
THE RELATION OF SERUM BICARBONATE CONCENTRATION
TO MUSCLE COMPOSITION

Daniel C. Darrow, … , John F. Iannucci, Frances Coville

J Clin Invest. 1948;27(2):198-208. https://doi.org/10.1172/JCI101934.

Research Article

Find the latest version:

https://jci.me/101934/pdf

http://www.jci.org
http://www.jci.org/27/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI101934
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/101934/pdf
https://jci.me/101934/pdf?utm_content=qrcode


THE RELATION OF SERUMBICARBONATECONCENTRATIONTO
MUSCLECOMPOSITION1

By DANIEL C. DARROW,ROBERTSCHWARTZ,JOHN F. IANNUCCI,
AND FRANCESCOVILLE

(From the Department of Pediatrics, Yale University School of Medicine, New Haven)

(Received for publication September 2, 1947)

Knowledge which enables one to predict the
composition of intracellular as well as extra-
cellular fluids is necessary for rational therapy of
disturbances in body water and electrolyte. The
present paper shows that, when the kidneys reach
adjustment in the presence of a deficit of sodium
or chloride or potassium, there is a predictable re-
lationship between the concentration of bicar-
bonate in serum and the composition of rat mus-
cle. At present, treatment of acidosis is guided
chiefly by information that low concentration of
bicarbonate in serum is explained by an absolute
or relative deficiency of the sodium in extracellular
fluids. Similarly, the therapy of alkalosis is based
on knowledge that relative or absolute deficiency
of chloride in extracellular fluids leads to high con-
centration of bicarbonate in serum. Although the
changes in body electrolyte are not confined to
extracellular electrolyte, knowledge of the quan-
titative aspects of the changes in intracellular fluids
is just beginning to be developed. Darrow (1)
has presented some of the known changes in com-
position of intracellular and extracellular fluids
in a form which permits quantitative comparison
of the changes in the two chief categories of body
fluid and has discussed some of the implications
of these quantitative relationships. The present
paper expands and defines these relationships at
biological equilibrium.

The experiments were designed to show the
changes in composition of both serum and muscle
which accompany certain types of deficit of po-
tassium, in acidosis produced by deficit of sodium
and in alkalosis produced by deficit of chloride.
In each type of experiment, the analyses present
the compositions after the kidneys have reached
the adjustment which is attained in the presence
of a deficit of one of the ions-sodium, chloride

1Aided by a Grant from the Fluid Research Fund,
Yale University School of Medicine, New Haven.

or potassium-and are suitable to demonstrate the
relation of the concentration of bicarbonate in
serum to the composition of muscle.

EXPERIMENTALMETHODS

All experiments were carried out on white rats of both
sexes, weighing about 300 grams. Before being used in
the studies, the rats were fed Purina Fox Chow. During
the experimental period three diets were used. The low
potassium diet was made up as follows: Lactalbumin 18,
Crisco 22, Dextrin 32, Sucrose 25, cod liver oil 1, pow-
dered yeast 2, bone ash 2, NaCl 1 gram. In addition
to the above, the normal potassium diet had 2 grams
KH2PO,. The rats with acidosis received the same diet
without bone ash or sodium chloride. The analyses of
the diets are shown in Table I.

TABLE I

Composition of diets per 100 grams

Type of diet N C1 Na K

grams mM mM mM
Low Cl 2.95 1 30 13
Low Na 2.95 1 1 1
Low K 2.95 17 34 1
Normal 2.95 17 34 13

One group of rats was adrenalectomized and kept alive
for three to four days by administration of salt solution
until they had recovered from the effects of the operation.
Other rats were subjected to similar dietary and experi-
mental procedures except that no operation was per-
formed. The experimental period of three weeks was
then begun by giving them the synthetic diets, but the
experiments on the adrenalectomized rats were terminated
in two weeks, when the rats seemed unlikely to survive.

During the experimental period the rats were sub-
divided into groups of four, which received daily subcu-
taneous injections of desoxycorticosterone acetate, desoxy-
corticosterone acetate in conjunction with cortical extract,
cortical extract or no hormones, as is indicated in Table
II. The desoxycorticosterone acetate . was prepared so

that about 2 mg. were given in 1 cc. of a suspension of
crystals. The cortical extract was Upjohn's lipo-extract
which contains 40 rat growth-survival units per cubic
centimeter and is equivalent per cubic centimeter to 2

198



RELATION OF SERUMBICARBONATETO MUSCLECOMPOSITION19

TABLE II

Adre- Muscle composition per 100 grams fat-free solids Serum concentrations per liter
Group Rat Pe- Diet* Injec- nal ______ __-_____-__

No.N~riod tion ctomyFat HiOj N Cl Na KJP (Na)i HsOJHCO:S Cl Na K pH PCOs

13
daysI

N

3 21 1 N

4

4

2

4

4

4

3

3

3

3

5

4

211 N

21 1 N

21 LK(

21 1 LK

21 1 LK

21 1 LK

0

CE

D

DCE

0

CE

D

DCE,

14 LK IO0

14 LK CE

14 LK D

14 LK

2

6

DCEJ

LNaI 0

LCI 0

0

0

0

0

0

0

0

0

0

0

* N = Normal diet.

LK = Low potassium diet.

grams

3.0
0.8

4.1
1.0

3.0
1.1

11.8
1.3

8.1
1.0

7.9
1.0

11.5
0.6

11.8

6.5
1.9

11.3

grams
340

6

343
3

325
3

326
8

314
24

327
5

326
8

334
9

350

335
8

331
4

6.8 338

1.3 4

11.0

1.0

341

5

337

6

grams
15.3

0.3

14.2
0.2

14.0
0.3

13.2
0.4

15.3
0.1

15.0
0.3

15.0
0.2

15.6
0.4

16.6

15.6
0.8

15.7
0.4

15.7
0.3

14.1
0.1

14.7
0.1

mm
7.1i
0.5

5.7
0.2

5.4
0.2

5.7
0.3

5.6
0.5

5.5
0.7

5.5
0.3

5.6
0.3

6.6

5.7
0.3

4.5
0.9

6.0
0.6

4.9
0.2

5.0
0.41

mm
10.0

0.6

8.8
0.4

14.9
0.8

16.6
1.4

8.5
0.2

11.4
0.4

19.8
1.0

18.5
1.2

10.9

15.9
1.0

20.8
2.1

20.9
2.6

6.6
0.3

15.2
0.6

mm
48.9

0.6

46.4
0.5

36.3
1.7

35.5
1.4

39.9
0.6

43.6
0.5

34.0
1.1

34.3
1.1

46.9

33.5
3.3

34.4
2.3

33.5
1.4

49.5
1.0

38.2
2.01

mm
32.4

1.5

31.7
0.2

30.4
0.8

30.1
0.9

31.5
0.5

28.0
1.8

26.5
0.9

31.3
0.5

32.9

26.6
0.5

30.4
0.7

30.3
1.0

33.7
0.4

31.7
0.8

mm
3.1

3.4
0.4

8.7
0. 7

9.8
1.3

6.7
0.8

5.9
0.9

13.2
1.6

13.1
0.6

4.1

9.4
0.9

15.7
2.6

13.8
1.0

1.3
0.6

9.5
0.6

LNa = Low sodium diet.

LCl = Low chloride diet.

grams
933

S

935
8

930
2

932
4

928
3

943
2

936
8

939
8

944
6

946
3

943
2

943
3

910
2

935
1

mm
20.9

2.4

22.0
1.5

30.2
2.0

30.0
2.4

30.3
1.0

26.3
1.4

38.1
4.0

40.0
2.5

22.1
1.0

31.6
4.0

39.2
1.2

38.2
2.2

14.6
2.3

32.8
4.0

mm
102.6

0.6

108.8
2.6

92.1
4.5

97.4
4.7

94.0
5.0

100.8
1.2

85.3
2.4

86.0
4.0

99.9
5.9

96.4
3.9

88.3
5.5

93.0
3.2

93.6
2.4

79.5
2.1

mm
143

2.9

138
2.7

144
4.4

147
1

147.5
1.5

138
2.5

141
1.7

143
6

134
4.8

145
2.6

139
2.9

143
1.4

138.8
2.5

142.7
0.51

.mm
5.4
0.3

7.2
0.6

7.8
1.3

5.0
0.2

5. 1
0.03

6.6
0.3

5.8
1.2

5.1
0.3

7.4
0.5

4.4
1.9

6.1
1.5

6.5
2.5

6.8
0.5

4.3
0.6

7.28
0.03

7.23
0.03

7.43
0.02

7.48
0.03

7.44
0.03

7.32
0.06

7.34
0.02

7.40
0.08

7.43
0.03

CE = Adrenal cortical extract.

D = Desoxycorticosterone acetate.

mg. compound E or 4 mg. of corticosterone. The daily

dose of extract was 0.1 cc.

Acidosis was produced in rats by injecting into the

peritoneal cavity a 5 per cent solution of glucose contain-

ing about 60 mMof NH4C1 per liter. About 100 cc. per

kilogram of rat were injected and the fluid remaining

after four hours was removed through a small abdominal

incision. The rats were kept on the synthetic diet with-

out added bone ash or sodium chloride for two days.

This procedure removed about 10 mMof sodium and 5

mMof chloride per kilogram of rat and at the end of

the experiments the serum concentration of bicarbonate

varied from 11 to 18 mMper liter. The details of the

acidosis experiments are recorded in the thesis of Robert

Schwartz (2).

The alkalosis experiments were reported previously as

Group 4 (3) and are represented in the present paper as

Group 14. In these experiments a glucose solution con-

taining 150 mMof NaHCOaper liter was injected into

the peritoneal cavity and withdrawn after four hours.

The rats were permitted to survive on a diet deficient

only in chloride for six days.

At the end of the experimental period, the rats were

anesthetized with ether, and as much blood as possible

was withdrawn from the abdominal aorta by inserting a

needle attached to a syringe containing mineral oil. The

rats were then immediately killed by excising the heart.

The muscles of the legs were removed, freed from exces-

sive amounts of fat and nerves, and analyzed by the

methods used previously in this laboratory (4). The

estimation of pH was done with a glass electrode at

380 C. The determinations of pH were carried out on

1

2

3

4

5

6

7

8

9

10

11

12

13

14

MM.
Hg
44

48

37

52

59

44

60

60

62
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serum, when sufficient blood was obtained. Unfortunately,
the pH was not estimated in the later experiments, be-
cause the apparatus was out of order.

Four rats were started in each experimental group, but
in some groups one rat died or blood was not obtained
in sufficient quantity. Some groups are, therefore, rep-
resented by analyses of only two or three animals. Table
II shows the average + the standard deviation. Atten-
tion is directed to the fact that the muscle analyses are
calculated per 100 grams of fat-free solids. This method
of presentation (3) was used because the fat-free solids
are chiefly intracellular and hence the values for intra-
cellular constituents are practically unaffected by changes
in the volume of extracellular water. Furthermore, the
data show no close relation of the volume of intracellular
water or the concentration of intracellular electrolyte to
the concentration of extracellular sodium. Hence the
changes in intracellular electrolyte are most simply rep-
resented in terms of fat-free solids.

The intracellular sodium was calculated as follows:

(CDl- = (H20).

(Na) - (H20).[Na]. = (Na)i

in which (Cl) and (Na) are total tissue chloride and
sodium per 100 grams of fat-free solids; (H2O), is the
extracellular water per 100 grams of fat-free solids;
(Na), is the intracellular sodium per 100 grams of fat-
free solids. [Cl] e and [Na]. are the concentration of
chloride and sodium in an ultrafiltrate of serum calcu-
lated from the serum concentrations and the serum water
and an average Donnan factor of 0.96. In the first equa-
tion the 1 represents an average correction for non-
extracellular chloride (4).

RESULTS

As shown in Group 1, the usual value for the
muscle potassium of normal rats on a normal diet
is 49 mMper 100 grams of fat-free solids. The
standard deviation is somewhat deceiving, since
Miller and Darrow (5) found that essentially
normal rats may show values as low as 44 mM,
but potassium in muscle probably does not go be-
low this figure in normal rats. In adrenalecto-
mized rats muscle potassium is 52, when the rats
are fed a diet of the usual salt content (6). There-
fore the two different sets of values for normal
and adrenalectomized rats should be used in de-
termining changes in muscle composition brought
about by either the diet or the injections of cortical
extract or desoxycorticosterone acetate.

The results in unoperated rats fed the normal
diet are shown in Groups 1 through 4. The in-
jection of cortical extract (Group 2) did not

change the muscle composition unmistakably
though the concentration of chloride in serum is
a little high (109 mMper liter). However,- the
injection of desoxycorticosterone acetate alone
or in conjunction with cortical extract (Groups
3 and 4) lowered the muscle potassium to 36 mM
per 100 grams of fat-free solids and increased the
intracellular sodium to about 9 mMper 100 grams
of fat-free solids. The decrease in muscle potas-
sium and the increase in intracellular sodium fol-
lowing injections of desoxycorticosterone ace-
tate have been previously demonstrated (5, 7
to 9). The present experiments show that the
muscle changes are accompanied by an increase
in concentration of bicarbonate in serum to 30 mM
per liter. The rise in serum bicarbonate was
missed in the previous work since this determina-
tion was omitted. However, the previous work
showed a decrease in serum chloride and normal
or high serum sodium. These findings almost
certainly indicate that high concentration of bi-
carbonate in serum could have been demonstrated.

The results on unoperated rats fed a diet low in
potassium are shown in Groups 5 through 8.
Group 5 shows that diets low in potassium de-
crease muscle potassium to 40 and increase intra-
cellular sodium to 6.7 mMper 100 grams of
fat-free solids. Accompanying the changes in mus-
cle, the concentration of bicarbonate in serum in-
creased to 30 mMper liter and the concentration
of chloride in serum decreased to 94 mMper liter.
Though less marked, these changes are similar to
those produced by injections of desoxycortico-
sterone acetate in rats fed a normal diet. The in-
jection of cortical extract in rats fed a diet low
in potassium (Group 6) was. not followed by as
great a lowering of muscle potassium or as great
a rise in serum bicarbonate. However, the in-
jection of desoxycorticosterone acetate alone or in
conjunction with cortical extract (Groups 7 and
8) decreased muscle potassium to 34 and in-
creased intracellular sodium to 13 mMper 100
grams of fat-free solids. The most striking change
in these groups is the increase in serum bicarbon-
ate to about 39 mMper liter and the reduction of
serum chloride to about 85 mMper liter.

Groups 9 through 12 show the results in ad-
renalectomized rats on a diet low in potassium.
If one recalls that a diet of normal potassium con-
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tent is likely to produce high muscle potassium and
may lead to early death, the diet low in potas-
sium (Group 9) did produce an effect in pre-
serving muscle composition at approximately nor-

mal concentrations. However, serum sodium is
definitely low despite normal bicarbonate and
chloride. The adrenalectomized rats receiving
cortical extract (Group 10) were more vigorous
than the untreated ones of Group 9. It is, there-
fore, interesting to observe that the muscle com-

position is more abnormal in Group 10. The po-

tassium is as much reduced as in normal rats on a

normal diet receiving desoxycorticosterone acetate
(Groups 3 and 4) or the normal rats on a diet low
in potassium receiving desoxycorticosterone acetate
(Groups 7 and 8). Accompanying the change in
muscle composition, serum bicarbonate is 32, serum

chloride 96, and serum sodium 145 mMper liter.
While the cortical extract did not produce com-

pletely normal functions in the adrenalectomized
rats, the changes demonstrated are of the same

type as was seen in- normal rats on a diet low in
potassium. For this reason, the dose of cortical
extract is adequate to produce an effect in animals
producing no cortical hormone, i.e., the dose is
adequate to produce an effect in adrenalectomized
rats. The injections of desoxycorticosterone ace-

tate alone or in conjunction with cortical extract
(Groups 11 and 12) probably produce essentially
the same effect in adrenalectomized rats as the
same injections in normal rats (Groups 3, 4, 7
and 8). The higher value for intracellular so-

dium in Group 11 is dependent on the one aber-
rant intracellular sodium mentioned later. The
lowering of muscle potassium and increase in
serum bicarbonate are striking in these two groups.

The rats suffering from acidosis (Group 13)
show changes in muscle composition which fit in
with the above findings. Lowering of serum bi-
carbonate decreased the intracellular sodium while
muscle potassium remained normal or slightly
high.

The rats suffering from alkalosis produced by
deficit of chloride (Group 14) resemble the rats on

a diet deficient in potassium or receiving desoxy-
corticosterone acetate. Muscle potassium is 38 and
the intracellular sodium is 9.5 mMper 100 grams

of fat-free solids. The serum bicarbonate and
chloride were 33 and 80 mMper liter.

The data have been analyzed for relationships
between the concentration of serum sodium and
the total intracellular water per 100 grams of fat-
free solids and the apparent concentration of so-
dium plus potassium in intracellular water. Al-
though there are striking variations in these two
values, no correlation is found with the concentra-
tion of sodium in serum. In acute experiments a
decrease in concentration of sodium in serum leads
to an increase in intracellular water and a decrease
in the concentration of univalent cations in intra-
cellular water (4). In the present experiments in
which the rats have reached a biological equilib-
rium no such relationship is found. The lack of
correlation between the concentration of sodium in
serum and the concentration of univalent cations
in intracellular water is supported by findings in
patients and experimental animals (10).

There are striking decreases in muscle phos-
phorus in Groups 6, 7 and 10, and somewhat
smaller decreases in some other groups. These.
changes are not associated consistently with any
type of change in the serum or other constituents
of the muscle. Since the values for muscle phos-
phorus include all muscle phosphorus, studies of

TABLE III

Statistical data on relationships of serum
and muscle compositions

Average and standard
deviation Correlation coefficients

(K) mM 40.22-6.21 (K) (Na)i -0.90
(Na)i mM 7.91i4.48 (K) (HCO), -0.90
(HCOM ). mM 28.6548.04 (K) (Cl) 0.47
(Cl), mM 94.3948.10 (Na)i (HCOs)s 0.94

(Nai (CGi -0.57
(HCO). (Cl), -0.59

(K) is total muscle potassium and (Na)i is intracellular
muscle sodium per 100 grams of fat-free solids. (HCOS).
and (Cl). are the respective concentrations per liter of
serum.

Regression equations cakulated from Table III
(K) = 50.1 - 1.25 (Na)i 4 2.7
(Na)i = 34.0 - 0.65 (K) i 1.9

(K) = 60.1 - 0.696 (HCO)), 2.7
(HCO,), = 75.6 - 1.165 (K) 4 3.5

(K) = 0.36 (Cl), + 6.0 4 5.5
(Cl). = 0.61 (K) + 68.7 4 7.1

(Na)i = 0.52 (HCO3)s - 7.1 1.5
(HCO3), =. 1.69 (Na)j + 15.3 4 2.6

(Na)1 = 37.7 - 0.32 (Cl). ± 3.6
(Cl), = 102.5 - 1.026 (Na)i h 6.6

(Cl), = 111.4 - 0.59 (HCOs), i 3.4
(HCO)s = 93.9 - 0.59 (Cl). i 3.4
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Serum HC03 mMper L

40

35

i30

25

20

15

10
30 35 40 45 50 55 0 5 10 IS 20

Km M per 100 gm F F Solids [No]I mMper 100 gm FF Solids

FIG. 1. RELATION OF THE CONCENTRATIONOF BICARBONATE IN SERUMTO
THE TOTAL POTASSIUMAND INTRACELLULAR SODIUM OF RAT MUSCLEPER 100
GRAMSOF FAT-FREE SOLIDS

the various types of compounds might throw light
on the decreases in total phosphorus.

Table III shows the correlation coefficients of
certain values of the serum and muscle. The chief
interest is the interrelationship between serum bi-
carbonate, muscle potassium 2 and intracellular
sodium which are defined in the regression equa-
tions and illustrated in Figures 1 and 2. The cor-
relations between serum chloride and serum bi-
carbonate, serum chloride and muscle potassium,
and serum chloride and intracellular sodium are
definite, but not as precise as the correlations be-
tween serum bicarbonate and intracellular cations.
For this reason the fundamental correlation of in-
tracellular cations and serum concentrations is
regarded as dependent on serum bicarbonate rather
than serum chloride. The relation of muscle po-
tassium and intracellular sodium to serum chloride
is secondary relationship dependent on the in-
verse relationship between serum chloride and
serum bicarbonate.

2 It is realized that equilibrium would be theoretically
more accurately stated in terms of intracellular potas-
sium. Since the correction for extracellular potassium is
small and approximately the same in all groups, the total
muscle potassium was used.

As is indicated by the correlation coefficients,
there are few aberrant values. In the largest de-
viation (one of the values in Group 11), the in-
tracellular sodium is 19 mm. per 100 grams of
fat-free solids, when the serum bicarbonate would
predict a value of 14. In this case muscle po-
tassium is essentially that predicted by serum bi-
carbonate. Either the determination of muscle
sodium or chloride is erroneous in this case or oc-
casional values deviate considerably from the
predicted value. With this exception, the con-
centration of serum bicarbonate predicts the com-
position of muscle with respect to potassium and
intracellular sodium with surprising accuracy in
this series of animals. The values for the rats with
acidosis fall along the lines. More values in the
group with acidosis might bring out a resistance
to lowering of intracellular sodium below 1 mm.
per 100 grams of fat-free solids. Previous work
has indicated that muscle potassium seldom rises
over 50 mm. per 100 grams of fat-free solids ex-
cept when serum potassium is increased (5, 7).
For this reason acidosis may not lead to great
increase in muscle potassium unless serum po-
tassium rises. Doubtless other variables are in-
volved in the relationship between intracellular
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50

"45 ;

E>e40

0

0
6

(3)5

E450

25. . X
5 10 15 20

i mM per 100 gm F F Solids
FIG. 2. RELATION OF TOTAL POTASSIUM TO JNTRA-

CELLULAR SODIUM IN RAT MUSCLEPER 100 GRAMSOF
FAT-FREE SOLIDS

composition and serum concentrations, but the
concentration of bicarbonate in serum is one of
the most important factors.

Normal serum bicarbonate is 21 mm. per liter
and the pH is 7.28 when the blood is taken as in
these experiments. Owing to the fact that the rats
were anesthetized and bled from the abdominal
aorta after opening the abdomen, the pH and car-
bon d ioxide tensions are probably unreliable as
measurements of undisturbed animals. It will be
noticed that the carbon dioxide pressures are high
in the cases with high concentration of bicarbonate
in serum. Since the carbon dioxide pressure is
relatively normal in the rats with normal concen-
trations of bicarbonate in serum, the increase in
carbon dioxide pressure in the rats with high
serum bicarbonate is evidence of some respiratory
compensation, but not sufficient to produce the
same pH as was obtained in the normal group.

Sections of the heart were examined for the
lesions associated with low muscle potassium.
There was no striking difference in the extent of
the lesions except as associated with loss of muscle

potassium. In this respect the normal and adren-
alectomized rats are alike. These observations
were made because heart symptoms have seemed
unduly prominent in cases of Addison's disease
treated with desoxycorticosterone acetate. It was
felt that cortical extract might provide some pro-
tection from the lesions produced by desoxycorti-
costerone acetate, but the histological sections do
not support this supposition. Since the intake
of sodium chloride was about the same in these
experiments, this finding is in agreement with
recent work which indicates that renal and heart
lesions require the combined effect of sodium
chloride and desoxycorticosterone acetate (11).

DISCUSSION

The experimental demonstrations of the cor-
relation between the serum bicarbonate, muscle
potassium and intracellular sodium have been ob-
tained by four methods of producing changes
either in the serum or muscle. First the diets low
in potassium produce loss of potassium from the
cells owing to inability of the kidneys to prevent
loss of potassium when the diets contain little po-
tassium and considerable sodium chloride. The
importance of sodium chloride was brought out
in unpublished observations on rats fed a diet sim-
ilar to the low potassium diet of the present ex-
periments except that no sodium chloride was
added. This diet did not produce striking change
in muscle composition or serum bicarbonate.
Second, desoxycorticosterone acetate augments the
excretion of potassium so that deficit of muscle
potassium develops on normal diets. Desoxy-
corticosterone acetate also aggravates the effect
of diets low in potassium. Third, the experiments
previously published (3) produced alkalosis by
injecting sodium bicarbonate in 5 per cent glu-
cose into the peritoneal cavity. If a diet deficient
in chloride was given for six days after removing
the fluid equilibrated in the peritoneal cavity, the
muscles lost potassium and gained intracellular

-sodium, and the concentration of bicarbonate in
serum remained high. Fourth, acidosis pro-
duced by deficit of sodium induced the opposite
effect on muscle. Thus, it seems clear that
there is a biological equilibrium or biological
steady state in which these three variables bear
predictable relationships to each other, when renal

203
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function is carried out in the presence of deficit of
one of the ions-sodium, chloride or potassium.
The biological equilibrium may be initiated either
by a primary change in serum bicarbonate or mus-
cle potassium and is the same in normal and
adrenalectomized rats.

The equilibrium must be regarded as biological
rather than chemical because of the relatively long
time required to reach the relationships. After
an interval of four hours, Hastings and Eichel-
berger (12) found increase in cell water, but did
not measure intracellular base in their experi-
ments on alkalosis. Yannet (13) did not find
shifts of electrolyte in cats with alkalosis after an
interval of about 24 hours. Flexner and others
(14) found equal distribution of deuterium oxide
and radioactive isotopes of sodium and potassium
much more rapidly.

Whatever the mechanism for bringing about the
effect of serum bicarbonate on the composition of
cells, the relationships must be maintained and lim-
ited by the ability of the kidneys to regulate ex-
tracellular concentrations. The development of
potassium deficit on a diet low in potassium can
be explained by the fact that urine is never com-
pletely devoid of potassium. When potassium is
lost from the cells, it is not difficult to understand
that sodium replaces the lost cation. However, it
is not easy to understand why this change is ac-
companied by high bicarbonate and low chloride
in the serum. It would seem that, if the mainten-
ance of extracellular concentrations were the chief
renal function, the kidneys could maintain normal
extracellular concentrations. The effect of des-
oxycorticosterone acetate is brought about by a
change in the excretion of sodium and potassium
by the kidneys and the end result is analogous to
the effect of diets low in potassium. When high
serum bicarbonate was produced by deficit of
chloride, it is clear that extracellular concentra-
tions and volumes cannot both be restored with-
out replacement of chloride, but it is not easy to
explain why these changes in extracellular con-
centrations lead to loss of potassium and retention
of sodium in the cells. Since cell membranes are
considered permeable to sodium and potassium,
high bicarbonate in serum must either facilitate the
transfer of potassium out of the cells or increase
the entrance of sodium. The other possible ex-
planation would be that alkalosis increases the rate

of potassium excretion. This explanation is un-
likely, since the change in the cells takes place
in the presence of abundant potassium in the
diet. We are forced to conclude that the three
variables are dependent and tend to adjust one to
another so as to preserve the relationships ex-
hibited in the regression equations and Figures
1 and 2.

There is considerable evidence that this biologi-
cal equilibrium is exhibited by patients. In the
cases of Cushing's syndrome with high serum bi-
carbonate, low chloride and low potassium (15,
16), the alkalosis responded to potassium chlo-
ride but not sodium chloride or ammonium chlo-
ride. Power and Kepler (17) found low potas-
sium and high sodium in muscle taken at biopsy
from one of these cases. Furthermore, the anal-
ogy with the effects of desoxycorticosterone ace-
tate is supported by the fact that the alkalosis dis-
appeared when an adrenal cortical tumor was
removed and recurred when metastatic growths de-
veloped. The present data provide an explanation
of the persistent alkalosis in cases of Cushing's
syndrome-developing deficit of potassium.

Observations have shown that the alkalosis of
vomiting is sometimes accompanied by low con-
centration of potassium in serum (18). One of
the authors has observed one case of gastric tetany
which persisted despite administration of abundant
amounts of physiological saline. He also has ob-
served a balance of sodium, potassium and chloride
during recovery from dehydration following vom-
iting that indicated the presence of a large amount
of intracellular sodium and a deficit of potassium.
If these evidences of changes in cell composition in
gastric alkalosis can be confirmed, gastric alka-
losis must be considered'to lead to deficit of po-
tassium and excessive retention of sodium in the
cells, and treatment of these disturbances with
potassium chloride as well as sodium chloride is
likely to prove as advantageous as the introduc-
tion of potassium chloride in the treatment of diar-
rhea (19, 20).

The observation of persistent high serum bi-
carbonate in certain lung diseases is also probably
accompanied by the characteristic changes in the
cells. Darrow and Sarason found high intracellular
sodium and low potassium in rats subjected to low
atmospheric pressure for seven days (21). Al-
though the authors did not attribute the change in
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muscle composition to alkalosis, nor measure the
serum bicarbonate, it is likely that compensated
respiratory alkalosis explains the change.

The first evidence of the dependence of tissue
composition on serum bicarbonate was recognized
in a case of "congenital alkalosis with diarrhea"
(22). In this patient the stools were always vol-
uminous and watery and contained more chloride
than sodium. As the boy developed' more alka-
losis, potassium in excess of nitrogen was lost in
the stools or urine, and sodium was retained in
the cells. During recovery from profound alka-
losis, administration of potassium chloride facili-
tated partial restoration of serum bicarbonate;
the retentions of electrolyte indicated that large
amounts of sodium left the cells as potassium was

retained, but potassium and sodium chloride were

unable entirely to overcome the alkalosis. The
author felt that the excessive loss of chloride in
the stools was the fundamental difficulty. In
studying a similar case, Gamble and others (23)
postulated that there might be a fundamental diffi-
culty in which the body adjusted preferentially to
alkalosis. The present study makes this hypothe-
sis tenable, if one could prove that the muscles and
perhaps all tissues preferentially contained ex-

cessive amounts of intracellular sodium. Such a

disturbance in intracellular composition is more

difficult for one of the authors to visualize than a

peculiar defect in intestinal absorption leading
to alkalosis. In any case, the demonstration of
the dependent relationship between alkalosis and
muscle composition explains the excretion of po-
tassium in the urine despite a deficit of muscle po-
tassium. It also explains the therapeutic failure

of acid salts and the refractoriness of the cases to
all forms of treatment.

It must be kept in mind that the relationships
under discussion may be expected to be found only
when renal function has made the appropriate ad-
justment. Thus, we know that there are varia-
tions in one or more of the variables without the
predicted changes in the others, when there is de-
hydration. One may be permitted to call these
types of disorders unstable states with respect to
the relationship between the composition of intra-
cellular and extracellular fluids. For instance, the
studies on diarrhea (19) show that this type of
acidosis and dehydration is practically always ac-

companied by a considerable deficit of potassium,

but intracellular sodium may be low or high. The
regression equations predict high muscle potas-
sium and low intracellular sodium in acidosis.
The low intracellular sodium is contrary to the
expectation of high intracellular sodium accom-
panying loss of muscle potassium. The high in-
tracellular sodium is predicted by the potassium
loss, but is contrary to the prediction from low
serum bicarbonate. Diabetic coma (24, 25, 26)
probably shows similar changes in the cells ac-
companying acidosis and in this sense also ex-
hibits an unstable state in the relationship between
extracellular fluids and tissue composition.

One may speculate that the lack of a relatively
stable equilibrium in these usually dependent vari-
ables explains some of the findings in these cases.
It is obvious that deficit of potassium explains the
large doses of sodium bicarbonate necessary to
overcome acidosis if sodium chloride and sodium
bicarbonate are administered without potassium.
It is not so clear how acidosis and dehydration
rapidly become manifest in some cases. The au-
thors have in mind babies with diarrhea who sud-
denly manifest marked symptoms of acidosis. and
dehydration despite no increase in watery stools.
In these cases, if deficit of potassium develops
gradually and intracellular sodium remains low or
normal, an unstable state develops. Under these
circumstances, acidosis and dehydration of ex-
tracellular fluids could suddenly be aggravated if
sodium were rapidly transferred to the cells in con-
sequence of the unstable state. If the transfer of
sodium is equivalent to 5 per cent of the intra-
cellular potassium, the decrease in extracellular
sodium would be equivalent to one-half of the
normal extracellular bicarbonate or one-tenth
of the normal extracellular sodium. Since the ex-
tracellular fluids are already depleted in a patient
with diarrhea, a very small shift in sodium would
produce a marked aggravation of extracellular
dehydration and acidosis.

On the other hand, the relationship of muscle
composition to serum bicarbonate must be con-
sidered in treating disturbances in body electrolyte
from the point of view of the ultimate equilibrium
dependent on the tissue deficit. In diarrhea and
probably also in diabetic coma (24, 25, 26), if
restoration of serum bicarbonate becomes the chief
criterion of successful treatment, biological equi-
librium will not be obtained with a normal serum
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bicarbonate, but with a high serum bicarbonate if
deficit of potassium is not restored. For instance,
a rat with a muscle potassium of 30 mMper 100
grams of fat-free solids (about two-thirds of nor-
mal figure) is in a biological state of equilibrium
when serum bicarbonate is 40 mMper liter and
intracellular sodium is 14 mMper 100 grams of
fat-free solids. If a baby behaves like a rat in this
respect, the sodium in the muscle cells would be
about 14 mMper kilogram of body weight. This
amount of intracellular sodium would be about three
times the normal value and would be equivalent
to over twice the normal amount of bicarbonate in
extracellular fluids. Looking at the state of equi-
librium from the point of view of the serum, pro-
found alkalosis would be produced if administra-
tion of sodium chloride and sodium bicarbonate
were forced until the kidneys reached biological
equilibrium in the presence of potassium deficit.
Alkalotic tetany is, therefore, not the result of a
failure of renal function when there is deficit of
muscle potassium, but alkalosis may be anticipated
as the actual result which the kidneys tend to
maintain. Since alkalosis often leads to low serum
calcium, high concentration of serum bicarbonate
may precipitate low calcium tetany.

Some such course of events probably explains
the high incidence of tetany reported by Rapoport
and others (27) in babies treated by prolonged in-
travenous therapy with solutions of glucose, so-
dium chloride and sodium bicarbonate. Since
administration of calcium chloride would be effec-
tive in low calcium tetany and would tend to pro-
duce acidosis, the favorable effects of calcium salts
when used in conjunction with sodium chloride
and sodium bicarbonate are readily explained (27,
28). In contrast to their results, however, the
authors have seldom observed low calcium tetany
and have not encountered alkalosis when using
potassium chloride as well as sodium chloride and
sodium bicarbonate in treating infantile diarrhea.

The relationship of serum concentrations to
muscle composition are also relevant to the prac-
tice of using the concentration of chloride in serum
as an index of therapy. If deficit of potassium is
present, serum chloride tends to be low at biologi-
cal equilibrium. Administration of sodium chlo-
ride will not overcome the abnormality in serum
and will probably aggravate the deficit of potas-
sium in the muscles. In the treatment of Ad-

dison's disease with desoxycorticosterone acetate,
low serum chloride may indicate that too large
rather than too small a dose of the drug is being
used.

As in previous studies on rats, the serum po-
tassium bears no precise relation to muscle po-
tassium. In part, this finding may be dependent
on changes in the level of serum potassium ac-
companying anesthesia. However, high serum
potassium has been the rule when treatment is
begun in patients suffering from dehydration due
to diarrhea (19) and in diabetic coma (26). Rob-
inson (29) and Larguia and Vidal (30) found
that the concentration of potassium was frequently
low in babies with intestinal intoxication. During
treatment, the potassium concentration often
reached extremely low values and if there was no
tendency to return to normal, such patients died
(29). Although many conditions accompanied
by deficit of body potassium show low serum po-
tassium, the exceptions are so many that the level
of serum potassium cannot be relied upon as an
index of the state of intracellular potassium.
Nevertheless, the authors do not believe the po-
tassium concentrations of this study should be
accepted without reservations, since rats are un-
suitable animals for demonstrating the relation
of the concentration of potassium in serum to mus-
cle composition owing to the difficulty in obtaining
blood under resting conditions. Clinical studies
must be made to evaluate the value of serum po-
tassium as an index of deficit of potassium in tis-
sues in various conditions.

SUMMARY

The composition of serum and muscle was de-
termined in normal and adrenalectomized rats sub-
jected to conditions leading to adjustment of body
electrolyte in the presence of a deficit of one of the
ions-sodium, chloride or potassium. Deficit of po-
tassium was maintained by a diet low in potassium
or injections of desoxycorticosterone acetate. Def-
icit of sodium was produced by injecting NH4C1
in glucose into the peritoneal cavity and with-
drawing the fluid, and maintaining the rats on a
diet deficient in sodium. Deficit of chloride was
produced by injecting a solution of NaHCO8 in
glucose into the peritoneal cavity and withdrawing
the fluid, and maintaining the rats on a diet defi-
cient in chloride.
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The data demonstrate a high degree of cor-
relation between the concentration of bicarbonate
in serum, muscle potassium and intracellular so-
dium. Thus, serum bicarbonate varies directly
with intracellular sodium and inversely with mus-
cle potassium. Muscle potassium and intracellular
sodium show inverse relationships. These re-
latronships may be considered a biological equi-
librium which is attained when renal adjustment
is made in the presence of a deficit of sodium or
chloride or potassium.

Adrenalectomized rats show the same relation-
ships as normal rats.

The therapeutic implications of these findings
are briefly discussed. First, the relationship is
known not to be maintained in dehydration and in
such states we may term the lack of relationship
an unstable state with respect to the relationship
between extracellular and intracellular fluids.
Second, patients with dehydration accompanied
by deficit of potassium may be expected to develop
alkalosis when they are treated solely with sodium
and chloride. Third, alkalosis may be expected to
be relatively refractory to treatment with sodium
chloride, if a deficit of potassium persists. Fourth,
the dose of sodium bicarbonate necessary to over-
come low serum bicarbonate is always uncertain,
since sodium may enter or leave the cells depend-
ing on the presence or absence of an excess of in-
tracellular sodium and the presence or absence
of a deficit of potassium.
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ASSOCIATION ANNOUNCEMENT

The 40th annual meeting of the American Society for Clinical
Investigation will be held at the Chalfonte-Haddon Hall, Atlantic
City, N. J., on Monday, May 3, 1948, at 9 a.m.

For those who may be interested, the annual meeting of the Ameri-
can Association for Research in Psychosomatic Problems will be held
at the same hotel on Saturday, May 1, at 9 a.m., and

The annual meeting of the Association of American Physicians will
be held on Tuesday and Wednesday, May 4 and 5, also at the
Chalfonte-Haddon Hall.


