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Prolonged dehydration and starvation in the
dog result in the sacrifice by the organism of
more potassium than that derived from the
breakdown of tissue (1). There is no comparable
sacrifice of sodium. As a result, the diminution
of intracellular fluid is exaggerated while that of
extracellular fluid is minimized. The present
experiments seek to define more generally the
circumstances under which this loss of intra-
cellular potassium may occur. This has been
done by studying the transfers of potassium and
of nitrogen associated with various alterations in
the amount and distribution of water and of
salts within the body.

METHODSAND CALCULATIONS

The methods of chemical analyses and of calculating the
changes in the distribution of water and electrolytes have
been described in detail elsewhere (1). The essential
formulae used are reproduced here without rationale.
(a) Total water change, AW:

In acute experiments, AWI = AWt'.
In chronic experiments (12 hours or longer),

(1)
(2)

AWi = AWt' + 0.49P + Total calories - 4.IP
9.3

where

AWI = total water change in experiments where a
metabolic calculation could be made,

AWt' = the weight change corrected for solids lost,
P = the protein burned, obtained by multiplying

the nitrogen balance, corrected for changes in
NPN, by 6.25,

Total calories = 2 per kilogram body weight per hour,
decreasing 1.5 per cent per day.

In the chronic experiments where a metabolic calcula-
tion could not be made:

AWII = AEcI + AIII (3)

1 Aided by grants from the John and Mary R. Markle
Foundation, the Ella Sachs Plotz Fund, and the Fluid
Research Fund of Yale University.

'National Research Council Fellow in the Medical
Sciences, 1940-42.

(b) Extracellular volume change, AE:

AE = E -El,
Es being calculated in two independent ways:

E, Cl1 + bcl
Cl2

E1 Na, + bNa
ENa2 Na

(4)

(5)

(6)
where

bci and bNa = balance of chloride and of sodium, re-
spectively.

El = initial extracellular fluid = liters cor-
responding to one-fourth of the body
weight in kilograms.

Cl1 and Cl2 = initial and final concentration of chlor-
ide in extracellular water.

Na, and Nag = initial and final concentration of so-
dium in extracellular water.

The concentrations of chloride, sodium, and potassium
in extracellular water (ECW) were calculated from the
serum concentrations (s) by the use of a Donnan factor
of 0.95:

CIECW= CIS/Ws X 0.95 (7)

NawEw= Nas X 0.95/Ws (8)

KECW= KS X 0.95/W. (9)
Where W. = grams of water in one ml. of serum. In

the chronic experiments (Experiments lIC, 13A, and 14),
W. was assumed equal to 0.93 grams per ml. serum; in the
acute experiments it was determined chemically.

(c) Intracellular volume change, AI:
This was estimated in two independent ways.

AII (first method) = AW- AEc0, (10)
AIII (second method) = 2.7 P

+ b' - AB(0.65 Wt. - El)
B2 (11)

where
Wt. = initial body weight in kilograms,

P = protein burned, in kilograms,
bK' = bK - (KEcW2 X E2) + (KEOW X El)

- 380 P = balance of "excess" potas-
sium,

bK = total balance of potassium,
AB = B2- Bi,

B = NaBCw+ 10 m.eq. per liter.

(12)

(13)
(14)
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The term "balance" or the symbol "b" indicates a re-
tention by the organism when the sign is positive and a loss
when the sign is negative. "Change" (&) likewise indi-
cates a gain or loss according to the sign.

(d) Balance of "excess potassium," bK':
The term "excess potassium" is used to designate po-

tassium which moves in excess of nitrogen, i.e., potassium,
leaving or entering the intracellular fluid, which is not
associated with the catabolism or anabolism of protein.
It is the sum of two elements, one already excreted in the
urine and one which has moved into the extracellular fluid
but has not yet been excreted, and is, therefore, a balance
in relation to the cells rather than the organism. It is
given by Equation 12. The factor by which P is multi-
plied, 380, is based on the assumption that the normal
K: N ratio in dog muscle is 2.38 m.eq. of potassium per
gram of nitrogen. This represents the average ratio of
potassium to nitrogen found in the intracellular phase of
skeletal muscle of 20 normal dogs by Hastings (2), assum-
ing 92.6 per cent of the solids to be protein (3).

This K : N ratio is the lowest ratio in 6 series of analyses
of skeletal muscle in dogs (2 to 7), the highest, 2.94, being
that found by Eichelberger. Use of the lowest value re-
sults in somewhat higher values for " excess " potassium,
but the difference is. relatively slight. Had Eichelberger's
ratio, rather than that of Hastings, been used in the control
periods of the 3 balance experiments, the mean balance of
"excess"f potassium (bK') would have changed from -0.17
to-0.13 m.eq. per kilogram body weight. This difference
is statistically negligible, since the standard deviation of
this mean was 40.31 m.eq. per kilogram.

In a starving dog, allowed to drink water ad libiWum
(unpublished experiment), the ratio of the negative balance
of potassium to that of nitrogen, from the sixth to the
fourteenth day of the fast, was found to be 2.30. This
should approximately represent the ratio of these sub-
stances in wasting tissue, and is in good agreement with the
ratio of 2.38 derived from Hasting's muscle analyses.

EXPERIMENTALPROCEDURE

Adult female dogs were used throughout. Net balances
of water, chloride, potassium, and nitrogen were measured
in all experiments. In the 3 chronic balance experiments
(lIC, 13A, and 14), dogs were fed a constant daily diet of
" Maro " Meat Mixture for 8 to 13 days. One kilogram of
this meat mixture contained by analysis: water, 736 grams;
chloride, 117 m.eq.; potassium, 66.2 m.eq.; and nitrogen,
23.1 grams. In Experiment lIC, the daily intake of the
meat mixture was 300 grams, in Experiment 14, 250 grams,
and in Experiment 13A, 400 grams (except on the 5th day
when the intake was 280 grams). Water ad ibum was
supplied. Balances were determined for each daily period.
On certain days, sodium chloride in hypertonic, isotonic,
or hypotonic solution was given intravenously. The bal-
ances of total potassium, nitrogen, and of excess potassium
on these days of saline injection were compared with mean
control values. In computing the mean control values, all

remaining daily periods were used, except the 2 daily
periods following each period of significant "excess" po-
tassium loss, subsequent to a saline injection; 14 periods in
all were included.

The 13 acute experiments lasted from 2 to 24 hours.
Sodium and chloride balances were followed in all of the
experiments. Preliminary ureteral ligation, under dial
anesthesia, was done in 4 experiments (15 to 18) in which
S per cent sodium chloride was injected. Two of the
animals (Experiments 15, 16) received the injection intra-
venously, 2 (17, 18), intraperitoneally. Similar intra-
peritoneal injections of 5 per cent saline were given to 4
other dogs (Experiments 19, 20, 21, IIE) with intact kid-
neys, the first 3 under dial anesthesia and the last under
morphine analgesia. In the 6 dogs receiving intraperito-
neal injections (Experiments 17, 18, 19, 20, 21, 11E), a
volume of peritoneal fluid, somewhat greater than that in-
jected, was withdrawn 30 or 40 minutes after the initial
injection. Since the concentration of salt in this fluid was
always much less than 5 per cent, the final effect of the
combined intraperitoneal injection and withdrawal was an
increase in the salt content and a decrease in the water
content of the body in all 6 experiments. In still another
experiment (13C), a solution of 5 per cent glucose in 10 per
cent urea was injected intraperitoneally, and 4 hours later
an equal volume of peritoneal fluid was removed. This
fluid now contained salt but had a lower urea concentration
than did the original solution. The absorbed urea pro-
voked a diuresis. so that the procedure resulted in a water
loss without hypertonicity of the body fluids, at least for
the first 12 hours. In still another group of 4 experiments
with diuresis, unanesthetized dogs were each given intra-
venously one of the following solutions: 5 per cent glucose
in 10 per cent urea (12C); 1.1 per cent sodium sulfate in
10 per cent urea (13B); 5 per cent glucose alone (lID); and
1.1 per cent sodium sulfate alone (22A).

RESULTS

(a) Chronic balance experiments. The results
of these 3 experiments are presented in Table I.
The range of daily variations of total water (AW)
did not exceed 44 per cent. Serum potassium
concentration was virtually unchanged from day
to day. The mean balance of excess potassium,
bK', in 14 normal daily periods in the 3 dogs,
equalled -0.17 m.eq. per kilogram of body
weight. Changes in bK' in the periods of saline
injection were considered significant only if they
differed from this mean value by an amount ex-
ceeding twice the standard deviation, i.e., if they
were greater than +0.45 or less than -0.79 m.eq.
per kilogram.

The injection of hypertonic (5 per cent) sodium
chloride solution regularly produced a significant
negative balance of excess potassium. The
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TABLE I

Chronic experiments: analytical data, and calcklations of baance of " excess " potassium and of changes in body fluid phases

Intravenous Time Blood Serum concentration Balance
Eei- NaCi from Bd ocn

ment
solution start of Bowdght a

b tion |
K

_| b]e* AECIt 'AIT| AWII1experi- NPN
conc. amt. ment Na C1 K C1 K N

C# c days kg mgm per m.eq. meq. m.cq. |e.m.e grams | li|trs li|es liters

llC 0 11.68 142.6 113.0 4.83
None 1 11.72 35 142.6 111.5 4.49 + 2.9 - 0.1 -0.4 +0.14 +0.06 40 +0.06

1.8 500 2 11.48 35 143.3 115.0 4.12 + 3.8 -16.2 -3.0 -0.65 -0.06 -0.10 -0.16
None 3 11.58 142.3 110.3 4.61 + 1.1 + 8.3 +0.8 +0.48 +0.14 +0.07 +0.21
None 4 11.40 46 141.5 111.9 4.74 -22.0 -10.5 -3.8 +0.11 -0.22 -0.07 -0.29

5.0 300 5 10.98 40 146.0 118.1 4.60 +29.0 -28.0 -2.5 -2.03 +0.07 -0.31 -0.24
None 6 11.36 30 142.5 105.8 4.38 -12.7 + 8.3 -1.3 +0.61 +0.23 +0.13 +0.36
None 7 11.36 36 142.5 108.0 4.87 +12.3 + 6.0 -2.1 +0.94 +0.04 +0.03 +0.07

0.3 500 8 11.40 37 139.2 108.7 4.44 +11.8 - 5.1 -2.3 +0.15 +0.07 +0.10 +0.17
None 9 11.34 33 140.9 110.0 5.16 - 0.5 - 3.7 -0.5 -0.47 -0.05 -0.10 -0.15
None 10 10.92 105.1 4.43 -41.6 -21.9 -8.4 +0.02 -0.20
None 11 10.78 114.0 4.23 - 8.4 - 0.7 -1.3 +0.38 -0.29
None 12 10.88 112.4 4.16 + 7.7 + 6.6 +2.6 +0.02 +0.10
None 13 10.84 110.9 4.61 + 7.7 + 1.3 +0.3 -0.10 +0.10

13A 0 11.66 24 134.0 108.1 4.51
None 1 11.60 23 136.5 106.5 4.74 + 0.1 + 9.2 +4.8 -0.29 +0.05 -0.03 +0.02

5.0 350 211 24 160.6 130.2 4.57 +57.4 -31.2 -3.9 -1.76 -0.16 -0.83 -0.99
211 10.64 25 147.5 119.9 4.27 -64.6 - 4.0 +3.5 -0.89 -0.22 +0.31 +0.09

None 3 11.46 26 133.8 109.5 4.62 -11.0 + 8.7 40 +0.69 +0.15 +0.44 +0.59
None 4 11.50 24 145.0 106.2 3.93 -26.4 +11.5 +0.5 +1.06 -0.13 -0.23 -0.36

0.9 500 5 11.32 26 139.9 106.9 4.38 + 7.4 - 4.2 -0.3 -0.37 +0.04 +0.13 +0.17
None 6 11.28 23 143.5 101.8 3.60 - 2.1 + 9.3 +3.9 +0.12 +0.11 -0.06 +0.05
None 7 11.32 25 141.6 106.3 4.76 - 8.5 + 7.0 +2.7 -0.11 +0.19 +0.12 -0.07
None 8 11.30 24 139.9 105.3 4.25 - 1.5 - 0.5 +2.9 -0.57 +0.02 +0.08 +0.10

14 0 7.36 30 138.8 108.7 4.89
None 1 7.30 26 138.3 111.8 4.56 - 5.4 - 0.2 -0.6 +0.24 -0.09 +0.02 -0.07

5.0 200 2 25 153.8 120.7 4.55 +33.7 -16.6 -1.8 -1.77 +0.12 -0.39 -0.27
211 6.82 28 150.6 119.0 4.35 + 0.6 + 6.5 +3.9 -0.30 +0.03 +0.10 +0.13

None 3 7.82 28 138.3 109.2 3.60 + 5.1 +11.1 4l0 +1.73 +0.20 +0.31 +0.51
None 4 7.42 24 143.6 106.6 4.33 +11.7 +13.6 +4.2 +0.12 +0.16 -0.04 +0.12

0.9 350 5 7.40 30 141.7 106.6 4.35 + 2.1 + 4.9 +2.5 -0.05 +0.01 +0.08 +0.09
None 6 7.26 25 140.4 102.1 3.91 -22.4 - 1.3 -0.7 +0.18 -0.09 +0.02 -0.07
None 7 7.28 22 144.6 109.3 4.70 + 7.1 + 4.0 +1.5 -0.17 -0.08 -0.06 -0.14
None 8 7.28 24 141.1 107.2 4.77 + 4.4 + 4.5 +1.4 +0.15 +0.07 +0.11 +0.18

* bK' = balance of "excess" potaSSium (See Equation 12 in METHODSAND CALCULATIONS), expressed as m.eq. per
kilogram of initial body weight.

t AEci = change in extracellular water volume (Equations 4, 5).
J AIII change in intracellular water volume (Equation 11).
AWI = change in total water volume (Equation 3).
Balances on the 2nd day were determined at the end of 3 hours after the saline infusion and again at the end of

24 hours, and are given in that order.
In all tables time from start of experiment indicates end of period, at which time serum analyses were made and

balances determined. Quantities are expressed per individual period rather than cumulatively. In designation of
experiment, number refers to the individual dog; where a dog was used more than once, letter refers to successive
experiments.

greater part of the excess potassium was excreted
within the first 3 hours after the infusion (Experi-
ments 13A, 14). Isotonic (0.9 per cent) and
hypotonic (0.3 per cent) solutions evoked no such
response. The response to mildly hypertonic
solutions (1.8 per cent) was equivocal. In the
48 hours following hypertonic injections, there
was a marked decrease in the potassium excre-
tion, so that bK' now became significantly posi-

tive. This continued until a considerable part
of that lost following the infusion had been
restored.

(b) Acute experiments. The results of these
experiments appear in Tables II and III. In the
4 dogs with ligated ureters (Experiments 15, 16,
17, 18), the injection of hypertonic saline either
intravenously or intraperitoneally was without
significant effect on the potassium distribution.

95



J. RUSSELL ELKINTON AND ALEXANDERW. WINKLER

TABLE II

Acute experiments: exchanges of water, electrolytes, and nitrogen

Time Net intake* Urinary output
Experi- ~~~~~~frommxpent- Solutioninjected start ofexperi-

ment H,O Na Cl K N HsO Na Cl K N

hours cc. m.eq. m.eq. me.q. grams cc. meq. m.eq. m.eq. grams
15§ 5 per cent NaCIt 4.2 239 246.8 248.8
16§ 5 per cent NaCIt 3.2 250 214.0 214.0
1l S per cent NaCl 2.0 -265 67.8 74.9 -1.5 -0.14
18§ 5 per cent NaClt 3.2 -208 77.9 84.3 -1.5 -0.15
19 5 per cent NaClt 10.5 -149 77.8 83.6 -1.4 -0.07 20 3.7 4.7 2.6 0.28
20 5 per cent NaCIt 5.3 -302 166.7 177.0 -2.2 -0.22 12 1.6 1.4 0.8 0.31
21 5 per cent NaCIt 3.2 -213 123.3 132.2 -2.4 -0.13 37 10.9 13.2 1.7 0.63

22.0 - 14 - 2.4 - 2.2 95 28.0 29.3 11.0 1.60
IIE 5 per cent NaCIt 3.5 - 85 265.0 279.4 -2.2 -0.12 117 42.9 40.8 4.7 0.83

25.3 - 20 - 3.5 - 2.6 415 187.0 164.3 26.0 3.55
13C S per cent glucose 11.8 0 -72.0 -58.5 -2.0 25.41 390 4.8 6.5 13.6 7.52

+10 per cent ureat
23.7 - 16 - 2.1 - 1.8 595 1.7 4.3 28.5 15.80

12C S per cent glucose 22.7 560 26.10 1405 28.1 37.2 32.6 31.10
+10 per cent ureat

13B 10 per cent urea 21.8 550 113.0 25.60 1970 142.7 60.3 54.6 28.50
+1.1 percent Na2SO4t

lID 5 per cent glucoset 23.0 610 705 2.3 16.4 15.8 5.50
22A 1.1 per cent Na2SO4t 21.8 725 149.0 690 154.4 38.7 23.2 5.10

* Intake corrected for loss in serum specimen taken for analysis and peritoneal fluid withdrawn.
t Injected intravenously at start of experiment.
$ Injected intraperitoneally at start of experiment.
§ Ureters tied.

In 3 of the 4 dogs (19, 21, lIE) with intact kid-
neys, on the other hand, intraperitoneal injection
of 5 per cent saline with subsequent withdrawal
of fluid was followed by a significant loss of excess
potassium in the urine. This negative balance
developed only gradually (Experiment 21). This
mayaccount for the single exception (Experiment
20), since this dog died within 6 hours, before
much urine had been passed. It was already
very clear at the end of 11 hours (Experiment 19),
and was still more evident after 24 hours. The
loss of potassium was less rapid than that which
followed intravenous injection of the same solu-
tion in the chronic balance experiments, and was
associated with less acute diuresis. Concentra-
tion of potassium in serum rose slightly above the
initial level in all but 1 experiment (Experiment
18), but, with the possible exception of Experi-
ment 19, all the changes fell within the range of
normal variation.

In Experiment 13C, a severe demand for water
was coupled with a depletion of extracellular
base. The result was a marked excretion of ex-
cess potassium even while the sodium concentra-
tion was depressed below normal. The serum
potassium concentration rose slightly.

Of the last 4 experiments (I2C, 13B, lID, and
22A), the 2 dogs receiving the urea had a much
more copious diuresis than did the control ani-
mals, and experienced a considerable net de-
hydration. The control pair merely excreted
about enough urine to restore their water content
to the initial value. The animals receiving the
urea had a large excretion of excess potassium,
while the other pair did not. Serum potassium
rose slightly in one of the urea experiments but
not in the other, while it decreased in the 2
control experiments.

DISCUSSION

The excretion of intracellular potassium in ex-
cess of that derived from the breakdown of tissue
may occur in a variety of conditions involving
alterations of the water or the salt content of the
body. Benedict (8) and Gamble, Ross, and Tis-
dall (9) noted this phenomenon during the initial
stages of starvation without water deprivation.
Others have observed it in a variety of clinical
conditions, such as diabetic coma (10), diarrhea
of infants (11), hemorrhage (12), and water de-
privation (13). It has been described in experi-
ments with water deprivation in the rabbit (14).
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In man, it follows the ingestion of dry sodium
chloride (15); in the dog, it follows the intra-
venous infusion of hypertonic sodium sulfate (16)
and the injection of hypertonic saline in animals
previously depleted of sodium and chloride (17).

Our experiments reported here and elsewhere
(1, 18, 19) give some negative and some positive
clues to the factors common to all the diverse
states in which there may be a loss of excess

potassium. It cannot simply be the result of a

temporary increase of plasma volume, since it is
absent following intravenous injections of iso-
tonic and hypotonic solutions (Table I, Experi-
ments llC, 13A, 14) and since it appears as

readily after intraperitoneal as after intravenous
injections of hypertonic salt solutions (Tables II

and III). It may occur with hypertonic sodium
sulfate solution (16) and with concentrated urea

solution (Tables II, III, Experiments 13C, 12C),
as well as with hypertonic sodium chloride in-
fusion (Table I), so that it is not a specific effect
of some one salt. It occurs during dehydration
without any additional salt being injected (1).
Although usually associated with an increased
concentration of electrolyte in the body, it
may occur without any such increase (Experi-
ment 13C).

In Figure 1, the balance of excess potassium,
bs', is compared with the associated change in
base concentration, AB, with the change in extra-
cellular water, AE, with the change in intracellu-
lar water, AI, and with the change in total water,

TABLE IM

Acute experiments: analytical data, and calculation of balance of "ecess " potassium and of changes in body fluid phases

Time Serum concentration
ment

|

Solution injected start of conc.Bloo bK' AWI5 AEECI AENJ AIt# AIII
experi- weight NPN ---
ment Hg) Na Cl K

mgm. grams m.eq. mgeq. mgeq. m.eq.
hours kgm. per per per peerper r liers likers liters liters litrs

cent l ikcr l iter l tcr l iter kgm.
15§ S per cent NaClt 0 7.70 50 946 146.2 102.7 4.21

4.2 69 962 192.0 167.3 4.38 -0.03 +0.63 +0.87 -0.68
161 5 per cent NaCIt 0 6.16 50 940 144.7 101.8 4.99

3.2 6.30 67 957 183.2 161.6 5.75 -0.47 +0.14 +0.62 +0.84 -0.48 -0.49
17§ 5 per cent NaClt 0 6.70 47 947 135.9 101.7 4.44

2.0 6.38 58 952 164.0 134.5 4.96 -0.24 -0.32 +0.12 +0.15 -0.44 -0.44
18§ 5 per cent NaClt 0 5.50 51 940 143.2 102.6 5.13

3.2 5.22 66 941 165.9 143.1 4.74 +0.02 -0.28 +0.14 +0.28 -0.42 -0.29
19 5 per cent NaClt 0 4.70 34 948 146.4 110.2 4.58

10.5 60 950 171.6 145.2 6.14 -1.11 +0.20 +0.27 -0.31
20 5 per cent NaClt 0 9.35 46 940 150.8 114.0 3.99

5.3 58 941 181.2 160.6 5.11 -0.45 +0.30 +0.51 -0.64
21 5 per cent NaClt 0 7.95 42 947 141.2 110.9 3.72

3.2 7.58 38 946 173.3 155.5 3.75 -0.47 -0.37 +0.22 +0.35 -0.59 -0.65
22.0 7.28 27 948 162.4 146.4 4.86 -1.30 -0.26 -0.07 -0.05 -0.19 +0.10

lIE 5 per cent NaClt 0 12.22 31 942 139.5 107.2 4.03
3.5 11.91 31 941 175.8 149.5 4.60 -0.74 -0.31 +0.56 +0.62 -0.87 -1.01

25.3 11.23 25 937 156.5 130.2 4.44 -1.22 -0.62 -0.62 -0.77 a0 +0.27
13C S Per cent glucose 0 11.34 32 938 142.1 106.2 4.82

+10 Per cent ureat 11.8 10.64 279 919 130.3 92.6 5.88 -1.77 -0.66 -0.27 -0.45 -0.39 +0.16
23.7 9.88 126 922 150.5 110.2 5.32 -0.78 -0.72 -0.45 -0.28 -0.27 -0.73

12C 5 per cent glucose 0 12.90 29 936 143.8 104.4 3.76
+ 10per cent ureat 22.7 11.79 46 922 150.6 111.1 3.86 -1.26 -1.11 -0.53 -0.37 -0.58 -0.49

13B 10 per cent urea 0 11.56 28 947 145.8 101.6 4.16
+1.1 per cent 21.8 9.85 34 920 162.0 114.9 4.59 -3.82 -1.71 -0.87 -0.54 -0.84 -0.86
Na2SO4t

11D 5 per cent glucoset 0 12.22 28 939 146.8 103.5 4.35
23.0 12.04 24 942 138.1 105.8 4.00 -0.11 -0.18 -0.20 +0.19 +0.02 +0.2322A 1.1 percent NasSO4t 0 15.58 34 939 144.8 103.4 4.20
21.8 14.83 31 945 146.2 108.2 3.98 -0.57 -0.75 -0.47 -0.04 -0.28 -0.14

Ptf See footnotes to Table II.
* AWi = change in total water volume (Equations 1, 2).

AENa = change in extracellular water volume (Equations 4, 6).
Ai - change in intracellular water volume (Equation 10).

For other symbols see footnotes to Table I.
** Weights corrected for solids lost.

97



J. RUSSELL ELKINTON AND ALEXANDERW. WINKLER

o +10 +2o+20-+3 0 44Q0 +50
mEq. per liter

AB

00 0

0..
* 0*.* :0

0so

o ,.0^* *I,.

x
|

0 o

lb

+40 +30 +20 410 .0
percent
AE

-lo -20 -30 -40

*0

.4-42.5
. 0

° ;¢0- o °-~~~~~~~~~
Ic

+10 +S O -5 -10 -5I -20 -iS -30
percent

aI

0 0 000

0

0 es

*~~~~~

*~~~~~~~~

0'a
0

Id

+10 o -s -IQ 15 -20 -25 -30
percemt
lw

FIG. 1. COMPARISONOF THE BALANCEOF " EXCESS" POTASSIUM, bB', WITH CHANGESIN ToNcITY OF BODY
FLUIDS, AB (a); WITH CHANGESIN EXTRACELLULARFLUID VOLUME, AE (b); WITH CHANGESIN INTRA-

CELLULAR FLUID VOLUME, Al (C); AND WITH CHANGESIN ToTAL WATERVOLUME, AW(d)
bK' is plotted along the ordinates in a negative direction, while AB, AE, Al, and AW, respectively, are plotted along

the abscissae. Symbols represent balances determined under the following conditions: ureters tied, triangles; during 48
hours after significant losses of excess potassium in fed dogs, crosses; sodium chloride depletion, open circles; injection of
hypertonic sodium chloride solution following sodium chloride depletion, circles containing dots; 2 successive periods
during severe water depletion, divided circles; unspecified, solid black circles.

The data are from balances determined for 103 periods, in 24 different dogs, under 20 different experimental conditions
producing alterations in water and salt contents of the body.

AW. Included are data from 103 different
periods, in 24 different dogs, under 20 different
experimental conditions, drawn from the experi-
ments reported here and in other papers in our

series (1, 18, 19), as well as from unpublished
data. There is obviously little significant corre-

lation between bK' and AB or AE. There is a

rough correlation between bK' and AI, which is

not surprising since loss of excess potassium from
the cell necessarily favors a reduction in intra-
cellular water. There may be an even better
correlation between bK' and AW. These two
poor correlations and two good ones indicate
that one feature, depletion of the body of
water, is commonto all these different procedures
which result in the excretion of excess potassium.
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There are, however, certain important excep-
tions to the positive correlation between bK' and
AWin Figure Id. During periods of sodium
chloride depletion, the loss of excess potassium
was small in proportion to the severity of the
water loss (open circles in lower right). When
hypertonic saline was then injected following two
such periods, there was a large loss of excess po-
tassium in the presence of a positive balance of
water (circles containing dots in upper left).
These exceptions suggest that, while an elevated
base concentration is not essential to the loss of
excess potassium, it nevertheless favors this
movement, while a low base concentration tends
to inhibit it. It is also evident that, with con-
tinued dehydration, the loss of excess potassium
tends to diminish. In the experiments in which
balances were measured for two successive periods
during water depletion, the loss of excess potas-
sium was uniformly lower, in proportion to the
water loss, in the second period than in the first
(Figure Id, divided circles).

Under some circumstances sodium may ap-
parently enter cells in appreciable amounts. It
is possible that sodium enters cells in exchange
for the potassium which is lost, i.e., these trans-
fers of potassium may merely represent an inter-

change between intracellular and extracellular
base. No water exchange would accompany
such an exchange. The balance of excess intra-
cellular sodium, bNa', may be calculated in a
manner exactly analogous to that by which the
balance of excess potassium is calculated. The
final formula is:

bNa' = bNa - bNap - bN&E = bNa - 30
X P - (NaEcw2X E2- NaECwl X E1)

These various symbols are defined elsewhere (1).
In Figure 2, bK' is plotted against bNa', calculated
in all experiments from which sufficient data are
available. The poor correlation is evident. In
certain cases, intracellular sodium and intracellu-
lar potassium do move in opposite directions, so
that some measure of exchange does take place.
However, these movements are too inconstant
and unequal to provide any consistent explana-
tion for the loss of excess potassium.

Great resistance of the concentration of serum
potassium to change is apparent in our experi-
ments. When the ureters were tied, there was
no appreciable transfer of potassium to the extra-
cellular fluid and no rise in serum concentrations.
This is perhaps fortunate, as concentrations not
much above normal are toxic (20). When the
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Symbols are as in Figure 1. There is little correlation.
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bx' is plotted along the ordinate in a negative direction, while AKECWis
plotted along the abscissa. Data are from the same periods as those in
Figure 1. Symbols are as in Figure 1. Changes in serum potassium con-
centration associated with anoxia (blood drawn during heart block or after
respirations had stopped) are omitted.

kidneys were intact, large amounts of excess po-
tassium were removed from the cells without any
consistent or large change in extracellular fluid
concentration of potassium (Figure 3). This
transfer may have involved alterations in the
equilibrium between cellular and extracellular
potassium, too small to be detected by present
analytical methods. An entire series of reactions
must be disturbed in the complex process of trans-
ferring potassium from tissue cells to urine. Our
data do not clearly indicate which equilibrium is
the first to be upset.

Large alterations in the cellular to extracellular
potassium equilibrium apparently occur only
where cell metabolism is affected, as in anoxia
(21). Increases in the concentration of serum

potassium, occurring in hemorrhage and intes-
tinal obstruction, have been interpreted as re-

placements of lost extracellular by intracellular
fluid (22 to 25). Such rises in concentration of
Ferum potassium more probably reflect changes
in cellular metabolism, since our experiments in
uncomplicated water depletion indicate the
marked stability of extracellular fluid concentra-
tion of potassium, even during extensive transfer
and excretion of intracellular water and base.

There is much evidence that dehydration in-
volving the loss of cellular water is less likely to
provoke circulatory collapse than dehydration of
the extracellular fluid alone (17, 26, 19). What-
ever the teleological interpretation, our experi-
ments indicate that the release of potassium from
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the intact cell and its renal excretion is a general
and reversible physiological response of the
organism to severe depletion of water.

CONCLUSIONS

Loss of intracellular potassium in excess of that
associated with protein catabolism is a general
response to water depletion from any cause.
Loss of intracellular water accompanies this loss
of excess potassium, with the result that the loss
of extracellular water is minimized. Renal ac-
tivity is essential to effect this loss of potassium.
Hypertonicity of the body fluids is a favorable
but not an essential condition for this response.

The authors wish to thank Dr. Samuel Harvey for the
use of the animal room of the Department of Surgery, and
for the assistance of its staff.
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