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IHTHODUCTION

The scientific litersture of the ancient and medieval world
contains almost no reflerence to the physiological symploss of oxygen
lack. This absence of infvrmation may be due to the fact lhat the
degree of anoxie sxperienced uring mountain clisbing was noet severe
encugh Lo cause observable e.iects. Hounit Etna, the only high wountain
ascended, has an aliliwde of 3,310 meters, while the sasses used
through other mountains ranged between 1,500 and 2,700 metars. As the
syaptoms of oxypen deficliency under such conditions are wery aild,
only a few of ithe travelers were affected. In such cases the symptons
may be mistaken for fatipue.

The book. ®La Pression Barometrique® by Paul Bert (1), con~
tains an extensive review of the modern growith of kmowledge concerning
the effect of oxygen lack. Huch of the following histoery is based on
this review und references to the cited observations may be found in
its bibliegraphy. The first chapter of this boek, as translated by
Hitehcock and Hitechecock (2), is titled "Vountain Journsys® and contains
Lhie description of no less than one hundred and seventy-eignt such trips
during the years 1519 to 1ihl. Due to the fact tnst the cbservations
nade on the physiological sifects of oxygen lackK were the same in many
of these accounts, only wiese that contained sone new observation have
beon selected Lor ithis introeduction. "Princinles and Practice of
Aviation Medicine® by Arastroas (3) and “*Physiology in Aviation® by
Gemnill (L) were also used a8 sources of information.

It was not until the congunest of Hexico and Peru, during

military expeditions across the Cordelleras, that definite discomforts



from altitude were observed. The Jesuit father Acosta, in 1550, was
the first to note physiolezical symptoms from breathing alr at hizgh
altitudes. Me degcribed a condition of vomiting, dissiness; arnd hemore
rhare from the nose and =moulh.

Robert Boyle in 1670, using a pneumatic bell, showed that
young animals were able to resist anoxic conditions better than older
aninals of the same specles. He also noted acclimatization in repeated
SXPOSUres.

In 1736 three French Academicians, Bouguer, La Condamine and
Godln, attempted to explain hemorrhage resulting from high 2liitudes on
the basis of the decrsased weight of the air, This was the first atlempt
to study and <iscuss symptoms of decompression scientifically. It was
thought that the compression exerted by the weight of the air aided the
vassels in retaining thelr blood. Thus the decreased pressure due to
high altitudes was thought to result in distention, rupture, and the
ohserved hemorrhage.

In 1760 Clgna experimented on sperrows with different deprees
of evacuation in closed vessels and noted a sequence of respiratory
movenents which were st first shallow and rapid; then rapid and deep,
then deep and slow, culminating in convulsions and death. D'Ulloa, in
1780, observed that the members of his party who were in the best
physical condition were able to tolerate the altitudes attained with
least discomfort.

The invention (1753} and use of balloons added malerially to
the knowledge already gained concerning the physiological effects of
oxygen deficiency. This discovery enabled the scientist to study the
effects of nigh altitudes withoul the complicating influence of muscular
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Tutigus. On sconslion, e investigators noted the variosus spsptoms
that had been obsServed during the sojourns on the mountains., In addi-
tion they describved a stale of indifference, a condiition wiich, we now
imow, should be viewed with alarm, for it immediately precedes the loss
of consclousness. Varioas cbservers noted further that this condition
was closely followed Ly loss of ability to read the barometer, paralysis
of the arms anu legs, losws of vision, and finally loss of consciousness.

In 1831 Meyers, i German traveler, noticed an incrcase in
heart and respiralory rates at high altitudes bubt claimed thait neither
was accelerated ir one kepit perfecily yulet. C(harles Guilberd in 1860
also described sush changes in respiration and heart{ ratves, and stressed
the fact that tue ratos rose as the altliiude was increasec. e further
described a procesz of acclimatization by which physiological symptoms
such as neadaches, nausea aae vomlting disappeared in iwelve to twenty-
four hours, whlle soxe wecks were required ror the restoration of respire-
tory and heart raies to near normal conditions.

In 1869 Lortet studied the physiclogical changue due io de-
creased bdarcastric pressure with precision lnstruaments wiich siowed that
in the human body there ressiled serious disturbances of circulation and
respiration even befurs any discomfort was experienced. Loriet also
observad thai, even while resiing, ihe pulse remained between 90 and 108
per zinute as compared to a basal rate of 6L per minute.

The first extensive scientific study of anoxia was nade by
Paul Bert (1), From 1369 to 1378 he attexpied by expoerimestation to
test critically all ihe thoories and hypotihweses sel forih to explala
physiological changes oboerved on exposurs Lo anoxia. For these teats

ne used birds, mammals and hunan beings as test objeets. The axperi-



he

ments were carried out in closed vessels ranging in size fron one suf-
ficient Yo nold a sparrcw Lo one whlch a human c¢ould enter, He noted
that at pressures under one ailmosphere each species had a certain level
Lo which oxygen tension could be lowered before death regulted, and that
this range was very narrow. He strassed the idea that oxyren tension
was the factor concerned in anoxia or mountain slckness and that the
baromotric pressure had little or no effect sxeent Lo decrcase the
tension. He found that anoxia had the sawe effect on resniration as he
had ohserved in experinments on asphyxia, Beart observed that during
anoxia the heart rate incrsassd very rapidly, following the general
trend of the respiratisn. The expansion of intestinnl rases, which had
baen claimed by previous woriers, was substantiated. Convulsions, the
result of lowered barometric pressure, were believed by Bert to be a
violent reaction of the spinal cord due Lo over stinmlation by depriva-
tion of oxygen. OSlow changes in pressure did not produce this phenomenon.
Sugar was round in the urine of animals kept for several hours at low
barometric pressure and a rise in sugar in the blood was seen during
short exposures. I, however, the exposure was prolonged for a suffi-
cient length of tine, the sugar of the blood returned to normel. A
creat difference in resistance (o decreased pressure was noted among the
different types »of animals. Birds were found to be the least resistani,
with cats almost as suseentible, while cold-blooded animals could stand
extremely low pressures, PRert set forth the theory that the nhenomenon
of acelimatization was due elther to o chemical modification of the
hemoplobin or to an increase in the mumber of red cellas. It was not
until 1880 that Vialt made careful counts of the number of red corpuscles

per unit of blood and showed that they increased at high altituwdes. In
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1391 Muntz observed that the percentage of iron in the blood was ine
ersased. Bert believed that in his experiments he proved that anoxia
was caused Ly the decreased parvial pressure of oxygen in the inspired
alr and nei by the decreased barometric pressure per se.

Bert's theory tiat diminished partial pressure of oxygen in
the lungs was the cause of mounisin sickness was challenged by Hosso.

In 1398 he set forth the acapnia theory (lack of earbon dioxide) as the
cause of =mountain sickness, Longstaff (1906) also opposed Bort, bhelieve
ing that the symptoms were due to a combination of physical exertion
and poor diet.

In 1925 Barcerofit (4) published observations which disproved
the claim of Hosso and showed that Longstalf's view was a partial ex-
planation of mountain sickness, since exerition increases the oxygen
demands of the body. He found that oxygen lack alone would cause moun-
tain sickness, thus confirming Bert's theory. He demunstrated that the
oxysen passage through the lung epithelium can be explained by diffusion,
and is noit due to a secretory mechanism as clalmed by Haldane (5). Rare
eroft also found that acclimatization was due to an incrsase in ithe
numbeyr of red cells and in their conitained hemoglobin, caused by the
increased activity of the bone marrow,.

Very little interest was shown in the study of anoxia after
the work of Baul Bert until ¥World War I. The increasing use of heavier-
than-air craft during this conflict stimulated the study of the physio-
logical effects of low barometric pressares. On January 19, 1913, a
Medical Research Board was appoinied whose first action was to establish
a medical research laboratory. Its efforis were directed to the prob-
lems of oxygen want at nigh altitudes and other related problems. In



1920, because of lack of interest, this project was abandoned.

In ¥ay, 1919, a new section of the Alr Service Yedical Lo
search Laboratory had been established. It was pormanently setiled in
1931 st ftandolph Field in Texas. Yost of our knowledge concerning the
effects of altitude on the human organism has been galped froan work
completed at this fleld, such as the reaction of the cardio-vascular
systen under the stress and strain of oxygen deficiency.

It was not until ¥World War 11, when ever increasing heights
were atiained in aviation, that an extensive interest was taken in the
varicus physlologleal effects of exposure to low barometric pressures,
Due to the impatus of this smergency and to the Arwy ardd Havy contracis
given to numerous laboratories over the couniyry, the literaiture concern-
ing anoxia has become tremendous and is beyond the scope of this paper
to review. In spite of the amncunt of work that has been done, there
remain many unsolved problems and npany new ones will arise,

In reviewing the foregoins literature ihe writer was impressed
by the dearth of material related Yo electrolyite concentraticns in the
blood urmkier anoxic conaitions. There sesmed to be & complete lack of
such information until the mid-thirties of the present cenitury, at which
time a few isolated values were presented. Even World War II did not
produce a single comprehensive study of this aspect of the effect of
oxycen lack., Therefore, in view of this deficlency, an effort will be
made in this paper to correlate electrolyte chanpes in the blood and
urine with various degrees of anoxia, and to investigate the role played

by the kidney and the adrenal glands in thess observed shil'ts,



METHODS

In the experiments now to be described cals were used; gener-
ally without anesthesia, but in some cases lightly barbitaliszed, using
Jiad with urethane solution (Ciba). Each cat to be anesthetized was
riven an initial injection of 0.50 cc. of dial per kpg. of body weight,
followed by succeeding intraperitoneal injections of 0.1 cc. of the
solution. An interval of 15 to 20 minutes was allowed between injec-
tions. This procedure was conbtinued until only a sliyght muscular move-
ment resulted when the animal was stimulated by cutting the abdominal
wall.

The decompression or altitude chamber was a modified autoclave
of 80 liters capacity. The low barometric pressures were obtained by
withdrawal of air from this chamber. This withdrawal was accomplished
by two Cenco Hyvac Alr pumps and a converted reflrigeraior compressor
which worked at a maximum capacity at all times. The tank was alse pro-
vided with an opening throurh which outside air was forced into the
chamber by the prevailing external barometrie pressure during evacuation.
It was by regulation of this "leak"™ that the desired simumlated altitudes
were obtained and maintained. The time required to reach the desired
altitudes varied between 3 and 12 minutes. Figure 1 shows the relation-
ship between the rate of flow into, and the guantity of air (measured
STP) present in, the tank at all sltitudes used in the following experi-
ments. The ligure also shows the time required for a gquantity already
present to enter the chamber at each altitude. Up to 45,000 feet this

time is less than 2 minutes. 7The simulated altitudes quoted were obtained
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from the altitude-pressure table based on the United States standard
atmosphere presented by Armstrong (2). In all experiments the local
barometric pressures wers convertad te standard pressures by adjustment
of the altitude scale.

The chamber temperature varied between 22.5° and 23.0° C.
Tne value during any one exXperimental run did not vary more than 1.0 G,
from that cobserved during the corresponding contirol run.

The respiratory rate was determined visually by neans of a
window in the chamber. Blood samples (L to 5 cc.) were procured from
the left heart by cardiac punebures. Urine was obtained by camnmulation
of the bladder and was collected under oil. The sodium and potassium
values of the urine and plasma were determined by means of a Perkin-
Elmer Flame Photometer. The plasma chloride values were ascertained by
the method of Van Slyke and Sendroy (6).

Bilateral adrenalectomy or nephrectomy was performed in a one
stage operation by the route of the midline incision. The operation in-
volving the removal of the kidneys and the adrenal glamnis in the same
animal was also performed in one operation by the same route. Denerva-
tion of the adrenal medulla was accomplished by the removal of the whole
adrenal gland on the right side and the celiac ganglion on the left side.
The operation was performed in the same manner as in the preceding operae
tions except for the use of ether anesthesia instead of dial.

In order to evaluate comparatively the responses to anoxia
resulting from exposure to 36,000 feet, LO,000 feet and altitudes above
LO,000 feet, a certain criterion was adopted which was indicative of
respiratory failure. This was the complete disappearance of respiration

for 15 seconds. In all experiments, when this point was reached, the



animal was quickly returned to the initial bvarometric pressures. It was

P

thus pessible to azke contrsl ond experimental runs on sach cat,.

RESULTS

Control Exveriments., In order to ascertain ito what extent

+n resulting effects were duc te the handling of the aninal and the
resoval of blood for analyses, a series of unanesthetized cals was sube-
jected to the same conditions as the experimental aninals, except for
xmosure to lowered barometric pressure. Examination of table 1 shows
that no change resulted in the plasma sodium and potassium levels and
there was only a very slight f3ll in the hemaitocrit value.

Effect of 28,000 Feet (247 mm. Hg) Simulated Altitude. This

condition will hereafter be re.erred to as "moderate anoxia.¥® As showm
in table 2, exposure to such an altitude for a 3 hour period, resulted
in a marked decrease in plasma potassium from the control level of 15.9
moeh to a level of 11.8 mp.Z. In all aninals the hematocrit increased.
Tr two (419 and #35) the incronses were larze, 16.1 per cent and 3L.2
per cent, respectively. In the other 12 animals the increases were
small, averaging 3.8 per cent only. In contrast to the proninent changes
in potassium, no significant change was observed in the plasma sodium
conecentration. The animzls were well able to withstand the moderate
anoxic condition, showing no outward signs of physiolesical distress
excopt for o slight initial rise in respiratory rate. They zppeared
perfectly normal on removal Ifrom the chamber after the sxposure.

Effect of 3Severe Anoxia. In order to see if the physiological

changes observed in the preceding exposure to anoxia could be accentuated,

a series of unanesthetized anitals was exposed to progressively lowered



TABLE 1

Effect of Handling and Cardiac Puncture on Hematoerit
and Plasma Sodium and Potassium Values

Cat initial After Hanipulation
Ko. Hem. K Ha Hes. X Ha
;4 mg® mgh £ mgh ngk

5 23.2 15.3 331 25.3 15.8 329
7 31.8 140 340 31.0 13.2 335
15 25.9 13.8 320 2L.0 13.4L 326
16 30.3 13.8 329 29.9 13.L 320
19 29.5 16.8 315 28.5 15.8 311
21 3.1 15.8 311 30.3 156.5 311
25 32.4 16.9 329 31.3 15.1 335
26 30.0 17.4 304 28.9 18.0 30hL
27 33.6 16 1 333 37.4 16.3 329
29 23.9 lb-b 338 22.5 15,2 329
35 32.8 17.6 311 31.8 17.0 304

‘i.& i.ud 2

Hematocrit and Plasma Sodium and Potassium Values
Following a 3-Hour Exposure to 28,000 Feet

Cat Initial After Exposure
ga- Eiemn K Ea Hieme. X Ma
Z ngf mgd % mg ngh
5 25.0 17.2 340 27.1 10.8 329
7 32.2 15.6 340 33.2 10.8 352
15 25,6 15.2 350 26.0 11.2 350
16 37.0 15.6 340 37.3 12.h 322
19 32.8 1h.8 350 38.1 11.6 350
21 33.2 16.2 342 3he7 11.3 336
25 31.8 17.6 331 33.0 12.4 331
26 29.1 18.3 322 32.3 13.2 331
27 L3.0 16.8 329 k3.5 11.2 320
28 L2.8 15.8 3bk L3.9 154 340
30 L1.0 154 35k L3.0 11.6 315
33 39.0 13.6 334 42,2 11.8 322
35 36.9 18.4 322 L9.5 10.0 315
Av. 3L.5 15.9 339 36.9 11.8 332

Percent change +7.0 ~25,8 -2.1



barometric pressures until respiratory failure resulted. Thils occurred
at an average altitude of 42,500 feet, which was reached in from 5 to
8 minutes.

Examination of table 3 shows that instead of a further decrease
in the plasma potassium level, a very significant rise was obtained
fron. an average control value of 17.2 mg.% to an average terminal value
of 25,4 mg.%, or an increase of L8 per cent. Ho significant changes
were noted in plasma scdium or chloride concentrations,

As stated in the precading section, the physiological effects
of a simulated altitude of 28,000 feei on unanesthetized cats were
mild, but as the level of 30,000 feet to 35,000 feet was reached, there
developed a marked degree of restlessness and uneasiness with more rapid
rate of respiration. A further decrease in barometiric pressure led to
extreme hyperventilation, salivation, dilated pupils, fellowed by con-
vulsions, accompanied by symptoms similar to those found in cases of
decerebrate rigidity. These convulsions were followed by a state of
coma with deep, slow, infrequent respiration, a condition which was
quickly followed by respiratery failure. These observations are in
direct agreement with those reported by Oster, Toman and Smith (7).

The cats were then quickly returned to normal conditions and blood
samples were taken at once from the heart for analyses. The animals
recovered in every case.

Effect of 36,000 Feet (170 mm. Hg). It scemed advisable to in-

vestigate the elecirolyte changes at an altitude approxinately midway
between the barometric pressures of the moderate and of the severe ex-
posures alrcady deseribed. A series of L unanesthetized animals was

exposed to an altitude of 36,J00 feet until respiratory failure resultied.
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In 3 other aninmals, cessabion of respiration did not result after an
exposure to the same altitude for 30 sinutes. The aliitude was there~
fore increased to 40,000 fest (1Ll mm. Hg), and the aninals were maine-
tained at that level until respiratory failure. This occurred within
5 minutes, on average.

The electrolyte changes due to these exposures are itabulated
in tables 4 and 5. The average increase in plasma potussium in tables
L, and Y combinea was 34 per cent as compared to the increase of L8
per cent (table 3) in the case of the severe exposure {Av. 42,500 feet).
On closer analysis of the tabulated resalts, it is evident that in the
case of the 3 cats which were exposed to the simulated altitude of
LO,000 feet the average percentage increase in plasma potassium was L9
per cerl, wiaieh is comparable to that obtained at 42,500 feet (table 3).
The remaining L aninmals, while exnhibiting the same physiological symptoms
of respiratory failure, had an increase of only 20 per cent in plasma
potassium. Thus it seems that, so far as plasma potassium changes are
concerned, the severity s ihe oxygen deprivation is more imporiant than
the length of the exposure. The data alse show that respiratory {dilure
is not closely related to the terminal potassium ilon concentration. As in
all the preceding experimenis; no significant changes were noted in the
plasma sodium and chloride levels,

Effect of 28,000 Feet (247 mm. Hg) Followed by Altitudes Above

10,000 Feet. To determine if the potassium changes exerted by exposure

to 28,000 feet were transient in character and if the potassium level
could be influenced readily in either direction, a group of cals was sub-

jected to a simulated altitude of 28,000 feet for 3 hours, The potassium



TABLE L

Plasma Electrolyte Changes after Exposure to 36,000 Feet

15.

Cat Initial Exposure After Exposure
Noe K ¥a cl Duration K Xa Cl
mgd mgh mgd min. mgd mg% mgh
15 17.0 320 Lhs 30.0 13.8 321 hha
28 18.8 321 kLo 21.7 22.4 321 L35
39 15.2 331 L6 27.0 19.7 349 433
Lo 17.6 317 L7 2.5 21.6 331 Lho
AV. 17.2 322 IS 22.1 20.6 331 k37
Percent change +19.6 +2.8 -1.8
TABLE 5

Plasma Electrolyte Changes after Exposure to 36,080 Feet,
and then to 40,000 Feet

Cat Initial Altitude Exposure ATter Exposure
No. K Ha ¢1 Attained Duration K Xa cl
: mgt  mgd feet min. mgt  mgd  mgX
16 16.6 3h2  L3T 36,000 30.0
40,000 k.5 2h.0  3k2 L33
19 17.0 331 Ll 36,000 30.0
40,000 5.0 23.h 334 L3g
35 6. 321 LSy 36,000 30.0
10,000 6.0 27.h 329 LhL9
Percent change +9.0 +1.2 =1l.3



levels at the end of the first 90 minutes were determined by taking a
blood sarple after quieck retura to atsospheric pressure. Exposure 1o
28,000 feet immediately followed and this altitude was waintalned for
the rest of the 3 hour perisd. A second return to ateospheric pressure
pernitted another bleood sapling, alter which the chasber was evacuated
for the third time, to cause severe anoxia at altitudes above LO,000
fect. A terainal blood saople was thus obtained, The average plasma
potassium values were 17.5 per cent less than the controls after 90
minates at 28,000 feet (table 7), 25 per cent less after 130 minutes at
the same altitunde, and 58 per cent greater after exposurc to severe
anoxia (table 6).

The Bffect of Exposure to 23,000 Feet for 6 Hours on the Plasma

Potassium. Four animals were exposed to 28,000 feet for & hours. The

terminal potassium values were 21 per cent less than the controls (table
8). The value does not differ significantly from that observed at the
end of 3 hours exposur.

The Effect of Cortigo-idrenal Extract on the Plasma Potassium

FPollowing Exposure to Hoderate and Severe Anoxia, The elforts of priming

the animals with the hormone of the adrenal cortex before exposure to
ancxic condilions were then investigated. 2.5 ce. of agueous corticoe
adrenal extract (cortin) wore injected into the hearts of L normal animals,
and at the end of 30 mimutes they were exposed to 23,000 feet for 90
minutes. JSlasod samples were taken at the end of the exposures. The cats
were immedlately returned to the chamber and slevated to an altitude

which resulted in respiratory fallure, 7The resultis, s tabulated in

table ¥, show a decrease in plasma potassium of 25 per cent as compared



Plasma Electrolyte Changes after 130 ¥inute Exposure to 28,000 Feet,
and then {o Severe Anoxia

Cat
¥o.

15
16
L2
L3
Wi
L5
L6
L7

Av.

Initial
K ¥a
gl mgk
19.2 315
12k 363
i2.4 361
11.8 340
12.8 361
11.2 3LO
1k.8 3L
13.7 340

Percent change

TABLE 6

After Exposure
to 23,000 feet

X Ka
Eo g ngd
10.; 373
10.6 363
10.6 33L
9.6 361
10,0 331
10.2 3k2
10.2 3Lo
10.L 3k7
10.3 3L9
2540 42,9
TABLE 7

ATter Exvosure to

severe anoxia

Altituae
attained

feet

43,000
53,000

X
mg

22.5
18 .6
26.6
20.0
19.6
20.L
274
13.4

21.6
+53.0

Plasma Electrolyte Changes after 90 Hinute Exposure

Cat

Fo.

15
16
L2
L3
Lk
Ls
Lé
L7

av,.

to 28,000 Feet

Initial
K Na
mgh mgh
19.2 315
12.h 363
1.8 312
12.k 361
11.5 340
12,8 361
11.2 340
1L.8 3h1
13.7 340

Percent changse

After Exposure

X
mg%

17.8
16.8
10.4

9.6
10.L
10.4
10.6
10.k

1l.3

Na
mg

373
370
33k
361
361
361
3

340

353

"‘18 .0 +3 .8

Ne
ng

334
322
315
322

328
315
33

323
"“5 .0

17.
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TABLE 8

Hematocrit and Plasma Potassium Changes
after & Hour Exposure to 28,000 Feet

Cat Initial After Exposurs
Ho. K Hem., X Hem.
mgt % ngk %
100 17.3 h 14.0 50
101 16.4 36 1.0 Lo
102 15.7 37 12,1 43
103 16.3 37 13.2 Lo
Av, 16.k 39 13.3 L3
Percent change -21.3 +1043
TABLE 9

Effect of Cortin on the Plasma Potassium Values after
90 Hinute Exposure to 28,000 Feet, and then to Severe Ancxia

Cat Initial After Exposure After Exposure to
Ko. to 23,000 feet severe anoxia

K X Altitude K

attained

mgh mg% feet %0 4
105 17.2 12.3 51,000 21.9
106 16.2 12.6 52,000 23.3
107 16.6 12.4 49,000 23.6
Av, 16 12.3 51,625 23.5

Percent change -25,.0 +433



19.

to an 18 per cent decrease observed in table 7.

Llectrolyte Changes in the Urine on Exposure to 28,000 Feet.

It seemed pertinent at this point to investigate the possibility that
the loss of potassium from the blood was due to increased elimination

of this lon by the kidneys., With this in mind, a group of barbitalized
cats were subjected first to a control period of 3 hours at existing
barometric pressurss. The urine was collected continuously by cannula-
tion of the bladder. Blood sarples were taken by cardiac puncture at
the end of the period. Iamediately following this control period the
animals were exposed to a lowered barometric pressure equivalent to an
altitude of 28,000 feet and maintained at this level for 3 hours. Urine
was collected continuously and blood sarmples were acquired in the same
manner as during the conirol period. The period of exposure was divided
into two equal parts, so t:at at the end of each 90 minute period the
aninals were gquiclkly returned to atmospheric pressure, blood samples
were taken and the urine was renoved for measurement and analysis. The
results obtained wergfgg'be slghly significant; as shown in table 10.
Polyuria was definitely present , as shown by the 93 per cent increase
in urine flow during the first exposure period as well as the L6 per
cent increase during the second exposure. Equally striking was the
increase in total potassium and sodium of the urine (60 per cent and

100 per cent, respectively) as a result of the first exposure. The total
potassium excreted during the second period was, however, the same as had
been observed in the control period, while the total sodium excreted,
although lower than during the first 90 minute period, still was 69 per
cent above the normal.



TABLE 30
Urine Electrolyte and Voluse Changes After Exposure to 23,000 Feet

sat Initiad After 90 Mimate After 150 Minute
Ho. Exposure Exposure

Potal Total Volume Total Total Volume Total Totsdl Volume

K Ha E Ha K Ha

me/hl mg/hr ce/hr  mg/br mg/nr ec/hr me/hr me/hr ce/nr
15 {).9 1607 l&? 21:3. 2’.&-5 5.1 ?&2 11.3. l.?
15 19.1 7.2 L3 12,3  L7.2 7.7 7.7 324 L.O
bg 3»606 BOh 2-5 :’.ﬁéai 35-9 502 2&.3 31-3 6.1
43 20.7 1L.3 2.9 27.1 29.8 L5 19.7 10.8 2.6
Lh 8.6 Lok 2.1 .8 17.6 L.9 22,3 22,3 6.7
L 2.2 383.1 S0 17.1  33.4 7.1 11k k5.9 6.0
Lé 1.9 3.3 1.2 1h.b TeT 3.3 10.7 6.8 3.2
L7 20.7 13.9 3.0 29.9 17.6 S.h 20.4 9.8 2.8
Ave 1h.3 12.7 2.8 22.9 25.4 Seli 15.5 21.% La
Percent change +£0.1  +100 +92.9 +8.0 +68.5 +hb.h
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Effect of Moderate and Severe Anoxia on Blood Electrolytes

Following Fephrectomy. In order further to study the role of the kidney

in the electrolyte changes observed in the blood, a series of cats was
nephrectomized under dial. They were exposed to a simulated altitude

of 28,000 feet for 90 minutes, followed by exposure to severe anoxia

(Av. 18,167 feet). Blood samples were taken at the end of each exposure.
Table 11 shows that at the altitude of 28,000 feet there was a decrease
of 19 per cent in plasma potassium, approximately the same as in the nor-
mal animals of table 7, and no significant change in sodium levels.
However, the potassius value after exposure to hicher altitudes, resuli~
ing in respiratory failure, increased 00 per cent, an increase well above
any increase procured in prsceding experiments of this type. Ko signifi-
cant change was noted in the scdium level. BRBoth the nlasma sodium and
potassium values returned to normal at the end of one hour at normal
barometric pressure.

Effect of Exposure to 28,000 Feet on the Potassium Content of

the Erythrocyte. The loss of potassium from the plasma on exposure to

28,000 feet was thought to be due to increased excretion by the kidney
until the same decrease in plasma potassium was noted after nephrectomy.
As the concentration of potassium in the erythrocyte of the cat is only
6 meeq./l., and since the red cell is somewhat permeable to potassium
ions, it was believed pertinent to eiplore the possibility that this was
the storage place of the potassium lost from the plasma. Therefore, a
small series of cals was subjected to 28,000 feet for 90 minutes, and
blood samples were taken from the heart before and irmediately after the

exposures. The red cells of the heparinized blood were separated as



TABLE 11

Effect of Hephrectomy on Plasma Electrolytes after 90 ¥inute Exposure
to 28,000 Feet, and then to Severe Anoxia

Cat Initial After Exposure After Exposure to
Hoe to 28,000 feet severe anoxia

K Ka K Na Altitude K Ha

attained

mgk mgk mzd ng¥ feet me ngd
L8 16.4 350 10.4 3L 52,000 32.4 322
L9 16.4 358 12.0 358 52,000 30.4 3L8
51 14.0 368 12.h 361 45,000 29.2 352
52 15.6 382 2.4 382 50,000 20.0 368
sl 12.4 Log 11.8 Lo9 45,000 18.8 393
56 12.8 340 12.0 3Lt 45,000 272 340
Av. L6 - 368 11.9 366 48,167 26.3 35k

Percent change -13.5 -0.5 +80.,1 =3.8

22.
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quickly as possible from the plasma by centrifugation and placed in dis-
tilled water, in the proportion of one part of cells to four parts of
distilled water. After hemolysis, the resulting ghosts were separated
by centrifugation and the solution was analyzed for potassium. The re-~
sults are set foxith in itable 12, which shuws, as has been observed in
preceding experiments, o decrease in plasna potassium of 26 per cent, but
no significant change in the intracellular potassium.

Effect of Adrenalectomy on Elecirolyte Balance during Anoxia.

The influence of the adrenal cortex on the electrolyte levels in the
normal body has been well established. It seemed logical at this point
1o see 1o what extent the adrenal gland 1s involved in the observed
electrolyte changes under the siress of low baromeiric pressures. An
attempt was made in the beginning to remove the adrenals the day before
the experiment, but it was found that the animals so treated were only
able to tolerate a simulated altitude of 28,000 feet for a short time.
The average survival time for the 3 animals was only 1k minutes, but, as
shown in table 13; the potassium level in the plasma was increased on
the average by 70 per cent while that of the sodium was increased by
only 5.2 per cent. It also may be noted that the rate of urine flow
during the whole experiment was very low, being on the average only
0.20 cec. during one hour at normal barometric pressures, and
that & condition of extreme oliguria resulted upon exposure to 23,000
feet, with no measurable f{low,.

As a result of this experience, a series of harbitalized catls
was adrenalectomized and the bladders were cannulated in one operation,

on the morning of the experiment. These animals were well able to



TABLE 12

Effect of 90 Minule Exposure to 23,000 Feet
on the Potassium Comtent of thcﬁrythrwm

Cat Initial
Ko.

Plasma Cell

A X
62 1.8 Lé.h
63 iehs 14.8
Av, 1&.3 13 .3
Pereont change
TABLE 13

After

1o 28,000 Foot

Flasma
X

mgk

12.0
10.2
Fe2

10.5
46 - 6

Cell
¥
2L 0

164
13.6

13,0
o B

Effect of Adrenalectomy on Plasms Electrolytes and
Urine Volume After Exposure to 25,000 Feet,
2l Bowrs After Cperatien

Exposure After Exposure to

Cat Initial
Hoo
Serum Yrine
7 1L.0 30 33
15 15.2 353  0.33
22 1A 398 Qu17
Ave 115.5 3614 9123

Poreent change

dubation

min,

T
13
n

b i1

28,000 feet

Serun rine
K Y’\'}lt
gl cc/hr
29.6 350 ]
2he6 370 o
23.2 L23 o

25.8 383 o
+70.0 45,2 -100
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tolerate exposures to 28,000 feet for 90 minutes and their degree of
tolerance to very high altitudes was approximately the same as had been
observed in unoperated aninzals. The potasslum values of the plasma, as
shown in table 1k, decreased only 3 per cent during the exposure to
28,000 feet., They rose by ouly 18 per cent upon exposure to very severas
anoxia {(Av. L5,L00 feet). The sodium level remained vractically un—
chanzed during the moderate anoxia, but decreased at the high alititudes
by L per cent.

The significant changes in urine volume and electrolytes may
be found in table 15. The control values compare favorably with those
of normal cats (table 10), but after exposure the urine volume decreased
by L9 per cent, winlle total sodium and potassium valaes fell by 67 per
cent and 39 per cent, respectively. OSuch changes diverge widely from
results obtained in unoperated animals exposed to 25,000 feet for similar
periods of time.

Effect of Exposure to 20,000 Feet and High Altitudes on Plasma

Electrolytes after Adrenalectomy-Nephrectomy. It seemed advisavle to

investigate the elsctrolyte changes which would result from exposing a
series of adrenalectomized-nephrectomized animals to elevations of 28,000
feet and altitudes of such height that respiratory failure resulted. The
belief that such a study would help to clarify the relation of the adrenal
glands to the potassium changes observed was justified, as is illustrated
by table 16, On exposure to 25,000 feet for 90 minutes, there resulted
no significant change in plasma potassium, a result similar to that ob-
served lfollowing adrenalectomy alone. On exposure to severe anoxia, how=-

ever, an elevation of 33 per cent in potassium concentration resulted,



TARLE 1k

Bffect of Adrenalectory on Plasma Electrolytes After 90 ¥inute

Exposure to 28,000 Feet and then to Severe anoxia,

2 Hours After Operation

Cat Initial After Exposure
Ko to 28,000 leet
.4 Ha B Ha

wgd  wmgd wd g

50 16.0 358 17.6 358
53 1.0 361 124 361
55 10.8 361 10.2 361
57 11.8 332 11.6 361
58 kb 352 13.4 340
59 13.2 351 12.6 361
&0 12,6 363 12.0 352

Av, 13.3 362 12.9 3c6
Percent change w3l -1e7

TARLE 15

After Fxposure to
severe anogls

altitude
attalned
feet

49,000
15,000
13,000
Lk ,000
L?,em
53,000
45,000

LS ,L29

Y

1640
16k
s

1.0
9.&

Jla.h
15.7

+13.0

Ha

ek

Effect of Adrenalectomy on the Urine Electrolytes and Volume

After 90 ¥inute Exposure lo 28,000 Feet, 2 E{ours After Operation

Cat Initial
Ho. Total Total Yolume
K Na
mg/hr  wg/hr  ec/hr

50 11.7 2.3 1.2
53 15.7 3L.08 T
55 20.4 3.k L9
57 17.5 7.2 2.7
68 13.0 2.1 a0
59 15.8 2.2 2.0
60 12,0 18,2 hed
Av. 15.1 15,1 3.7

Percent change

ﬁ.fter LExposure
Total Total Volume
4 Ka
mg/br  wg/hr co/hr
11.8 1.1 U9
Sak 843 2.7
b 96 2.6
13.h4 5.2 2.8
de3 6.1 2.1
T3 1.0 Qo8
5.2 3.9 1.4
9.1 50 1.9

~LB.6

Lle



TABLE 16

Effect of Adrenalectomy-fephrectomy on Plasma Electrolytes

after 90 Minute Exposure to 28,000 Feet, and then to Severe Anoxia

Cat
Ho.

70
71
73
7h
75

Av,.

Percent change

Initial
K Ha
mgZ mgd
1.8 koS
17.6 352
12.4 L17
12.0 L28
13.0 428
14.0 Loé

K

mgd

18.8
16.4
12.0
12.L
12.6

.k
+2.8

After Exposure
to 28,000 feet

Ka
mgt

361
352
391
391
Los

380
-6

After Exposure to

seversa ancxia

Altitude
attained
faat

¥
mgig

1.8
21.0
17.6
22,2
17.2

13.6
+32.9

Na
mgk

408
340
370
Los
37

378
~5.9

27.
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which was greater than that observed after adrenalectomy alone, This in-
crease was not as great as that following nephrectomy alone and again
suzgests adrenal participation in the shifts. A decrease in plasma sodium
was observed on exposure, Lobtn:x Lo 238,000 feet (6 per cent) and to high
altitudes (7 per cent). The transient nature of the shifts in potassium
was alsoe noted; {or at the end of one hour al control coaditions the con-
;entration of the cation had returned almost to the initizl value.

Effect of Yoderate and Severe inoxia on Blood Eleatre%gtes Fol-

lowing Splanchnicectomy. The effects of adrenalectomy on the potassium

levels under anoxic conditions, as shown in the preceding section, neces-
sitated the separation of the roles played by the two componeant parts of
the adrenal gland. The secretion of adrenalin was, therefore, eliminated
in L cats by denervation of the adrenal medulla under ether anesthesia.
The animals, 11 to 1L days later, were exposed to simulated altitudes of
28,000 feet for 90 minutes., They were then returned to normal conditions
and blood samples were quickly taken. The animals were immediately re-
placed in the decompression chamber and subjected to severe anoxia at
high altitudes. They were then again returned to initial barometric
pressure and blood samples were taken. As a result of the exposure to
23,000 feet, the potassium content of the plasma decreased 1l per ecent,
which is nearly the same as the change noted in normal animals after 90
minutes at this altitude (table 7). The exposure to very high levels,
however, resulted in an increase of only 1l per cent. There was no change
in the hematocrit values as a result of either exposure. These resulis
are tabulated in table 17,

Effect of Adrenalin Injections in Splanchnicectonized Anizals

on Blood Electrolytes Combined with Exposure to Severe Anoxia. The




Effect of Splanchnicectomy on Plasma Potassium and Hematocrit Values
after 90 Minute Exposure ito 28,000 FPeet, and then to Severe Anoxia

Cat
Hoe

81
82
s3
sk

Lve

Percent change

Hem.

Tnitial
K
mgh y §
17.6 33
15.2 3k
15.8 37
15.6 LO
16.3 36

TABLE 17

K

mg

15.2
12.8
15 .O
13.4

1.1

"“'13 05

After Exposure
to 23,000 feet
Hem,

%

3k
36
36
38

36

After Exposure to
Severe anoxia
Hem.

Altitude
attained

feet

46,000
47,000
45,000
148,000

K

wg

18.4
15.8
17.2
18.0

1o.1
+11.0

¥4

3L
36
36
37

36

29.



splanchnicectonized ani-als, after 5 days of rest, were injected with
Ot e of 1:1,000 adrenalin, directly into the heart, and 5 minutes
later were subjected to severs anoxia. Examination of tavle 13 will
show an increase in hematocrit and plasma potassium of 11 per cent and
L5 per eent, respectively. Thaégjigzgggivary little from tiose of normal
anirmals exposed to like condltions, as shown in table 3.

Bffect of Adrenalin on Plasma Potassium in Normal Anisals, It

seemed pertinent at this {izme to determine if it was possivle to dupli-
catey; by injections of adrenalin in normal anizals, the plasma potassium
increases observed in cats following exposure to severe anoxia. Three
normal cats were injected with O.u cc. of 1:1,000 adrenalin and blood
sasples were taken at the end of § minutes. An increase of 67 per cent
{(table 19) 1s somewhat grester than the changes observed in the normal
anisal when subjected to severe anuxic conditions (table 3). PFlasma
potassium quaickly falls, so that at the end of 10 wminutes the value was

only 29 per cent above the conirol level,

DISCUSSION

The literature contains relatively few references to electro-
lyte changes in the blood on exposure to anoxia. Such comients as exist
refer to the blood changes as a side observation. There is no systematic
study made at various altitudes. In the few papers available conflicting
values are given for potassiun levels in the blood. 4 dscrease in the
plasma potassiws levels in dogs was reported by Ziegler (8) and Heluarrie,
Ziegler and Hay (9), and in rats by Hoagland (10). In contrast, an in-
creave in plasma potassium in rats was described by Darrvow and Sarason

(11) and & slight rise in rabbits by Thorn and his coworkers (12).



TABLE 18

3l.

Effect of adrenalin (U.4 cc. 1:1000), Combined with Exposure
to Severe Anoxia U Minutes Later, on Hematocrit
and Plasma Potassium after Splanchnicectomy

After Exposure 1o
severe anoxia

Cat Initial
Ho.

K Hem, Altitude

attained

mg¥ % feet
31 16.7 36 47,000
52 1k.9 36 46,000
S3 15.h 33 46,000
Percent change

TABLE 19

K

mg%

25.3
2.3
21.2
23.6

22.9
+45.0

Hema
%

Lo
L1
36
39

39
+11.k

Effect of Adrenalin (U.h cc. 1:11000) on Plasma Potassium in
Horwal Animals

Cat
Eo.

1
2
3

Av,

Initial
K
wglh
17.2
15.6
16.7

16.5

Percent change

Time of
injection

9:12
2:16
7330

First Sample
Tine K
mgk
917 25.8
9:2) 26.6
7:35 27.1
27.5

Second Sample

Tine

F322
9126
740

K
mg®

26.6
1.0
18.2

21.3
+29
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Lewis (13), using dogs and rats, found no significant change in plasma
potassium levels. These diffcrences may be based on two facls which
are evident in table 20, a sumasry of the above references. Pirst,
there were variations in the degrees of oxygen lack and length of ex-
posure used by these aunthors. oecondly, it has been lmown since the
time of Paul HBert that ithers is a species difference in resistance 1o
4n0Xize

in the present wuri an eflort was made to stuuy the effects
on the blood electrolyies ol exposure to various degrees of low baro-
metric pressure in one species,; namely the cat, and to determine to
what extent the horsones ¢f Lhe adrenal ;land are concerned in the obe
served changes. The resulis obtained from exposures to 25,000 feet,
36,000 feet, LO,000 feet, and altitudes above LO,000 {set are set forth
in tables 2, L, S and 6. ¥rom these data one can readily see that the
variations in the literature values for the blood potassium are probably
in part due to differences in degree oi oxygen lack. Vhen cabs were
exposed to a simulated altitude of 28,000 feet for 3 hours, there re-
sulted a decrease in plasma potassium of 26 per cent (table 2). ¥hen,
however, the oxygen tension was reduced to a level simulating the
altitude of 36,000 feet (avera e exposure time = 22 minutes), there
was an increase of 20 per cent over the control values. At L0,000 feet,
after a previous peried of 30 minutes at 36,000 feet, there was an in-
crease of L9 per cent. At altitudes zbove L0O,000 feet, the increase
was 18 per cent if reached guickly (table 3), whereas an increase of
58 per cent was observed i the cats were taken to higher altitudes

after 3 hours at 28,000 feet (table 6).

Variastions in plaszmz potassium concentrations were observed
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TABLE 20

Summary of References Dealing with the Effect of inoxia
upon Plasma Potassium

Reference Species Altitude Length of Exposure Effect on

Humber attained plasma
feat potassium

8 Dog 33,000 150 minutes Decrease

9 Deg 33,000 150 minutes Decrease

10 Rat 12,500 180 minutes Decrease
Rat 20,000 1, 2 and 7 days Increase

Rat 25,000 1, 2 and 7 days Increase

Rabbit 25,000 L hours daily Increase

for 7 weeks

13 Dog 18,000 2L, hours No change
Rat 18,000 24 hours No change



3.

when the time of exposure to 20,000 feet was increased. There resulted
a 25 per cent decrease when the animals were exposed to this altitude
for 100 minutes, as compared to an 18 per cent decrease when the time was
reduced to 90 minutes. The failure to obtain an even greater decrease in
potassium concentration when the time of exposure was increased to 360
mimites (table 8) may be due to the prolonged stimulation of the adrenal
cortex, which may result in fatigue of this gland,

4 summary of the plasma potassium changes observed in each
animal at the various altitudes studlied, as well as results cbiained at
various time intervals at 23,000 feet, is set forth in figure 2. This
graphical representation enavles the reader to discern visually how the
potassium changes are related to varying degrees of oxygen lack.

A condition of polyuriz resulted on exposure to 28,000 feet and
there was an increase of 60 per cent in potassium excretion, as shown in
table 10. The occurrence of polyuria during anoxia has been found by
numerous investigators (13, ik, 15, 16, 17, 18), while other workers claim
& condition of oliguria exists (19, 20, 21, 22, 23, 24, 25). Some of the
latter group found a condition of polyuria in unanesthetized animals
(21, 22, 23, 2b), which muy indicate that narcosis was deep in those
animals where the condition of oliguria was noted. The animals used in
the present study, when anesthetized, received only minimal guantities
of dial,

In the present study, no significant changes were noted in the
plasma sodium and chloride levels, an observation previously made by
Lewis and his coworkers (13), Marshall, Thorn and Davenport (26), and

Ziegler (8). Only at levels above 40,000 feet did plasma sodiun decrease



POTASSIUM CHANGES—%

120

100

80

60

40/

204

O

THE EFFECT OF VARIOUS ALTITUDES

ON PLASMA POTASSIUM LEVELS

A-28,000 FEET FOR 90 MINUTES
B-28,000 FEET FOR 180 MINUTES
C-28,000 FEET FOR 360 MINUTES
D- 36,000 FEET

E- 40,000 FEET

F- ALTITUDES ABOVE 40,000 FEET

i

-20

'401

Il L

|

Ploure 2




(5 per cent). This loss had been noted previously by Thorn and his co=-
workers (12).

The decrease in nlasma potassium concomitant with the increase
in potassium excretion on exposure to 28,000 feet sugrested that the
kidney is the avenue of escape for the potassium from the blood. When
nephrectomized animals, however, were exposed to like conditions, and a
comparable decrease in plasme potassium occurred, such a suppositlon was
discarded.

The determination of the site of storage of the potassium that
is lost from the plasma is Leyond the scope of this paper, alilhough one
exploratory attempt was made. The concentration of potassium is low in
the cat erybhrocyte. According to Ponder (27, 28), potassium shifts are
possible between the extracellular and the intracelluler {lulds. It
therefore seemed possible that the erythrocyte wizht be a site of storage.
It was fourd, however, that no significant change in the intracellular
potaséium of the erythrocyte resulted after exposure to 23,000 feet
{table 12).

Byidence in the literzturs seems to point to the liver as a
receiving depot for the poitassium which disappears from the plasma under
conditions of moderate oxygen lack., BEvans {29), Langley and Clarke (30),
and Lewls and his coworkers {(13) have shown that there is a rise in liver
glycogen following a short period of anoxia. In addition, Fenn {31}
pointed out that the formation of glycogen in the liver must be accom-
panied by the deposition of polzassium and water. Thus i may be that,
during the 90, 180 and 350 minute exposures to 23,000 feet, the glycogen

deposited is sufficient to account for the potassium loss from the plasma.
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Numerous investirators have shown experimentzlly the importance
of the adrenal cortex in regulsiing the potassium levels of the blood.
The adrenal jland, therefore, uay be instrumental in the potassiwa chanpes
daseribed in this paper. MYanyr wWorkers in the £ield of anoxia have shown
that the adrenal cortex ile activated by the stress of sxygen deficiency.
Langley and Clarke (30}, as well as Giragossintz and Sundstroem (32),

showed that adrenalectomized animals reguire larger injections of cortico-

L)

adrenal extract for survival under anoxic conditions than at sea level.
An increase in tolerance 4o lowered Larometric pressure has been zhown
after injections of cortin by Britton and Flinme (33), Li and Herring
(3L}, Thorn and his coworkers {(35), and an increase in size of the adrenal
after repeated expos;ges was found by the last naned workers, as well as
by Arastrong and H@§m ;nd Silvette (37). Darrow and Sarason (11) pro-
duced histological evidence of depletion of the adrenal cortex lipid as
a result of anoxic anoxia. The present study further supports the view
that the adrenals are actlvated by the siress of oxygen lack. The de-
cregse in plasma potassium and the increase in total urine potassium

(60 per cent) and volume {53 per cent) on exposure to 23,000 feet is

a true pleture of the action of cortin, as may be ssen in the following
relfarences,

Various workers (33, 39, LO), basing their conclusions on the
results obtained from the injection of cortin inte normal aniaals, postu~
late that this hormone lowmers the serum potassium by increasing the rate
of exeretion by the kidneys. Ingle and his coworkers (I1) showed, how—
ever, that even after rewoval of the kidneys the adminisiration of cortin

caused the usual fall in serun potassium. Conmparable resulis were ob-
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tained in the present study by exposing nephrectomized cats to 23,000
feet for 90 minutes, A decresase in nlasma potassium resulted which
was of the same magnitude as that obtained in normal animals.

Further evidence was found for adrensl parficigaticn in plasma
rotassinm rezulation, When catz that had been adrenalectomized 2 hours
previously were exposed to 25,000 feet for 90 minutes, there resulted an
insignificant decrease of 3 per ceﬂti;lasma potassium, as well as z de-
crease in urine volume and total urinary potassium of L9 per cent and
39 ner cent, respectivelv. Comparable results in plasma potassium changes
were also observed in cats, following an oneration involving both
adrenalectomy and nephrectomy in the sawme animal,

In order to evaluate visually the role of the adrenal cortex
in the plasma potassium chanrez observed on exmosure to 28,000 feel for
o0 minutes, such chanres are nresented graphically in ficure 3. This
rraph clearly shows the importance of the adrensal cortex in the decrease
in mlasma potassium noted under such conditions.

Fhen normal and nerhrecitonized animals, previonsly held at
22,000 fe~t, were exposed to altitudes ahove L0O,000 feet, therc resilted
inereases in plasma potassium of 58 per cent and 80 per cent, respective-
lv. ¥hen adrenalectomized anirals were sinmilarly exposed, there was an
increase of only 13 per cent in plasms potassium. Such cbservations sug-
rest that the adrenal j;land plays a dual role in plasma potassium regula—
tion. The cortex wmay act to reduce potassium values during siress,
whereas the medulla operates to increase them. The actual blood levels
at anyv altitude may be the result of the interplay of these two factors,

A considerazble litersture supports this concentlion. The large
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chang es observed in ths potassium levels following sxposure to severe
snaxic are sinmilar Lo the increases observed from stinmwiation of the
sdve sl neduldla or injectisns of adrenaline. Brewer, Lurson anu Johroeder
(L2Y and mroidve (U3, LL, L5) costulated from experiaenial data that the

injection of adrenalin, by ils effect on the liver, liberates potassium

Loe

£2to the blood, Tloussay and his cowor ers (L6) showed thot in asphyxia

the rise in potassium is devendenit upon the presence ol the liver and
the
presunably, therefore,haérezai participates in this reacilon. The role

of the adrenal wmedulla is5 clearly demonstrated by ths present anoxie
studies on aninals, in which the medullary part of the adrenal gland had
been denervated. The plasca potassium of such animals iacreased only 11
per cent on exposure Lo very severe anoxic conditions, a valas far below
g that had besn obtained from the eanSar@ of norpal aninals to like
conditions. These same 0"11315, however, when injected with adrenalin
and exposaed to comparable zliitudes, showed increased plasma poiassium
values of the sase magnituds az had been observed in neormal cats, Fur-
thermore, the injection of sdreonalin into normal anl:alsy not exposed to
lowerad barometric pressures, resulted in increases in plasma potassium
s grest as any that‘ha& been obtained under ihe stress of low barometric

nressare., Thus it seems thal the adrenal medulla liberatzs adrenalin in

sufflicient guantities to aliect the electrolytes of the blood only under

COn

U
Cir
e
(¢}
2

citior call for unusaal effort on the part of the body to com=—
bat stress, such as severs anoXia.
Pisure L4 1o & sraphical summary of plasaa potassiam changes

ohtzined on exposure to severe anoxis under various experimental condi-

tions, This graph plainly shows the role of the adrenal medulla in the
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increases noted on exposure to altitudes above L0,000 feet.

It would appear, therefore, that at some sltitude between
28,000 feet and 36,000 feet such a stress condition develops in the cat.
Furthermore, it seems that at the lower altitudes, that is 23,000 feet
or less, the adrenal cortex is dominant while at higher altitudes, above
23,000 feet, the adrenal medulla is activated and assumes control. Such
a conception explains the further increases in the plasma potassium values
as due to greater liberation of adrenalin under conditions of increased
stress, as the altitude is raised to LU,000 feet or to higher levels., It
is not possible to determine from the results of this study whether
adrenalin is liberated at the altitudes of 28,000 feet. It may ve postu-
lated, however, that, if zdrenalin is secreted at such an altitude, it is
in such minute guantities that its effects are overshadowed by those of
the cortico-adrenal extract. The results obtained from the exposure of
splanchniceciomized animals to 23,000 feet for 90 minutes, where an average
decrease of 1l per cent in plasma potassium was obtained, seemed to indi-
cate that adrenalin is not liberated in significant amounts at such an
altitude (table 17). If ithe adrenal medulla were activated at 25,000 feet,
its removal from the system should result in a decrease in potassium great-
er than that observed in normal animals. Mo such decrease was observed
and the postulation of litile or no secretion of adrenalin is supported.

The celerity of the plasma potassium changes on exposure to
severe anoxia is wost striking. A period of from & to 12 minutes was
taken to attain siwmulated altitudes which resulted in respiratory failure.
In this relatively short space of time inereases as high as 69 per cent

in plasma potassium were obitained. The sinmilarity of such rapid changes
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Lo those resulting from the injection of adrenalin proviaces further
evidence of adrenal medullis involvepent under the stress of severe anoxia.
However, followin; airenalectomy, splanchnicectaomy and

adrenalectomy-nephrectony, increases in plasma potassium {18, 11 and 33
per cent, respectively) resulted when the aninals were exposed to levels
producing respiratory failure. These increases, accordiay “o doon (47},
may be attributed to chanses in the permeability of tissue cells, parti-
cularly in the muscles, due to damage by lack of oxygen. Thus it seems
that at the altitudes of LO,000 feet and above the large increases in
plasma potassium are due not ¢nly to the secretion of adrenalin, but also
to permeability changes. The 33 per cent increase in plasma potassium is
guits high and it is impossinie to explain such a concentration entirely
by increase in permeability. Therefore some other factor scers o be in-

volved, the mechanism of which is not known at tnis tine.
>

SUMMARY

The evidence obtzined in this study indicates that under anoxic
conctitions the plasma potassium levels are determined by the degree of
oxycen lack.e On exposure to 20,000 feet (moderate anoxia) for 90 minutes
thers resulted an average decrsase in plasma potassium of 18 per cent.
An averare decrease of 25 per cent in plasma potassium concentration was
obtained when the tine of exposure to an altitude of 23,000 feet was in-
nreased to 180 minutes. Ixposure to this altitude for 360 minutes, how-
aver, resulted in an averags decrease of only 21 per cent. Fatigue of
the cortex of the adrenal yland is postulated as tha cause of this lower

value. When, however, aninals were exposed to simulated altitudes of
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36,300 feet, 40,000 feei and levels above 40,000 feet (severe anoxia),

e inereasss of 20 per cent, L9 ner cont 2ad LB per

P
"z

there resulted avera
gent, respeciively, as comared to control values. Sonewhat -reater
increases (Av, 538 per cent) were observed if severe anoxia was imposed
after a previous period at 23,000 feet. Bach animal served as its own
control.

The kidney is not the avenue of sscape of the potassium from
the vplasye, since plasma polassium decreases by 13.5 per cent on ex-
posure to 20,000 feet after nephrectomy. Nor are the ervthrocytes a
storage site {for the potassiurm lost from the plasma. A review of the
literature sy gestsine liver as a possible depot.

Eefinite evide:; o of polyuria in barbitalized cats was obtained
during a 90 minute and a 150 minute exposure to 23,000 feet, as shown by
the 93 per cent and the L6 ner cent increases in urine volume, respective-
ly. Adrenal involvement is indicated by the decrease in urine excretion
{LY per cent) when cats were exposed to 28,000 feet for 90 ninutes, be-
ginning 2 hours after adrenalectomy.

Further studies have demonstrated the involvencnt of the
adrenal gland in the electrolyte changes noted. They show an antagonistic
action between the medullary and the cortical divisions of the gland. The
resullts obtalned indicate tnat the adrenal cortex exercises aominant cone
trol at muderate aliitades., Thus,after a 9 minute exposure to noderate
anoxia, its noramones cause a decrease in plasma potagsium of 13 per cent
of normal, and of 12 per cent and 1l per cent in nephrectonmized and
splanchnicectomized animals, respectively. The influence cof the adrenal

medulla predominates at hizher altitudes, causing large as well as rapid
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plasma polassiun values, sinilar to those caused by the

injection of adronalin,
An increase in the nermeablility of tissue cellza to notassium

e woestulated as an adlditlonal fTactor involved in the hich nlasss

i

notassium values at alititudes above LO,000 feet, to explain the smaller

TR 2

increases still observed alter adrenalectomy or splanchnicectomy.
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