Tepperman and Tepperman (1965) discuss adaptive increases in liver enzyme activities 
and the recognized wide fluctuation in liver dehydrogenase activities. 

For  M D H  our relative tissue order was: H >  L >  SM. This enzyme is usually con- 
sidered to be mainly a mitochondrial enzyme, but its cellular distribution is known to 
vary widely with different organs. In heart it appears primarily in the cytoplasm. 
Relative tissue activities of the cytoplasmic enzyme according to Bficher and Klingen- 
berg (1958) and Delbruch et al. (1959) are L > H > S M .  Green (1936) (cf. Dixon and 
Webb, 1964) reported a relative order: H > SM > L. Therefore, there appears to be 

considerable disagreement among investigators in relative tissue distribution. Tepper- 
man and Tepperman (1965) report  wide fluctuation of M D H  activity of  liver under 
such control influences as hormones. 

For G 6 P D H  our relative tissue order was: L>> H > SM. The absolute activities of  
this enzyme considered on the basis of  moles substrate converted per minute is low 
in most tissues, except red cells, mammary  gland, and adipose tissues. Our relative 

tissue ranking is in complete agreement with that  reported by Schmidt and Schmidt 
(1960) and Glock and McLean (1954). 

We interpret these ranking data to indicate that our analytical methods are reliable 

TABLE VIII 
Relative dehydrogenase composition of different mouse tissues 

Enzyme Tissue 
L i v e r  

Lactate dehydrogenase 43 
Lactate dehydrogenase 62 
Malate dehydrogenase 19 
Malate dehydrogenase 62 
Glucose-6-phosphate 100 
Dehydrogenase 100 

Heart Skeletal muscle 
References 

30 100 Meister (1950) 
100 90 This study 
100 38 Green (1936)* 
100 16 This study 
37 11 Glock and McLean (1954)* 
22 12 This study 

Values are relative to highest activity tissue for each enzyme taken as 100 (see Dixon and Webb, 1964). 
* Data by these authors are for rat tissues. 
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and that they show no meaningful changes which might be attributed to the helium 
exposure. 

In addition to qualitative ranking of relative tissue activities, we have calculated 
numerical relative tissue activities based on the most active tissue taken as 100. Our 
values are compared in Table VIII with corresponding results from the literature. 
Reasonably good agreement is obtained in almost all cases. Excellent agreement is 
obtained for G6PDH. In our analyses LDH of cardiac muscle was high (3 fold) relative 
to its ratio to LDH of other tissues as reported by Meister (1950) (cf. Dixon and Webb, 
1964). This may reflect the method of killing our mice which involved ether anesthesia 
possibly confounded by anoxia. Conceivably this could have led to LDH release from 
injured anoxic cardiac muscle cells and its recovery at higher levels in a soluble super- 
natant fraction of the tissue. 

Cellulose Acetate Electrophoresis. Soluble proteins (500 #g) were resolved on 
Sepraphore III cellulose acetate in tris-malate buffer (0.2 M) at pH 5.4. Migration from 
cathode to anode occurred in all cases. Bands at the origin (sample application region) 

j •  MOUSE "5 

MOUSE "1 ~A 

A 

M00SE /X MOUSE "8 
P-He SM 

MOUSE "4 MOUSE '=1 I ) 
P - N 2 L I V E R  ~ ~  

Fig. 5. Representative cellulose acetate strip electrophoresis pat terns of  proteins of  mouse  tissue 
extracts. Patterns are densi tometer  traces (arbitrary intensity scale) o f  actual strips. P refers to 
parent  (initial) populat ion;  He  and N~ refer to animals f rom the helium-oxygen or ni t rogen-oxygen 

environments respectively. Tissues are identified by name or for skeletal muscle (SM). 
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f MOUSE =98 ~ 

f M~sE ~9, h 

MOUSE "~91 

I MOUSE '~99 / ~  

Fig. 6. Representative cellulose acetate strip electrophoresis patterns of proteins of mouse tissue 
extracts. Symbols and conditions are as in Figure 5. F2 refers to second generation animals born 

in the chamber environments. 

were almost always poorly resolved. Representative electrophoretic runs are shown in 
Figures 5 and 6 as densitometer traces for parent and F 2 generation animals. Within 
each figure are shown patterns for heart, skeletal muscle, and liver for animals from 
each environmental group. 

For  heart ten apparent bands, readily distinguished visually, were resolved in almost 
all specimens regardless of  source (i.e. animal or environmental group). Densitometer 
traces are numbered according to positions of visually recognizable bands. Numbering 
is from No. 1 for the fastest moving band (+  end of strip) to No. 10 at the sample appli- 
cation origin (cathode). Numbers therefore decrease in the order of increasing mobil- 
ity. Migration usually totaled 7.5-8.0 cm in the five-hour period used and at pH 5.5 all 
proteins resolved were apparently net negatively charged (i.e. albumin, a-or ]?-globulin- 
like relative to serum proteins). Under comparable conditions, serum albumin mi- 
grated 7.7 cm in five hours while 7-globulin remained near or within 1 cm of the origin. 
Among the resolved heart protein components other than the band (No. 10) at the 
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origin, two strong (Nos. 8, 9) and two moderate  (Nos. 6, 7) bands appeared in the 

slow-mobility third of  the strip; three moderate  to weak bands (Nos. 3, 4, 5) occurred 

in the middle third of  the strip; one strong band (No. 2) and one weak band  (No. 1) 

appeared in the fast mobility third o f  the strip. The sum of  bands Nos. 8 and 9 ap- 

peared to account  for about  30~o of  the total protein;  bands two and ten each contri- 

buted about  15 ~o of  the total. All bands were observed on all P-mouse heart  extracts. 

The intensities o f  bands 2, 8, and 9 decreased markedly in our F 2 mice hearts over the 

Fig. 7. Photographs of disc electrophoresis patterns of proteins of mouse heart extracts. Top row: 
animals from nitrogen-oxygen environment; bottom row: animals from helium-oxygen environment. 
From left to right in each row are pairs of animals from the parent (initial P), first (F1), and second 

(F2) generations. 
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corresponding P-mice hearts. Intensities of  these bands were about  half that of  the 
corresponding bands of the P generation. 

For  liver again up to ten bands were resolved at least partially. There was an intense 
band near the sample origin but apparently with definite migration from the application 
site (very low mobility). Three moderate bands were present in the fastest third of  the 
patterns; one moderate and three strong bands in the middle third; and two relatively 
strong bands, plus the very strong near-origin band in the slow third. Bands Nos. 

8, 9, and 10 each constituted 15-20~ of  the total protein; bands Nos. 5, 6, and 7 con- 

Fig. 8. Photographs of disc electrophoresis patterns of proteins of mouse skeletal muscle extracts. 
Arrangement of gels as in Figure 7. 
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stituted each about  I 0 ~  of the total. The electrophoretic patterns of the F 2 group 
livers showed in general a decrease of  up to 50~o in the intensity of  the No. 10 band 
(near-origin band) and an increase in intensity of  the No. 8 band. 

For skeletal muscle, again up to ten components were resolved. Three very weak 

bands occurred in the fast third of the pattern; four bands (three strong, one moderate) 

occurred in the middle third of  the patterns. Bands Nos. 7, 8, and 9 were usually very 
poorly resolved. Bands Nos. 4, 5, and 6 together constituted over 5 0 ~  of the total 

applied protein. Because of relatively poor  resolution skeletal muscle could be con- 
sidered as actually contributing five readily recognizable bands plus the band at the 

Fig. 9. Photographs of disc electrophoresis patterns of proteins of mouse liver extracts. 
Arrangement of gels as in Figure 7. 
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origin. In patterns for muscle of the F2-mice the band at the origin decreased general- 
ly in intensity to half that of the P-group level. Bank No. 1 increased several fold usually 
over the corresponding P-group valve. Relative intensities of bands Nos. 4, 5, and 6 
were not constant among individual animals but varied widely. Variation was, how- 
ever, apparently independent of the environmental gas group as a parameter. 

Disc polyacrylamide gel electrophoresis. Fractionation of 200 #gm aliquots of 
soluble tissue proteins on polyacrylamide gels at pH 8.6 resolved up to 14 components 
from heart, 7 from skeletal muscle, and 11 from liver. Band intensities, and to a lesser 
degree, total numbers of resolved bands differed among individual animals. No corre- 
lations appeared to exist relative to animal groups or environmental gas groups. Re- 
presentative gels are shown in Figures 7 (heart), 8 (skeletal muscle), and 9 (liver). Data 
were recorded photographically on high contrast film and actual gels and photographic 
prints were inspected visually; in several instances gels were scanned with a Photovolt  
Corporation densitometer. No attempt was made to quantify the gel protein patterns 
since differences among individual animals were great enough to preclude any reason- 
able chance of detecting correlations to the parameters of animal generation or en- 
vironmental gas. 

Insulin. In a supplementary study carried out by Dr. H. Leon, Ames Research 
Center, National Aeronautics and Space Administration, plasma insulin analyses were 
made on mice taken from the two environmental chambers. Insulin levels (units/ml) 
were 18 _+ 10 (average_ 1 SD) for 16 mice from the helium environment and 17_+ 10 for 
15 mice from the nitrogen environment. It is apparent, therefore, that no significant 
differences between the experimental groups existed with respect to this hormone 
parameter. Ranges for insulin levels in the two groups were 6-36 units/ml for the 
helium mice and 5-42 units/ml for the nitrogen mice. Considerable variation among 
individual animals, independent of the environmental exposure conditions, were noted 
as indicated by the ranges and standard deviations about the means which were en- 
countered. 

3. Hematology 

The results of the hematological studies in general did not concur with previous studies 
in this laboratory or with other authors, as there were few remarkable changes. The 
red blood cell count in the parent generation was the same for the helium and nitrogen 
animals. Succeeding generations also showed no demonstrable differences in erythro- 
cyte counts. Mean values with standard deviations and t values are given in Table IX. 
The absence of significant differences in hematocrit in any of the generations recon- 
firms the absence of significant differences in erythrocyte counts, assuming that the 
plasma volume remained the same. Hemoglobin values for helium mice of  all three 
generations did not differ significantly from control values obtained from nitrogen 
animals. 

4. Pathology 

Histopathological examinations of kidney samples revealed a few round cell loci but 
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TABLE IX 

Comparison of hematological indices of mice chronically exposed to 
helium-oxygen and nitrogen-oxygen at ground level pressure 

Hematocrit ~ Hemoglobin Red blood cells 
g/100 ml 106/mm 3 

P generation P generation P generation 
He N2 He N2 He Ne 

45.6 45.5 13.9 14.1 9.4 9.3 
S •  •  5_0.9 • •  •  
N 11 9 10 11 4 4 

t 0.322 0.985 0.285 

F1 generation F1 generation F1 generation 
He N2 He N~ He N2 

)? 43.9 43.0 13.5 14.0 9.0 8.7 
S • +2.9 • •  •  :s 
N 10 8 10 8 3 4 

t 0.628 0.550 0.1656 

F2 generation Fz generation F2 generation 
He N~ He N~ He N~ 

3? 45.4 45.5 14.8 14.8 8.1 9.1 
S • •  -4-1.0 i 0 . 7  •  :L0.9 
N 10 10 10 10 4 4 

t 0.1442 0.4225 1.092 

- arithmetic mean. 
S - standard deviation. 
N - number of determinations. 

these were no t  l imited to any par t i cu la r  genera t ion  or  gaseous environment .  However ,  

their  presence was more  f requent  in the P generat ion.  

A d r e n a l  g land examina t ion  o f  the pa ren t  genera t ion  revealed large numbers  o f  va- 

cuoles and  vacuo la ted  cells at  the cor t ica l  medul la ry  junct ion .  This f inding is unique  

and  is o f  u n k n o w n  significance. In  addi t ion ,  there  were many  foam- type  cells in this  

same area  which have been seen in o ther  aged mice by the animal  pa tho log i s t  par t ic i -  

pa t ing  in this  s tudy (J. M. King) .  I t  seems as i f  these foamy- type  cells in the  adrena l  

g land are mul t i -nuc lear  phagocytes  undergo ing  some type of  hydrop ic  change.  

Adrena l  and  k idney  sections in the  F~ and  F 2 genera t ions  appea red  un i formly  no t  

remarkab le .  Some cubo ida l  l inings were seen in k idney glomerul i  in the F 2 generate.on 

bu t  the significance o f  this f inding is obscure  at  this t ime.  

Sixteen liver specimens representa t ive  o f  the  pa ramete r s  o f  genera t ion  and  environ-  

men t  were examined  his tochemical ly  for  glycogen. The semiquant i ta t ive  da t a  are 

shown in Table  X. Except  for  an appa ren t  low liver glycogen conten t  for  all F1 genera-  

t ion  mice,  no cor re la t ion  o f  glycogen level to the  na ture  o f  the env i ronmenta l  gas or  the 

length  o f  exposure  were noted.  
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TABLE X 

Histochemical detection of relative glycogen content of 
mouse liver tissues 

Animal Generation Experimental Relative 
No. environment glycogen 

content 

14 P N2 + + + +  
15 P Nz + + + 6 -  
13 P He 6- 6-6- 
16 P He 6- + 6 -  6- 

34 F1 N2 6- 6- 
35 F1 N2 + 6- 6- 
38 F1 N2 + + 
39 F1 N2 -- 
32 FI He -- 
33 F1 He 6- 
36 F1 He -r- 6- 
37 FI He 6- 

92 F~ N2 6- + § 6- 
93 Fz N2 6- 6- + + 
90 F2 He 6- 6- 6- 6- 
91 F2 He 6- 6- 6- 6- 

81 

Mean organ weights of female mice randomly selected from the P, Ft and F 2 

generations are shown in Table XI. Visual inspection shows no consistent trends in 
the values presented that can be ascribed to either the generation or the gaseous 
environment. Statistical evaluation of differences in organ sizes of animals maintained 
in either helium or nitrogen is not warranted. 

E. DISCUSSION 

Replacing the normal air atmosphere with a helium-oxygen atmosphere changes the 
oxygen utilization per unit of tissue. This has been described previously by numerous 
authors (Cook, 1950; Cook and Leon, 1959; Schreiner, 1964; Schreiner et al., 1965; 
Hamilton et al., 1966b ; Rhoades et al., 1966 ; Weiss and Rhoades, 1965). This observa- 
tion was also made in the present study (cf. Section 3, below), which demonstrated that 
living in a helium environment, even through several generations, did not alter this 
effect. Food and water consumption remained increased throughout the experiment in 
the helium animals in all generations. The significant increase in water consumption in 
the helium environment is not unexpected. In normal mammals some 25 to 30~  of the 
obligatory water loss occurs by way of the expired air. With an increased metabolic rate 
and increased oxygen consumption, one necessarily sees an increased respiration rate 
which does, in effect, cause an increased body water loss. Increases in the consumption 
of food materials demand a larger water intake, too, in order to maintain the normal 
electrolyte and fluid balance. Consequently, the water consumption increase conforms 
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to our expectations. The important corollary of these measurements is that metaboli- 

cally the F 2 generation appeared the same as the P generation, or as animals that have 
only been exposed briefly in previous studies. One possible explanation for the in- 
crease in water consumption seen when the animal population set aside for metabolic 
studies was reduced from ten to five is that these animals increased their physical 
activity in the relatively uncrowded condition (there was, however, no commensurate 
increase noted in the food consumption of these animals). The less crowded cage possi- 
bly had a lower relative humidity. 

The rate at which both experimental populations gained weight in all three genera- 
tions was not significantly affected by the nature of the gaseous environment. Similarly, 
there was no discernible effect on organ weights or on hematological indices that could 
be attributed to the helium exposure. While the results of the pathological examination 
of liver glycogen and kidney and adrenal tissue also failed to show up an effect of the 
helium exposure, the round cells that were detected in kidney specimens have been 
shown to be characteristic of the more advanced stages of acute or chronic inflam- 
mation (Stengel and Fox, 1915), and may therefore represent an indigenous pathology 
of  the animal colony related to confinement p e r  se.  

Biochemical analyses of selected dehydrogenase activities and of electrophoretically 
separated protein patterns of  cardiac muscle, skeletal muscle, and liver tissues de- 
monstrated no differences in any instance between animals exposed to the nitrogen- 
oxygen compared to the helium-oxygen environment. With respect to dehydrogenase 
activities (LDH, MDH, or G6PDH) no differences significant at the P<0.01 level 
were found among animal generation groups or environmental gas groups. Heart 
MDH levels in the helium P mice were lower than in the corresponding nitrogen ani- 
mals, but were increased in the F 1 + F 2 generations raised in helium-oxygen (P < 0.05). 
Distinct differences, as expected, occurred among different tissue types. Electropho- 
resis patterns of  proteins exhibited some differences attributable to mice generation 
group differences but not to environmental gas groups. Wide variation among indi- 
vidual animals, independent of experimental parameter groups, occurred in dehydro- 
genases and in electrophoretic protein patterns. 

Tissue enzymes and protein patterns of normal animal tissues and of  tissues from 
tumor-bearing animals and animals in particular metabolic or disease states have been 
determined by many investigators. Glock and McLean (1954) have reported levels of 
the direct oxidative pathway of carbohydrate metabolism in various normal mamma- 
lian and tumor tissues. Frenkel (1965) among others has reported enzyme patterns for 
heart supernatant fractions. Hartshorne and Perry (1962) and Lauryssens and Laurys- 
sens (1964) have described, respectively, electrophoretic patterns of adult and foetal- 
rabbit muscle, and mouse and human normal and dystrophic muscles. Dixon and 
Webb (1964, pp. 638-43) summarize a variety of tissue and species enzyme patterns. 

With respect to our dehydrogenase enzyme measurements, relative tissue activities 
agree reasonably well with previously reported relative tissue distributions. We appear 
possibly to be high with respect to cardiac muscle (heart) lactate dehydrogenase in all 
our animals. This may, as discussed in Section 2.D.2, reflect the method of killing our 
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mice, which involved ether anesthesia. Our determinations of glucose-6-phosphate 
dehydrogenase, which yielded low absolute values on all tissues and especially low 
values on heart and skeletal muscle, are in excellent agreement with previously re- 
ported tissue distributions for this enzyme and also serve to document the essential 
absence of any significant blood contamination of our heart and skeletal muscle tissue. 
Any blood contamination, by virtue of high red cell G6PDH levels, would have shown 
up as abnormally high tissue G6PDH values. 

In an earlier unpublished study conducted in our laboratory (Schreiner, 1964), 
elctrophoretic (cellulose acetate) separation of heart proteins of mice raised in helium- 
oxygen showed evidence of an additional or enhanced rapid-mobility protein com- 
ponent not observed in extracts of hearts of control mice raised in air. In view of our 
present more extensive electrophoretic patterns study which does not show differences 
between heart proteins of helium and air-exposed mice, it has appeared worthwhile 
to consider carefully the probable basis of the earlier finding. 

Two explanations appear likely. The earlier work did not include a 'marker' de- 
termination of any component which could definitely rule out the presence of variable 
contamination of tissues by blood and plasma proteins. In the current study our mea- 
surements of G6PDH does this. The fast mobility band found in earlier electropho- 
resis patterns of pooled mouse heart extracts is also identical in mobility with serum 
albumin and could have represented random or uncontrolled contamination of the 
helium group heart extracts with blood plasma. 

A second possible interpretation centers upon the fact that the earlier study involved 
normally nonanoxic conditions of sacrifice of the mice (neck fracture) and a more-or- 
less incomplete initial homogenization process (Virtis blender). If by chance one or 
more of the mice of the helium group pool had become grossly anoxic, there would 
have been a release of cardiac LDH isoenzymes which would have been readily 
extractable even with incomplete cellular disruption. The major cardiac LDH isoen- 
zyme band has high mobility and in high concentration likely could have been detected 
on cellulose acetate by protein stains. This band would have been in the same region 
of the electrophoretic patterns in which the helium-related component was observed. 
While these interpretations have not been subjected to controlled experimental verifi- 
cation, it should be readily feasible to do so, if despite the results of the present study 
the question of the earlier preliminary observations is still considered by anyone to be 
of importance. 

In the biochemical studies, we have concentrated upon measurements of macro- 
molecular composition - in particular of selected key metabolic pathway enzymes and 
soluble protein patterns. During the course of the environmental runs, mice were also 
provided to investigators of the Illinois Institute of Technology Research Institute 
who analyzed adenine nucleotides, redox-coenzymes (NAD, NADH, NADP, 
NADPH), pyruvate, and lactate in liver tissues. Together, these complementary 
studies, while limited in scope, should have allowed detection of major irreversible or 
steady-state compositional changes in metabolic pattern components of the animals 
involved. No such changes were observed. 
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Estabrook (1965) has discussed the limitations on interpretation of enzyme (and 
substrate) patterns since at best they represent nonphysiologic states extrapolated to 
the cell, almost always involve assay under nonphysiologic conditions devoid of in vivo 

activation and inhibitor complications, and reflect kinetics in an artificial homo- 
geneous environment rather than the often compartmentalized system found in vivo. 

However, Tepperman and Tepperman (1965) have reviewed well-documented exam- 
ples of "adaptive increases in enzyme activities of  liver occurring along specific meta- 
bolic pathways when there is a large and sustained increase in substrate traffic through 
them". They point out that the dehydrogenases of the direct oxidative pathway (i.e., 
G6PDH) and the NADP-dependent malate enzyme are known to fluctuate widely 
in liver. Hormones can influence the observed activities of the hexose monophos- 
phate shunt dehydrogenases (i.e., G6PDH) and M D H  differentially. 

Hess and Brand (1965) have discussed the possible types of energy metabolism con- 
trol in terms of  enzyme and metabolite profiles. The activity of enzymes can vary in 
response to the levels of  substrates and products and by allosteric activation and in- 
hibition through control metabolites. The concentration of enzymes can vary as a 
result of  the operation of induction, repression, and de-repression process which in- 
volve genetically controlled protein synthesis. 

In the biochemical measurements of tissue protein patterns and selected dehydro- 
genase enzymes of this study and of adenine nucleotides, redox-coenzymes, and selected 
metabolic intermediates determined on our experimental animals by investigators at 
the Illinois Institute of Technology Research Institute, attention has been given to the 
conventional but restricted view of metabolism as a steady state or equilibrium 
process. But it is becoming increasingly recognized that the metabolism of an organ- 
ism and, in particular, the response of its metabolic patterns to environmental para- 
meters, hormones, biophysical stimuli, etc., can involve transient responses of enzyma- 
tic systems. The analysis of the dynamics and control mechanisms of multi-enzyme 
systems and of the multiple interlinked pathways of energy metabolism has only 
recently been approached (Higgins, 1965) even theoretically. It is technologically 
unfeasible at this time to consider such a level of analysis of the metabolic response of  
an intact mammal to an environmental compositional variable such as the nature of the 
inert gas to which it is exposed. While it is certain that there is a molecular basis to the 
mammal's elevation in oxygen consumption in helium, this may well involve a meta- 
bolic control mechanism and a transient change in the dynamics of enzyme processes 
of respiratory metabolism. It appears likely that the increased oxygen use is not accom- 
panied by irreversible metabolic changes or altered biochemical composition of tissues. 

3. Effect of Helium on Oxygen Consumption of Animals Adapted to 
a Helium-Oxygen Environment 

A.  S U M M A R Y  

In this study, comparative oxygen consumption measurements were made on female 
rats and mice adapted to and maintained in 80% helium - 20% oxygen for over six 
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months at approximately one atmosphere. Rats and mice from the same strains and 
generations comparably maintained in 80~ nitrogen - 20~ oxygen in an identical 
chamber were used as controls. This study included mice from the second generation 
born in the chambers. 

As expected, the rate of oxygen consumption at 23.5 ~ was significantly higher in 
helium-oxygen (80:20) than in air and this was the case regardless of whether the 
previous gaseous environment to which the animals had been exposed contained 
nitrogen or helium. There was no statistically significant difference (at P=0.01)  
observed in the magnitude of oxygen consumption in helium-oxygen or in air between 
the helium maintained animals and their nitrogen maintained controls. In no case was 
it possible to discern within acceptable statistical probability a metabolic acclimation 
of either rats or mice to chronic exposure to helium-oxygen. 

Second generation animals conceived, born, and raised in either helium-oxygen or 
nitrogen-oxygen showed higher rates of oxygen consumption (per gram of body 
weight) in both helium-oxygen and air than their parent generation animals which had 
previously been exposed for six months to either of the two gaseous environments. 
This difference was statistically significant in two of the four experimental permutations 
examined, and is most likely a function of the age of the animals. 

To determine if there are effects of acute exposure to helium that do not depend on 
the thermal properties of helium, oxygen consumption studies were conducted in air 
and in helium-oxygen on boa constrictors, a heterothermic ('cold-blooded') species. 
Preliminary results indicate a higher rate of oxygen consumption by these reptiles in 
air as compared with helium-oxygen at 23 ~ and at 33 ~ providing further evidence 
for the thermal mechanism for the effect of helium on metabolism. 

B. I N T R O D U C T I O N  

Exposure of small mammals to a helium-based atmosphere has been shown to result 
in an increase in oxygen consumption. It has been assumed the increased metabolism 
is caused by the high thermal conductivity of helium and that, therefore, mammals 
need to produce sufficient additional heat to maintain body temperature in the face 
of increased convective heat loss (Leon and Cook, 1960). This effect may mask other 
factors which could also change the rate of oxygen consumption. Also, it is not clear 
whether acclimation or adaptation to a helium-based atmosphere occurs. 

To investigate these questions, oxygen consumption studies in air and in helium- 
oxygen were conducted utilizing mice and rats chronically exposed in the CES-4 
described in Section 2 of this report. 

Previous studies on rats maintained in a 79:21 helium-oxygen environment at 
ambient pressure for two weeks indicated that oxygen consumption in helium remained 
elevated and that oxygen consumption in air was depressed in comparison with com- 
parable air-maintained rats (Rhoades et al., 1966). We had available for studies of the 
comparative acclimation of oxygen consumption rats maintained in helium-oxygen 
and nitrogen-oxygen for six months. 

To our knowledge, comparative oxygen consumption studies of mice conceived, 
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born, and raised in helium-oxygen and never exposed to air, and mice born in air but 
maintained for a long period of time in helium-oxygen have not been made. 

Since mammals increase heat production to compensate for increased heat loss in a 
helium atmosphere, oxygen consumption studies of a poikilotherm lacking an effective 
thermal regulation mechanism were conducted to uncover possible effects of helium 
on oxygen consumption that are not based on thermal effects. A logical choice for this 
study was the young boa constrictor. These animals are small enough to fit in the 
oxygen consumption chamber yet large enough to enable recording of measurable 
oxygen uptake. 

In order to perform these oxygen consumption studies under constant environmental 
conditions, a constant temperature and relative humidity system, CES-5, was designed 
and built (cf. Figure 10). 

C. M E T H O D S  

1. Experimental plan 

Rats, parent generation mice, and F 2 generation mice were paired from Chambers A 
(helium chamber) and B (nitrogen chamber) for oxygen consumption studies con- 
ducted at ambient pressure and at about the same environmental temperature and 
relative humidity as the chronic exposure chambers (23 ~ and 40-60~o relative humi- 
dity), and at PCO2 levels of less than 7 mm Hg. 

Each animal served as its own control, and each experiment was designed to include 
a control segment which consisted of  oxygen consumption measured in the gaseous 
environment in which the animal had been maintained; the experimental portion 
involved the other gaseous environment (e.g., helium-oxygen was the control for the 
helium chamber animals and air was the experimental atmosphere). About 10 minutes 
was allotted during each experiment for equilibration of CES-5, the oxygen consump- 
tion measuring system, and settling of the animals. Changing the gaseous environment 
was accomplished by flushing CES-5 in toto, utilizing its circulating pump. 

The resultant data were statistically examined for differences in oxygen consump- 
t ion in air and oxygen consumption in helium-oxygen between animals maintained and 
raised in these two gaseous environments. 

2. Equipment and materials 

A closed environment sytem, designated CES-5, was designed and built to permit 
volumetric oxygen consumption measurements of small animals at ambient pressure 
with rigidly controlled environmental temperature, carbon dioxide level, and relative 
humidity. It consisted of a water jacketed cylindrical plexiglass animal chamber, 40.5 
cm long x 8.5 cm in diameter, with a volume of  9.2 liters; a water-jacketed gas heat 
exchanger; a Lauda K2/R circulating thermostatted water bath with a temperature 
range of 0-100+0.05 ~ a Warren E. Collins one-liter recording spirometer with a 
bell factor of 4.56 ml/mm; a carbon dioxide absorbing scrubber apparatus which was 
immersed in a cooling bath to utilize the 'cold finger' principle for relative humidity 
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Schematic representation of CES-5. 

control; and a 9-liter/rain diaphragm Dynapump for gas circulation (see Figure 10). 
Oxygen consumption studies conducted with this apparatus utilized the principle 

that, in a steady state, the spirometer replaces the volume of oxygen consumed by the 
animals to maintain ambient pressure equilibrium. The decrease in volume in the 
spirometer is considered to be the oxygen consumption. Carbon dioxide was absorbed 
and maintained at constant, low, steady-state level by recirculation through the scrub- 
ber apparatus. 

Provision was made to record experimental parameters on an eight- channel Beckman 
Offner Type R Oscillograph. The following system parameters were monitored and 
recorded continuously: carbon dioxide level (Beckman LB-1 Infrared Gas Analyzer 
with a recirculating flow rate of about 5(?0 ml/min), temperatures throughout the 
system (YSI TD-47 Scanning Telethermometer), chamber pressure (Sanborn 270 
Differential Pressure Transducer), spirometer excursion (W. E. Collins Recording 
One-Liter Spirometer), and oxygen partial pressure (Polarographic Coupler and a 
Beckman Macroelectrode, later modified by use of a Beckman 777 Electrode System 
with recorder output). Relative humidity of the chamber was monitored with a Wayne 
Kerr Humidity Meter. 

CES-5 has a working volume of 13.2 liters which was calculated by dilution of carbon 
dioxide in the system with the spirometer closed and with slightly acid water in the 
scrubber jars. To accomplish this, 50 ml of air was removed from the chamber and an 
equal volume of 100 K CO 2 was added. This was repeated four times, and the results 
were averaged. Analysis of CO2 was done by the in-line infrared CO2 analyzer. 
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Provision for changing the gaseous environment was made through a removable 
tubing connection between the scrubber apparatus and the gas heat exchanger. This 
was later modified by the addition of two 3-way valves in series. The location of this 

flush connection is shown in Figure 10. 
The chamber temperature was maintained at 23.5_+ 0.5 ~ and the relative humidity 

between 40 and 60~o. Carbon dioxide was maintained below 1 ~ ,  using 150 ml of 
2N NaOH as the scrubber solution. The NaOH solution was changed daily. 

The animals chosen for this study were two female rats each from the nitrogen 
chamber (designated N 2 rats) and from the helium chamber (designated He rats); 
three female parent generation mice from the nitrogen chamber (N 2 P mice), and three 
from the helium chamber (HeP mice) (all of  which were multiparous); and three 
nulliparous female F2 generation mice from each of the chambers (HeF 2 mice and 
N2 Fz mice). The animals of each set were studied as a group. 

All the animals were restrained during the oxygen consumption experiments. The 
rats were individually confined in custom-made vinyl screen cages shaped to fit with 
close tolerance; the floor, front and back were plexiglass, the front having a porthole 
and the back being adjustable and having a tailhole. The rats were habituated to these 
cages before they were used in experiments. The mouse cage, made from copper wire 
mesh and plexiglass containers, consisted of four compartments; each individual 
partition measured 4 in. x 3�88 in. The mice would not tolerate body-sized cages. 
Restraints of this type were used to permit maximal gas exposure of  the animals. 

The gases used were room air, 80~  h e l i u m - 2 0 %  oxygen, and >99.% oxygen. 
The system was calibrated and checked daily for leaks. Leak testing was accom- 

plished by increasing and decreasing the pressure by 5-10 mm Hg, and monitoring 
its constancy with the pressure transducer. 

For an experiment the animals were weighed, inserted into a restraining device, and 
placed in CES-5. The system was then sealed, flushed with the desired gases, and the 
spirometer flushed and filled with oxygen. Recording was started, and the system was 
allowed to equilibrate until relative humidity and CO2 reached a stable level. Con- 
tinuous recordings were made of spirometer excursion and CO 2 level. 

The temperature measurement and recording cycled at 20-second intervals to each 
of the following locations: (1) the Lauda bath, (2) input gas to the chamber, (3) 
chamber gas, (4) spirometer, (5) scrubber bath, (6) gas returning from the scrubber, 
and (7) a calibration device set at 25 ~ Oxygen partial pressure was monitored con- 
tinuously with a Beckman macroelectrode. Relative humidity was read at the begin- 
ning and end of each time segment of the oxygen consumption experiments and noted 
at the appropriate interval on the recording. Spirometer readings were also noted and 
entered on the recording. All experiments were conducted at ambient pressure, which 
was noted and recorded. 

An experiment was divided into two sections, each of which consisted of four 10- 
min periods during exposure to one of the experimental atmospheres. The first 10-min 
period was allotted for stabilization (even spirometer tracing, stable CO2 level, stable 
relative humidity, and settled animals), followed by the three 10-min oxygen consump- 
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tion measurement periods. The second section of the experiment consisted of a 10-12- 
rain flush with the other gas atmosphere at a rate of  about  5 liters/min, followed by the 
same four 10-min periods. During flushing, the spirometer stopcock was closed to the 
chamber, the CO2 analyzer kept in operation, and the system closed except at the flush 
location. The animals remained in their restraints in the chamber. 

The mice and rats were exposed to air for no longer than 10 rain between removal 
from CES-4 and placement in the CES-5. They were returned to their respective 

chambers immediately after each experiment. None was accidentally or purposefully 
transferred f rom CES-4A (helium) to CES-4B (nitrogen). 

Experiments of  the following type were conducted: 

(a) Oxygen consumption of rats was measured on four different days. On two of the 
days the first exposure was helium-oxygen followed by air; on the other two days the 
first exposure was air followed by helium-oxygen. The order was random. A total of  

four experiments on each pair of  rats was performed. 
(b) The oxygen consumption experiments on each set of  mice (He P, N 2 P, He Fz, 

N z F2) followed the same pattern. A total of  six experiments on each set of  mice were 
performed on six different days. On half of  the days the experiments were ordered 
f rom air to helium-oxygen and on the other half f rom helium-oxygen to air; the order- 
ing was random. 

Oxygen consumption was calculated in ml of  O2/kg/min converted to STPD. The 
means and standard deviations were calculated and statistical comparisons made. The 

Fisher paired t-test for uncorrelated data of  small samples (Guilford, 1965) was used 
to compare the oxygen consumption data of  the various experiments. 

During examination of the recordings of the experiments several were found to 

indicate malfunction of CES-5. These malfunctions were due to small leaks in the 
CES-5 system during the experiments, revealed by fluctuations in the Po~ and pressure 
recordings. All experiments which showed these fluctuations were repeated, regardless 
of the values. As before, repeat experiments were done in pairs and in random order. 
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40 

Vo 
m[/Kg min 

ST P b 20 

IO 

RATS 
K E P T ~ H e O  2 AIR 

IN 

[ ]  AIR 
[ ]  He02 
I STD. ERROR 

EXPERIMENTAL 
TEMPERATURE~ 23~ 33 ~ C 

Fig. 11. Oxygen consumption of rats and boa constrictors. A: Comparison of response of air- 
raised (right) and helium-raised (left) rats with respect to their response to the HeOz atmosphere 
B: Responses of boa constrictors to air and HeOz at two different temperatures. Boas were kept in air. 
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D. RESULTS 

1. Rats 

O x y g e n  c o n s u m p t i o n  d a t a  f r o m  ra t  e x p e r i m e n t s  are  s u m m a r i z e d  in T a b l e  X I I  a n d  

p r e s e n t e d  g r a p h i c a l l y  in F i g u r e  11. A s ta t i s t i ca l  c o m p a r i s o n  o f  t he  v a r i o u s  s i t ua t i ons  

is g iven  in T a b l e  X I I I .  

TABLE XII 

Oxygen consumption of rats in air and in helium-oxygen 
at 23 ~ and 45-60 ~ relative humidity 

He rats N2 rats 
Order of Experiment 02 ml/kg/min, STPD 02 ml/kg/min, STPD 

In air In HeO2 In air In HeO2 

Air to HeO2 

Air to HeO2 

HeO2 to Air 

HeO2 to Air 

. 

27 

)? 

~ s . e .  

Overall mean 24.6 • 1.4 31.5 • 1.5 
Weight in grams 306 and 307 

32.1 32.2 24.9 29.9 
29.3 32.4 23.2 31.6 
28.9 30.5 22.1 33.1 
30.1 31.7 23.4 31.5 

21.0 38.0 19.5 32.5 
22.4 34.3 20.9 30.8 
20.6 34.3 20.7 32.3 
21.3 35.5 20.3 31.9 

21.4 26.5 25.3 29.2 
21.8 25.7 25.5 26.0 
21.0 23.0 26.4 26.9 
21.4 25.1 25.7 27.4 

25.9 33.1 20.7 30.0 
26.1 34.0 20.6 32.9 
24.9 33.4 20.6 31.4 
25.6 33.5 20.6 31.4 

22.5•  30.6• 
337 and 251 

TABLE XIII 

Statistical summary of oxygen consumption data, rats 

Comparison t df P ~ Difference in Vo2 

He rats vs. N2 rats 
Air 1.593 11 > 0.05 He rats 9 ~ > N2 rats 
HeO2 0.640 11 > 0.05 He rats 3 ~ > N2 rats 

Air vs. HeO2 
He rats 4.114 11 <0.005 HeO2 28 ~ > air 
N2 rats 8.457 11 < 0.001 HeO2 36 ~ > air 

Order of exposure 
He rats in air 0.980 5 > 0.10 - 

He rats in HeO2 1.761 5 > 0.10 - 
N2 rats in air 0.916 5 > 0.10 - 
N2 rats in HeOz 1.398 5 > 0.10 - 
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TABLE XIV 

Oxygen consumption of mice and air and in HeO2 at 23~ and 45-60~ relative humidity 

Order of experiment HeP N2P HeF2 N2F~ 

Air HeO2 Air HeO2 Air HeO2 Air FIeO2 

Air to HeO2 48.1 49.9 69.8 80.6 75.8 75.7 71.0 91.8 
41.5 58.4 71.8 77.4 66.6 80.2 67.3 84.7 
43.3 60.8 61.8 81.8 78.1 80.2 65.6 87.4 

2 44.3 56.4 67.8 79.9 73.5 78.7 68.0 88.0 

Air to HeO2 55.4 85.4 47.7 58.0 38.4 51.6 47.9 65.0 
50.8 83.4 50.5 58.8 37.9 48.3 83.3 83.3 
62.2 87.6 48.2 60.9 41.3 50.2 48.3 81.2 

2 56.1 85.5 48.7 59.2 39.2 50.0 50.3 76.5 

Air to HeO2 36.4 48.8 40.9 55.4 46.1 80.9 48.5 65.8 
39.8 57.0 43.4 51.9 42.8 82.4 65.3 66.0 
45.9 48.1 44.3 57.4 - 78.4 50.8 62.5 

2 40.7 51.3 42.9 54,9 43.0 80.6 54.7 64.4 

HeOz to Air 59.4 80.2 43.7 64,6 52.1 117.6 64.2 87.4 
65.4 ,72.9 41.1 65,7 56.5 113.9 43.9 97.6 
60.8 68.8 47.2 56.8 58.0 118.5 52.8 102.9 

2 61.9 74.0 44.0 62.4 55.0 116.3 53.6 96.3 

HeO2 to Air 52.2 79.6 49.3 52.6 58.6 78.0 80.4 82.3 
55.8 75.4 45.2 57,9 56.5 83.0 83.1 88.4 
53.6 69.4 41.4 48,7 56.8 64.4 74.0 84.0 

2 53.9 74.8 45.3 52.8 57.3 75.5 79.2 84.6 " 

HeOz to Air 44.0 49.9 40.3 41.3 40.9 52.3 95.6 109.7 
47.0 55.4 41.9 47.7 52.6 66.2 59.6 108.8 
41.8 62.0 43.9 47.1 52.2 65.1 68.9 109.7 

2 44.3 55.8 42.0 45.4 48.6 61.2 68.9 109.4 

Overall mean 50.2 66.3 48.5 59.1 53.6 77.1 62.5 86.5 
• • •  • •  • • •  • 
2 weight in grams 48.5 48.5 34.7 32.3 

Figure 11A shows clearly that  both  pairs o f  rats responded in the same way to the 

HeO2 envi ronment .  Statistically there was no difference in the response to either air 

or  H e O  2 between the air-raised and hel ium-raised animals.  Likewise, there was no 

difference in the magni tude  of  response to helium. A compar i son  of  response with 

respect to order  of  presenta t ion of  the stimulus gas also showed no significant dif- 

ference (p > 0.10). The increase in oxygen consumpt ion  due to the HeO2 env i ronment  

was, as expected, significant. 

2. Mice 

Data  f rom the mouse  experiments are given in Table XIV and Figure  12. The  individual  

entries represent  three successive 10-minute measurement  periods. A number  o f  these 
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Fig. 12. Oxygen consumption of mice. The open bars show the mean oxygen consumption of mice 
in air, and the shaded bars the consumption of the same mice in HeO2. Order of presentation of the 

gases was mixed, and had no effect. 

categories were compared statistically using the paired t-test; statistical results and per 
cent differences are given in Table XV. 

As was the case in the rat experiments, there was no difference in oxygen consump- 

tion in air or in HeO 2 due to the order of gas presentation. Each group of mice had a 

greater mean oxygen consumption in HeO z than in air, averaging 38 ~ greater for the 

helium-raised mice and 31 ~ greater for the air-raised mice. Since the purpose of the 

entire project was to investigate the degree of adaptation that animals show to a 

helium-oxygen atmosphere, we were interested in whether this difference in response 

(38~o for the helium-raised animals as compared to 31~  for the air-raised mice) 
represented a statistical difference. Increases in individual experiments were compared 

as ratios with the t-test and were found to have no statistical significance (p > 0.7 for 

the F 2 generation and >0.2 for the parents.) This may be seen graphically in Figure 

12, in that the relative increase due to HeO2 seems to be about the same in all columns. 

As might have been expected there were significant differences in oxygen consump- 

tion, both in air and in HeO2, between the generations. Unfortunately, it was not 
possible to compare the two generations at the same time in their life cycle - the F 2 

animals were much younger than the parents at the time of the measurements and 
would therefore have greater oxygen consumption on a weight basis even in the air 
environment. 
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TABLE XV 

Statistical summary of oxygen consumption data, mice 

Comparison t df  P ~ Difference in Voz 

He P vs. Nz P 
Air 0.416 17 > 0.05 
HeO2 1.726 17 > 0.05 

He Fz vs. N2 Fz 
Air 1.978 17 > 0.05 
HeO2 1.501 17 > 0.05 

AII He mice vs. all Nz mice 
Air 1.253 35 > 0.05 
HeO~ 0.243 35 > 0.05 

He P vs. He F2 
Air 0.948 17 > 0.05 
HeO2 1.788 17 > 0.05 

Nz P vs. N2 Fz 
Air 2.852 17 < 0.02 
HeO2 6.107 17 < 0.001 

Air vs. HeO~ 
He P 4.282 17 < 0.001 
N2 P 2.372 17 < 0.05 
He Fz 3.959 17 <0.001 
N~ F2 4.874 17 < 0.001 
All He mice 5.585 35 < 0.001 
All N2 mice 4.373 35 < 0.001 

Order of exposure 
He P in air 0.941 8 > 0.10 
He P in HeO2 0.805 8 > 0.10 
N~ P in air 0.466 8 > 0.10 
N2 P in HeOz 0.030 8 > 0.10 
He Fe in air 1.000 8 > 0. i0 
He F2 in HeO2 0.112 8 > 0.10 
N2 Fz in air 0.315 8 >0.10 
N2 F2 in HeO2 0.312 8 > 0.10 
All He mice in 

air 0.039 17 > 0.10 
All He mice in 

HeO2 0.046 17 > 0.10 
All N~ mice in 

air 0.198 17 >0.10 
All N2 mice in 

HeO2 0.016 17 > 0.10 

H e P 1 2 ~ > N 2 P  

N2 F~ 1 6 ~ > H e  F~ 
N2 Fe 1 2 ~ > H e  F2 

N2 mice 7 ~ > He mice 

He F2 7 ~ > H e  P 
He F2 1 6 ~ > H e  P 

N2 F~ 2 9 ~ > N 2  P 
N2 F~ 4 6 ~ > N 2  P 

HeOz 32 ~ - a i r  
HeO2 22 ~ > air 
HeO~ 44 ~ > air 
HeOz 38 ~ > air 
HeO2 38 ~ > air 
HeO2 31 ~ > air 

E. BOA CONSTRICTORS 

Since  the  b u l k  o f  ev idence  seems  to  s u p p o r t  t h e  h y p o t h e s i s  t h a t  t he  i n c r e a s e d  o x y g en  

c o n s u m p t i o n  in  h e l i u m  is due  to  i ts  t h e r m a l  p r o p e r t i e s ,  we  t h o u g h t  it  m i g h t  be  o f  

i n t e r e s t  t o  i nves t iga t e  an  a n i m a l  spec ies  t h a t  has  a d i f f e ren t  t ype  o f  t h e r m a l  r egu la t ing  
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TABLE XVI 

Oxygen consumption of boa constrictors 
in air and in helium-oxygen 

(averaged over 1-hour periods) 

At 23 ~ and 40-60 % relative humidity: 

02 ml/kg/min, STPD 

In air 
0.66 
0.73 

2 0.70 2 

Weight, kg 1.64 
Internal temperature 
At 33~ and 40-60% 

2 

Weight, kg 
Internal temperature 

In HeO2 
0.36 
0.73 

0.55 

23.0~ 
relative humidity: 

O2 ml/kg/min, STPD 

In air In HeO2 
1.63 1.12 
2.07 1.21 
1.85 1.21 
1.17 1.30 

1.68 2 1.21 

1.56 and 1.21 
33.0~ and 32.8 ~ C 

system. The so-called 'cold-blooded'  animals or heterotherms maintain a body tem- 
perature only slightly above that of  the environment, and if cooled would be expected 
to lower rather than raise their metabolic rate. 

The boa constrictor (Constrictor constrictor) was chosen for several reasons. Boas 
can be obtained in a suitable size range (large enough to have a measurable consump- 
tion yet small enough to fit the chamber),  will rest quietly during the measurement, have 
an appropriate surface-to-weight ratio, and are easily handled and inexpensive. 

The two boas weighed 1.2 and 1.5 kg and were each about  1.5 m in length. They 

were placed in the chamber in a mesh bag, allowed to equilibrate, and monitored for 
1-hour periods in air. The chamber was then flushed and the measurements repeated 
with HeO2. Experiments were conducted at 23 ~ and were not replicated. One snake 
was measured at 23 ~ for two 1-hour periods each in air and in He-O2 ; two snakes 

were measured at 33 ~ for four 1-hour periods each in air and in He-O2. Results are 
shown in Table XVI and on Figure l lB.  

F. DISCUSSION 

1. Rats and Mice 

The rats were successfully habituated to the restraining cages and presented no prob- 
lem during the experiments. The data recorded were repeatable with little variation 

during an experiment or f rom day to day. The mice, on the other hand, were not ideal 



96 ROBERT W. HAMILTON, JR. ET AL. 

experimental subjects for oxygen consumption studies, as their activity levels were 
highly variable and they did not become habituated to restraining cages within 
reasonable time limits. 

Experimental order. The order of presentation of the experimental atmospheres 
apparently had no effect on the level of oxygen consumption; that is, statistically it 
made no difference in oxygen consumption if the helium or nitrogen rats and mice 
were exposed first to helium-oxygen, then to air, or first to air and then to helium- 
oxygen. 

Oxygen consumption in air vs helium-oxygen. Both pairs of rats had increased oxygen 
consumption in helium-oxygen in comparison with air at a high level of confidence. 
The four sets of mice also had higher oxygen consumptions in helium-oxygen than in 
air. These results are in agreement with the findings of others (Leon and Cook, 1960; 
Rhoades et al., 1966), and on mice raised in helium-oxygen and nitrogen-oxygen in 
this laboratory (Schreiner et al. 1965). This effect has been attributed, as previously 
mentioned, to the helium thermoconductivity-heat maintenance problem of  mammals. 

Chamber comparisons. Although all comparison groupings of He and N2 mice and 
rats suggested that the He animals might have a higher mean oxygen consumption in 
air and in helium-oxygen than the comparable N 2 animals, none of these differences 
showed statistical significance. Thus, one cannot reliably conclude that the chronic 
exposure of mice and rats to helium alters their metabolic response to this gas. 

The helium chamber rats, when compared to the nitrogen chamber rats, showed a 
trend toward higher oxygen consumptions in air, but these differences are not statisti- 
cally significant. The data of Rhoades et al., (1966) on the other hand, indicated that 
rats maintained in helium-oxygen for two weeks showed a depression of oxygen con- 
sumption when returned to air in comparison with air-maintained control rats. It 
should be noted that these experiments are not strictly comparable to those of Rhoades 
et al. Their deviations were found in the first few minutes after making the change, 
while in our case the animals were allowed to equilibrate to a steady state before we 
began to make measurements. Also, their animals were passed from He-Oz to air (or 
the reverse) through 100~ oxygen as an intermediate gas for 10 minutes. Our data do 
not support the view that rats become metabolically acclimated to helium during a 
6-month exposure to this gas. 

General comparisons. It was anticipated that the F 2 mice would have greater oxygen 
consumptions than the P mice strictly due to the well-established inverse relationship 
between age and oxygen consumption (Prosser and Brown, 1963; Richards, 1965). 
Our data support this relationship. 

2. Boa Constrictors 

Since only two experiments were performed, definitive statements would be premature. 
In both experiments, at 23 ~ and at 33 ~ oxygen consumption was greater in air than 
in helium-oxygen. It is reasonable to suspect that a heterothermic animal would not 
have increased oxygen consumption in a helium-based atmosphere since it does not 
closely regulate its body heat. Cook (1950) found that lizards (Cnemidophorus 
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tessellatus and Coleonyx variegatus) produced less C O / i n  80:20 helium-oxygen than 

in air; he did not measure oxygen consumption, and we did not measure CO 2 pro- 
duction. 

3. CES-5 

A critique of the CES-5 system is in order. The overwhelming problem associated with 
this principle of  metabolism monitoring is that leaks are read on the spirometer 
tracing as oxygen consumed. Normally this can be corrected by maintaining a minimal 
pressure differential between the system and the atmosphere, and by not disturbing 

the system after it has once been sealed and leak tested. Some plumbing modifications 
can make this possible. Flushing the chamber to change the gases proved to be a minor 
problem. Initially, a removable tubing connection between the scrubber and heat 
exchanger was used (see Figure 10). Later, because of leakage and the difficulty en- 
countered in rapidly reconnecting the tubing, the connection was modified by the 
addition of two 3-way valves in series. 

Temperature control was excellent. During the experiments, chamber temperature 
varied less than 0.5 ~ Where small changes in oxygen are to be measured a thermo- 

statted system is essential. Humidity control using the temperature of the scrubber is 
somewhat flow-limited, and at the flow rates used here the system sought a new steady 
state humidity level for different animal loads. Relative humidity was maintained 

within 8% of the desired point with two rats or three mice in the chamber. This was no 
problem in these experiments, but in cases where precise humidity control is necessary 
the flow will have to be increased or the scrubber temperature more appropriately 
matched to the load. 

A liquid carbon dioxide scrubber, in addition to its application as a source of humi- 
dity control, has merit for another reason. Aliquot samples of  the scrubber solution 
can be periodically extracted and analyzed, allowing the computation of carbon 
dioxide production. After the equilibration portion of the experiment, the scrubber 
maintained a steady state carbon dioxide level at less than 1%. 
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