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Abstract

The extracellular potassium makes up only about 2% of the total body potassium store. The
majority of the body potassium is distributed in the intracellular space, and of which about 80% is
in skeletal muscle. Movement of potassium in and out of skeletal muscle thus plays a pivotal role
in extracellular potassium homeostasis. The exchange of potassium between the extracellular
space and skeletal muscle is mediated by specific membrane transporters. These include potassium
uptake by Na*, K*-ATPase and release by inward rectifier K* channels. These processes are
regulated by circulating hormones, peptides, ions, and by physical activity of muscle as well as
dietary potassium intake. Pharmaceutical agents, poisons and disease conditions also affect the
exchange and alter extracellular potassium concentration. Here, we review extracellular potassium
homeostasis focusing on factors and conditions that influence the balance of potassium movement
in skeletal muscle. Recent findings that mutations of a skeletal muscle-specific inward rectifier K*
channel cause hypokalemic periodic paralysis provide interesting insights into the role of skeletal
muscle in extracellular potassium homeostasis. These recent findings will be reviewed.
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Introduction

The concentration of potassium in the extracellular fluid is a critical determinant of the
resting membrane potential of cells and must be maintained within a narrow range, normally
between 3.5 and 5 mM in plasma concentration. Potassium, however, is predominantly an

© 2013 Elsevier Inc. All rights reserved.

"Address all correspondence to: Chou-Long Huang, MD PhD, UT Southwestern Medical Center, Department of Medicine, 5323
Harry Hines Blvd, Dallas, TX 75390-8856, USA, Tel: 214-648-8627, Fax: 214-648-2071, chou-long.huang@utsouthwestern.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cheng et al.

Page 2

intracellular cation and extracellular potassium homeostasis is intimately connected with
cellular potassium homeostasis.

In humans, the total body potassium is about 50 mmole per kg of body weight.! For a 70 kg
adult human, the total body potassium is ~3500 mmole. About 98% of the total body
potassium is stored in the intracellular space, with muscle containing 80% of the
intracellular potassium with concentration around 160 mM.2 The remaining 20% is
distributed in the bone, liver, and erythrocytes. Only 2% (70 mmole) of the total body
potassium is circulated in the extracellular space, including interstitial space (75%, 53
mmole) and plasma (25%, 17 mmole).3

As the single largest pool of body potassium, skeletal muscle regulates extracellular
potassium by taking up or releasing the ion. The uptake of potassium by muscle from the
extracellular fluid is mediated predominantly by the ubiquitous Na*, K*-ATPase, and
release from muscle into the extracellular fluid by potassium channels including several
inwardly rectifier potassium channels (Kir) and voltage-gated potassium channels (Kv). This
review will discuss function and regulation of these potassium transporters in physiological
and diseased states and the significance in extracellular potassium homeostasis.

Na*, K+-ATPase and Extracellular Potassium Homeostasis

Function, Distribution, and Molecular Composition of Na*, K'-ATPase

Since the discovery by Skou in 1957, the role of Na*, K*-ATPase in skeletal muscle has
been extensively studied and reviewed.14-8 Using the energy expenditure of hydrolysis of
one ATP molecule to ADP, Na*, K*-ATPase extrudes three sodium ions out and brings two
potassium ions in muscle cell via a ping-pong like mechanism (so-called Albers-Post
cycle).? Thus, Na*, K*-ATPase is primarily responsible for maintaining the high
extracellular sodium and intracellular potassium concentration relative to the intracellular
and extracellular space, respectively. These transmembrane potassium and sodium gradients
are essential for normal resting membrane potential and active transport of substrate that
relies on sodium gradient, respectively. In the resting state, Na*, K*-ATPase consumes 20—
30% of the total body ATP.® This huge amount of energy consumption reflects high
abundance of Na*, K*-ATPase in tissues.

Using [3H] ouabain binding assay, it is estimated that skeletal muscle contains ~0.3 umole
Na*, K*-ATPase per kilogram skeletal muscle wet weight, which is only less than brain
cortex (11 umole/kg) and cardiomyocytes (0.7 umole/kg) but higher than smooth muscle (<
0.1 pmole/kg) and other tissues.19 The capacity of potassium uptake through Na*, K*-
ATPase is a function of the abundance and turnover rate of the pump. Assuming a maximal
pump activity ~8000 turnover per minute, the maximal capacity of Na*, K*-ATPase-
mediated potassium uptake into skeletal muscle is 4.8 mmole - kg~ - min~1 (0.3 umole -
kg~1 x 8000 min~1 x 2).11.12 |n an adult male with skeletal muscle about 42% of the body
mass, the maximal potassium uptake rate in skeletal muscle amounts to ~134 mmole -
min~L. Considering the total extracellular potassium is ~70 mmole, maximal uptake by Na*,
K*-ATPase in skeletal muscle can lead to a complete turnover of the extracellular potassium
about every half a minute.
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Molecularly, Na*, K*-ATPase is made up of three components, a, §, and vy (also called
FXYD) subunits. The minimal functional unit requires one a and one 8 subunit in
heterodimer.® The a subunit (~112 kDa) is a catalytic subunit and provides the binding sites
for sodium, potassium, ATP and cardiac glycosides (inhibitors of the pump). The p subunit
(~55 kDa) is required for maturation and stability of the a subunit. There are four o and four
B isoforms transcribed by different genes.13 Different af isoforms are expressed in different
fiber-type and in different subcellular distribution.

Regulation of Activity of Na*, K"-ATPase

Both the activity and abundance of Na*, K*-ATPase are regulated.1% Acute regulation tends
to affect the pump activity, whereas chronic regulation affects the abundance of pump
protein. The activity of Na*, K*-ATPase pump is stimulated by its own substrate, i.e. by
increased intracellular sodium and extracellular potassium concentrations. The Km
(concentration for half-maximal activation) of Na*, K*-ATPase for intracellular sodium is
between 5-20 mM depending on fiber-type. This value is close to the resting intracellular
sodium concentration (~15 mM) in most cells, making the pump sensitive to changes in the
intracellular sodium concentration.2:14, In contrast, Km of Na*, K*-ATPase for extracellular
potassium is estimated at 0.8-1.5 mM,1%:16 suggesting that 70-85% of pumps are saturated
in the normal range of plasma potassium concentration, and activity of the pump is not
sensitive to physiological changes of plasma K*. This value for Km, however, is based on
measurements performed in vitro, and its relevance to in vivo conditions remains unknown
(see below).

Insulin is a well-known acute activator of Na*, K*-ATPase. The underlying mechanism is
probably through increasing pump affinity for intracellular sodium (decreased Km) without
changing its Vmax (maximal pump activity).1” This stimulation by insulin is independent of
glucose uptake.18 Whether translocation of intracellular Na*, K*-ATPase to the plasma
membrane contributes to insulin-induced acute potassium uptake remains debatable.19.20
Similar to insulin, catecholamines also stimulate Na*, K*-ATPase activity, probably also
through increasing the affinity of pump for intracellular sodium.621 The stimulation by
catecholamines is mediated via p2-adrenoceptor and through activation of adenylate cyclase
to produce cCAMP.22 Activation of protein kinase A by cAMP directly phosphorylates the
pump and causes a conformational change of the pump and increases its affinity for
intracellular sodium.2! This effect can be blocked by B-blockers (propranolol) and
potentiated by cAMP enhancers (theophylline, forskolin).23 It has been noticed that high-
dose catecholamine causes an increase in serum potassium concentration, which leads to the
suggestion that activation of a—adrenoceptor (by high catecholamine concentration) inhibits
the pump. This effect, however, is likely due to that a—adrenoceptor activation causes an
increase in potassium efflux from liver independently of the pump rather than through
inhibiting Na*, K*-ATPase.2* The effects of insulin and catecholamine on Na*, K*-ATPase
are additive, indicating different mechanisms on Na*, K*-ATPase.2> Acid-base disturbances
are also known to affect pump activity. This topic is recently reviewed,2% and is discussed
elsewhere in this issue.
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Regulation of Abundance of Na*, K*-ATPase

For long-term regulation, protein synthesis of a and p subunits of Na*, K*-ATPase is altered
at the transcriptional as well as post-transcriptional levels. Glucocorticoid and aldosterone
both regulate the expression of Na*, K*-ATPase in skeletal muscle but the effects are
relatively modest. Adrenalectomized rats have normal amount of [3H] ouabain binding site
in their skeletal muscle, indicating that adrenal steroids are not essential for basal expression
of Na*, K*-ATPase.2’ Administration of dexamethasone to rats at 0.1 mg/kg per day (close
to the regular dose in medical practice) for 14 days increases the abundance of the a2-, p1-
subunit and [3H] ouabain binding site in skeletal muscle by ~50%.28:29 Patients with
hyperaldosteronism have higher mRNA and protein of a2 and 1 subunits in their skeletal
muscle. This increase is positively correlated with serum aldosterone levels and reversed by
adrenalectomy.30 However, aldosterone treatment in animals decreases the abundance of
Na*, K*-ATPase.3! This apparently paradoxical effect is probably due to that profound
hypokalemia in aldosterone-treated animals suppresses the expression of Na*, K*-ATPase.2’
Glucocorticoid response element (GRE) is present in the promoter of al- and f1-subunit
genes which in part explains the transcriptional regulation by glucocorticoid and
mineralocorticoid.32:33 GRE has not been found in the promoter regions of other isoforms.

Thyroid hormone also increases MRNA and protein abundance of the a-subunits of Na*,
K*-ATPase.34:35 Thyroid response element (TRE) is present in some but not all isoforms of
Na*, K*-ATPase subunits, and the stimulation by thyroid hormones may involve
transcriptional as well as post-transcriptional mechanisms.36:37 In general, the abundance of
Na*, K*-ATPase is in good correlation with serum thyroid hormone levels.35:38

Physical training and dietary potassium intake also regulate the abundance of Na*, K*-
ATPase. Muscle inactivity and low dietary potassium intake decrease the abundance of
pump in skeletal muscle, and vice versa.® The activity of voltage-gated sodium channel and
intracellular sodium content may underlie the regulation of pump expression by muscle
activity and dietary intake.3% Accumulation of potassium in the interstitium of skeletal
muscle during repetitive action potential depolarizes membrane potentials and contributes to
muscle fatigue. Upregulation of Na*, K*-ATPase will enhance muscle potassium uptake and
reduce potassium accumulation in the interstitium during exercise, and explain why physical
training increases exercise endurance. Up- and down-regulation of Na*, K*-ATPase are
important in maintaining extracellular potassium homeostasis in response to high and low
dietary potassium intake, respectively.1-® The above-mentioned acute and chronic regulation
could act alone or coordinately. Of note, many of them, like thyroid hormone, insulin,
aldosterone and exercise, exert both acute and chronic regulation on Na*, K*-ATPase.

Disturbance of Extracellular Potassium Homeostasis Caused by Na*, K*-ATPase

Drugs that inhibit (such as cardiac glycosides digoxin or -blockers) or stimulate (such as
B2-agonists or cAMP enhancers theophylline and caffeine) Na*, K*-ATPase in skeletal
muscle may cause hyperkalemia and hypokalemia, respectively.#9 Clinically, inhibition of
the pump by therapeutic doses of digoxin or B-blockers rarely cause hyperkalemia unless
potassium excretion is impaired in patients with renal failure or with concomitant use of
potassium-sparing diuretics. On the contrary, stimulation of the pump by f2-agonists,
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theophylline and caffeine may induce hypokalemia in the absence of decreased renal
excretion. This is in part due to that these agents also cause inhibition of potassium release
from skeletal muscle (see below). Changes in the abundance of Na*, K*-ATPase may also
contribute to disturbance of extracellular potassium homeostasis. Patients with
hypothyroidism, diabetes, heart failure, chronic potassium deficiency or elderly have
reduced abundance of Na*, K*-ATPase in skeletal muscle,8 are more susceptible to drug-
induced hyperkalemia and probably also exercise-induced hyperkalemia.*142 On the other
hand, patients of hyperthyroidism who have increased abundance of Na*, K*-ATPase is
prone to develop hypokalemia and is known to be protected against development of
hyperkalemia in conditions of digitalis overdose.*344 Similar to $2-agonists, insulin
stimulates potassium uptake via Na*, K*-ATPase and at the same time inhibits potassium
release from potassium channel in skeletal muscle. The dual actions explain why insulin is
very effective in causing potassium shift from the extracellular space to skeletal muscle and
causing hypokalemia, especially in susceptible patients in hypokalemic periodic paralysis
(see details below).4>

K* Channels and Extracellular Potassium Homeostasis

K* Channels in Skeletal Muscle

There are many types of K* channels in skeletal muscle, including voltage-gated K* (Ky,)
channels and inward-rectifying K* (Kir) channels. Kv channels are closed at hyperpolarized
membrane potentials and opened by membrane depolarization. Several types of voltage-
gated K* channels are expressed in skeletal muscle, but none are skeletal muscle-specific.
Inward-rectifying potassium channels allow more inward than outward potassium fluxes
when open. The mechanism of asymmetric conductance (i.e., rectification) is due to voltage-
dependent block of channel pore by intracellular Mg2* and polyamines.*6 When the
membrane potential (Ey) is more positive than the equilibrium potential for K* (E),
intracellular Mg2* or polyamines are driven into the channel pore blocking outward
potassium flux.#” Kir channels are classified into seven subfamilies based on amino acid
sequence homologies, rectification properties, and mechanisms of regulation by intracellular
factors.48 Each subfamily has several membranes. Several Kir channel subtypes are present
in skeletal muscle and play important roles in the function of muscle and release of
potassium from muscle. These include three members of Kir2 subfamily (Kir2.1, Kir2.2,
Kir2.6) and the ATP-sensitive Kir channels (Kir6.1 and 6.2, also known as Katp). Among
these, Kir2.1, Kir2.2 and Katp are expressed in human skeletal muscle as well as many
other tissues. In contrast, Kir2.6 is a skeletal muscle-specific Kir channel. The role of Kir
channels in extracellular potassium homeostasis is best illustrated by the fact that mutations
of Kir2.1 and Kir2.6 cause muscle paralysis and hypokalemia, a disease known as
hypokalemic periodic paralysis.#849

Hypokalemic Periodic Paralysis—Hypokalemic periodic paralysis (HypoPP) is a
heterogeneous disease featured by episodic muscle paralysis associated with ictal
hypokalemia during the period of the attacks as a result of shift of K* from plasma into
muscle cells.?? The mechanism of cellular K* shift is related to the pathogenesis of muscle
paralysis, and not caused by any known acid-base disorders or exogenously administrated
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substances, such as drugs that activate p-adrenergic receptors. The paralytic attack is
frequently precipitated by factors that stimulate Na*, K*-ATPase and increase potassium
uptake by muscle from plasma. As will be discussed in details below, the initial small
decrease in serum K* levels induced by precipitating factors cause paradoxical
depolarization of sarcolemma, which sets off a vicious cycle of hypokalemia, further
depolarization, and muscle paralysis.

HypoPP exists in familial and non-familial forms. Familial form is inherited in an
autosomal-dominant pattern, and is predominantly caused by mutations in genes encoding
for skeletal muscle-specific voltage-gated Na* channel Na,1.4 (~20% cases) or the L-type
Ca?* channel Cay1.1 (~70%).51:52 About 10% of familial HypoPP is unmapped. Non-
familial HypoPP can occur in the presence of hyperthyroidism, called thyrotoxic periodic
paralysis (TPP) or in the absence of hyperthyroidism called spontaneous periodic paralysis
(SPP).% The clinical presentation of muscle weakness and acute hypokalemia in patients
with non-familial HypoPP is indistinguishable from those with familial HypoPP. Serum K*
levels are normal in HypoPP patients at the baseline, and patients develop profound
hypokalemia only during paralytic attacks. Recent studies have provided interesting insights
into the mechanism of hypokalemia.*9:53

In skeletal muscle, the resting membrane potential (E,) of cells is determined by the balance
between outward K* currents (I,) and inward leak currents (l;) (See Figure 1A, where “1”
indicates current, and “,” and “;” indicate outward and inward, respectively). In the
sarcolemma of skeletal muscle, the outward K* currents are mediated by K* efflux through
two types of K* channels: one is Kir and the other is the voltage-activated K* channel (Ky)).
Figure 1A illustrates this principle and the resting membrane voltage where I, = I;, using the
current-voltage (I-V) relationship curve for Kir (Ijr, red curve), for Ky (Ik,,, green curve),
and for leak current (I eqx, blue line). Note that outward K* current through I;, is hump-
shaped because of reduced outward conductance at depolarized membrane potentials, which
is due to strong inward rectification, and that outward K* current through I,, becomes
significant only at membrane potentials more depolarized than —65 mV, which is due to
voltage-dependent activation of such channels. As shown in Figure 1A, in normal
individuals with a normal serum K* concentration 4 mM, the resting membrane potential is
approximately —93 mV, where outward K* current mediated by Ik, and inward cation leak
current (I_eak) are equal. Reducing serum K* concentration to 2.5 mM has two effects
(Figure 1B). One is to shift the equilibrium potential for K* (Ek) to hyperpolarization (-110
mV) according to Nernst equation (Ex = =58 mV x log {[K]in/[Klout}). In addition, low
extracellular K* concentration alters channel gating and suppresses the overall conductance
of Kir, which brings the I-V curve closer to the zero-current line.>* As a result, the resting
membrane potential is shifted from —93 mV to —98 mV, where a new balance between
outward K* current and inward leak current is reached (Figure 1B).

The hallmark of HypoPP is depolarization of the sarcolemma induced by hypokalemia
during attacks.>® This hypokalemia-induced depolarization is in contrast to the prediction
based on Nernst equation that membrane potential hyperpolarizes during hypokalemia, and
thus termed “paradoxical”. The paradoxical depolarization occurs during hypokalemia is
central to the pathogenesis of hypokalemic periodic paralysis because it causes inactivation
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of voltage-gated Na* channels in skeletal muscle and thus muscle inexcitability and
paralysis.

The mechanism of hypokalemia-induced paradoxical depolarization in patients with familial
HypoPP has been elucidated,?® and is shown in Figures 1C and 1D. Mutations of Ca,1.1 or
Nay 1.4 channels in familial HypoPP create an aberrant conducting pore that allows passage
of small cations (Na* and H*) from outside into cells at (and only at) hyperpolarized resting
membrane potentials (shown as interrupted blue line for I g5k in Figure 1C and 1D. Note
that it occurs only at membrane potentials more negative than -65 mV, in which Ca,1.1 or
Na, 1.4 channels are closed).5”>8 This additional inward cation current through the aberrant
conducting pore adds to the existing leak current thus increases the total inward leak current
at hyperpolarized resting membrane potentials. In familial HypoPP patients at normal serum
K* concentration, the increase in leak current results in slight depolarization in the resting
membrane potential (Figure 1C; E; shifts from —93 mV to -84 mV). The increase in the total
leak current in familial HypoPP patients, however, poses a problem for the resting
membrane during hypokalemia (when Ek is left-shifted and Kir conductance is suppressed).
Because of the increase in the total leak current at hyperpolarized membrane potentials, it is
now impossible for outward K* currents and inward leak currents to reach a new balance
during hypokalemia simply by shifting E; to hyperpolarized membrane potentials (Figure
1D; note that outward K* currents mediated by Kir [red curve] is always smaller than inward
leak current at hyperpolarized membrane potentials [interrupted blue line]). As a result, the
balance between inward and outward currents for E; can only be reached at depolarized
membrane potential where outward K* current is mediated by Ky, (green curve). This
mechanism explains why paradoxical depolarization develops in patients with familial
HypoPP when the initial hypokalemia is induced by precipitating factors. The same degree
of initial hypokalemia does not cause paradoxical depolarization in normal healthy
individuals because they do not have mutations in Ca2* or Na* channels that increase the
leak current (see Figure 1A and 1B).

This model can be applied to explain the mechanism of paradoxical depolarization in non-
familial HypoPP. Recent studies show that loss-of-function mutations in Kir2.6 cause non-
familial HypoPP, TPP and SPP.4953 As illustrated in Figure 1E and 1F, reduced I;, current
through mutant Kir would have the same impact as enhanced Iy 5 With respect to the effect
of creating imbalance between outward K* current and inward leak current. That is, during
hypokalemia in patients with TPP and SPP, outward K* currents through mutant Kir is
always smaller than the inward leak current, and balance between outward and inward
currents can only be reached if resting membrane potential is shifted to depolarized
membrane potential where outward K* current is mediated by Ky, (Figure 1F). This model
explains why patients with TPP and SPP also have hypokalemia-induced paradoxical
depolarization as in familial HypoPP.

Mechanism of Hypokalemia in Hypokalemic Periodic Paralysis—Muscle
paralysis and hypokalemia in HypoPP patients are frequently precipitated by strenuous
exercise, high carbohydrate food, etc and in the case of TPP is associated with an increase in
thyroid function. These precipitating factors stimulate Na*, K*-ATPase and increase
potassium uptake by muscle from plasma. Increased uptake of potassium by Na*, K*-
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ATPase alone does not cause significant hypokalemia because of compensation by increased
K* efflux through K* channels. Insulin and catecholamines (released during exercise and by
high carbohydrate food) can cause hypokalemia because they inhibit Kir channels in skeletal
muscle besides stimulation of Na*, K*-ATPase.*> To develop severe hypokalemia with
serum K* concentration ~2 mM or lower as typically seen in patients with HypoPP, an
additional mechanism is likely involved. Mutations of Kir in patients with non-familial
HypoPP may contribute to hypokalemia, but cannot be solely responsible because their
serum K* levels are normal between attacks. The mechanism of paradoxical depolarization
in TPP and SPP patients has provided unique insights into the pathogenesis of severe
hypokalemia in HypoPP.53

As shown in Figure 2A, potassium efflux at the paradoxically depolarized membrane
potential (labeled “P,” in Figure 2A) is smaller than that at the normal, more hyperpolarized
resting membrane potentials (“P1”). This is due to the fact that leak current at paradoxical
depolarization is smaller compared to that at hyperpolarized resting membrane potential
(and therefore the balancing outward K* current is smaller). Muscle fibers are
heterogeneous, and in vivo individual fiber develops paradoxical depolarization at different
extracellular K* concentrations. Indeed, the percentage of muscle fibers that develop
paradoxical depolarization increases proportional with decreasing serum K* concentration.>®
This is illustrated in Figure 2B, which shows bi-modal distribution of resting membrane
potentials of a population of muscle fibers. At 4 mM [K*], the majority of fibers have a
normal resting membrane potential (“P1”). At 1 mM [K*], most fibers are paradoxically
depolarized (“P,”). Thus, in HypoPP patients, the initial mild hypokalemia caused by the
precipitating factors will recruit more fibers to paradoxical depolarization. This would lead
to further hypokalemia because potassium efflux (which is the outward K* current that
balances the inward leak current shown in Figure 2A) at the paradoxically depolarized
membrane potential is smaller than that at the normal more hyperpolarized resting
membrane potentials. The process repeats itself in a positive feedback cycle leading to
severe hypokalemia (Figure 3).

Hypokalemia in Barium Poisoning—It has been known for decades that hypokalemia
and muscle paralysis develops in patients with barium intoxication.89 Barium inhibits many
types of K* channels, but is most potent for Kir2 subfamily of channels which are present in
skeletal muscle and the heart.46:61 Struyk et al show that in isolated muscle fibers inhibition
of Ik by barium predisposes sarcolemma to the development of paradoxical
depolarization,52 supporting the notion that the mechanism of hypokalemia in barium
poisoning is similar to that in TPP and SPP with mutations of Kir2.6.53 The effect of barium
on Kir channels in the heart explains why cardiac arrhythmia develops in patients with
barium poisoning. Indeed, mutations of Kir2.1 (which is present in cardiac as well as
skeletal muscle) cause Andersen’s disease featured by cardiac arrhythmia, skeletal muscle
paralysis, and hypokalemia.*8

It is interesting to consider the role of Na*, K*-ATPase in the development of severe
hypokalemia and muscle paralysis in barium poisoning. The clinical syndrome of barium
poisoning was initially described by Dr. Allen in early 1940°s as an endemic illness in rural
China where villagers develop symptoms after ingestion of a large amount of food
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contaminated with barium chloride.0 In these scenarios after large meals, insulin release
and stimulation of Na*, K*-ATPase are invariable. On the other hand, a large inhibition of
myocyte K* efflux by barium may be sufficient to trigger a vicious cycle of hypokalemia
and paradoxical depolarization. Of note, mutations of Kir2.6 in TPP and SPP patients are so
far heterozygous. A recent computer modeling study suggests that 50% of total Kir current
is required for maintaining normal plasma potassium concentration.%3

Barium sulfate used for radiographic contrast is poorly absorbable by the gastrointestinal
tract, but ingestion of soluble salts such as barium carbonate (in rodent-killers), barium
sulfide and nitrate used in various purposes can cause poisoning.64:65 Overdose of other
cation blocker of Kir such as cesium (used in the treatment of brain tumor) or drugs that
inhibit Kir channels, such as anti-malarial chloroquine or barbiturate (thiopental) can cause
hypokalemia by inhibiting potassium efflux.66-68

Implications for Hypokalemia Without Kir2.6 Mutations—Mutations of Kir2.6 are
detected in only a small portion (< 33%) of patients with TPP and SPP in different
populations.49:23 Polymorphism and intron mutations (such as those generate new abnormal
splice sites) may explain some of patients without mutations within the coding region of
Kir2.6 gene. There are multiple endogenous and exogenous inhibitors of Kir2.6. It is
conceivable that inhibition of Kir2.6 by these regulators, singly or in combination, may be
sufficient to trigger paradoxical depolarization of sarcolemma and cause HypoPP.

Ryan et al reports that a thyroid response element (TRE) is present in the promoter of Kir2.6
gene and thyroid hormone increases the expression of Kir2.6.4% Multiple Kir channels
including Kir2.1, Kir2,2, and Kir2.6 are present in skeletal muscle and they likely form
functional heteromultimers in the sarcolemma.3:6% Thyroid hormone is not known to
regulate Kir2.1 or Kir2.2. Increased expression of a less active Kir2.6 subunit (either caused
by gene mutation or inhibited by regulators) would be expected to decrease the total Kir
currents through dominant-negative inhibition of fully functional Kir subunits.>3 This effect
on Kir2.6, together with stimulation of Na*, K*-ATPase, likely explains why thyroid
hormone increases the susceptibility for hypokalemia and paralytic attacks in patients with
TPP.

Overall, these concepts indicate that functions of Kir and Na*, K*-ATPase in skeletal
muscle play important roles in the regulation of extracellular K* homeostasis in individuals
without gene mutations as well as those with mutations (see Figure 3).

Exercise and Potassium Homeostasis

The action potential in skeletal muscle begins with a depolarization phase from opening of
voltage-gated Na* channel and Na* influx and followed by a repolarization phase due to
opening of voltage-gated K* channel and K* efflux.” Repeated action potential and skeletal
muscle contraction thus result in release of considerable amount of potassium into the
extracellular space. If potassium released by muscle completely enters the systemic
circulation, the venous potassium concentration after 5 minute of cycling exercise can reach
a level 7-fold higher than the pre-exercise level.® The highest reported plasma potassium
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concentration during strenuous exercise is around 8 mM,”! indicating that most of exercise-
induced potassium release is retained in the extracellular space of muscle, especially in the
interstitium of transverse (T)-tubules. T-tubules are unique, tortuous structure of muscle that
makes up a large extracellular space amounts up to ~10-15% of the total muscle volume.t It
is estimated that potassium concentration in the interstitium of T-tubule may be up to 26 to
52 mM during exercise.”2 Several groups have shown that diffusion of extracellular
potassium of skeletal muscle into systemic circulation is limited; the diffusion coefficient is
less than 20% of its value in free solution.”3

The high potassium concentration in T-tubule depolarizes membrane potential, which leads
to inactivation of voltage-gated sodium channel and contributes to muscle fatigue. To
counter the high potassium concentration, Na*, K*-ATPase in muscle is activated during
exercise and in periods following exercise. In addition to the high extracellular potassium
concentration, several exercise-induced changes in muscle, such as intracellular sodium and
lactic acid accumulation, high beta-adrenergic activity, increased muscle temperature,
released calcitonin gene-related peptide from nerve endings, contribute to the stimulation of
Na*, K*-ATPase activity.”* Exercise may also induce translocation of Na*, K*-ATPase
from cytoplasm to sarcolemma.” As mentioned earlier, physical activity of muscle causes
upregulation of the abundance of Na*, K*-ATPase, and explains why athletic training
improves exercise endurance. Overall, increased uptake of potassium by Na*, K*-ATPase in
the T-tubule of skeletal muscle in conditioned individuals helps avoiding precipitous rise of
serum potassium concentration and cardiac arrhythmia during exercise.”877 The sustained
upregulation of Na*, K*-ATPase activity in post-exercise periods also explains why HypoPP
may be triggered by strenuous exercise.

Skeletal Muscle as a Buffer for Acute Dietary Potassium Load

Besides the transcellular potassium shift, a major challenge for maintaining plasma
potassium concentration is dietary potassium intake. Without buffering or fast excretion by
kidney, acute addition of 35 mmole potassium into the extracellular fluid (70 mmole total)
from a potassium-rich meal will increase potassium concentration by 50%. In reality, the
postprandial plasma potassium concentration only increases by 0.5 mM at most.”® Several
hypotheses have been put forward to explain this finding of relatively unchanged plasma
potassium concentration following ingestion of a large load. Among these is a feed forward
renal kaliuretic response induced by gut potassium sensor,3 which will be discussed in a
separate chapter of this series. Immediate disposal by splanchnic and hepatic uptake
followed by redistribution to skeletal muscle mediated by insulin and other hormones has
also been proposed.”9.80

With respect to the redistribution to skeletal muscle, it is important to point out that at the
maximal capacity skeletal muscle can turn over the entire extracellular potassium in half a
minute (see discussion in section of Na*, K*-ATPase earlier). Thus, skeletal muscle, with its
storage capacity of 2800 mmole vs. 70 mmole extracellular potassium, can potentially take
up potassium added to plasma without a significant increase in plasma concentration.
Thereafter, potassium stored in muscle may be released slowly and excreted by kidney over
many hours without causing significant changes in the plasma concentration. One challenge
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for this idea is that Km of Na*, K*-ATPase for extracellular K* is estimated at ~1 mM,15.16
suggesting that activity of pump is not sensitive to changes in plasma potassium
concentration at the normal physiological range. This value of Km, however, is determined
invitro. The activity of Na*, K*-ATPase is stimulated by many factors in vivo. It will be
interesting to investigate in the future whether the activity of Na*, K*-ATPase is more
sensitive to extracellular potassium in vivo and potassium uptake by muscle can adequately
defend plasma potassium from dietary load.

Concluding Remarks

Other membrane potassium transporters, such as Na*-K*-2ClI- cotransporter NKCC, K*-CI-
cotransporter KCC, ATP-sensitive K* channel, and calcium-activated K* channel are also
present in the skeletal muscle, and probably contribute to extracellular potassium
homeostasis. This review focuses on the role of Na*, K*-ATPase and Kir2.6 inward rectifier
K* channel, two better understood players. Recent understanding of the pathogenesis of
hypokalemic periodic paralysis provides unique insights into the role of these two
transporters in extracellular potassium homeostasis.
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Figure 1.
Models for paradoxical depolarization in patients with hypokalemic periodic paralysis.

Current-voltage (I-V) relationship curves for inward rectifier K* channel (Kir, red curve),
voltage-gated K* channel (Ky;, green curve), and leak current (blue line). The reversal
potential of leak current is 0 mV. Please note that aberrant pore current from mutations of
Ca?* and Na* channels in familial HypoPP patients only exists in hyperpolarized potentials.
Thus, the total inward leak current in familial HypoPP patients is not linear, but is increased
in hyperpolarized potentials (shown in interrupted blue line). The model is intended for
conceptual understanding; numerical value may be slightly different from true in vivo value.
Abbreviations: Ey: equilibrium potential for K*; E,: resting membrane potential; I, outward
cation current; I;: inward cation current; I;,: current of inward rectifier K* channel, Iky:
current of voltage-gated K* channel; I ¢ak: inward cation leak current; [K],: extracellular
potassium concentration. See text for further details.
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Figure 2.
Decreased potassium efflux at paradoxical depolarization (A) and bi-modal distribution of

resting membrane potentials (B). (A) Leak current is a function of membrane potential.
Inward leak current at the normal hyperpolarized membrane potential (“P1”) is larger than
that at the paradoxically depolarized membrane potential (“P,”). Thus, K* efflux at P,
(mediated by Kir channel) is larger than that at P, (mediated by Ky, channel). (B) Because of
heterogeneity, muscle fibers develop paradoxical depolarization at different [K*],. This is
reflected by bi-modal distribution of resting membrane potentials (E;) of a population of
muscle fibers. Red and blue curve represent the distribution of E; at [K*], 4 mM and 1 mM,
respectively. Note that shown here is the distribution of normal muscle fibers, in which
paradoxical depolarization occurs at extreme hypokalemia ([K*], ~1 mM). In HypoPP,
muscles fibers develop paradoxical depolarization at a relatively higher [K*],, ~2.5 mM.
That is, increased inward leak current as produced by mutations of Ca2* and Na* channel in
familial HypoPP or decreased outward K* current as caused by mutations of Kir2.6 in TPP
and SPP predispose muscle fibers to paradoxical depolarization. See text for further details.
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Figure 3.

A positive feedback cycle for development of severe hypokalemia via paradoxical
depolarization of skeletal muscle membrane potential. Exercise and adrenal steroids
stimulate Na*, K*-ATPase. Insulin, catecholamines, thyroid hormones, caffeine, etc can
both stimulate Na*, K*-ATPase and inhibit Kir. These effects can lead to hypokalemia.
Loss-of-function mutations of Kir predispose to the development of severe hypokalemia
through a positive feedback cycle between paradoxical depolarization and hypokalemia.
Combined stimulation of Na*, K*-ATPase and inhibition of Kir by endogenous and/or
exogenous factors may cause significant hypokalemia to set in motion the positive feedback
cycle for paradoxical depolarization without Kir gene mutation. See text for further details.
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