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Potassium Metabolism In Relation 12_ 

Acid-Base Balance 

I. INTRODUCTION

The s1gn1f1oance of changes in intracellular 

composition associated with disturbances in the acid

base balance of extracellular fluid has only recently 

been recognized. Potassium, the principal intracellu

lar cation, is dynamically involved in the ionic inter

play between extracellular fluid and the intracellular 

compartment. This paper is a review of current 

concepts, and their experimental formulation, of the 

role or pot�ssium metabolism in the phenomena of 

acid-base balanc.e. 
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II . CHANGES IN INTRACELLULAR COMPOSITION IN ALKALOSIS 
AND ACIDOSIS 

Until recent l y, dis turbances in acid base balance 

were considered largely i n terms of their manifesta

tions in extracellu l ar fluid . Gamble, 1 in 1925, 

described the elevat ion i n serum bicarbonate which he 

observed following experimental pyloric obstruction 

in dogs as an "automatic consequence" of chloride 

depletion . Changes in int racellular composition were 

not measured . 

Wilson2 in 1940 reported electrolyte balance 

studies in a patien t who had Cushing's disease assoc

iated with alkalosi s and a Iew plasma potassium con

centration. The pla sma electrolyte pattern in this 

patient had returned to normal following simultaneous 

administration of potassium chloride and ammonium 

chloride, and was subsequently maintained with potas

sium chloride alone. The quantity of potassium 

retained during the balance period was far greater 

than the amount required to account for the relatively 

small increment in serum potassium observed. It was 

inferred that this patient had had an intracellular 

potassium deficit. 

Darrow3 subsequently demonstrated loss of muscle 
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potassium and increase in muscle sodium concentration 

in rats receiving i nject i ons of des oxycorticosterone 

acetate. This change wa s observed even though the 

diet contained "adequate n quantities of potassium. 

In 1946 Darrow4 sub jected rats to experimental 

pyloric obstruction producing alkalosis with chloride 

depletion. The int racel l ular sodium concentration in 

these animals was f ound t o be increased and the intra

cellular potassium decrea sed. The decrease in muscle 

potassium apparent l y occurred in spite of abundant 

supply of potassium in t he diet. He concluded that 

alkalosis is assoc i ated with loss of muscle potassium 

and replacement by sodium. 

Darrow, Schwartz, I anucc1 and Coville5 reported 

results of depletion of sodium, potassium, and chloride 

in groups of rats, using adrenalectomized rats as 

controls. They found that following renal adjustment 

in the presence of such deficits there is a correlation 

between the serum bicarbonate concentration and intra

cellular ionic composition. In particular, changes 

in serum bicarbonat e concentration varied directly 

with the calculated intracellular sodium concentration 

and inversely with muscle potassium. Therefore, in 

alkalosis, one woul d expect to see increased intracellu

lar sodium and decr eased intracellular potassium. In 
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acidosis the reverse of this relationship would be 

expected. From these experiments it was concluded 

that sodium, potassium and bicarbonate are inter

dependent, their concentrations in the cell and in 

extracellular fluid being related in a "predictable" 

way following renal adjustment in the presence of a 

deficit of one of t hem. 

In order to determine whether respiratory 

disturbances in acid base balance would have effects 

on muscle composition simi lar to the effects of meta

bolic acidosis and a lkalos is, Cooke, Coughlin and 

Segar6 subjected ra t s to environments containing 

10-15% carbon dioxide for 14-21 days. Analyses of 

muscle revealed pota ssium content a: the upper limit 

of normal along with minor decreases in sodium content. 

These changes parallel those associated with metabolic 

acidosis even though the serum bicarbonate was ele

vated. It was concluded that the pH of extracellular 

fluid, rather than the bicarbonate content, was the 

determinant of the changes in composition of cells. 
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III. QUANTITATIVE REIATIONSHIPS 

Muntwyler and Griffin7 reported analyses of 

p lasma and muscle of rat s during potassium depletion 

showing that replacement of potassium lost from cells 

by sodium is less t han complete. In fact, the ratio 

of potassium lost t o sodi um gained approximated 1.5. 

There was, however , evidence that after an initial 

rapid loss of pota s sium f rom cells, there follows a 

slower rate of loss which tends to be compensated 

for by an equivalent gain of sodium. 

Miller and Darrow8 had previously noted this 

quantitative differ ence i n the reciprocal relationship 

between intracellul ar sodium and potassium concentra

tions. According t o thei r calculations, for each two 

mM's of potassium l eaving cells, one mM of sodium 

entered. 
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IV. ALTERATIONS IN RENAL FUNCTION IN POTASSIUM 
DEFICIENCY 

A case of severe a l kalosis following prolonged 

gastric suction wa a repor ted by Kennedy9 in 1949. 

Determinations of r ed cel l composition revealed low 

intracellular potas sium and high intracellular sodium. 

The plasma potassium was consistently low and it was 

therefore concluded the patient had a "total body" 

deficit of potassium. I n spite of the alkalosis the 

patient excreted a defini tely acid urine. This 

phenomenon had been obser ved before in potassium 

deficiency with alkalosi ~. 

Darrow, in hi s experiments showing the relation

ship of serum bicar bonate to muscle composition, 5 had 

pointed out that t he deve lopment of alkalosis in 

potassium deficiency involves some alteration in renal 

function in that i t represents a failure on the part 

of the kidney to compensate for a change in extra

cellular composition. 
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V. TUBUIAR SECRETION OF POTASSIUM AND ION EXCHANGE 
MECHANISMS IN THE KIDNEY 

A number of experiments have been performed in 

which the quantity of potassium excreted in the urine 

is compared with the quantity of potassium filtered 

during a given clearance period. Berliner10 reported 

ratios of excreted potassium to filtered potassium 

as high as 1.9 in ~ore t han 300 clearance periods in 

normal dogs. Also, ratios ranging from 1.05-1.3 in 

seventeen clearance periods in normal human subjects 

were found. These ratios greater than unity are 

considered as evidence t hat potassium is secreted by 

the renal tubule. 

Pitts11 in 1945 had postulated an ion exchange 

mechanism to account for the tubular acidification of 

urine. He suggested either a direct exchange of 

sodium and hydrogen ions across the tubule cell 

membrane, or an indirect process involving addition 

of hydrochloric ac i d or carbonic acid to tubular urine 

and subsequent reabsorpt i on of sodium from the tubules 
10 as the chloride or bicarbonate. Berliner proposed 

a similar mechanism for t he tubular secretion of 

potassium. To test this hypothesis he infused potas

sium ferrocyanide i nto dogs after a "priming" dose 
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of sodium ferrocyanide. Measurements of the excretion 

of sodium, potassium, ammonium, ferrocyanide, inorganic 

sulfate, inorganic phosphate, chloride and bicarbonate 

during clearance periods (along with plasma potassium 

and creatinine clearance) revealed the amount of 

potassium secreted, i.e. the amount excreted in 

excess of that filtered, exceeded the total of all 

the anions excreted except for ferrocyanide by 100-300 

microequivalents per minute. Since ferrocyanide is 

excreted 11 consistently at the level of glomerular 

filtration", it was assumed that this ion is not 

secreted or reabsorbed by the tubule cells. 

In other words, the secreted potassium appears 

to be present in excess of anions which might have 

been secreted with it. It should follow that the 

potassium secreted replaced some other cation in the 

filtered urine. Without implicating~ specific chemical 

mechanism, the overall effect of this process is cation 

exchange . One might expect that the cation removed 

from tubular urine is sodium although there is no 

direct evidence to support this assumption. 

In order to study the relationship between 
12 

urine acidification and potassium excretion, Berliner, 

in 1951 administered 2-acetylamino, 1, 3, 4-thiadiazole 

5-sulfonamide (No. 6063) to dogs and measured urine pH, 

K~ excretion and filtration, inulin clearance, and 
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creatinine clearance. 

The compound, #6063 , had been shown to be a 

potent inhibition of the enzyme carbonic anhydrase. 

Carbonic anhydrase was thought to be a component in 

the mechanism by which hydrogen ions are made available 

for the ion exchange process in which sodium 1s re

absorbed inasmuch as Pitts11 has observed decreased 

excretion of acid in the urine on inhibition of the 

enzyme with sulfanilamide. Potassium excretion was 

found consistently to be increased following admin

istration of No. 6063 , in some instances the increase 

being equal to or greater than the total amount of 

potassium filtered. The increment was found to be 

greatest in dogs who were already acidotic, while in 

dogs made alkalotic by sodium bicarbonate injection, 

potassium excretion was high before infusion of 

#6063, and increased relatively little afterwards. 

In order to determine whether the increase of 

potassium excretion observed was due to increased 

tubular secretion alone or partially to decreased 

reabsorption, the effect s of #6063 in combination 

with mercurial diuretics (saly~gan) were studied. 

Increases in potassium excretion were minimal follow

ing administration of the two drugs, but potassium 

excretion increased greatly after the effects of the 

9 



mercurial were abolished by administration of B.A.L. 

This experiment is based on the assumption that 

inhibition of a transport mechanism by one drug 

prevents any enhancing effects of another. Because 

the mercurial inhi bited the increased excretion of 

potassium expected following administration of #6063, 

it was concluded t hat the effect of carbonic anhydrase 

inhibitor in increasing potassium excretion is the 

result of increased secretion of potassium by the 

tubules. 

The finding of increased potassium excretion, 

presumably increased tubular secretion of potassium, 

after inhibiting hydrogen ion secretion suggests 

t
1that there is competition between potassium and 

hydrogen ions for some component of the ion exchange 

mechanism wherebx sodium is reabsorbed in the distal 

tubules!.." 

Berliner feels that the effect of alkalosis 

would be similar t o the effect of carbonic anhydrase 

inhibition on renal tubule cells in that there would 

be a decrease in hydrogen ion concentration and 

exchange of sodiuM for potassium would be favored over 

exchange of sodium for hydrogen, resulting in the 

potassium loss seen in alkalosis. Similarly, in 

acidosis, exchange of sodium for hydrogen would be 

favored and potass ium retention would occur. With 
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primary depletion of body potassium, on the other 

hand, competition between potassium and hydrogen 

ions would be in favor of the hydrogen, and a meta

bolic alkalosis with excretion of an acid urine would 

result.· With increased potassium concentration, 

hydrogen ion secretion would be suppressed and an 

alkaline urine a l ong with acidosis because of loss 

of base would res ult. 

These experiments would seem to indicate, then, 

that the eoneentration of potassium 1nthe renal tubule 

cells, or, more properly , the relation of potassium 

concentration to hydrogen ion concentration is impor

tant in the control of the rate of potassium excretion. 

A reciprocal relationship has also been noted 

between potassium excret ion and bicarbonate reabsorption 

in the kidney. 
13 

Fuller, Mac l eod and Pitts infused potassium 

as the chloride and also as the bicarbonate into dogs. 

In order to keep t he fi l tered load of bicarbonate 

relatively constant they simultaneously infused sodium 

bicarbonate. 

They found t hat, on administration of the potas

sium salts, potass ium excretion increased while bi

carbonate reabsorption decreased. The administration 

of the carbonic anhydrase inhibitor (No. 6063) also 

11 



resulted in decreased bicarbonate reabsorption along 

with increased pota ssium excretion. They were not 

able to demonstrat e any additive effect of potassium 

infusion and carbonic anhydrase inhibition. Along 

with the increase i n pota ssium excretion in these 

experiments, there was decreased excretion of hydrogen 

ions. During these exper iments less than half of the 

potassium administered and about one-third of the 

bicarbonate could be accounted for in the urine or in 

extracellular fluid . Alt hough the extracellular fluid 

volume was not mea s ured, they assumed that this dis

crepancy was accounted f or by interchange between 

extracellular fluid and cells. If the renal tubule 

cells gained potass ium by this mechanism one might 

expect increased s ecretion of potassium along with 

decreased secretion of hydrogen ions. In general, 

these results are compat i ble with the idea that 

potassium and hydrogen compete for secretion by the 

renal tubule cells . 

12 



VI. EXTRARENAL MECHANISMS 

In order to . evaluate the mechanism proposed by 

Berliner, Cooke1i constructed experiments comparing 

renal excretion with the ionic composition of muscle 

and serum of rats during recovery from alkalosis 

associated with potassium deficiency . Two groups of 

rats were rendered alkalotic with injections of 

di~oxcorticoteron acetate in addition to a diet 

deficient in potassium and containing sodium in 

excess of chloride. One group received injections of 

potassium chloride, while the other, the control, 

received equivalent amounts of chloride in the form 

of isotonic sodiu~ chloride injections . The group 

receiving potassium excreted urine of higher titrable 

acidity and increasingly lower pH and bicarbonate 

content than the group r eceiving sodium. Moreover, 

the experimental group demonstrated increased excretion 

of sodium following injection of potassium, whereas 

in the control group, excretion of sodium approximated 

the amount adminis tered. Excretion of potassium did 

not increase at a l l in t he control group but did in

crease after administrat ion of 12 mM/Kg of potassium 

and reached the l evel of the amount administered 

after 24 mM/Kg had been given to the experimental group. 

Serum analyses revealed complete correction of alkalosis 
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in the group receiving potassium, but the serum bi

carbonate remained essentially unchanged in the control 

group. Cumulative balance studies of sodium, potas

sium, and chloride revealed retention of approximately 

20.2 mM of potassium and 10.8 mM of sodium per kilo

gram of body weight in the group receiving potassium. 

There was insignificant retention of sodium and 

small loss of potassium in the control group. The 

group receiving potassium excreted chloride in excess 

of the sum of sodium plus potassium. 

Analysis of muscle at the end of the control 

period before injection of potassium or sodium revealed 

increased sodium content approximating two-thirds of 

a decrease in potassium content as described previously. 

The muscle composition in the group receiving potas

sium gradually ret urned to normal during the experi

ment. 

From these f indings, the authors concluded that 

the correction of alkalosis must have resulted from 

an interchange of ions between extracellular fluid 

and muscle cells, because the effects of the kidney 

alone as inferred from the excretions measured, would 

not have corrected the extracellular alkalosis. Con

sidering the excretions, in particular the fact that 

more chloride was excreted than the sum of both 
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sodium and potass ium, they concluded that the animals 

had a "deficit of fixed cation in excess of a 

deficit of fixed anion." In development of alkalosis, 

the increase in intracellular sodium is about equal 

to two-thirds of the decrease in intracellular potas

sium. Therefore, during recovery following potassium 

administration, t hree potassium ions must enter the 

cell for every two sodium ions which leave it. In 

order to preserve electr ical neutrality, some other 

cation within the cell must exchange for potassium. 

Cotlove et a 11S s ubjected dogs to electrolyte 

depletion in the presence of acidosis and alkalosis 

and found no evidence t hat magnesium or calcium might 

account for the di screpancy between the balance of 

sodium and potass i um. 

By exclusion , then , Cooke concluded that hydrogen 

ions within the c ell are exchanged for potassium in 

extracellular flui d. This addition of hydrogen to 

extracellular flu i d leads to formation of carbonic 

acid eliminated a s co2 through the lungs with resultant 

reduction in extracellular bicarbonate. The theo

retical quantitative reduction in extracellular 

bicarbonate as calculated from changes in intra

cellular composition would be much greater than that 

actually observed. The a uthors account for the 
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discrepancy by pointing out that there is renal compen

sation for that load of hydrogen ions transferred 

from cells as evinced by the urine of high titrable 

acidity, low pH and bicarbonate content . 

The authors reason that during development of 

alkalosis with pot assium deficiency, the reverse of 

the above changes must t ake place . That is, three 

potassium ions from cell s are exchanged for two sodium 

from extracellular fluid along with one hydrogen ion 

which is derived f rom di ssociation of extracellular 

carbonic acid . The ult i mate effect is the same as if 

potassium bicarbonate were added to extracellular 

fluid. 

DIAGRAM 

Mu.scle Ce ll 

N~ 
Cf 

0 =P I< Cl 

H 
k I > HCOs r< 

Q.ell Tran_s_fe_r 

Produc1ni Alkalosi s 

➔ co" + H.z o 

in Potass1-u 
I~ 

deficiency (From Cooke). 

Utilizing the data reported above, and those 

of other experiment ers, Cooke and Segar1' attempted to 

formulate a theory which would explain the inter-
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dependence of ext racellular fluid and muscle composition. 

They assumed that the ion exchange systems discussed 

above represent an equilibrium reaction, and therefore, 

a change in concentration of the reactants on one side 

of the reaction would shift the equilibrium point so 

that there would be a corresponding change in con

centration of the reactants on the other side. In 

this case the transport of sodium or hydrogen ions 

out of the cell i n exchange for potassium which is 

transported inward would be dependent on their 

concentrations on either side of the cell membrane. 

It is necessary t o assume that intracellular sodium 

enters the cell by pass i ve diffusion and that potas

sium leaves the cell by the same process. Intra~ 

cellular hydrogen is present as a product of cell 

metabolism. Pass i ve dif fusion depends simply on the 

gradient in concentration across the membrane, and 

this gradient woul d be a ltered relatively little by 

changes ::m-- extracellular potassium concentration or 

intracellular sodi um concentration. Therefore, the 

process of passive diffusion of sodium and potassium 

would remain rela t ively constant. On the other hand, 

since the extracel lular concentrations of potassium 

and hydrogen ions are small relative to their intra-
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cellular concentrations, the equilibrium point in 

their transport is altered relatively more by a slight 

change in their extracellular concentration than a 

similar absolute change in their intracellular con

centrations . 

In metabolic alkalosis, then, with decrease in 

extracellular hydrogen ion concentration, the equi

librium point in the exchange of intracellular hydrogen 

for extracellular potassium is shifted and more hydro

gen is transported out of cells. (This may account 

for the fact that administration of bicarbonate does 

not produce a quantitative rise in serum bicarbonate.) 

At the same time, the exchange of intracellular potas

sium is believed to be reduced because of competition 

between sodium .and hydrogen for exchange with potassium. 

If the exchange of sodium for potassium is of greater 

magnitude than the exchange of hydrogen for potassium, 

(as is indicated by the fact that in potassium defic

iency the increase in intracellular sodium is about 2/3 

the increase in intracellular potassium), then less 

potassium will be transported into the cell and less 

sodium transported .out . The ultimate result would be 

increased intracellular sodium and decreased intracell

ular potassium. 

In metabolic acidosis, with increased extra-

18 



cellular hydrogen ion concentration, the equilibrium 

point in the exchange of intracellular hydrogen for 

extracellular pota ssium would be shifted so that 

the reaction would be decelerated; therefore the exchange 

of intracellular sodium for extracellular potassium 

would be accelera t ed, and the result would be decreased 

intracellular sodi um and slightly increased intra

cellular potassium. 

In respirator y ac i dosis and alkalosis, the 

changes in equilibrium would again depend on the 

concentration of hydrogen ions in extracellular fluid 

but the measured changes are of lesser magnitude than 

with the corresponding metabolic disturbances. The 

authors believe t hat, because all membranes are 

permeable in carbon dioxide, the intracellular hydrogen 

ion concentration varies directly with the extra

cellular concentra tion when carbon dioxide is retained 

or lost because of respi ratory disturbances. 

The mechani sm pert aining to primary potassium 

deficiency has alr eady been describea. 1i Here, the 

exchange of both i ntrace llular hydrogen and intra-

cellular sodium f or extracellular potassim would 

decrease. Therefore, i ntracellular sodium rises and 

intracellular pota ssium decreases. Alkalosis should 

develop because of diminished transfer of hydrogen 
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out of the cell. The hypochloremia which develops is 

explained as follows: f or each hydrogen ion which is 

retained within t he cell because of diminished transport 

one fixed cation, i.e. potassium, in excess of fixed 

anion is added to extracellular fluid. This load of 

fixed cation in excess of fixed anion is excreted b y 

the kidney along with ch loride. 

20 



VII . THE NATURE OF THE ALTERATION IN RENAL FUNCTION 
IN POTASSIID~ DEFICIENCY 

Some altera tion i n renal function in potassium 

deficiency is indicated by the failure of the kidneys 

to conserve chlor ide and to compessate for the load 

of fixed cation i n excess of fixed anion . Otherwise 

one would expect the ki dney to excrete the bicarbonate 

which is , in effect, added to extracellular fluid by 

transport of hydrogen into cells in exchange for potas

sium . This failure in renal regulation of extra

cellular composition might be explained, as Berlinerl2 

had suggested by changes in the renal tubule cells 

similar to those described for muscle cells in potas

sium deficiency. With increased hydrogen ion and sodium 

ion concentrations along with decreased potassium con

centration in the tubule cells, there might be inter

ference with the r eabsor ption of anion . 

In order to determine whether or not such changes 

are present in renal tubule cells in potassium defic

iency, Darrow, Cooke and Caville1~ undertook analyses 

of serum, muscle and kidneys of rats subjected to 

potassium deficiency . The analyses of serum and muscle 

revealed the chan~es expected in potassium deficiency 

alkalosis; those of kidney revealed statistically 

significant increase in chloride and increase in 
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phosphorous. The latter was the only change referable 

to kidney cells t hemse l ves since the method of analysis 

includes both cel ls and extracellular fluid. The 

change in chloride showed a significant direct corre

lation}, with the serum chloride. Changes in kidney 

cells analogous to those of muscle were not demon

strated. The method of analysis would probably not 

detect such changes if they occurred in a small number 

of tubule cells; but, there is no support for this 

explanation of the failure of the kidneys to restore 

extracellular composition in potassium deficiency. 

Cooke and Segar et a11i reported a remarkable 

series of experiments in 1954 which helps to clarify 

the relationship between alkalosis and potassium 

deficiency. In one experiment designed to study the 

effects of potassium intake on the metabolic response 

to loads of sodium bicarbonate it was found that, 

in the absence of potass i um deficiency, alkalosis 

did not develop in rats i n spite of daily intake of 

sodium bicarbonate greater than 10-30 mM/kg. Moreover, 

alkalosis did not develop in more than 12% of a group 

of animals receiving large loads of fixed cation 

(sodium) in excess of fixed anion (chloride) provided 

potassium intake exceeded 0.4 mEq/kg per day. In some 

groups of animals on low chloride intake alkalosis 

22 
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developed when the potassium intake was at a level which 

had been demonstrated to prevent alkalosis with higher 

chloride intakes. However, increased potassium intake 

prevented alkalosis in the presence of low chloride 

intake. The authors concluded that potassium intake 

may prevent alkalosis partly by its influence on 

chloride conservation. 

Since the electrolyte intake of these animals 

was regulated over a period of 14-21 days during which 

time the bicarbonate intake exceeded the potassium 

intake by fifteen to thirty times, it was concluded 

that the potassium excreted could not have exceeded 

3-7 per cent of the total bicarbonate and organic 

anion excreted. 

In a second experiments, the re_sponse of 

alkalotic potassium deficient rate to acute loads of 

sodium bicarbonate was studied and compared with the 

response of normal animals to a similar load. The 

normal animals showed only slight decrease in serum 

potassium and slight increase in pH; the serum bicar

bonate was 25 mEq/L and chloride was 99 mEq/L. The 

potassium deficient ani~als, who had a mild hypochlor

emic alkalosis before loading with sodium bicarbonate, 

developed severe al~alosis in which the mean pH of 
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serum was 7.70, ser um bicarbonate 42 mEq/L, and chloride 

78 mEq/L. Muscle analyses in the normal animals showed 

significant decreas es in muscle potassium and increases 

in muscle sodium a f ter l oading with sodium bicarbonate. 

The potassium defic ient animals had markedly decreased 

muscle potassium and incr eased muscle sodium before 

loading with sodiu~ bicar bonate. But, unlike the normal 

animals, there was no appreciable change in muscle 

composition after loading. 

Analyses of urinary excretions during the loading 

period showed that the normal animals excreted about 

90% of the water and about 45% of the bicarbonate 

administered. They excreted an amount of cation about 

equal to the amount administered (i.e. 15-16 mEq/Kg of 

body weight). About one-third of the cation excreted 

was potassiµm and the rest was sodium. 

In contrast, the potassium deficient rats excreted 

only about 30% of the water and 15% of the bicarbonate 

administered. The cation excretion equalled 6 mEq/kg 

of body weight of which 99% was sodium. In spite of the 

low serum chloride before loading, these animals 

excreted about four and one-half times as much chloride 

as the normal animals. 

Because the norma l animals had excreted a large 

quantity of potass ium following loading with bicarbonate 
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and because this quanti t y of potassium approximately 

equalled the calcul ated decrease in total muscle potas

sium, it was conc l uded t hat part of the muscle potas

sium constituted a reser ve of cation which is . available 

for rapid excretion. The authors believe that this 

potassium, which had previously been termed the 
8 

"labile potassium of muscle" by Miller and Barrow, 

is the 11 first line of defense against alkalosis". 

Since cation excretion is facilitated by the exchange 

of intracellular potassium for extracellular sodium 

yielding a large quantity of potassium for rapid 

excretion, a rise in serum bicar~onate is prevented. 

Also, this mechanism may prevent a fall in serum 

potassium during bicarbonate loading and thus help to 

preserve the composition of renal tubular cells. These 

mechanisms did not operate in the deficient animals 

who had lost their "labile potassium". 

Alteration i n renal tubule cell function in potas

sium deficient ani~als is indicated by the narked 

increase in chloride excr etion, probably the result of 

diminished reabsor~tion. The authors point out the 

similarity in the extrace llular electrolyte patterns 

in respiratory acidosis and potassium deficiency 

alkalos1s. Because of t he increased carbon dioxide 

tension in respira t ory a c idosis there is intracellular 
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acidosis. Increa s e in muscle cell acid had been demon

strated in potass i um deficiency. 4 It was therefore 

suggested that increased acidity of renal tubular 

cells might account for disturbance in the ratio in 

which sodium and chloride are reabsorbed from the 

tubules in potass i um deficiency. 

A third requirement involved administration of 

potassium bicarborate to rats with potassium deficiency 

and alkalosis. A gradual correction of hypochloremic 

alkalosis was observed along with rise in muscle potas

sium to low norma l levels and a fall in intracellular 

potassium. Sodium excretion increased until 12 mM/Kg 

of potassium bicarbonate had been given, and then began 

to decrease. Water excretion increased along with a 10% 

loss in body weight. Potassium excretion was low for 

the first two days of the experiment and then gradually 

increased to the level· of potassium administered. 

Ammonia excretion progressively decreased, but the pH 

and titratable acidity were relatively unchanged during 

the experiment. Balance studies showed that there was 

more potassium retained than there was sodium lost, and 

body chloride remained relatively constant. The sum 

of sodium, potassium and ammonium ions excreted was 

greater than the sum of chloride, bicarbonate and 

phosphates. This discrepancy was accounted for by an 
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increase in excretion of organic anion, part of which 

was identified as citrate. 

These results were compar.ed with the previous 

experiments4 in which potassium chloride was used to 

correct potassium deficiency alkalosis. In that case, 

correction does not appear to depend on the kidney 

primarily. But, ~hen potassium bicarbonate is used, 

three potassium ions are exchanged for two sodium and 

one hydrogen ion from cells. This would lead to an 

increase in sodium bicarbonate in extracellular fluid 

unless the kidneys excrete sodium. Therefore, the 

kidneys are involved in the correction of potassium 

deficiency alkalosis with potassium bicarbonate. 

The authors suggested that the correction of 

hypochloremia was most likely the result of reduction 

in extracellular fluid volume, since there was no 

evidencefor a transfer of chloride from cells. There 

was, in support of this concept, a variable loss of 

weight during the experiment, although transfer of water 

from extracellular space to cells may also have occurred. 

In the authors' view, these experiments demonstrate 

that the ultimate determinants of acid base balance 

in the body are the relations of the principal fixed 

cations, sodium and potassium, to the principal fixed 

anion, chloride. Thus, the correction of potassium 
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deficiency alkalosis with potassium bicarbonate in

volved a loss of sodium in excess of chloride from 

extracellular flu i d, and an overall retention of 

fixed cation in excess of fixed anion indicating that 

the alkalosis had been associated with a deficit of 

fixed cation. 

Furthermore, these experiments have indicated 

that potassium deficiency may alter the ratio at which 

sodium and chloride are reabsorbed from the renal 

tubule cells; and they indicate that the volume of 

extracellular fluid as well as its ionic composition 

may be altered in potassium deficiency. 

Black and Milne19 had found evidence of expanded 

extracellular volume in potassium deficiency in their 

experiments in human subjects. They based their con

clusions on the assumption that chloride does not 

shift from extracellular to intracellular compartments 

in short experiments and that changes in extracellular 

fluid volume will be reflected by the cumulative 

balances of chloride, sodium, potassium and water. They 

observed positive balances of sodium and chloride 

during depletion. Cooles et al suggested that this 

increase in extrace llular fluid volume might be 

accounted for by a l terati on in the ratio of sodium and 

chloride reabsorbed by the tubules with retention of 

sodium and water. 
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. The finding of increased organic anion excretion 

during administrat i on of potassium bicarbonate to 

potassium deficient rats has suggested to Cooke 

et al that organic anion may be secreted by the renal 

tubule cells in exchange for chloride from the glomerular 

filtrate. Thus, a mechanism has been proposed by which 

chloride is conserved by the kidney in defense 

against alkalosis which i s similar to the renal 

defense against ac i dosis in which sodium is conserved 

by exchange for amr.ionium ion. 
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VIII . SUMMARY 

The experimental results of a number of investi

gators have revealed a correlation between changes in 

the pH and bicarbonate concentration in extracellular 

fluid and the ionic composition of cells. In particu

ular, extracellular pH varies directly with intracellular 

sodium and inversel y with intracellular potassium. It 

has been pointed out that the development of potassium 

deficiency in metabolic alkalosis implies some alter

ation deficiency i n rena l function as does the failure 

of the kidney to compensate for the changes in extra

cellular composition in primary potassium deficiency, 

allowing alkalosis to develop . The finding that 

inhibition of the enzyme by which hydrogen ions are 

added to tubular ur ine leads to increased excretion 

of potassium has sJggested a possible explanation for 

this phenomenon . That is, hydrogen and potassium 

appear to compete for some part of the ion exchange 

mechanism by which these ions are excreted, and defic

iency of one would favor excretion of the other. 

Further experiments have demonstrated correction 

of alkalosis associated with potassium deficiency 

which involved interchange of ions between extracellular 

fluid and intracellular fluid outside of the kidney . It 

is inferred that the reverse of these changes takes 
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place in the development of potassium deficiency alka

losis. Specifically, three potassium ions from cells 

are exchanged for two sodium and one hydrogen ion from 

extracellular fluid. The result is the same as if 

potassium bicarbonate were added to extracellular 

fluid. It has been suggested that this interchange of 

ions between the extracellular and intracellular com

partments is an eouilibrium reaction and therefore 

conforms to the "law of mass action". 

Alteration in the composition of renal tubule 

cells similar to those described for muscle cells in 

potassium deficiency would possibly explain the failure 

of the kidneys to compensate for the load of fixed 

cation in excess of fixed anion imposed by the above 

mechanism. Such changes have not been -demonstrated. 

Further work by Cooke et a118 was suggested that 

potassium deficiency may alter the ratio at which 

sodium and chloride are reabsorbed by the renal tubules. 

This alteration may explain the persistence of alka

losis in potassium deficiency. Evidence is presented 

which would indicate that organic anion secreted by the 

renal tubules may participate in the mechanism by 

which potassium maintains the normal ratio of sodium 

to chloride in the reabsorbate. 

31 



IX. CONCLUSION 

One concept which has been accented by the exper

iments reviewed in this paper is that, in the presence 

of an intact respiratory apparatus, the ultimate deter

minants of acid-base equilibrium in the body are the 

balances of the principal fixed cations in relation 

to the principal fixed anions . Cooke and his assoc

iates14 have demonstrated that animals having alka

losis with potassium deficiency have a deficit of fixed 

cation in excess of fixed anions . To account for this 

observation they have suggested that of three potassium 

ions leaving the cell, one is exchanged for a hydrogen 

ion from extracellular fluid and the remainder are 

exchanged for sodium. 

Black and Milne19 have contested this quantitative 

relationship suggesting that a smaller number of hydro

gen ions entering the cell would lower pH enough to 

alter the valence of intracellular anions such that 

electrical neutrality would be maintained in the 

presence of fewer cations. But, Cooke points out 

hydrogen ions entering the cell would combine with 

anions to form poorly dissociated acids altering "base

binding capacity" without decreasing the number of 

cations entering the cell. It would seem that the 

latter is the more correct interpretation . 
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A rather elaborate, noumenal explanation of acid

base equilibria in terms of the Law of Mass Action 

has been proposed by Cooke and Segar~6 While much 

of this is lacking in experimental verification, it 

is worth considering as a "working hypothesis". 

Nevertheless, ionic interchanges between extracellular 

fluid and intracellular fluid do not explain the per

sistence of alkalosis in potassium deficiency, i.e. 

the failure of the kidney to compensate for the load 

of fixed cation in excess of fixed anion. 

An attractive hypothesis was suggested by the 

demonstration of increased potassium excretion during 

inhibition of carbonic anhydrase with diamox (No. 

6063). As Berliner12 proposed, a competition between 

potassium and hydrogen ions for exchange with sodium 

in the renal tubules would seem to explain the develop

ment of alkalosis in potassium deficiency as well as 

the loss of potassium in alkalosis. Further evidence 

in support of such a competitive relationship has been 

offered by Fuller et a1. 13 

While one cannot deny that potassium and hydrogen 

may compete for exchange with sodium, it may be doubted 

that such a mechani sm explains the phenomena observed. 

Berliner's proposa l requires the assumption that changes 

in the renal tubule cells parallel to those observed 

33 



in muscle cells occur in potassium deficiency and 

alkalosis. Darro~ et a112 did not demonstrate such 

changes in their analysis of kidney composition in 

rats with alkalosis and potassium deficiency. However, 

as has been stated before, the analysis of the organ 

as a whole would rot be sensitive enough to detect 

such changes if they were confined to a fraction of 

the tubule cells themselves . 

More sensitive, although rather indirect, are the 

findings of Cooke et a118 in their long term experi

ments delineating the effects of potassium intake on 

the metabolic response to bicarbonate loading. While 

neither renal excretion of potassium, nor tubule cell 

composition, were measured in these experiments, the 

overall balance of what was taken in and what remained 

in the animals as inferred from analysis of muscle and 

serum, indicated that potassium excretion had been 

relatively slight as compared with bicarbonate and 

organic anion excretion. The authors considered this 

as evidence that t~e substitution of potassium in 

place of hydrogen in the tubule cell was of little 

quantitative significance. 

The fact remains that there does appear to be 

some alteration in renal function in potassium defic

iency. The experiments reported by Cooke et a114, l8 
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suggested that pot assium deficiency may alter the ratio 

at which sodium and chloride are reabsorbed by the 

tubule cells leadi ng to hypochloremic alkalosis. The 

authors pointed out the similarity between potassium 

deficiency alkalos is and respiratory acidosis in that 

the ratio of sodium to chloride reabsorbed is altered 

in both. There i s an intracellular acidosis in 

respiratory acidosis. In potassium deficiency the 

acidity of muscle cells is increased. 14 Possibly, 

then, the pH of the renal tubule cells may control the 

ratio at which sodium and chloride are reabsorbed. 

This hypothesis aleo lacks experimental verifi

cation, and does not indicate the mechanism involved. 

The finding of increased excretion of organic anion 

during recovery from potassium deficiency alkalosis 

with administration of potassium bicarbonate is 

extremely provocative. s the authors point out, the 

exact nature of this organic anion is now known and 

further work will be necessary to determine whether it 

actually comes from the renal tubule cells themselves. 

Nevertheless, it is plausible to consider that ex

cretion of organic anions in the presence of adequate 

potassium content may be a mechanism by which chloride 

is conserved in the renal defense against alkalosis. 

Cooke18 drew attention to a variability in 
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response to a given dose of sodium bicarbonate between 

normal animals and thos e su:ft'ering from potassium 

deficiency. He points out that the administration of 

bicarbonate soluti ons t o patients according to empiracle 

formulae in the absence of any indication of intra

cellular compos i t i on is grossly inaccurate. It is 

suggested that cautious administration of small amounts 

of these solutions and observation of the effects on 

serum composition would be more accurate and certainly 

safer. 

No attempt has been made to discuss clinical 

conditions such as diabetic acidosis in which potas

sium metabolism 1s altered by specific metabolic 

defects. Rather, t his paper is a review of the basic 

role of potassium i n the mechanisms of acide-base 

balance. 

Note: The writer is indebted to Dr. Herbert P. Jacobi 

for his guidance and assistance in the preparation of 

this paper. 
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