View metadata, citation and similar papers at core.ac.uk

Kidney International, Vol. 11 (1977), pp. 433—442

-
brought to you by .{ CORE

provided by Elsevier - Publisher Connector

Potassium and intracellular pH

SHELDON ADLER and DONALD S. FRALEY

Department of Medicine, University of Pittsburgh School of Medicine and Montefiore Hospital,

Pittsburgh, Pennsylvania

Potassium and acid-base balance have long been
known to be interrelated. Studies have shown, for
example, that a reduction in body potassium stores
often induces a sustained metabolic alkalosis [1, 2],
while acute administration of either potassium or
rubidium chloride results in a rapid fall in blood pH
and blood bicarbonate concentration [3]. The vast
majority of metabolic reactions, however, occur
intracellularly, so the effect of changes in potassium
balance on cellular acidity potentially have even
greater physiologic significance. Most experiments
dealing with this topic suggest that potassium balance
does indeed influence cellular acid-base conditions.
The present paper will review the information avail-
able concerning the relationship between potassium
and cell pH and indicate those areas in which the data
are incomplete or the results ambigious. As much
work in this field is dependent on the accurate mea-
surement of cell pH, it is necessary to examine briefly
the practical and theoretical limitations of the meth-
ods employed to determine this quantity.

Measurements of cell pH

All methods for the measurement of cell pH suffer
certain basic theoretical problems which make inter-
pretation of results difficult. A major difficulty is the
definition of the entity entitled *“cell pH.” It is appar-
ent that the cell is nonhomogeneous with respect to
pH, being composed of many areas of varying pH.
Thus, cytoplasmic pH differs from the pH within
organelles such as mitochondria [4]. Also, there are
pH differences which occur across the surface of pro-
tein molecules [5]. The value called cell pH, therefore,
is either some mathematical mean relating each of
these pH areas or is a measurement of a single por-
tion of the cell. The term pH heterogeneity has been
coined to denote this problem [6]. It follows that cell
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pH measurements may vary according to the method
used since different quantities will be measured. Fur-
thermore, the relationship between cell pH and meta-
bolism is often difficult to ascertain, as the change in
overall or mean cell pH may not reflect a change of
pH in the area of the cell wherein the reaction takes
place.

Another major problem with cell pH measure-
ments relates to the effect of the method of measure-
ment upon the cell pH itself. Electrodes, for example,
may induce cellular injury and aiter the pH, while
weak acids or bases used for the calculation of cell
pH may influence cellular metabolism and intra-
cellular acidity. Other measures suffer from similar
limitiations. These difficulties are enhanced by the
ability of cells rapidly to produce or consume protons
in response to changes induced by the measurement.
Not only are these changes rapid, but they may occur
in one particular portion of the cell, thereby gener-
ating local areas of relative acidity or alkalinity. With
these general considerations in mind, the seven meth-
ods currently employed to measure cell pH will be
examined individually and the theoretical limitations
of the most widely used methods detailed.

Cytoplasmic sampling. This method involves direct
removal of cytoplasmic fluid by micropipette and
measurement of the fluid by standard methods. It is
useful only for large cells such as the giant barnacle
[7] and has not been employed to any significant
extent in mammalian tissue.

Colored indicators. Indicators such as bromthymol
blue have been used to measure the pH of the muscle
of the giant barnacle and roughly to estimate changes
in mitochondrial pH [8]. Injection of this dye into
frogs in vivo, excision of the semitendinosus muscle
followed by incubation and examination of the
muscle in vitro has also been performed [9]. This
method, however, can only detect gross changes and
has not been used to study mammalian tissues to any
significant extent.
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Cell lysis. This is a limited method, useful only in
non-nucleated red blood cells. Lysis is accomplished
by successive freezing and thawing, followed by mea-
surement of the pH of the lysate by a pH-sensitive
glass electrode. As this method has not been used to
measure cell pH in abnormal potassium states, fur-
ther discussion is not necessary.

Nuclear magnetic resonance. Although this method
may be employed to advantage in the future, at the
present time it has only been used to measure the pH
of red blood cells [10]. A host of technical problems
preclude its use in other mammalian tissues, so no
work on cell pH and potassium metabolism has been
performed utilizing this technique.

Mass action method. In this method intracellular
pH is calculated from the measured quantities of an
intracellular reaction in which one of the reactants is
the hydrogen ion. There are theoretical as well as
practical limitions to this method. The mass action
constant under cellular conditions must be assumed,
and the reactants must truly be intracellular. This
method appears to hold some promise in the future,
but as has been the case with the preceding four
methods, it has not been extensively used in mamma-
lian tissues [11].

Microelectrode method. This is one of the two most
widely used methods for measuring the intracellular
pH of mammalian tissues. Indeed, it frequently serves
as a reference to check the validity of other methods.
The type of electrodes used include pH-sensitive glass
electrodes [12], antimony electrodes [13], and bi-
carbonate-selective electrodes [14]. Technical prob-
lems arise due to the necessity of having adequate
insulation of the electrode above the pH-sensitive tip.
Should any part of the uninsulated measuring por-
tion lic outside the cell, the pH measured will reflect
changes both in extracellular pH and in the mem-
brane potential [15]. Insertion of the electrode may
also damage the tissue, giving rise to an injury current
or to changes in metabolic reactions which produce
or consume proteins. An example of the latter is the
synthesis of adenosine triphosphate from adenosine
diphosphate. Most important, the electrode measures
the pH within only a single portion of the cell. As
there is significant cell pH heterogeneity, the quantity
being measured by the electrode is often difficult to
evaluate. This problem has been examined critically
in two recent reviews [7, 11].

Weak acid or weak base distribution method. This is
the most extensively used method for measuring cell
pH in mammalian tissue and is the one which has
been employed in the majority of studies of cell pH in
abnormal potassium states. The theory involved in
this method has been well described [11, 16]. Briefly,

it depends upon the observed fact that a weak acid
will accumulate within areas of alkalinity, while a
weak base will accumulate in those areas which are
acidic. This depends upon the greater permeability of
the unionized species of the conjugate acid-base pair
and its greater ability to move across membranes
relative to the movement of the ionized portion of
the conjugate pair. The two weak acids commonly
employed are carbonic acid (total carbon dioxide
or carbon dioxide/bicarbonate system) and 5.5-
dimethyl-2.4-oxazolidinedione (DMO). Weak bases
used have included ammonia and nicotine. Problems
occurring with this method include high permeability
of the cell membrane to the ionized species (poor
selectivity), the assumption that the dissociation con-
stant of the acid or base is the same in the intra-
cellular and extraceliular compartments, protein
binding of the marker, metabolic conversion of the
acid or base, active transport of these compounds,
and difficulties in accurately measuring the extra-
cellular space. Even when these problems are over-
come, the value determined by the method is not a
true mean pH. Rather, it represents an algebraic sum
of the different areas of pH within the cell [16, 17].
Indeed, measurement of muscle cell pH simultane-
ously using either a weak acid method (DMO) or a
weak base method (nicotine) revealed marked differ-
ences in the calculated overall cell pH value [6].
Nevertheless, this method does appear to be reliable
for the study of cell pH in mammalian tissue so long
as the problems inherent in it are considered and dealt
with. The method is especially useful in showing the
direction of overall change of cell pH when per-
turbations are applied to a single system. Thus, the
cell pH of a tissue may be measured in the normal
state and this value compared to one obtained in an
abnormal state, such as hypo- or hyperkalemia. Un-
fortunately, the method is difficult to apply to a heter-
ogeneous tissue such as kidney which actively trans-
ports and accumulates weak acids and bases. The
majority of studies have, therefore, dealt primarily
with skeletal muscle, or less frequently studies have
been performed in cardiac muscle, liver, or renal
tubules.

Relationship between intracellular pH and potassium
distribution within the body

It has long been appreciated that the concentration
of cellular potassium is somehow dependent upon
and related to the level of intracellular acidity. This
belief stems from the experiments of Fenn and Cobb
[18], who reported in 1934 that when the pH of a
saline bathing medium was lowered by raising the
carbon dioxide tension of the system, potassium
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moved from the skeletal muscle into the medium,
When the experiment was repeated using blood in-
stead of saline as the bathing medium, however, po-
tassium was found to move in the opposite direction,
i.e., from the medium into the tissue. The authors
postulated that as muscle tissue is better buffered
than saline but less buffered than blood, lowering the
pH of the saline solution resulted in a smaller fall in
intracellular pH relative to the bathing medium,
while the converse occurred when blood was used to
incubate the tissue. This gave rise to the concept that
some mechanism exists, possibly a Donnan equilib-
rium, maintaining rough equality between intra-
cellular and extracellular hydrogen ion and potas-
sium ion ratios [17]. According to this hypothesis, if
the hydrogen ion activity of the extracellular fluid
(H*gxr) increased to a greater extent than intra-
cellular hydrogen ion activity (H*xp), the fall in
the H* y+/H* gxr ratio would be reflected by arise in
extracellular potassium (K *gxr) and a decrease in the
K*int/K Texr ratio. Data supporting this suggestion
were subsequently obtained in both dog and man,
showing that a decrease in extracellular pH raised the
plasma potassium concentration [19, 20). In one large
study in man, extracellular potassium was higher in
metabolic acidosis than in respiratory acidosis [21], a
result predicted by this hypothesis since most experi-
ments have shown a greater decrease of cell pH in
respiratory than in metabolic acidosis [17]. This
should result in a greater decrease in the
H"nr/H exr ratio in metabolic acidosis than in
equal degrees of respiratory acidosis. In none of the
foregoing experiments, however, was cell pH deter-
mined. Brown and Goott [22], using the DMO tech-
nique, directly calculated the H" np/H uxy ratio in
dog skeletal muscle under a variety of external acid-
base conditions. They showed that in almost all in-
stances a decrease in this ratio (acidosis) was accom-
panied by a rise in plasma potassium concentration,
while an increase in the ratio (alkalosis) resulted in a
decrease in plasma potassium concentration. These
changes were only directionally but not quan-
titatively valid, and experiments with Tris buffer gave
conflicting results. In 1969 Waddell and Bates [17]
reviewed the data then available in rat, cat, dog, and
man concerning the relationship of cell pH to potas-
sium distribution across the skeletal muscle mem-
brane. All studies utilized either the carbon dioxide
or DMO weak acid distribution methods. They dem-
onstrated a linear relationship between the logarith-
mic change in the intracellular to extracellular potas-
sium concentration and the intracellular to
extracellular pH gradient. A similar relationship was
demonstrable for sodium distribution, suggesting

that common factors are responsible for determining
changes in the ratios of these three ions. Since the
change in the concentration gradient of sodium was
five times larger than the alterations in potassium
and hydrogen ions, the authors felt this suggested
intracellular binding of the sodium ions. No specific
data relating to this point, however, were presented.
It is also important to remember that measurement of
intracellular sodium is prone to a great deal of error
because of its primary extracellular location.
Although a relationship between the H* ;yr/H  gxr
and K nr/K ' exr ratios seems definitely to exist, it is
by no means a constant one, and the exact relation-
ship between cell pH and transcellular potassium dis-
tribution appears to be extremely complex. This con-
clusion follows from a number of factors. First, when
the data described in the preceding section are closely
examined, they exhibit a great deal of scatter. In rats,
for example, a 0.15 change in the logarithmic K*yr
ratio occurs over a pH gradient change ranging all
the way from 0.10 to 0.50 [17]. Similarly, there is
much scatter in the data obtained from dogs. In-
suflicient data are available from either cat or man to
ascertain their degree of reproducibility. Second, as
has already been discussed, the measurement of cell
pH at the present time has many theoretical limita-
tions, and the effect of cell pH heterogeneity is impos-
sible to ascertain. Third, there are dramatic differ-
ences between individual tissues. Thus, in prolonged
respiratory acidosis, potassium moves into cardiac
tissue [23] at the same time that it moves out of
skeletal muscle [24]. Yet, most data indicate that the
pH of cardiac muscle decreases in respiratory acid-
osis in a fashion similar to skeletal muscle [25] so that
the cardiac H™ \nr/H T exr ratio falls. This should lead
to an effiux of potassium from cardiac tissue if cellu-
lar potassium concentration was solely determined by
ionic ratios and/or passive Donnan forces. The con-
verse has also been shown, so that restoration of
normal acid-base conditions after prolonged respi-
ratory acidosis causes potassium to move in opposite
directions in skeletal and cardiac muscle [24, 26].
Fourth, recent data are now available demonstrating
that potassium distribution across the skeletal muscle
membrane can be dissociated from the HY jnr/H gxr
ratio. Kim and Brown [27], using the DMO tech-
nique, studied this problem in nephrectomized dogs
and showed that volume expansion in these animals,
induced by saline or mannitol infusion at a constant
extracellular pH, raised the external potassium con-
centration despite constancy of the pH gradient.
The earlier work of some investigators [28, 29]
suggested that alterations in potassium movement
produced by changes in acid-base balance of respi-
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ratory origin correlate more closely with the pH
change than those produced by metabolic alterations.
This would now appear to be at least partially ex-
plained by several alterations which are independent
of the changes in acidity, produced experimentally by
the infusion of acid or alkaline solutions. These
“metabolic™ alterations include an increase in extra-
cellular fluid volume, a dilution-produced decrease in
the concentration of extracellular electrolytes, or
even hemodilution itself [27]. Other investigators [30,
31] have shown that extracellular potassium concen-
tration is increased after the infusion of saline solu-
tions. This had been attributed to the acidosis result-
ing from the dilution of extracellular bicarbonate
occurring without a corresponding fall in carbon
dioxide tension. Examining this point specifically
Makoff, da Silva, and Rosenbaum [32] demonstrated
that during volume expansion by hypertonic infusion
of sodium chloride or mannitol, extracellular pH falls
while intracellular pH rises. Thus, whole body in-
tracellular pH (in essence, skeletal muscle pH) in-
crcased by 0.25 pH units at a time when plasma
osmolarity had risen between 40 and 80 mosmoles/kg
of water. By adding variable amounts of sodium bi-
carbonate to regulate changes in extracellular pH,
these investigators were able to demonstrate that the
resulting degree of hyperkalemia correlated inversely
with the fall in extracellular pH produced by the
infusion. As intracellular pH always rose, the
H* (n/H' gxr ratio fell in each of the experiments.
Yet, in ten of the fourteen studies, the K* \yrv/K gxr
ratio increased, clearly showing that changes in these
two ionic ratios may be dissociated. In contrast,
Irvine and Dow had [33] observed a negative ex-
ponential relationship between the intracellular pH
of skeletal muscle and plasma potassium in ne-
phrectomized rats made acidotic with ammonium
chloride and a direct linear relationship between hy-
drogen and potassium ion gradients. Adler [34], how-
ever, utilizing an in vitro intact rat diaphragm muscle
preparation and measuring cell pH from both weak
acid (DMO) and weak base (nicotine) distributions,
was able to dissociate the hydrogen ion and potas-
sium ion ratios, Potassium ion ratios were altered by
acutely depleting the diaphragms of potassium in
vitro by incubation in a zero potassium medium.
Although the K' nt/K gxr ratio increased tenfold
from 30 to 300, muscle cell pH was unaffected if
external pH was maintained constant at 7.40.

The simplest explanation at this time for the com-
monly observed association of hyperkalemia and ex-
tracellular acidosis appears to be that the ratios of
K*inr/K exr and H xr/H exr do indeed change
concomitantly in this condition. The rise in extra-

cellular hydrogen ion activity is accompanied by a
smaller but proportional rise in intracellular hydro-
gen ion activity and a fall in the hydrogen ion ratio.
Decreased cell pH would then lead to a decrease in
the ionization of weak anionic groups within the cell
followed by the extrusion of potassium secondary to
the charge imbalance. Active transport of hydrogen
ions, bicarbonate ions, or potassium ions, however,
could upset this simple balance. Thus, entry of bi-
carbonate into the cell could reduce the extrusion of
cell potassium. Recent experiments [35] showing that
under external isohydric conditions potassium moves
from the cells into the extracellular compartment in
either hypokalemic, normokalemic, or hyperkalemic
rats when external bicarbonate concentration is
lowered support this possibility. Interestingly, these
investigators were able to show that when bicarbo-
nate concentration was raised, potassium did indeed
enter the cells. It seems fair to conclude at this time
that intracellular pH is one of the important determi-
nants of cellular potassium concentration, but the
precise relationship between these two entities 1s not a
simple linear or logarithmic one. Better methods for
the measurement of cell pH and free intracellular
potassium and sodium are clearly necessary.

Effect of potassium depletion upon intracellular pH

The extracellular metabolic alkalosis which accom-
panies potassium depletion has been widely in-
vestigated over the past two decades. It has variously
been attributed to chloride depletion [36, 37], altered
intracellular pH [38], contraction of the extracellular
space [39], or some combination of these various
factors. It appears now that chloride depletion is
principally responsible for the vast majority of clini-
cally occurring metabolic alkaloses not associated
with steroid excess [40, 41]. In addition to the
changes in extracellular acid-base balance, it is appar-
ent that cellular pH is also altered in this state. Skel-
ctal muscle, being both the largest readily available
body buffer pool and the tissue in which pH may
most easily be measured, has been most extensively
studied. Early experiments by Cooke et al [1] demon-
strated that in potassium deficient rats the gain of
potassium by the skeletal muscle during potassium
repletion was greater than the loss of sodium. They
postulated that hydrogen ions must have been ex-
changed to preserve electroneutrality and that in po-
tassium depletion hydrogen ions move from the ex-
tracellular compartment into the muscle, while
during potassium repletion these hydrogen ions leave
the cell and return to the extracellular compartment.
They postulated that cell pH must, therefore, be re-
duced in the potassium-depleted state. This con-
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clusion does not, however, follow from their experi-
mental data. Basic amino acids such as lysine, for
example, have been shown to accumulate in rat skel-
etal muscle during potassium depletion [42] and
could account for the measured cationic imbalance.
Furthermore, alterations in the cellular binding of
sodium and potassium, alterations in the amount and
type of intracellular phosphates, or changes in the
cellular production or consumption of organic acids
accompanying the potassium-depleted state could ex-
plain the results of Cooke et al in the absence of a
change in cell pH. Indeed, direct glass electrode mea-
surement of the pH of muscle homogenates obtained
from potassium-deficient rats showed only a small
reduction in pH [43]. Subsequent work, however, has
confirmed the original hypothesis of Cooke et al that
muscle cell pH is decreased in potassium depletion.
Direct measurement of skeletal muscle pH in vivo in
potassium-depleted rats, using the tissue carbon diox-
ide method [44], the DMO method [38], or by direct
measurement of cellular bicarbonate concentration
using an ion selective microelectrode [14], have each
shown intracellular acidosis in this condition. The
change in skeletal muscle cell pH in potassium deple-
tion is not restricted to rats, but the results in other
species are less convincing. Wilson and Simmons
[45], using the DMO method, measured skeletal
muscle pH in potassium chloride-depleted dogs and
found it to be reduced. In contrast to other in-
vestigators who had found a fall in the sum of intra-
cellular sodium and potassium in potassium-de-
pleted rats [46], Wilson and Simmons showed an
increase in this sum in their potassium-depleted dogs.
Since extracellular sodium concentration fell in all
their experiments, they suggested that the apparent
osmotic and electrical imbalance caused by the oppo-
site movements of the extracellular and intracellular
cations was best accounted for by conformational
changes in intracellular proteins and the appearance
of new anionic sites or, alternatively, by the binding
of intracellular sodium or potassium. It is important
to recognize, however, that despite the apparent fact
that in potassium depletion the sum of intracellular
sodium and potassium increased in this experiment in
the dog while it decreased in the rat, in both species
skeletal muscle cell pH seems to be decreased. Gran-
tham and Schloerb [47], using the *C-DMO method,
also found a decrease in the muscle cell pH of potas-
sium-depleted dogs. Conflicting data in the dog, how-
ever, have been reported by Burnell and Dawborn
[48]. Using the DMO technique, they were unable to
measure any fall in muscle cell pH in either potassium
chloride or purely potassium-depleted dogs. Con-
sonant with other data [47], they did show a decrease

in the buffering capacity of the potassium-depleted
muscle. At present there is no explanation for these
disparate results in the dogs. In addition to rat and
dog, it has also been shown that rabbit skeletal
muscle pH is decreased in potassium depletion [49].
In almost all of the experiments cited, potassium
depletion was accompanied by chloride depletion, so
the effect of pure potassium deficiency was not deter-
mined. Wilson and Simmons [45], however, restored
the chloride deficit and observed that although extra-
cellular alkalosis was eliminated the intracellular
acidosis remained. They felt that intracellular acid-
osis was specifically related to potassium deficiency
rather than the accompanying chloride depletion.
This will be discussed in more detail subsequently in
this article.

In contrast to the in vivo studies in rats, initial in
vitro work did not confirm that muscle cell pH was
altered in potassium depletion. In addition to the
muscle homogenate measurements already alluded
to, Miller, Tyson, and Relman [50], using both the
tissue carbon dioxide and DMO methods, measured
the pH of isolated resting diaphragm muscle depleted
of potassium in vitro and were unable to show any
reduction in pH. The apparent conflict between the in
vivo and in vitro data seems to have been resolved by
some recent work of Adler, Zett, and Anderson [38].
These investigators, also employing the isolated rest-
ing diaphragm muscle model, measured cell pH dur-
ing in vitro potassium depletion using the distribution
of either “C-DMO or ™C-nicotine and compared
their results to data obtained in non-potassium-de-
pleted diaphragms. Figure 1 depicts their results
when extracellular pH was varied by altering the
carbon dioxide tension of the medium. 1t can be seen
that at an external pH value of approximately 7.40
the intracellular pH of potassium-depleted tissue was
only slightly lower than that of non-depleted muscle.
However, at alkaline and especially acid external pH
values, muscle cell pH in the potassium-depleted dia-
phragms was significantly lower than in the non-
potassium-depleted tissue. Similar results were shown
by these investigators when medium pH was altered
by changing the external bicarbonate concentration.
The authors concluded that these data helped toward
resolving the apparent contradiction between the in
vitro and in vivo results. Others have pointed out that
potassium depletion in vivo is usually associated with
an elevated carbon dioxide tension [51, 52], a situa-
tion in which muscle cell pH is lower during potas-
sium depletion [53]. Indeed, in the in vivo experi-
ments in which the carbon dioxide titration curve in
potassium depletion was compared to normal, buffer
capacity was found to be reduced in the former state
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[51, 52]. When carbon dioxide tension and external
pH approach 40 mm Hg and 7.40, respectively, in
vitro, then cell pH in potassium-depleted and non-
potassium-depleted tissue becomes similar—a result
consistent with only small changes in cell pH potas-
sium depletion at ““normal” carbon dioxide tensions.
Since Miller, Tyson, and Relman [50] performed
their experiments at a single external pH value of 7.40
mm Hg, this probably explains why they were unable
to measure any change in muscle cell pH. Regardiess
of the exact cell pH value, it seems certain that skel-
etal muscle buffering capacity is reduced both in
vitro and in vivo in the potassium-depleted state and
that addition of acid to such tissue or to the animal
could result in a severe reduction in intracellular pH
with possibly severe metabolic consequences.

The effect of potassium depletion upon the pH of
other tissues has been less thoroughly investigated.
Cardiac muscle, especially the left ventricle, is much
better buffered than is skeletal muscie [49]. Larson
and Burnell showed that potassium depletion in dogs
led to a reduction in the potential buffering capacity
of both skeletal and cardiac muscle. Hall and Cam-
eron measured the cell pH of heart and skeletal
muscle in potassium-depleted rabbits [49]. Although
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Fig. 1. Effect of potassium depletion on cell pH compared to that of

nonpotassium-depleted tissue as a function of varying extracellular
pi by alterations in bath carbon dioxide tension at a constant
hicarbonate concentration. The solid lines indicate the relationship
previously reported for nonpotassium-depleted tissue at the same
fixed bicarbonate concentration. Points are the values obtained in
the present study with potassium-depleted tissue, and each is the
mean + SD of six analyses (from Adler, Zett, and Anderson [38]
with permission of the authors).

they found a sharp decrease in skeletal muscle potas-
sium and pH, they could demonstrate neither
changes in potassium nor pH of the left ventricular
muscle. Atrial and right ventricular muscle potassium
decreased, but intracellular pH did not change. They
felt this was due to the greater buffering capacity of
cardiac muscle as compared to skeletal muscle. Renal
tubular cell pH in potassium depletion has been mea-
sured in vitro by a single group of investigators [54].
They were unable to demonstrate any change in this
value either during in vitro potassium depletion or
after potassium repletion. The renal metabolic
changes which occur in the potassium-depleted state
and which have been attributed by some authors to
changes in cell pH will be discussed in a later section
of this paper. It should be noted that changes in renal
potassium content and liver potassium content in
potassium depletion are much less marked than in
skeletal muscle [55]. Whether this would predict dif-
ferences in the acid-base behavior of these tissues in
the potassium-depleted state is at this time impossible
to state.

Separate roles of chloride and potassium upon
intracellular pH

Atkins and Schwartz [40] and Kassirer and
Schwartz [41] demonstrated that the administration
of chloride in many potassium chloride deficient
metabolic alkaloses either partially or completely re-
turns extracellular pH and bicarbonate concentra-
tions to normal, despite the presence of continued
potassium deficiency. These studies emphasize the
primary role of chloride for restoration of normal
extracellular acid-base conditions in hypokalemic
states. It seems clear that the majority of clinically
occurring metabolic alkaloses are chloride-respon-
sive. Indeed, Burnell, Teubner, and Simpson [56]
have demonstrated mild metabolic acidosis in dogs
made potassium but not chloride deficient. It has
been known for many years from the work of other
investigators {57-59], however, that there are cases of
saline-resistant hypokalemic metabolic alkalosis,
particularly in hyperadrenal conditions. Recently,
Garella, Chazan, and Cohen [60] described a group
of severely potassium-depleted patients whose meta-
bolic alkaloses were not correctable by saline and
who continued to lose chloride in the urine. The
alkalosis persisted until large amounts of potassium
had been replaced. Thus, there are both patients and
animals in whom normal extracellular acid-base con-
ditions can only be restored by administration of
both potassium and chloride tons, indicating that
both are involved in the maintenance of the extra-



Potassium and intracellular pH 439

cellular metabolic alkalosis found in potassium
deficiency. It has been theorized, therefore, that
each ion affects acid-base balance differently. Chlo-
ride presumably exerts its major effect through in-
creasing extracellular volume [39], thereby decreas-
ing renal hydrogen ion excretion. Although little data
are available on the effect of pure chloride deficiency
on cell pH, Khuri et al [14] measured muscle pH in
chronically chloride-depleted rats. The rats exhibited
a mild metabolic alkalosis, but muscle cell pH and
bicarbonate concentration were normal, implying
that chloride ions per se have no direct effect on cell
pH.

Potassium depletion purportedly reduces tissue
buffer capacity and increases intracellular acidity.
The evidence for this latter hypothesis is suggestive
but not definitive. In severely potassium and chioride
deficient rats, correction solely of the chloride deficit
may only partially correct the extracellular alkalosis
[59, 61] induced by DOCA and low potassium inges-
tion. Rats with pure potassium deficiency, induced by
feeding a low potassium, normal chloride diet, ex-
hibit an extracellular alkalosis and a simultaneous
decrease in muscle cell pH as measured from the
distribution of DMO [55]. In dogs, one investigator
induced both potassium and chloride deficiency and
found an extracellular alkalosis and a reduction in
skeletal muscle pH [45]. When chloride was given to
these dogs, the extracellular alkalosis was corrected,
but the intracellular acidosis was unaffected. Adler,
Zett, and Anderson [55] showed that repletion of
chloride ions by administration of sodium chloride to
potassium- and chloride-depleted rats partially re-
duced elevated extracellular bicarbonate levels, but
urinary ammonia excretion increased and urinary cit-
rate excretion decreased, a result normally seen in
acidosis. The authors postulated a further decrease in
an already reduced renal tubular cell pH, but mea-
surements of muscle or renal tubular cell pH were not
made. [n vitro, acute potassium depletion of rat
mucle with adequate chloride in the bathing medium
also reveals an intracellular acidosis and reduced tis-
sue buffering capacity [38]. In contrast to these find-
ings, Burnell and Dawborn [48] were able to restore
both extracellular and intracellular acid-base condi-
tions to normal with chloride given to potassium and
chloride deficient dogs. Also, Sansalone and Munt-
wyler [46] were unable to relate the degree of in-
tracellular acidosis to the degree of potassium deple-
tion within skeletal muscle. The rats they studied,
however, were protein deficient, and it is difficult to
extrapolate from their data to the nonprotein
deficient state. Thus, most results reported do in-
dicate that potassium deficiency, even in the absence

of a chloride deficit, does cause an intracellular acid-
osis in rats, but the extent of the acidosis is difficult to
ascertain. The data in dogs are less convincing, but
decreased potassium does seem to reduce tissue buf-
fering capacity.

The relationship between hyperkalemia and intracellular pH

Since hypokalemia seems to lower muscle cell pH
both in vivo and in vitro, investigations have been
performed to determine whether raising extracellular
potassium concentration also affects skeletal muscle
acidity. Early work utilizing acute hyperkalemic
models demonstrated that when potassium or rubid-
ium chloride was given acutely to normal or potas-
sium deficient animals, extracellular bicarbonate was
reduced producing a metabolic acidosis [1, 62]. Sub-
sequent experiments [63] showed that the acute ad-
ministration of either potassium or rubidium chloride
to normal rats caused metabolic acidosis and a simul-
taneous transient alkalosis in skeletal muscle, as de-
termined by the tissue carbon dioxide method. The
authors postulated that the administered cations were
exchanged for intracellular hydrogen ions, there-
by explaining the simultaneous appearance of an
extracellular acidosis and an intracellular alkalosis.
Muscle cell pH returned to normal by six hours after
the acute administration of either cation. Burnell and
Dawborn [48] were unable to demonstrate a reduc-
tion in skeletal muscle pH in their potassium- and
chloride-depleted dogs. Nevertheless, they found that
skeletal muscle pH rose from 6.87 to 7.00 when these
depleted dogs were given potassium chloride acutely.
Potassium chloride-depleted rats, given either potas-
sium chloride or rubidium chloride, also acutely
show a rise in muscle cell pH [63]. Dua et al [64]
administered potassium chloride i.v. to normal dogs.
These animals developed an extracellular acidosis, an
intracellular alkalosis, and a paradoxical bicarbonate
diuresis. Although tissue potassium was not mea-
sured in this study, the percent increase in tissue
potassium concentration must certainly have been
less than the increase in extracellular potassium con-
centration. The intracellular to extracellular ratio of
these two ions would, therefore, have fallen as did the
intracellular to extracellular hydrogen ion ratio.
Whether these two changes are causally related can-
not be determined from the data presented. In vitro
data support the results found in vive. Intact rat
diaphragms, either potassium-depleted or non-
potassium-depleted, when incubated in a bathing me-
dium containing an elevated potassium concentra-
tion, show an increase in cell pH, as measured by
either the DMO or tissue carbon dioxide methods
[50]. No data are available showing the effect of
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chronic hyperkalemia on cell pH. Chronic potas-
sium-loading in rats was performed by Khuri, Agu-
lian, and Bogharian [14]. Unfortunately, no values
for serum potassium concentration were given. In
addition, the rats exhibited not a metabolic but a
respiratory acidosis. Measurement of muscle cell pH
by an ion-specific bicarbonate microelectrode in these
chronic potassium-loaded rats did reveal an increase
in intracellular bicarbonate concentration, but cell
pH was normal, presumably due to the elevated car-
bon dioxide tension. Since elevated carbon dioxide
tension alone [65] raises the cellular bicarbonate con-
centration, it is impossible to relate the alteration in
cell bicarbonate to the chronic potassium-loading.

The data available on the effect of in vivo potas-
sium depletion and acute hyperkalemia upon skeletal
muscle pH are summarized in Figure 2. It is obvious
that there is a complete separation between these two
conditions with intracellular pH always being higher
in hyperkalemia. Although there is some scatter in
the potassium depletion data, it seems fair to con-
clude at this time that acute hyperkalemia raises
muscle cell pH, while chronic potassium depletion
lowers it. As has been discussed previously, the exact
mechanism through which these changes occur is not
well understood.

Interrelationship between abnormal potassium levels, altered
cell pH, and metabolism

Given the preceding evidence that changes in po-
tassium concentration affect intracellular acidity, it is
necessary to ask what is the metabolic and physio-
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Fig. 2. The comparison of arterial pH and skeleral muscle pH,,
determined by the DM O method for in vivo rat and dog experiments
at al! levels of plasma potassium. Data are from References 22, 32,
33, 45-48, 63.

logic importance of this effect. As pH is a potent
regulator of metabolism, it has been widely assumed
that many of the metabolic changes seen in abnormal
potassium states are due to altered cellular acidity. It
is well known, for example, that in potassium deple-
tion urinary ammonia excretion is elevated [66] while
urinary citrate excretion is decreased [67]. This re-
sponse is the one usually found in acidosis, but these
animals are alkalotic. Altered renal metabolism has,
therefore, been ascribed to a reduction in renal tubu-
lar cell pH [55] analogous to the intracellular acidity
measured in potassium-depleted skeletal muscle.
Hudson and Relman [63] demonstrated that the tran-
sient intracellular alkalosis found after rubidium or
potassium chloride administration was associated
with a rise in muscle citrate content. They postulated
that the change in muscle citrate metabolism was due
to the cation-induced rise in pH. The only direct
evidence which relates altered tissue metabolism to a
change in cell pH induced by potassium depletion has
been obtained in vitro. Adler, Anderson, and Zett
[68] measured the cell pH and citrate content of
intact rat diaphragm muscle acutely potassium-de-
pleted in vitro. They showed that changes in muscle
citrate content were best correlated with cell pH and
not muscle potassium content or extracellular pH.
Their data and the aforementioned renal metabo-
lic changes, however, might be explained by local
changes in cell potassium concentration, alteration in
the transcellular potassium or hydrogen ion ratios, or
other yet unexplored possibilities. It seems logical to
conclude that intracellular pH changes induced by
alterations in potassium metabolism do indeed affect
cellular metabolism, but the present methods avail-
able for measuring cell pH do not allow for a precise
definition of these interrelationships or the mecha-
nisms by which they occur.

Summary

Recent work has clarified some of the complex
interrelationships between cell pH and potassium.
These studies have been limited by the techniques
available for accurately measuring cell pH. At pres-
ent it is obvious that intracellular pH is a major
regulator of the cellular potassium concentration, but
the precise relationship between these two is still un-
certain. It has become increasingly clear, however,
that no simple relationship exists between the in-
tracellular to extracellular hydrogen ion and potas-
sium ion ratios. Many experiments do demonstrate
that the extracellular metabolic alkalosis of potas-
sium depletion is accompanied by a decrease in skel-
etal muscle pH in rat, rabbit, and probably dog. The
response of cardiac and renal tubular cell pH to



Potassium and intracellular pH

potassium depletion is less clear, although most evi-
dence indicates that there is also a reduction in the
pH of these tissues. This effect on cell pH appears to
be independent of chloride. By contrast, hyperka-
lemia seems to raise muscle cell pH at the same time it

induces an extracellular metabolic acidosis.

The

metabolic and physiologic consequences of potas-
sium-induced alterations in cell pH have yet to be
fully elucidated.

Reprint requests to Dr. S. Adler, Department of Medicine, Uni-
versity of Pittsburg School of Medicine, Pittshurgh, Pennsylvania
15213, U.S.A.
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