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INTRODUCTION

In recent years many studies have been re-
ported on the monovalent cation composition of
the intracellular space during experimentally pro-
duced potassium depletion. The most consistent
changes have been found in striated muscle and,
in general, have shown that decreased concentra-
tions of intracellular potassium are associated with
an increase in intracellular sodium. Such changes
have been reported in the rat (1), the cat (2),
and the dog (2) following low potassium diets.
The administration of desoxycorticosterone ace-
tate in large doses has produced similar changes
in the same animals (2-4). Recently Darrow has
reported comparable findings in association with
alkalosis, as determined by muscle analyses in
rats (5) and indirectly by balance studies in man
(6).

Inasmuch as direct studies of human tissues dur-
ing states of potassium depletion have not been
reported, the present studies were undertaken in
an attempt to define the composition of the intra-
cellular electrolytes of striated muscle obtained by
biopsy from patients with metabolic alkalosis and
acidosis.

METHODS

Biopsies. Muscle biopsies were taken from the ham-
string or gastrocnemius muscles, the average weight of
fresh tissue being 2.4 gms. Anesthesia was obtained by
infiltration of the skin and subcutaneous tissues with 2
per cent procaine in saline. Careful precautions were
taken to avoid infiltration of the muscle tissue with the
anesthetic agent and it is believed that there was no con-
tamination of the specimens with the possible exception
of two cases (Table I, patients G. and To.). In these
patients inadequate anesthesia necessitated infiltration of
the muscle approximately 10 cm. proximal to the site from
which the actual biopsy was taken. A careful analysis of
the results obtained from these two specimens reveals no
abnormality specifically attributable to the possible inclu-
sion of the anesthetic solution in the specimen, and it is
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therefore believed that no contamination occurred. Ex-
cess blood was removed by blotting the specimen with
dry gauze. The tissue was immediately placed in an air-
tight glass container and analytical procedures were begun
within one hour. Venous blood specimens without stasis
were taken under oil at the time of biopsy.

“Normal” control muscle specimens and accompanying
blood samples were obtained from patients undergoing
operations under general anesthesia (Table I), the biop-
sies being taken from the rectus abdominalis at the start
of the operation. The patients had been on a normal diet,
had not received previous parenteral alimentation, and
were considered to be in a normal state of fluid and elec-
trolyte balance. The alleged normalcy of the control
muscles may be subject to question because of possible
changes resulting from the anesthetic agents or the under-
lying disease process. Minor changes may also have re-
sulted from sustaining infusions of glucose and saline
started at the time of operation. However, the “normal”
values obtained are in essential agreement with previously
reported analyses of human skeletal muscle (7), and be-
cause of the marked differences between the “normal”
and abnormal groups, it is felt that these tissues represent
an adequate control for the present study.

Analytical Methods. Determinations were made of the
concentration of water, fat, chloride, sodium, potassium,
and nitrogen in the tissues. All analyses were done in
duplicate. The analytical procedure was that of Lowry
and Hastings (8) as modified by Hull (9), with addi-
tional modifications for determination of sodium and potas-
sium by an internal standard flame photometer (10).
The frésh tissue was freed of all visible fat and con-
nective tissue and then finely minced with scissors and
placed in a 10 cc. volumetric tube. The water content
was measured by drying in an electric oven at 105-110° C.
to constant weight. Neutral fat was determined by the
extraction with ethyl ether of the residue remaining after
the evaporation of water, according to the procedure of
Hastings and Eichelberger (11). The extracted fat and
solvents were returned to the tube and the solvents evap-
orated. The tissue was digested in a bath of boiling
water with 3 ml. concentrated nitric acid in the presence
of silver nitrate 50 per cent in excess of anticipated chlo-
ride. Chloride content was determined by Volhard titra-
tion of an aliquot of the digest made up to volume with
water. Sodium and potassium were determined on 1 or
2 cc. aliquots diluted to the proper volume with the addi-
tion of lithium sulfate as an internal standard. Flame
photometry yielded an accuracy of 1 per cent, and large
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excesses of nitric acid and inorganic phosphate added to
standard solutions introduced no measurable error. Ni-
trogen estimations were done on samples of tissue sep-
arate from those taken for electrolyte analysis, and nitro-
gen was determined by micro-Kjeldahl technique. All
analyses were corrected for fat-free weight, including
nitrogen estimations for which it was assumed that the
fat content was the same as in the aliquot used for elec-
trolyte determinations. Duplicate analyses of separate
aliquots of minced muscle from 42 specimens analyzed by
this method have shown the following average percentile

deviation from the mean values: water == 0.2% ; chloride .

#+1.9% ; sodium =* 1.5% ; potassium = 1.2% ; and nitro-
gen *=0.9%.

Serum electrolytes were determined by methods pre-
viously reported (3), except that sodium and potassium
were determined by flame photometry. Serum pH was
determined by glass electrode.

“Calculations. Serum concentrations were corrected for
serum water which was either determined directly by
drying to constant weight at 110° C,, or estimated from
serum protein concentration (8). Extracellular concen-
trations of sodium, potassium and chloride were calcu-
lated using an average Donnan factor of 0.95. Extra-
cellular water (ECW) was calculated as the “chloride
space.” Intracellular electrolytes were obtained as the
difference between tissue and extracellular values and
have been expressed in concentrations per liter of intra-
cellular water (ICW). Because tissue hemoglobin, col-
lagen and elastin were not measured, all tissue nitrogen
was considered as intracellular, thus introducing a small
systematic error of less than 1 per cent (8). For com-
parative purposes nitrogen has been expressed as grams
per liter ICW.

RESULTS

Nine patients were studied—three controls,
three with gastric alkalosis, and three with chronic
renal acidosis without glomerular insufficiency
(12). The results are given in Table I. The last
two analyses of patient R. have been excluded
from the present discussion because blood speci-
mens were not taken simultaneously with the
muscle. Calculated intracellular sodium averaged
8 mEq/L ICW in the control group. There is no
apparent explanation for the variation of the val-
ues within the control group. Both the patients
with acidosis and alkalosis showed an increase of
intracellular sodium, average values being 32 mEq/
L ICW for the acidosis group and 20 mEq/L ICW
in alkalosis. Serum potassium varied from 3.9 to
4.8 mEq/L for the controls, from 2.5 to 3.7 mEq/
L for the acidotic group, and from 1.8 to 2.7 mEq/
L for the alkalotic group. The increase in intra-
cellular sodium was proportional to the decrease
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Fi1c. 1. CrinicaL Coursk, SERUM ELECTROLYTES, AND
INTRACELLULAR ELECTROLYTES IN PATIENT R. SHOWING
DEVELOPMENT OF INTRACELLULAR PorassiuM DEPLETION
WITH SopiuM REPLACEMENT AS PROLONGED ALKALOSIS
Was TReATED WITH PARENTERAL SopiuM CHLORIDE
SoLuTIONS

in intracellular potassium as is indicated by the
constancy of the sum of the concentrations of these
two cations, average values being 165 mEgq/L
ICW for the controls, 163 mEq/L ICW for the
acidotic subjects and 163 mEq/L ICW for the pa-
tients with alkalosis. The widest variations of
these values was found in the group with alka-
losis. The ratio of nitrogen to cell water indicates
a relative cellular dehydration in acidosis with a
slight increase in hydration in alkalosis. How-
ever, the changes in cellular hydration are small
and are not definitely conclusive.

The most striking abnormalities were found in
the serial analyses of patient R. (Table I and Fig-
ure 1) who had persistent vomiting due to a car-
cinoma of the duodenum. During 63 days he re-
ceived 239 L of parenteral fluids, therapy being
primarily directed towards the maintenance of a
normal hematocrit and normal concentrations of
serum sodium, chloride and protein. Random
analyses revealed a continuous loss of potassium in
vomitus and urine. No parenteral potassium was
administered. Although the calculation of the
intracellular space in the last two muscle analyses
can only be accepted as an approximation because
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TABLE I-A
P?IENT | AGE| SEX | DIAGNOSIS | SPECIMEM | ANESTHESIA SERUM CONCENTRATIONS
H0 | Protein| HCO; | C1 | Ea 4 Ca P Ures B| pH
. $ |nEQ/L | 5EQ/L [aBQ/L [aEQ/L [mgm & | mgn #| men #
T 48 [ X Normal Reotus ADA Mt::bl. :,o. 91.2 7.5 27.7] 96.8 | 133 4.0 - - 9 -
k- e |» Normal Reotus Abd Mt::hlo B0, 91.5 6.8 22.4 | 99.2 | 137 3.9 - - 1 -
1 3 32 |¥ Normal lat. Dorsi Mt::hl.. 0, 90.6 7.4 24.2 | 94.6 | 134 4.8 - - - -
] 46 |M° | Remal Oastroc. | Procaine, local 91.0°| 7.5 | 13.5|116.8 | 237 | 3.7 | 9.3 | 2.2 | 16 -
Acidosis .
28 |F Remal Gastrooc. | Procaine, loocal 90.2 7.9 12.8 | 114.2 | 135 2.9 8.3 2.3 18 7.25 v
Aocidosis :
[ ] 28 | F Renal Gastroc. | Procaine, local 90.2 7.8 11.6 [ 113.0 | 128 2.5 9.5 2.2 20 7.28 A
Aocidosis
b 4 57 | » kl‘tﬂa mﬂ.ﬂc b:nw, nerve 92.7 6.5 49.0 | 62.8 | 128 1.8 9.9 3.5 43 7.62 V
20 6 | X Gastrio Gastroc. | Procaime, local 92.4 6.2 43.2 | 682.8 | 137 2.7 - - pLg 7.52 v
Alkalosis
Bl |88 |N hl‘trl:“ Gastrooc. | Procaine, local’ 92,7% 5.8 39.2 | 87.6 .| 137 2.2 9.3 2.7 26 7.53 7
Re2 );:::. Mg::h;, %0, 92,9¢ 8.6 | 32.9 | 93.0 | 139 1.4 - - - -
23 Pscas Autopsy 93.1¢ B4 31.0 | 84.3 | 139 2.3 - - 9% -

® = Calehlated from Sezum rrotein

V¥ = Venous blood without Stasis

A = Arterial Blood

TABLE I-B
PATIENT| MUSCLE COUPCSITION CALCUIATLD VAIUES REMARKS
Tat 20 N c: % |a ECW (4] Ha X Ha plus K L]
* o | & |nBq |nEq msq (5% n nEqQ afq aEq o
fresh per Kg fatefree tizsus per fate
ticre free tissue per liter intmocellular water
T 1.0 793 | s2.1/28.1 | 39.1{87.0 251 542 [] 159 167 59.3 Carcinoma of Stomsch.
k- 1.1 802 | 29.3|29.7 | 44.2|81.9 259 543 " 149 163 54.0 Carcinoma of Rectum.
] 2.8 764 | 33.7|27.4 | 35.9]88.0 248 $36 2 162 164 62.8 Hypertension without cardiac or remal complications.
b} 43 778 | 34.2{38,5 | 48.7]74.5 284 494 17 149 166 69.2 ouu—heu. Nuscular atrophy end recurrent fasoioulations.
! reflexes hypeructive, Staggering gait and easy fatig-
ability. Ko paralyeis.
? 4.2 761 | 34.5|25.1 [49.1]69.1 189 572 39 120 1%9 60,3 Osteonalaoia. Recurrent diffuse wuso .ll‘! fatig-
ability. Deep reflexes hnuuth'. le pn
[ ] 766 4]30.9 3]66. 235 531 40 124 164 0.3 Osteomalacia. Oounnud n).nll of voluntary -uoln
- B1ua[309 153661 P Sespiration sna svailowin Emispireds Blood prearre .‘u«
normal, ECG - imhctﬂo 7, T2 and P, la
lead II, Normal deep tendon re ﬂouo. Couplete np eerance
of paralysis .ﬂcr nmhnl and orsl KCl. Subsequent ECG
noreal.
Signs of laten!
4 T.4 763 | 33.7]14.2 [41.3]65.7 198 585 26 146 172 57.6 1o {‘os 3 weeks. T tractisas: 47 interval 0.45 .' o
%Ke uml nmr recovery from alialosis.
o 101 | 794 | 20.824.4 |43.3]60.5 258 | 836 13 149 162 57.4 Persistent voaiting for 2 weeks, No latent tetany.
4 Jaa 31, vomiting for 3 weeks, Bo sigus of latent tetazy even
[ 33 2.9 | 767 | 22,0[19.3 |39.7]00.9 || 194 | s9s 21 136 187 s3.9 | dun 31 voaitiag for 3 weeks.
1 of of
B2 | 28 |78 |310020.5 [r0arjescd | 104 | 899 | 7 uo 1o | s3z | e e R o Ieatsiien For bih Iatestinml obsirast-
ion. Ewesie averaged 1.5 L per day. Oral intake re nnmi
renteral flujds avernged 4 L )tr ‘u mostly smaline. Reoeived
B transfusions, no other souroe ul- iatake. Serws
Values obtained 18 hrs, defore onn
3 | 2.6 | e20 | 26.7|36.0 | 75.3{50.4 || 377 | 4s2 Ll 12 160 9.3 :ﬂl 1:;. :?o ;..m s uu:. :m eariiag r.m :u-..
sthenia OF pare. uring lml 1 oouree.
ma' value o\“lzl D) ln. before death,

the blood and muscle specimens were not simul-
taneous, the muscle specimens obtained at opera-
tion and autopsy showed, respectively, that 40
per cent and 31 per cent of the intracellular cation

was sodium.

The serum values for the autopsy

specimen were obtained six hours before death,
the autopsy being performed 11 hours post mortem.
The extent to which post mortem changes may
have modified the calculated intracellular values
cannot be accurately evaluated at present.
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DISCUSSION

The calculation of the extracellular and intra-
cellular spaces and the electrolytes contained
therein has been based on the concept either that
all chloride is extracellular (11, 13, 14), or that a
small but invariable amount of chloride is intra-
cellular (15). Because of inadequate data on hu-
man muscle, the possibility of a small constant
quantity of chloride within cells has been neglected.
However, the obligatory extracellular position of
chloride has been challenged by recent experiments
in which large doses of potassium chloride were
administered (16, 17). An analysis of the results
reported here indicates that the chloride content
of whole muscle varies directly with the serum
chloride concentration. Small deviations from an
exactly linear relationship may so easily be ex-
plained by slight variations in the extracellular
fluid volume that we are led to believe that there is
no significant alteration in muscle cell permeability
to the chloride ion during disturbances of the type
reported here. We therefore feel that the use
of the chloride space as a measure of the extra-
cellular space is valid for these studies.

Although the number of specimens is too small
to warrant definitive statistical analysis, it is ap-
parent in the conditions studied that there has
been a loss of intracellular potassium from striated
muscle with an increase in intracellular sodium.
The human, therefore, responds in a manner
qualitatively similar to other species studied.

In recent studies Darrow et al. (18) have dem-
onstrated a correlation between alkalosis and a
rise in intracellular sodium in the presence of nor-
mal renal function. In acidosis produced by the
administration of ammonium chloride to rats,
they found a decrease in the amount of sodium
within striated muscle cells. Although our stud-
ies of acidosis have been limited to a single dis-
ease, namely, chronic renal acidosis without ap-
parent glomerular insufficiency, the fact that these
patients demonstrate a significant depletion of
intracellular potassium and a rise in intracellular
sodium in the presence of systemic acidosis in-
dicates that these changes are not necessarily
associated with alkalosis of the body fluids. Al-
bright et al. (12) showed that this type of renal ab-
normality was associated with a negative potas-
sium balance, which has been confirmed by
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unreported balance studies of two of our patients.
These findings, therefore, suggest that the de-
scribed abnormalities in the intracellular electro-
lyte pattern may not be specifically related to
changes in acid-base equilibria, but rather are a re-
flection of an overall negative potassium balance,
regardless of the immediate cause.

The relationship of disturbances in potassium
metabolism to paralysis has been recently reviewed
(19). Of our six cases with documented potas-
sium depletion, only one patient developed paraly-
sis (subject G., Table I). On the day of biopsy
the patient was unable to walk, feed herself, or
turn over in bed. The paralysis had developed
gradually during the preceding days and had not
been precipitated by a large carbohydrate intake.
Serum potassium was 2.5 mEq/L, a value of 2.6
having been obtained on the second and sixth day
before the episode of paralysis. Following the
administration of parenteral and oral potassium
chloride the patient rapidly improved with disap-
pearance of all symptoms of paralysis. During the
following two weeks of observation, the serum po-
tassium ranged from 2.8 to 3.2 mEq/L. Although
a spontaneous remission cannot be absolutely
ruled out, the fact that the paralysis disappeared
following the administration of potassium chloride
is evidence that the disturbed neuromuscular func-
tion was actually caused by a potassium deficit. It
is of particular interest, therefore, that the con-
centrations of potassium in the serum and muscle
of this patient were not significantly different
from those of the others studied. The findings in
patient P. (Table I) were almost identical, yet she
had no paralysis. On the other hand, patient R.
(Table I) showed the greatest potassium de-
pletion, but throughout his hospital course had no
manifest disturbances of neuromuscular function.
Our limited observations thus fail to reveal any
correlation between potassium concentration
within skeletal muscle and the appearance of
paralysis.

CONCLUSIONS

1. The association of alkalosis with decreased
concentrations of intracellular potassium and in-
creased concentrations of intracellular sodium has
been confirmed by analysis of biopsies of human
striated muscle,
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2. Similar changes have been observed in pa-
tients with systemic acidosis due to chronic renal
disease.

3. One patient with severe paralysis attributed
to potassium deficit showed intracellular changes
which were quantitatively not different from the
non-paralyzed patients.
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